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(RE)THINKING RESILIENCE

Foreword 

At the beginning of the third decade of the twenty-first century, the urgent need to counteract 

the negative effects of climate change has been one of the top priorities of international organiza-

tions worldwide. On 11 March 2024, the European Environment Agency published the European 

Climate Risk Assessment (EUCRA) [1], which provides the latest analysis of how climate change 

is affecting the planet. This document highlights that in the 12-month period between Febru-

ary 2023 and January 2024 the average global temperature exceeded pre-industrial levels 

by 1.5°C. Moreover, Europe became the fastest-warming continent in the world, and we al-

ready witness alarming phenomena resulting from climate change, which are increasing every 

year. Disturbances in precipitation patterns brought several catastrophic floods while Southern 

Europe is struggling with recurrent heatwaves resulting in fatalities. A long-term lack of rain-

fall causes droughts, leading to the desertification of some European regions [2]. Building resil-

ience to climate change has become a necessity that applies largely to the built environment.

Reacting to the findings highlighted by the EUCRA and to the latest Copernicus reports, on 12 

March 2024 the European Commission published a Communication on Managing Climate Risks [3], 

which sets out how the EU can effectively get ahead of the growing climate-related risks and build 

resilience to the impacts of climate change. The Communication emphasizes that the EU Mission 

on Adaptation to Climate Change serves as best practice for all interested parties, and it will be 

further leveraged to respond to Europe’s climate risks. Moreover, it acknowledges the role of Re-

search and Innovation to provide us with knowledge and solutions to the greatest challenges ahead. 

For this reason, the focus of PLEA 2024 is on the EU Missions addressing priorities of resilience 

that will determine the life standard of our children. 

Understanding how, with knowledge and experience, we can support the development of inno-

vations aimed at effectively managing climate risk is a necessary condition for improving living 

standards, combating inequalities, and protecting people. Growing environmental awareness is fol-

lowed by concerns about the depletion of non-renewable resources and excessive GHG emissions. 

As the building industry is currently responsible for 40% of GHG emissions and similar level 

of energy consumption, the energy efficiency and CO2 emissions from the buildings are perceived 

as important issues. This in turn leads to the enhanced research on more effective application 

of renewable energy in construction sector and the development of suitable practices of sustain-

able architectural and urban design. Strategies and methods of daylighting and improved thermal 

performance are studied with aim to provide optimal comfort and reduced energy consumption. 
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Renewable energy applications and minimisation of energy consumption are also recognized 

as solutions to energy poverty [4]. The topic of energy efficiency is analysed together with vernac-

ular and bioclimatic strategies allowing to combine traditional knowledge with innovation and con-

temporary technology. Equally important to the proper design of the built environment are issues 

of inclusiveness as well as human resilience and well-being. In this edition of PLEA conference, 

we refer to the New European Bauhaus initiative, underpinning the importance of architectural ed-

ucation and the training of future leaders in this field.

There are several reasons why we decided to bring PLEA to central Europe. We strongly believe 

it is time to share responsibilities and spread PLEA mission which remain underestimated in Poland, 

Czechia, Slovakia, Ukraine, Hungary, and Baltic countries. This opens new prospects for discussion 

and mutual learning how we advance the building stock and set focus on users in buildings, indoor 

climate, health, air quality etc. 

PLEA theme and vision always reflects the most up-to-date issues. The discussion about how re-

silient our buildings are, and how well they can support our health and well-being is vivid amongst 

professionals and stakeholders. Thus, the theme of PLEA 2024 is directly linked to the title 

of William E. Rees book Thinking “Resilience” to continue important changes that were initiated 

during previous PLEA conferences.

PLEA 2024 conference was held in four parallel series of sessions, identified by the names 

of the four EU Missions: Mission Adaptation to climate change, Mission 100 Climate neutral 

and smart cities by 2030, Mission restore our ocean waters by 2030 and Mission a Soil deal 

for Europe. To further promote the goals of the EU Missions and disseminate knowledge about them,

the rooms where the sessions took place were given the Mission names.

All contributions followed one of the proposed research tracks:

1. Sustainable Architecture and Urban Design – together for climate resilience

2. Architecture for human resilience and well-being (including e.g., biophilic design, 

nature-based solutions, climate adaptation strategies for buildings and spaces)

3. Analysis and methods for resilience and sustainability (e.g., new design and simulation tools, 

evaluation methods)

4. Re-thinking resilience through renovations and adaptations of buildings and spaces 

(including cultural and natural heritage retrofitting, methods to improve performance 

of existing buildings and spaces)

5. Building resilience with innovation and technology (e.g., innovative materials and sustainable 

technologies)

6. Together we can – think, learn, teach, and take the leadership (e.g., education and training, 

environmental activism).
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These tracks defined the chapters in the proceedings.

In addition to the plenary and general sessions, the conference offered two Technical Sessions: 

1. The New European Bauhaus, Resilience and Architectural Education

2. Nature-based solutions and bio-based materials.

The invitation to participate in the conference was accepted by the most outstanding research-

ers and professionals, who gave their keynote lectures: John Schellnhuber, Mat Santamouris, 

Ewa Maria Kuryłowicz, Klaus Loenhart and Joana Carla Soares Gonçalves, whose lecture opened 

the conference during informal event in the Museum of Architecture in Wrocław. Their keynotes 

inspired scientists participating in the conference together with their mentees - PhD students, 

Master students and young researchers, who are our hope for the development and continuation 

of the process of positive changes for the planet and climate. 

The side events of PLEA 2024 included students design competition and workshop, project pres-

entations and exhibition in the Museum of Architecture, Academia Europea roundtable “Science-Re-

gion” EU Climate Neutral, Smart Cities and Adaptation to Climate Change, as well as several other 

meetings and discussion panels.

We are deeply convinced that this year’s conference has not only become a platform for discussion, 

exchange of knowledge, best practices, and peer learning, but also contributed to further positive 

transformation, of which PLEA is the leader and a role model. When organizing the conference, 

we have taken all the efforts to reduce any negative environmental impact by refraining from print-

ing conference materials. We allocated the funds saved in this way to create the PLEA 2024 Biodi-

versity Garden in Wrocław. All information on the conference and proceedings has been available 

online. QR codes allowed downloading the conference program and speaker abstracts in real time. 

In order to reduce the environmental and economic costs of participation, we created a hybrid event 

and enabled online participation of speakers.

We sincerely hope that PLEA 2024 in Poland will become an inspiration for all participants 

and a milestone in the decarbonization of our country.

Barbara Widera

PLEA 2024 Director

PhD, HDr, Eng. Arch. 

Associate Professor at Wroclaw University of Science and Technology, Faculty of Architecture

Member of the Mission Board of EU Mission on Adaptation to Climate Change
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Keynote Speakers

Hans Joachim „John” Schellnhuber 
Prof. dr. dr. h. c. mult.

Hans Joachim Schellnhuber studied physics and mathematics and com-

pleted his doctorate at the University of Regensburg. After a postdoc-

toral position at the Institute for Theoretical Physics, Santa Barbara, 

he held professorships at the Universities of Oldenburg and Potsdam, 

as well as at the University of East Anglia, Norwich. In addition, he held 

numerous visiting professorships (e.g. Oxford University, University 

of California, Santa Cruz; Oxford University; and Santa Fe Institute).

As founding director of PIK, Schellnhuber led the institute from 1991 until 2018. From 2001 to 

2005, he was also research director at the Tyndall Centre for Climate Change Research in Great 

Britain. As leading scientist, he was appointed various positions, such as Co-Chair of the German 

Advisory Council on Global Change (WBGU), Governing Board Chair of the Climate-KIC of the 

European Institute of Innovation and Technology (EIT) and Chair of the Standing Committee on Cli-

mate, Energy and Environment of the German National Academy of Sciences (Leopoldina). Schelln-

huber has been a long-standing member of the Intergovernmental Panel on Climate Change (IPCC) 

which was awarded the Nobel Peace Prize in 2007. He served as Chief Government Advisor on 

climate and related issues during the German G8/EU twin presidency in 2007 and as scientific ad-

visor to a number of eminent political and religious leaders, including the German Chancellor Angela 

Merkel, European Commission President José Manuel Barroso and Pope Francis. He is a member of 

numerous national and international panels addressing scientific strategies and sustainability issues. 

Since 2019, he has been intensively engaged in the creation of a „Bauhaus of the Earth”.
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Rebalancing the Weights of Civilization and Nature

Abstract

A recent paper (Elhacham et al. 2020) revealed that the mass of man-made materials now exceeds 

all living biomass on Earth. The built environment accounts for most of that disturbing imbalance, 

which epitomizes the Anthropocene era that started after World War II and generates unprecedented

risks to humanity.

In particular, evidence from climate science indicates that anthropogenic global warming will 

transgress the Paris guardrails of 1.5°C and 2°C, respectively, in the next few decades. To limit 

the associated dangerous tipping dynamics like the irreversible melting of the Greenland Ice Sheet, 

greenhouse gas emissions from the global economy must be reduced to almost zero by 2050. 

Furthermore, negative emissions will be needed to re-establish the benign climate of the Holocene, 

which fostered the rise of our civilization. Nature-based approaches to large-scale CO2-extraction

from the atmosphere are being discussed in various publications. The most interesting option 

is the forestry-construction pump. It shall re-enhance living biomass on Earth and convert

harvested biomass into long-lasting elements of the built environment. 

This demineralization of settlements is a central goal of the New European Bauhaus (NEB), but 

the agenda of that initiative is broader: Cities and villages shall become resilient to extreme 

weather events, recreate spaces where people can meet and discuss freely, and provide beautiful 

and healthy environments for everyday living. The guiding principle for all this is the re-entanglement
of natural and anthropogenic systems in shared spaces.
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Mattheos Santamouris
Scientia Distinguished Professor of High-Performance Architecture 

at UNSW Sydney; former professor at the University of Athens, Greece; 

PhD on Energy Physics

Santamouris is the Anita Lawrence Professor of High Performance 

Architecture in the University of New South Wales in Australia. He is 

a past professor at the University of Athens, Greece and visiting Pro-

fessor at the Cyprus Institute, Metropolitan University of London, 

Tokyo Polytechnic University, Bolzano University, Brunnel University 

and National University of Singapore. Past President of the National 

Center of Renewable and Energy Savings of Greece.

Editor in Chief of the Energy and Buildings, Past Editor in Chief of the Journal of Advances Build-

ing Energy Research, Associate Editor of the Solar Energy Journal and actual or past Member 

of the Editorial Board of the International Journal of Solar Energy, Journal of Buildings and Environ-

ment, Journal of Sustainable Energy, Journal of Low Carbon Technologies, Journal of Open Con-

struction and Building Technology, Sustainable Cities and Society and of the Journal of Ventilation. 

Editor of the Series of Book on Buildings, Energy and Solar Technologies published by Earthscan 

Science Publishers in London.

Editor and author of 15 international books on topics related to heat island, solar energy and en-

ergy conservation in buildings published by Earthscan, Springer, etc. Guest editor of twelve special 

issues of various scientific journals. Scientific coordinator of many international research programs 

and author of almost 290 scientific papers published in peer reviewed international scientific jour-

nals. Reviewer of research projects in 15 countries including USA, UK, France, Germany, Canada, 

Sweden, etc. Expert in various International Research Institutions. Highly Cited researcher accord-

ing to Clarivate in 2017 and 2018.

Awards

Grand Award, Professional Green Building Council, PGBC, 2006, Hong Kong IA Research 

Award, 2006, National Energy Globe Award 2006, Sustainable Energy Europe Award 2007, Best 

and Outstanding Paper Award published in Solar Energy Journal during 2005-2006, Nominated 

for The Sir Robert McAlpine International Book Award’, London, 1997, National Award for Environ-
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mental Research, ECOCITY 2008, PROSE Award 2012, Reference Work: Best Multivolume Reference/

Science, by the American Association of Publishers, 2013, European Award on Energy Efficient 

Buildings, European Competition, 2014, ECOCITY Award for Best Scientific Study on Environment, 

2015

Member of international research committees

Member of the following International Research and Development Committees:

Advisory Group of the European Union on Energy, Advisory Group of the European Union 

on Science for the Society, National Committee preparing the Greek Mitigation and Adaptation Plan 

to Climate Change , Working Committee of the European Community on the „Energy Efficiency 

and Indoor Environment”, European Commission, JRC Ispra, National Representative to the Euro-

pean Standing Committee : „Indoor Air Quality and Its Impact on Man”, European Commission, JRC 

Ispra, European Thematic Network on Energy Efficiency and Indoor Air Quality, of the European 

Commission, (JRC Ispra), Environmental Committee of the European Network Building Research 

Institutes, ENBRI, European Working Committee on ‘Critical Review of Ventilation Requirements’, 

JRC Ispra, European Commission, European Working Committee on ‘Economic Implications of In-

appropriate Indoor Air Quality’, JRC Ispra, European Commission, Coordinator of the EEC Task 

on Research Indicators for the Sector of the Built Environment

Expert to international and national scientific bodies

Former Vice President of the Air Infiltration and Ventilation Center, International Energy Agen-

cy, United Nations, 2007.Vice President of the World Society of Sustainable Energy Technologies, 

2008, Invited Research Expert to the Chinese University and to the Government of Hong Kong 

on Urban and Built Environment, Invited Theme Editor of the UNESCO – EOLLS Encyclopaedia 

on Natural Sciences, Invited Expert by the International Solar Energy Society Group to prepare 

the State of the Art on ‘Solar Energy in Buildings’ Invited Associate to the PLEA, (Passive and Low 

Energy Architecture), Organisation, Invited Member of the National Committee to prepare the Build-

ing Energy Program, Greece, Invited Expert of the World Health Organisation on Heat Protection, 

2006, Invited Member of the Scientific Committee του Canadian Solar Buildings Research Network, 

Canada, 2006, Invitation to the Konwakai meeting of experts of Daikin Co, JAPAN, 2008-2015.
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Recent Developments On Urban Overheating 
And Heat Mitigation Technologies

Abstract

Overheating of the Built Environment is the most documented phenomenon of climate change 

impacting the human life in many ways. There are more than 13,000 cities exhibiting serious prob-

lems of higher urban temperatures in the world. The magnitude of overheating depends strongly 

on the local climatic and local landscape conditions. Studies have shown that the average magnitude 

of the intensity of urban overheating in Asian and Australian cities is close to 4.1°C, while the cor-

responding value for 110 European cities is close 6°C. Actually, the magnitude of the urban over-

heating may be as high as 11°C in some cities, and it gets its maximum during anticyclonic weather 

conditions while the landscape, land use and the morphological and construction characteristics 

of cities influence highly the magnitude of overheating.

This lecture will present the most recent developments on the magnitude and the characteristics 

of the urban overheating and the potential synergies with the global climatic change. It will an-

alyse the latest qualitative and quantitative data on the impact of higher urban temperatures 

on the building’s energy supply and demand, heat related mortality, morbidity and well-being, 

human productivity, survivability of low-income population and environmental quality of cities. 

The impact of the actual urban overheating as well as of the expected future increase of the urban 

temperature, on the energy consumption of buildings and their environmental quality is quanti-

fied and analysed. The challenges around the dramatic increase of the cooling energy demand 

in the developing countries and the corresponding impact on environment and economy are present-

ed in detail. Proper adaptation techniques aiming to respond to the overheating challenge, decrease 

the energy consumption of buildings, improve environmental quality and produce added value 

to the local economies are analysed. The combined impact of advanced adaptation

and mitigation technologies is depicted. 

It will present and describe the state of the art on the development of innovative mitigation ma-

terials, advanced urban greenery, heat dissipation and evaporative techniques, as the main mitiga-

tion and adaptation technologies to offset the impact of urban overheating Recently developed, 

efficient heat mitigation technologies implemented in large scale urban projects, able to decrease 

the peak ambient temperature of cities up to 5°C, will be presented. The monitored energy 

and environmental performance of innovative heat mitigation technologies like super cool materials 

for buildings and urban structures, thermally adapted greenery combined with anthropogenic heat 

36



reduction techniques and soil humidity boosting technologies, are presented. Results from large 

scale urban heat mitigation projects show that implementation of the innovative mitigation tech-

nologies can reduce the cooling energy consumption of buildings up to 40 %, decrease the con-

centration of harmful pollutants up to 50 %, reduce heat related mortality up to 35 % and improve 

the survivability levels of vulnerable urban population considerably. Finally, it will present the main 

future challenges related to urban overheating and proposes a specific research agenda to alleviate 

and counterbalance its impact on human life.
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Joana Carla Soares Gonçalves 
Architect & urbanist, MSc., PhD

Joana´s interests in environmental design has led her to the involve-

ment with research, teaching and practice focusing on the applicabili-

ty of technical knowledge and design methods in creative architectural 

and urban design solutions, for various geo-political and socioeconomic 

contexts and environmentally-related challenges.

Joana Carla Soares Gonçalves is an Architect and Urbanist graduated from the Faculty of Architec-

ture and Urbanism of the Federal University of Rio de Janeiro (UFRJ) in 1993. As a young practicing 

architect, she worked in Oscar Niemeyer´s office, in Rio de Janeiro. In 1996 she was awarded her 

master’s degree in Environment and Energy from the AA Graduate School in London and in 2003 

she earned her PhD degree from FAUUSP.

Currently, Joana is a Course Master at the Master in Sustainable Environmental Design, at the Ar-

chitectural Association School of Architecture in London and the Course Tutor at the AA Environ-

mental Technical Studies. In London, she also contributes to the Bartlett School of Architecture (BSc 

in Architecture) and is a visiting Associate Professor at the School of Architecture in Central Saint 

Martins, where she teaches environmental design disciplines.

Joana Gonçalves was an Associate Professor of Environmental Design at the Faculty of Architecture 

and Urbanism at the University of São Paulo (FAUUSP), where she taught between 1998 and 2019 

and was the Head of the Technology Department between 2015 and 2019 and where she still con-

tributes to the graduate programme of Architecture and Urbanism. In 2011 she was a guest lecturer 

at the Graduate School of Design (GSD) in Harvard University.

She is the author of a number publications including the book The Environmental Performance 

of Tall Buildings (2010) with Earthscan; Joana was one of the coordinators of the Buildings’ chap-

ter in the UNEP Green Economy Report (2011). She contributed to various technical publications, 

including Buildings for Extreme Environments: Tropical (2017), organized by CIBSE-UK.
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She is also the author of more than 50 scientific articles and is currently working the book The En-

vironmental Architecture of Brazilian Modernism: Culture, History and Performance in São Paulo, 

to be published by Routledge in 2024. In environmental and sustainability consultancy, one 

of the recent and prominent projects is the Methodology for Retrofit of Social Housing in Brazil, 

for the Brazilian Ministry of Housing (2021); among others dealing with offices and residential 

buildings, as well as urban design.

In January 2022, Joana was made Vice-President of the PLEA international network – Passive

and Low Energy Architecture.
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Sustainable Cities – South meets Central’ on issues of sustainable urban 
development and renovation of cities in Latin America and Europe

Abstract

The peripheral urban sprawl and verticalization of more central neighbourhoods in Latin Amer-

ican cities is a well-known wide-spread urban phenomena that started in the last decades 

of the 20th century, in response to socioeconomic and market pressures in cities of growing economies, 

with various impacts on the quality of the built environment. In spite of the arguments that jus-

tify taller buildings and urban density as means for urban regeneration, the densification through 

verticalization is a complex process of urban transformation, which has often created places 

of poor urban and environmental quality, often coupled with energy demand and, or health issues. 

The compromise of urban quality due to verticalization is commonly seeing in cities of emerging econ-

omies, such as São Paulo, where planning rules and urban growth are strongly influenced by market 

forces, with little control by the local authorities. Since the early 2000s, a number of Latin American 

cities are revising their Urban Development Plans, including the parameters related to built density 

and the ground conditions at pedestrian level. This talk starts with the presentation of a series 

of technical studies that investigated the relationship between urban form and buildings environ-

mental response in different climatic contexts, putting side by side Latin America and European 

cases, including São Paulo, London and Barcelona. Such studies are used as tools to critically re-

view current urban policies. In the sequence, on the second part of talk, the attention is moved 

to the space between buildings, particularly the public space. Design strategies, urban policies 

and real-life initiatives to improve and guarantee the quality of the pedestrian realm in the city 

of São Paulo, in Brazil, and Ponte Vedra, in Spain, are discussed and compared. As an outcome, 

strategic planning and design measures are established based on the inter-relationships between

 walkability, socioeconomic factors, pedestrian comfort and behaviour, in urban spaces of different

 built densities. Clearly, the vast range of research work on topics related to the environmental qual-

ity of the built environment in general, found in the decades of publications of the PLEA Conferenc-

es, for example, is an indication that the specific knowledge to improve the environmental quality 

of our cities already exists, as well as the design and technological resources to reduce energy de-

mand in buildings. However, the embodiment of such knowledge in the several processes that make 

the built environment is part of a design and planning culture that has yet to be established in most 

cities around the world. In this respect, the talk concludes with the proposition of some methodo-

logical and conceptual design ideas and proposals that can contribute to this operational change. 
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Klaus Klaas Loenhart is passionate eco-innovator, founder of terrain: 

integral designs, terrain.cloud and Professor at ia&l Landlab TU Graz, 

Austria. As a multi-disciplinarian, he and his teams are envisioning 

nature-inspired and impact-focused design solutions for reconnecting 

urban society with our living world.

Klaus considers urban agglomerations to be a living biome. His systemic and passionate mission 

for an integral and eco-based societal practice was established during his multidisciplinary 

studies at the Munich University of Applied Sciences and at the Harvard Graduate School of Design 

in Cambridge, Massachusetts.

Current projects of his studio terrain: integral designs envision living systems of people, space 

and ecosystem performance, that aim for transformative co-creation between ecological agents 

and human endeavours to inform the fields of human health, biodiversity, and social urban practices

in times of changing climates.

As proof of the concept ‘imagining cities that grow air,’ he and his team.breathe.austria implemented 

the Austrian Pavilion at the 2015 EXPO World Fair in Milan—a natural/techno-logical hybrid, whose 

ecological and atmospheric performance takes centre stage—and were recently awarded the UNE-

SCO City of Design Award – Grand Award. 
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DASEIN IS CO-DESIGN 
Discovering the Collective Agencies of Nature-Based Solutions 

for Societal Change

Abstract

As this conference calls for a “(re)thinking together” to become an instrument for change, there 

is nothing better than to invite Nature into the conversation. Plants, animals, matter, and diverse 

natural phenomena such as air and atmosphere, now claim a seat in the planetary parliament, 

fostering a new sense of togetherness. The meeting venue itself evolves, shifting from exclusive, 

extraction-driven boardrooms to a nature-based entangling setting across many sectors. 

How such a parliament of nature-based thinking and acting should be organized will not remain 

a theoretical question. The acknowledgment of the magnitude and severity of the current planetary 

condition compels us to fundamentally reassess not only the extent of the systemic transformations 

required in our built environment but also in society at large.

Amidst this challenge, nature-based solutions emerge as a formidable yet underutilized ally in de-

sign. The quest for nature-entangled planetary transformations then comes with immense poten-

tial: In enabling us to rediscover Nature in architecture, landscape architecture and urban design 

as a most impactful transformative agency for societal creativity, invention and governance.
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Resilience as a climate adaptation strategy. 
What can we learn from extreme conditions? 

Abstract 

As humankind, we have now reached the difficult moment of recognising the inevitability of change 

in our relationship with nature. There is a need for hope and concrete, grassroots initiatives. This is 

achievable by adopting a strategy of resilience, which helps transform challenges into opportunities. 

New types of buildings, designed using this strategy, with a genuine rather than declarative respect 

for nature, demonstrate that authentic sustainable solutions generate a unique alphabet of archi-

tectural forms and that deficits can be turned into potential. One example of such a building is the 

new pavilion of the Arctowski Polish Antarctic Station, currently under construction (general design-

er: Kuryłowicz & Associates). The design and layout of this facility are influenced by several factors, 

including climatic conditions (such as water, snow, wind, and temperature), logistical requirements 

for the construction and operation of the building, and the mental well-being of polar explorers. 

Solutions developed for extreme conditions can often be useful in less demanding situations. Adap-

tation to climate change can be informed by lessons learned from projects implemented in extreme-

ly cold conditions, as demonstrated in the case described. It is important to closely examine these 

experiences as more of them become available over time. This approach will undoubtedly benefit 

both our planet and its population.
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ABSTRACT: Urban climate change, resulting in rising temperatures, an increase in tropical nights and heat 
islands, is also becoming a problem in Central Europe. The negative effects of this phenomenon, which are 
currently visible in isolated periods, will surely increase in duration and intensity in the upcoming decades. In 
order to reverse this trend, this research, starting from the analysis of current conditions, aims to predict future 
scenarios and develop efficient climate mitigation strategies in the medium-long-term future for middle 
European cities. To achieve this goal, three neighbourhoods in Leipzig, Germany, with very different 
characteristics were taken as case studies and their comfort level in 2022 as well as in 2050 (with morphed 
climate data) was simulated with the software EnviMET. The model was validated using in-situ measurements 
from three weather stations located in each of the areas. The aim of this work is to create, based on the 
simulation results, knowledge of the microclimate in central European neighbourhoods. By investigating 
different urban environments in the present as well as in the medium-term future, adequate and efficient 
climate mitigation strategies as well as design and construction practices in order to counter urban overheating 
can be developed in an early planning phase.  
KEYWORDS: Urban climate change, Heat island, validation of simulation, PET, mitigation strategies. 

1. INTRODUCTION
Global climate change in recent decades is 

resulting in increasingly frequent extreme heat 
events. Particularly in cities characterized by a 
growing number of inhabitants and high 
densification, negative effects of climate warming are 
most evident. Apart from increase of urban densities, 
several other issues influence the magnitude of urban 
climate change and heat islands. These include 
factors as actual design and construction practices 
using concrete, asphalt or other highly absorbing 
materials, as well as changing inhabitants’ lifestyles 
like an increased use of air conditioners and using 
private cars instead of public transportation [1-2]. 

As extreme events, such as tropical nights 
(defined from days when daily minimum temperature 
remains above 20 °C [3]), become more frequent, a 
trend which is expected to continue growing over the 
next 30 years, even central European cities that 
previously did not experience such events are now 
affected. For this reason, many cities in Europe, 
including those in central and north Europe, are 
carrying out studies to monitor current and predict 
future outdoor microclimate conditions in their urban 
areas in order to highlight problems and develop 
climate mitigation strategies.  

This paper aims to analyse present (year 2022) 
and future (year 2050) microclimatic conditions of 
three study areas that characterize the urban 

structure of the city of Leipzig, Germany in order to 
identify criticalities and propose appropriate 
microclimatic mitigation strategies. In particular, the 
level of outdoor comfort and temperature curve 
during day and night is assessed in order to identify 
criticalities and propose appropriate microclimatic 
mitigation strategies and consequently suitable 
design and construction practices. 

1.1 Study areas 
Leipzig (N 51.341, E 12.375) is a city in Saxony, 

formerly East Germany, with a rapidly growing 
population (625.000 inhabitants as of 2022) 
characterized by an inhomogeneous urban structure. 
The Office for Environmental Protection, City 
Planning Office of the City of Leipzig, Germany, 
carried out in 2021 a study analysing the climate 
change that has taken place in its territory since 1900. 
Furthermore, based on two-dimensional simulation 
models, the study of the City of Leipzig analysed two 
different possible climate scenarios in its entire 
municipality up to 2100 [4].  

The research presented in this paper, building on 
the analyses carried out by the city of Leipzig, aims to 
analyse in more detail, particularly problematic areas 
of the city. To achieve this goal, three main types of 
neighbourhoods have been identified: 1. dense and 
historic city centre, 2. expansion area with typical 
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large inner courtyards and 3. “Plattenbau” housing 
settlement with oversized buildings in large green 
areas. Three areas representing these three 
typologies have been chosen as study areas (figure 1). 

 

 
Figure 1: Study areas: downtown (1), Lindenau (2) and 
Grünau (3) 
 

The first area is the down town of Leipzig, a 
compact neighbourhood largely rebuilt after World 
War II. It includes the inner city, the surrounding ring 
road and adjacent neighbourhoods.  While the core 
of the area features mostly sealed surfaces, in 
particular the large market square, the areas close to 
the ring road include vegetation and trees. The 
building constructions differ from historic lime stone 
buildings to modern glass facades. Alleyways are 
mostly narrow. Area 1 has a total size of 1540 m x 
1690 m. 

The second area is Leipzig-Lindenau, a district 
west of the inner city consisting of residential 
buildings with typical multi-story buildings, positioned 
to form a rectangular with a large greened or in some 
cases partially paved courtyards. Area 2 has a total 
size of 1100 m x 995 m. 

The third area is Leipzig-Grünau, also west of the 
city centre and one of the symbolic neighbourhoods 
of post-war reconstruction characterized by very high 
multi-story residential building built using the 
“Plattenbauten” construction technique, surrounded 
by green recreational areas. Area 3 has a total size of 
1510 m x 1135 m. 
 
2. METHODOLOGY 

The study is structured according to the following 
phases: 
1) Development of one CFD Model for each area, 

using microclimate simulation tool ENVI-met [5].  
2) Calibration of the models using in-situ 

measurements from three weather stations 
located in each of the areas, the simulated air 
temperatures and relative humidity were 
validated.  

3) Simulation of microclimate condition of the three 
models in a summer representative day in 2022 
and in 2050 as a future scenario, using weather 
data morphed with the Climate Change World 
Weather File Generator [6]. 

4) Validation of the simulation results through a 
comparison with corresponding measured values. 

5) Evaluation of simulation results, particularly of 
environmental comfort level, and development of 
short- and medium-term climate mitigation 
strategies. 
 

2.1 CFD model development 
ENVI-met (Version 5.1.1) was used to create 

models corresponding to the three study areas. The 
grid size for all models was 5 m x 5 m x 5 m and the 
grid dimensions were 308 x 338 x 20 (Area 1), 231 x 
209 x 20 (Area 2) and 302 x 227 x 20 (Area 3). 

 

 
Figure 2: ENVI-met model of Area 1 (Leipzig-City) 

 

 
Figure 3: ENVI-met model of Area 2 (Leipzig-Lindenau) 

 

 
Figure 4: ENVI-met model of Area 3 (Leipzig-Grünau) 
 

The building materials used in the model were 
brick (yellow), insulated brick (red), glass 
(transparent) and insulated concrete (grey). For the 
roofing, red and black tiles as well as flat roofs were 

1 2 

3 
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used. The ground surfaces were asphalt road (black), 
dark granit pavement (grey) and loamy soil (orange). 
For the vegetation grass (height: 0.15 m, average 
density) and little leaf limes (middle) were used. 
 
2.2 Calibration process  
For the validation of the models, the Root Mean 
Square Error (RMSE) and the coefficient of 
determination (R²) was used (see equations (1) and 
(2)). Hourly simulated air temperature and relative 
humidity values were compared to corresponding 
hourly measured values obtained from local weather 
stations situated within each study area. 

 
RMSE = ((Σ (mi – si)²) / n)0.5)        (1) 

where  RMSE - Root Mean Square Error (-);  
             mi - measured value at time step i (-);  
             si - simulated value at time step i (-);              

         n - total number of time steps (-).  
 

R² = 1 – (Σ (mi – si)²/(mi - m)²)        (2) 

where  R² - Coefficient of determination (-);  
             mi - measured value at time step i (-);  
             si - simulated value at time step i (-);     
             m - mean value of the measurements (-).          
 
2.3 Simulation: model applications 

Following validation, the model application 
involves microclimate simulations for a base case 
scenario (2022), and a future scenario (2050). All 
simulations were executed on a representative and 
critical summer day, specifically the 21st of June 
Summer solstice, the day with the greatest hours of 
sunshine in the year 2022. ENVI-met Full Forcing was 
employed for these simulations. 

 
2.3.1 Base Case (2022) 

The Base Case Scenario used the three initial 
models to simulate the urban microclimate in each 
respective area. For Area 1, the input weather data 
was sourced from a weather station situated in Area 
2. Similarly, the input weather data for Areas 2 and 3 
originated from an inner city weather station located 
in Area 1. Subsequently, two .epw files were 
generated for use in ENVI-met Full Forcing. The 
evaluation primarily centres on the Physiological 
Equivalent Temperature (PET), encompassing various 
parameters such as air temperature, humidity, wind, 
and radiation to quantify outdoor thermal comfort. 

 
2.3.2 Future Scenario (2050) 

The Future Scenario used the same ENVI-met 
model as the Base Case Scenario with the distinction 
that the input weather data files were morphed to 
reflect future weather conditions. The morphing was 
conducted using the Climate Change World Weather 

File Generator introduced by Jentsch et al. [9]. Both 
.epw files underwent morphing, focusing exclusively 
on air temperature and relative humidity, given 
uncertainties in predicting changes in wind speeds 
and radiation for 2050. The evaluation also focused 
primarily on PET levels in the study areas. The exact 
ranges defined for the PET can be seen in table 1. 

 
Table 1: Physiological Equivalent Temperature (PET) ranges 

PET (°C) Thermal 
perception 

Grade of physiological 
stress 

< 4.1 Very cold Extreme cold stress 
4.1 – 8.0 Cold Strong cold stress 

8.1 – 13.0 Cool Moderate cold stress 
13.1 – 18.0 Slightly cool Slight cold stress 
18.1 – 23.0 Comfortable No thermal stress 
23.1 – 29.0 Slightly warm Slight heat stress 
29.1 – 35.0 Warm Moderate heat stress 
35.1 – 41.0 Hot  Strong heat stress 

> 41.0 Very hot Extreme heat stress 
 
4. RESULTS 

The results include the comprehensive validation 
process, the assessment of both the base case and 
future scenarios, and a comparative analysis, 
emphasizing specific locations experiencing severe 
heat stress. This comparison serves as a foundation 
for devising future mitigation strategies. 
 
4.1 Validation  

The validation process involved calculating the 
Root Mean Square Error (RMSE) and coefficient of 
determination (R²) through a comparison of hourly 
simulated values of air temperature and relative 
humidity with corresponding measured values. The 
results indicate a strong correlation between 
simulated and measured values, instilling confidence 
in the model's ability to reliably simulate 
microclimatic parameters. Consistent with previous 
research on the validation of ENVI-met models [6-7], 
the calculated error values presented in Table 2 align 
with the required standards, affirming the 
trustworthiness of the model. 

 
Table 2: RMSE and R² values for all areas  

 
Area 1 Area 2 Area 3 

Ta RH Ta RH Ta RH 
RMSE 1.29 5.24 1.28 5.09 1.31 5.67 

R² 0.92 0.90 0.92 0.91 0.91 0.87 
 
4.2 Base case microclimate evaluation (2022) 

Upon successful validation of the model, the Base 
Case Scenario concentrated on the climatic 
evaluation of all three study areas. The objective was 
to identify heat islands and quantify outdoor thermal 
comfort using the Physiological Equivalent 
Temperature.
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Figure 5: PET levels for area 1,2 and 3 on 21.02.2022 
02:00 p.m. and on 21.02.2050 02:00 p.m. at a height of 2.5 
m above the ground. 

 
Figure 5 illustrates the results of the simulation, in 

particular the level of outdoor comfort expressed as 
Physiological Equivalent Temperature (PET) on 2022 
and on 2050 on 21.02.2022 at 02:00 p.m. at a height 
of 2.5 m above the ground.   

Starting with Area 1 on 2022, the findings reveal 
cause for concern, with maximum PET levels reaching 
57.68 °C and minimum levels as low as 23.57 °C. 
Referring to Table 1, every grid in the investigated 

area experiences at least slight heat stress. Green 
spaces exhibit PET levels between 29 °C and 33 °C, 
indicating moderate heat stress, while the impact of 
shading from both trees and buildings offers the most 
comfortable zones in Area 1, with PET levels between 
23.57 °C and 29 °C, indicating slight heat stress. 
Narrow alleys, particularly those with a maximum 
width of 10m, provide comfortable zones. Wider 
alleys, however, allow incoming solar radiation, 
heating up ground surfaces and resulting in elevated 
PET levels. The most uncomfortable areas are open 
squares with sealed surfaces, such as the market 
square in the centre of the study area, or vegetation-
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free courtyards where the distribution of hot and 
humid air is impeded. 

In the Area 2 on 2022 the maximum observed PET 
was very high (PETmax,area2 = 56.65 °C), signifying 
extreme heat stress. Only a few locations in Leipzig-
Lindenau exhibited PET levels lower than 23°C, 
indicating no thermal stress. These areas were 
predominantly situated north of buildings in shaded 
zones and in close proximity to vegetation. Despite 
the challenging results, the area appears to be more 
comfortable than the inner city, primarily attributed 
to the presence of green infrastructure in this 
residential district. Courtyards, which posed 
significant issues in area 1, exhibit lower PET levels 
when adorned with green spaces and trees. In area 2, 
streets adjacent to many buildings emerge as the 
primary concern, as they lack shading from buildings 
and have the capacity to accumulate substantial heat. 

Area 3 on 2022 emerges as the most comfortable 
among those investigated. The maximum PET, 
although still indicative of extreme heat stress, is 
recorded at 46.53 °C, however, limited to a few 
specific locations. Conversely, a considerable number 
of spots exhibit PET levels below 23 °C, indicating no 
thermal stress. Several factors contribute to this 
comfort. The tall buildings provide shading, and the 
less dense construction allows for semi-open 
courtyards that facilitate ventilation, preventing the 
formation of local heat islands. Notably, Leipzig-
Grünau is characterized by abundant greenery, 
evident in the PET heat map where substantially 
lower PET levels are observed in the vegetated areas. 
 
4.3 Future microclimate evaluation (2050) 

The results of the Future Scenario reveal 
significant increases in both Physiological Equivalent 
Temperature (PET) and air temperature across all 
three study areas.  

PET levels for Area 1 in 2050 depict a noteworthy 
change. Although the maximum PET only slightly 
increased by +0.2 K compared to the 2022 scenario, 
the minimum PET experienced a substantial rise of 
1.39 K. Notably, considering that in 2022 no spot was 
thermally comfortable, the current situation has 
considerably deteriorated. With a minimum PET of 
24.96 K across the entire study area, there is no 
location exhibiting minimal thermal stress. The 
maximum change in PET reached +5.62K. 
Furthermore, the findings suggest that the increases 
in PET are more pronounced in open spaces and less 
significant in shaded areas such as narrow alleyways. 

The maximum PET for area 2 in 2050 increased to 
57.41 °C (+0.76 K), while the minimum PET rose to 
24.19 °C (+1.86 K), extinguishing the last comfortable 
spots that were under 23 °C PET in the 2022 scenario. 
This escalation leaves no zones without thermal 
stress according to PET. The maximum change in PET 

was simulated to be 6.49K, indicating a substantial 
shift in thermal conditions within this area. This 
emphasizes the urgency of proactive measures to 
address the heightened thermal stress in the future 
scenario. 

The maximum PET for area 3 in 2050 has 
increased to 47.99 °C (+1.46 K), while the minimum 
PET has risen to 23.66 °C (+2.10 K), eliminating the 
previously existing comfortable zones that registered 
under 23 °C PET in the 2022 scenario. Consequently, 
no areas remain without thermal stress according to 
PET. The maximum change in PET was simulated to 
be 2.61 K, underscoring the considerable alteration in 
thermal conditions within this area. These findings 
accentuate the imperative need for strategic 
interventions to address the escalating thermal stress 
anticipated in the future scenario. 
 
4.4 Local outdoor comfort comparison  

To examine the thermal behaviour of specific 
locations within the study areas throughout a 24-hour 
period, three critical spots experiencing severe heat 
stress in Area 1, identified as the most uncomfortable 
area, were analysed. These spots include a narrow 
alley in the north-west of the city core (A), the main 
square in the centre (M), and a courtyard in the 
south-east of the city core (C). Figure 11 illustrates 
the variation in air temperature and Physiological 
Equivalent Temperature (PET) between the two 
scenarios over the course of 24 hours. 

 

 
Figure 11: ΔPET and ΔTa for key locations A,M and C 

 
The results reveal that the maximum change in 

Physiological Equivalent Temperature (PET) at the 
three key locations was +1.75 K when comparing the 
2022 scenario to the 2050 scenario. The increases 
remain relatively stable throughout the day, ranging 
between +1.02 to +1.55 K (A), +1.31 to +1.72 K (M), 
and +1.25 to +1.75 K (C). This indicates a notable 
overall increase, yet the comfort levels do not 
fluctuate significantly between day and night. 
Examining the change in air temperature, the 
maximum variation observed was +2.28 K. Similar to 
PET, the increases remain stable throughout the day, 
ranging from +1.81 to +2.26 K (A), +1.89 to +2.28 K 
(M), and +1.94 to +2.28 K (C). Notably, despite the 
relatively moderate increase during the night, the 
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temperature exceeds 20 °C. Although not reaching 
tropical night conditions (Ta ≥ 20 °C) due to morning 
temperature drops, these findings raise concerns 
about the potential for tropical nights in the future. 
The local outdoor comfort comparison indicates a 
worsening situation in the future scenario, 
particularly in vulnerable locations, emphasizing the 
need for active mitigation strategies in these areas. 

 
5. CONCLUSION 

This study focused on the validation of a 
numerical model to assess and analyse the urban 
microclimate in various urban settings within the city 
of Leipzig. The model demonstrated effective 
validation with favourable RMSE values ranging from 
1.28 to 1.31 for air temperature and 5.09 to 5.67 for 
relative humidity across all three study areas. 
Additionally, the coefficient of determination showed 
a strong correlation, with values ranging from 0.91 to 
0.92 for air temperature and 0.87 to 0.91 for relative 
humidity. Subsequently, the validated models were 
used to evaluate the urban climate in two scenarios, 
revealing severe heat stress in all areas, quantified 
using Physiological Equivalent Temperature (PET).  

Area 1 exhibited extreme heat stress with PET 
levels reaching up to 57.68 °C. Local heat islands were 
primarily observed in large open squares with sealed 
surfaces and courtyards lacking greenery. Narrow 
streets, however, served as relatively comfortable 
zones. Area 2 displayed maximum PET levels of 
56.65 °C, displaying the positive impact of greening in 
residential areas. The green courtyard in this region 
contrasted with ungreened courtyards in area 1, 
which proved problematic. Despite being the most 
comfortable area investigated, area 3 still 
experienced maximum PET levels of up to 46.53 °C. 
The tall buildings in this zone provided shade, and 
semi-open courtyards facilitated ventilation, creating 
cooler zones within the built environment. However, 
all three areas exhibited overheating, with PET levels 
dropping only slightly during midday, and very few 
locations remaining under 23 °C (no thermal stress). 

Evaluation of the future scenario indicated 
significant increases in PET, with up to 5.62 K (Area 1), 
6.49 K (Area 2), and 2.61 K (Area 3). Notably, Leipzig-
Grünau (Area 3) emerged as the most resilient area, 
characterized by tall buildings offering shade, 
abundant vegetation, and a less densely built 
environment with semi-open courtyards facilitating 
air exchange. 

Concluding the local outdoor comfort comparison, 
three selected overheating-prone spots experienced 
air temperature changes between 1.81 K and 2.28 K 
over 24 hours. In the same period, PET levels 
increased between 1.01 K and 1.75 K, highlighting the 
urgency and the imperative need for intervention. 
This study promote resilience in overheated cities and 

serves as a foundational exploration for the 
development of urban mitigation strategies and 
urban design measure.  
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ABSTRACT: Vertical green façades provide many benefits to the urban biotope, such as improving air quality, 
reducing the urban heat island effect, providing sustainable stormwater management, creating habitat for insects 
and animals, contributing to food production, and positively affecting the psychology of urban residents. However, 
these façades are also adversely affected by extreme climatic events. In this paper, the authors examine shading 
strategies to increase climate resilience of these façades, and in particular to protect them from sudden heat 
waves. Three main strategies identified by authors, i.e. passive shading, kinetic self-shading and shading with 
kinetic layer, are qualitatively analysed and their compatibility to vertical green façades is evaluated. The research 
results shown that shading with kinetic layer has been the most effective strategy in terms of function, aesthetics, 
adaptability, and protection. Kinetic shading layer can provide various shading scenarios such as equal, full or 
partial shading unlike passive shading and require less energy compared to the kinetic self -shading. The paper 
underlines the gap in the literature on this subject and emphasises the importance of future works on conceptual 
framework and parametric design for shading strategies. 
KEYWORDS: Vertical green façades, Shading strategies, Climate resilience, Kinetic shading 
 
 

1. INTRODUCTION  
Climate change and global warming affect 

negatively the quality of life of human and non-human 
inhabitants of ecosystems. Architects and urban 
planners come up with design ideas that can reduce 
the energy demand in buildings and mitigate urban 
heat island effect, while increasing user comfort and 
safety. Abundant living systems introduced in urban 
zones are among key drivers towards reduction of 
Anthropocene impact on climate. Vertical green 
façades in the urban tissue, improve air quality, 
increase relative humidity, and decrease the 
temperature, thus lowering the need for cooling. 
Further benefits of green façades include sustainable 
rainwater management and grey water treatment, 
noise reduction, enhanced biodiversity, and potential 
for urban farming [1]. 

Even though vertical green façades contribute to 
climate change mitigation, they are affected by the 
heat waves. Unpredictable temperature changes and 
exposure to extreme solar radiation cause heat stress 
in plants. Extreme climatic events, such as heat waves, 
frost, drought, and flooding, can affect plant 
production and induce mortality. Moreover, even if 
plants survive the heat extremes, they close their 
stomata, which means cooling by evapotranspiration 
decreases, and depress photosynthesis. Plants can 
change their physiology in response to drought to 
adapt and survive, for example by elongating their 
roots [2]. However, this biological adaptation feature 
is not effective on many vertical green façade types 
since the depth of the growth medium is limited. This 

means that artificial irrigation must be increased to 
prevent drying. Furthermore, the excessive direct 
solar radiation increases water loss of growth medium. 
This makes vertical green façades consume a lot of 
water, which is undesirable [3]. Therefore, it is 
necessary to protect the façades’ vegetation from 
excessive heat causing drought through solutions that 
can enhance their climate resistance. 

Heat waves reduce yields in agricultural crops. In 
corn plants, the heat wave causes significant 
reductions in cob length and mass of the cob as well as 
the husk which in turn leads to a significant reduction 
in total reproductive biomass by 16% [4]. In the 
experimental vineyard studied by Martínez-Lüscher et 
al. [5] the Cabernet Sauvignon grapes were exposed 
without shade to a 4-day heat wave 21 days before 
harvest, resulting in 25% of the clusters being 
damaged, regardless of irrigation amount. 
Furthermore, the study indicates that berries in the 
vineyard suffered a great loss of anthocyanins and 
flavonoids even if they were not damaged by direct 
solar exposure. The study concludes that partial 
shading can have a positive role in the retention of the 
grape's skin flavonoids in a high-temperature scenario. 
These results indicate that, taking precautions such as 
partially shading against extreme heat and inadequate 
irrigation, especially in vertical gardens used for urban 
farming, can improve vegetation diversity and quality. 
However, the existing literature on this topic is 
scattered and fragmented. Thus, the strategies to 
ensure climate resilience of vertical green façades 
need to be further explored. 
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The authors of this paper propose and discuss 
design strategies that can boost climate resilient 
vertical green façades. These approaches are based on 
three main objectives: plant loss prevention, water 
savings and increased variety as well as quality of crops 
when used for urban farming. In line with these 
objectives, three shading strategies aimed at providing 
more stable and comfortable living conditions for 
vertical green façades, are analysed.   
 
2. DESIGN STRATEGIES FOR CLIMATE RESILIENT 
VERTICAL GREEN FAÇADES 

Within the scope of the study, the extensive 
literature review on existing shading methods and 
technologies applicable to building skins was carried 
out. Journal articles, conference proceedings and 
reports about 'Shading strategies for building façades', 
'Shading and passive cooling' or 'Climate resilience of 
vertical green façades' have been searched in Web of 
Science database for the last ten years. The first 
observation from the review is that there is a lack of 
research on the climate resilience of vertical green 
façades. This issue has been widely addressed in terms 
of the climate resilience provided by vertical greenery 
to the urban environment rather than in relation to 
design strategies that can provide climate resilience 
for vertical green façades. The idea of shading to 
vertical green façade has not been extensively 
explored so far. The limited number of shading 
solutions for greenery has been mentioned in this 
study. To diversify the alternatives and identify the 
most suitable one to provide climate resilience, the 
most promising shading solutions, for vertical green 
façades have been selected for further comparative 
analysis. This qualitative comparison is focused on 
advantages and disadvantages of the shading 
strategies as well as on their compatibility to 
requirements of vegetation on building skins. The first 
aspect considered in this analysis was that the plants 
need to be able to reach 400-700 nm spectral range of 
daylight necessary for photosynthesis, while being 
protected from excessive solar radiation and 
overheating during the summer season and occasional 
heatwaves. The preliminary research revealed that the 

key element in the design strategy is the light 
transmittance of shading elements which should be 
selected according to the requirement of the plant 
species. Moreover, even in shading stage, the plants 
should still be provided with sufficient ventilation. 
Finally, the influence of moisture from plants 
evapotranspiration and substrate surface evaporation 
on the shading elements’ behaviour must be 
considered.  

Three of the main solar control strategies for 
buildings, which are self-shading via the building 
envelope, passive shading with external or internal 
devices [6] and active shading with movable shading 
devices [7], have been adopted to the vertical green 
façades.  

The first analysed strategy is passive shading. 
Passive systems involve horizontal and vertical shading 
elements placed at regular intervals according to the 
orientation of the vertical green façade to provide 
constant shading for plants. Shading devices such as 
overhangs, horizontal or vertical louvers and panels, 
various egg-crate systems, vertical outer planes, 
horizontal multiple blades or panels and combination 
of these different solutions exemplified by Kirimtat et 
al. [8] and Valladares-Rendón et al. [6] are generally 
used for passive shading on building façades. These 
devices might be built as integrated modules to 
vertical green systems or as a second layer in front of 
greenery to create a secondary skin as shown 
respectively in Figure 1a and Figure 1b. The VertiKKA 
project [9] represents an example of the 
aforementioned strategy. The photovoltaic films are 
placed in front of the vegetation, aiming to protect the 
greenery from extreme weather and high levels of 
solar radiation while allowing for energy generation in 
the system. In order to provide homogenous shading 
to the vertical green façades, mashrabiya style shading 
devices, traditionally used in the warmer regions, 
especially in Middle East, can be applied as shown in 
Figure 1c [10]. 

The second strategy focuses on self-shading of the 
building envelope achieved by the protrusions on the 
envelope to place transparent surfaces more inward 
[6]. In order to provide self-shading to vertical green 

Figure 1: Passive shading strategies: (a) Horizontal shading panels attached to vertical greenery (b) Horizontal shading 
panels as secondary skin (c) Mashrabiya style shading for greenery (Source: Authors).  

a b c 
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façades, these protrusions can be formed through the 
movement of the vegetated façade modules with 
adjustable angles, as shown in Figure 2. In such 
systems, modules can be positioned horizontally and 
vertically depending on the orientation of the vertical 
green façade. During winter, when the sun’s position 

is lower these vegetated modules can mimic the sun-
capturing motion as seen on the Adaptive Solar Façade 
developed in ETH Zurich [11]. In summer, the panels 
can move to the opposite direction to avoid exposure 
to excessive solar radiation during heat waves. 

The third strategy is based on the kinetic shading 
layer added to the vertical green façade systems as 
presented in Figure 3. This kinetic shading layer can be 
constructed from various materials and controlled 
either automatically by sensors, manually by the user 
via a central computer or by interconnected panels 
consisting of units working as sensing and activating 
elements [12]. Shading elements can perform 
different types of movements such as flapping, folding, 
rotating, sliding according to the design of the system 
[13]. These elements can change the pattern and 
transparency ratio (e.g., the Tessellate system) [14]. 
Sliding foldable louvres that allow airflow and provide 
partial shading or wings that flutter on the vertical or 
horizontal axis (e.g., kinetic façade of Campus Kolding 

designed by Henning Larsen Architects [14]) can be 
used to create a shading layer. These shading elements 
can also be constructed using natural materials, such 
as wood and bamboo, as seen in the kinetic façade of 
the Aalen University Extension building designed by 
MGF Architekten [14] and the Carabanchel Social 

Housing building designed by FOA (Foreign Office 
Architects) [14].  
 
3. COMPARATIVE ANALYSIS OF DESIGN STRATEGIES 
3.1 Advantages and disadvantages of design 
strategies 

The passive shading method is based on traditional 
façade shading concepts used e.g. in Mediterranean 
countries. In traditional shading systems applied for 
agricultural purposes on horizontal fields, the plants 
are fully covered with light cloth or porous fabric. If the 
shading material selection does not properly consider 
the needs of plants, satisfactory yield cannot be 
obtained due to insufficient amount of daylight and 
fresh air [5]. Such an uninterrupted stable shading 
layer is not necessary for vertical planting surfaces. 
Passive shading devices can provide sufficient shading 
without completely disconnecting the vertical green 
façades from the external environment.  

Passive ventilated shading is easy to implement 
and relatively inexpensive [15]. Solar panels, such as in 
the VertiKKA project mentioned above can be 
integrated with vertical green systems to generate 
electricity [9]. However, the disadvantage of these 
shading elements is that their position cannot be 
changed. This hinders the system’s response to user 
requests and sudden changes in weather conditions 
[15]. 

In kinetic self-shaded modules proposed by the 
authors, the plants can be shaded, when necessary 
(e.g. during hot periods), while receiving sufficient 
daylight during colder periods (when sun rays fall at a 
more oblique angle). In addition to the effective 
utilisation of daylight, another advantage of this 
strategy is the ease of access for humans and animals 
since the system is not interrupted by an external fixed 
shading layer. If different modules respond 
individually and move in the opposite directions within 

Figure 3: Kinetic shading layer on green 
façade (Authors) 

Figure 2: Kinetic self-shaded planted panels (Authors). 
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the same time frame, plants that require different 
amounts of sunlight can be grown in parallel. This 
practice may help increase the variety of crops 
obtained from the system. On the other hand, the 
system has several limitations. Variables due to the 
requirements of plant biology and the mobility of the 
system create design complexity. System movement 
requires extra energy consumption. The possible 
weight of vegetated modules is another disadvantage. 
The costs of maintenance and repair of the mechanical 
parts may increase the price of kinetic systems [16]. 

Among analysed shading strategies for vertical 
green systems, the kinetic shading layer demonstrates 
the highest adaptability to the climatic changes. Unlike 
passive shading devices, kinetic layers can respond in 
multiple ways to heat waves, sudden precipitation and 
strong winds. This concept can provide equal, full or 
partial shading for plants and growth medium. If plants 
with diverse light requirements are located in the 
same vertical green system, with the application of 
kinetic layer several shading scenarios can be created 
for different plant species. Depending on the material 
and the design of the shading element, the kinetic 
shading layer systems are lighter than kinetic self-
shaded green façades and the movement of elements 
requires less energy. If the kinetic shading layer is 
designed without consideration of the requirements 
of plant biology, human and animal interaction and the 
external environmental conditions, problems arise in 
the functionality of the system. This results in high 
maintenance and repair costs. However, if the 
necessary requirements are applied into design, 
maximum efficiency can be obtained with the kinetic 
shading layer compared to other strategies. 
 
3.2 Design requirements of shading strategies 

The types and sizes of shading devices used in 
building façades should be designed considering the 
altitude and angle of the solar radiation (in relation to 
location and façade orientation), the required amount 
of daylight and the size of shaded area [15, 17]. These 
considerations establish the basis for design of passive 
shading devices for vertical green façades too. Design 
configurations for these devices should be determined 
taking into consideration the plants’ needs and the 
maintainability requirements of the system. 
Accessibility for maintenance purposes such as 
cleaning and repair, gardening and plant care, 
irrigation and drainage should be provided to users 
[18]. If shading devices are integrated into the vertical 
green façade, the distance required for the growth of 
the plants should be considered. Especially, there 
should be a gap between the horizontal panels and the 
first row of plants according to the maximum growth 
distance of the plant type. Where fixed shading 
elements or mashrabiya style shading devices are used 
to form a second skin, a gap should be left between 

the shading layer and the green façade to allow human 
access to these façades for maintenance, planting, and 
harvesting. Due to the inability to change position of 
passive shading devices, the light requirements of the 
plants must be assessed when selecting the materials 
or shade-loving species should be preferred.  

The module’s angle should be arranged considering 
the plant metabolism in a shading condition of kinetic 
self-shaded systems. In order to prevent damage to 
the plants during the module’s movement, the size of 
the modules and the gaps between them should be 
designed taking into account the maximum 
dimensions of plants and their growth processes. 
Furthermore, materials that tend to fall cannot be 
used for this system. Drainage must be designed 
according to the movement of water for the various 
module positions. The weight of the planted modules 
and the energy required for their movement needs to 
be considered and sustainable energy generation 
methods should be integrated into the system.  

The design parameters of the kinetic shading layer 
include geometric shape and motion type, technology, 
structure and material [12, 19]. The choice of 
geometry and movements of kinetic façades are 
influenced by numerous factors such as the function of 
the system, the required indoor conditions of the 
building, the requirements of the designer and users 
as well as environmental and climatic conditions. In 
order to design geometric shape of kinetic shading 
devices, architects utilise design methods such as 
parametric design, performance-based design, 
generative design, approaches such as biomimicry and 
patterns such as origami or criss-crossed patterns of 
latticework in mashrabijas [13, 20, 21]. In the same 
way, different design methods and inspirations can be 
used by designers for the kinetic shading layer of 
vertical green façades.  

The technologies applied in kinetic façades consist 
of control, sensing and actuating elements. Façade 
movement can be activated via pneumatic, hydraulic, 
material-based, passive actuators or servomotors. 
Control can be provided via hand-operation, via 
central computer or interconnected panels by 
microcontrollers (decentralized control) [22]. In 
material-based technologies all the sensing, actuating 
and control features are provided by material itself. 
These materials include shape memory alloys, shape 
memory materials, etc. [12].  

User interaction with the control mechanism of 
kinetic shading devices is beneficial for climate 
resilience and maintainability of vertical green 
façades. In addition, it is advantageous to open the 
kinetic shading layer to allow user access during 
planting and harvesting. This may represent a 
challenge in the case of material-based technologies 
that automatically respond to changing environmental 
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conditions since their actions cannot be programmed 
by the user.  

The advantage of these technologies is performing 
all sensing, actuating, controlling actions and reducing 
the complexity, cost of construction, maintenance, 
production of kinetic façades. Moreover, this 
technology mostly does not require an extra energy 
source [23]. Therefore, the integrated use of material-
based technologies with other technologies that allow 
user interaction can provide a shading layer that can 
be controlled when it is necessary but still requires a 
minimum of energy use. The evapotranspiration and 
evaporation effects of the vertical green façades 
should be considered during the material selection.  

The shading elements must enable the air flow 
even in the fully closed position when still providing 
protection against strong winds. For the healthy 
growth of the plants and the comfort of other living 
creatures on the vertical green façades, an optimum 
gap should be left between the kinetic shading layer 
and the vertical green façades. The materials of the 
shading modules affect the durability and functionality 
of the system. Pirouz et al. [24] integrated a mesh into 
the vertical green façade surface for fog harvesting 
and have proven that atmospheric water harvesting 
for green façade irrigation is possible. Similarly, the fog 
harvesting mesh can be integrated into the kinetic 
shading layer and prevent vertical green façades from 
being dependent on tap water in periods of 
insufficient precipitation. Materials should be 
corrosion resistant. It is possible to conclude that the 
kinetic shading layer strategy allows for more flexible 
design options.  

 
 

4. CONCLUSION 
Shading systems aimed at protecting vertical green 

façades against the negative effects of global warming 
have been comparted. Because the initial analysis 
revealed that this concept remains largely under-
investigated.  In this study, this research gap has been 
identified and addressed. The methodology and main 
findings of the study have been visualized in Figure 4. 

The result of this study revealed that passive 
shading strategies have lower initial cost and are easy 
to build but their response to changing climatic 
conditions is limited. When passive shadings are used 
for green façades, it is important to ensure that 
shading effect will reach to the rooting medium such 
as containers or plant pots to protect them from 
overheating the and water loss.  

Kinetic self-shading demonstrates adequate 
climate responsiveness. With the absence of an extra 
layer in front of vegetation, the interaction of human 
and non-human beings with vegetation is possible and 
remains uninterrupted. Due to the higher weight of 
kinetic modules, the mechanical and electrical 
elements require more maintenance and repair while 
increasing the total energy consumption of the 
system. Kinetic shading layers offer more flexibility in 
terms of design (e.g. in relation to function, aesthetics, 
adaptability and protection). This system, when 
properly designed, requires less energy than kinetic 
self-shading solutions. Kinetic shading layers provide 
various shading scenarios such as equal, full or partial 
shading. Furthermore, the design of irrigation and 
drainage is less complex than the kinetic self- shading 
solution since the vertical green system is stable. 
Therefore, it is indicated as the most effective solution 
in this study.  

Figure 4: Methodology and main findings of the study (Authors). 
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However, the complexity of kinetic systems in 
terms of design and construction as well as potential 
high cost of maintenance compared to the passive 
systems should be considered. In the case of full 
shading, further observation on the prototype in the 
real-life conditions if the kinetic shading layer does not 
interrupt the interactions of the plants with birds, 
pollinators, etc.  

Further research is necessary to develop 
conceptual frameworks allowing for correct system 
adjustment to climate and functional requirements. 
The effects of shading strategies should be 
investigated by simulative or experimental studies.  
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ABSTRACT: In response to increasing and alarming levels of ambient air pollution in urban areas, this study 
focuses on the validation and application of a numerical model to assess air pollution levels in an urban context. 
Using microclimate simulation tool ENVI-met, a three-dimensional numerical model was developed and 
validated against in-situ measurements. After the validation process, two green infrastructure scenarios, 
designed and proposed by a local environmental protection organisation, were assessed focusing on the 
improvement of NO2 levels, in contrast to the existing status quo. The results revealed a robust and noteworthy 
decrease in NO2 levels up to 40 %, especially in densely populated and high-traffic areas within the inner city. The 
implementation of these green infrastructure scenarios not only led to a remarkable reduction in pollutant 
concentrations, demonstrating the tangible impact of these measures on improving urban air quality but also 
improved thermal comfort by up to 6.04 K (PET). This validated model equips cities and municipalities with a 
valuable tool for informed decision-making, facilitating the effective implementation of practical green 
infrastructure solutions to mitigate air pollution and foster more sustainable urban environments.  
KEYWORDS: Air Quality, Air Pollution, Green Infrastructure, ENVI-met, Urbanism 
 
 

1. INTRODUCTION 
According to the World Health Organization 

(WHO), air pollution represents one of the biggest 
environmental risks to human health [1]. Particularly, 
modern forms of pollution such as ambient air 
pollution and toxic chemical pollution have increased 
by 66 % since 2000, leading to 4.5 million premature 
deaths worldwide attributed to ambient air pollution 
alone in 2019 [2]. Referring to the European 
Environment Agency (EAA) [3], approximately 97 % of 
the urban population in Europe is exposed to 
Particulate Matter (PM2.5) levels exceeding the air 
quality guidelines (AQG) set by the WHO [1]. 
Similarly, around 90 % of the urban population is 
exposed to elevated nitrogen dioxide (NO2) levels. 
The city of Leipzig, in particular, faces a challenge 
with NO2 levels, as the concentrations consistently 
exceeded the AGQ on 336, 335, 328, 311 and 298 
days in the pre-COVID years (2015-2019). Several 
studies have provided evidence on the effectiveness 
of mitigation strategies to combat ambient air 
pollution in urban areas. Nowak et al. investigated 
the effect of urban trees on air pollution and found 
tree management to be a viable strategy to improve 
air quality [4]. A study by Tomson et al. demonstrated 
the positive impact of green infrastructure on 
improving air quality in street canyons [5]. Tang 
highlighted the positive influence of green walls on 
mitigating air pollution in urban areas [6]. As for 

Leipzig, local environmental protection organisation, 
Ökolöwe e.V., has developed a systematic mitigation 
strategy. The ongoing implementation of a bike lane 
along the inner city ring, replacing a car lane, started 
in 2022 and is expected to be completed by 2025. The 
next phase proposes a green promenade ring, 
envisioned as a car-free urban park with trees, 
playgrounds and a continuous dedicated bicycle lane 
[7]. This study focuses on the quantification of the 
impact of the planned redevelopments on 
improvements in air quality, using numerical 
simulations for detailed assessment. For the 
simulations, ENVI-met [8], a three-dimensional 
microclimate simulation tool, often used and 
validated for microclimate assessment [9-10], was 
used. In the context of air pollution modelling, Sun et 
al. found that ENVI-met was a reliable software to 
simulate PM2.5 concentrations [11]. However, 
literature on validated ENVI-met models, specifically 
focusing on NO2, is scarce.  Therefore, this study aims 
to adopt a holistic approach, not only validating the 
model for quantifying air pollution but also applying it 
to understand the impacts of green infrastructure 
scenarios. The goal is to enhance the understanding 
of air quality dynamics and provide insights for 
evidence-based strategies in cities with similar 
challenges, contributing to the development of more 
sustainable and healthier urban environments.
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2. STUDY AREA 
The study was conducted in Leipzig, Germany 

(N 51.341, E 12.375), with a focus on an area 
including the inner city, the surrounding ring road and 
adjacent neighbourhoods. With a total size of 1130 x 
1265 meters, the study area represents a dynamic 
urban environment with a mix of commercial, 
residential, and recreational spaces. The ring road 
serves as a significant traffic route, surrounding the 
core of the city. Figure 1 illustrates the study area, 
highlighting the traffic volumes of the investigated 
roads (see table 1), as well as the locations of a 
weather station (A), two traffic-counting stations (B 
and C) and three specific locations within the study 
area selected as key points for scenario evaluation (D, 
E and F). 

 

 
Figure 1: Study area including traffic categories per street 
segment and key locations A-F 
 
3. METHODOLOGY 

For the quantification of the ambient air pollution 
in the study area a three-dimensional numerical 
model (CFD) was developed. Subsequently, the model 
was undertaken a calibration process, comparing the 
results to in-situ measurements. After validation, the 
model was applied to quantify NO2 levels and 
compare the status quo with the developed green 
infrastructure scenarios. This approach allowed for a 
comprehensive analysis of their effectiveness in 
mitigating air pollution. 

 
3.1 CFD model development 

The CFD model for this study was created using 
microclimate simulation tool ENVI-met (Version 
5.1.1). ENVI-met uses the Reynolds-Averaged non-
hydrostatic Navier-Stokes equations and integrates 
the k-ε turbulence model to estimate turbulence, 
ensuring accurate representation of complex 
environmental dynamics. The model's grid size was 

set at 5 m x 5 m x 5 m, resulting in a total model size 
of 246 x 273 x 20 grids (including an additional 10 
grids on each side). Various ground surfaces, 
including asphalt road, dark granite pavement, and 
sandy loam, were applied. The vegetation component 
included grass (h = 0.15 m) and trees (little leaf lime 
(middle)). The used building and roof materials are 
shown in Figure 2. Simulations were conducted on a 
representative day known for high traffic density, 
specifically the beginning of the summer holiday 
period on 5th July 2019. This day was also 
representative of the local climate, featuring sunny 
weather conditions and an average temperature of 
21.32 °C. The year 2019 was selected as the reference 
year, considering irregular traffic patterns in 
subsequent years due to COVID-19-induced 
reductions. Using ENVI-met Full Forcing a weather 
data set from a local weather station (A, see figure 1) 
was used. For simulating air pollution distribution, 
ENVI-met sources was used. Traffic volume data were 
collected from two traffic counting stations alongside 
the inner ring (B and C). The assumed emission 
factors per vehicle class for NO2 for the initial model 
were as follows: Passenger Cars (PC): 0.176 g/km, 
Light Duty Vehicles (LDV): 0.304 g/km, Bus (B): 
1.365 g/km, Heavy Duty Vehicles (HDV): 0.360 g/km, 
and Motorcycles (MC): 0.081 g/km. Details regarding 
traffic categories and their contributions per vehicle 
category to the overall traffic can be found in table 1.  

 
Table 1: Traffic categories 

Cat. 
 

Veh/24h 
Vehicle class distribution 

[%] 
 PC LDV B HDV MC 

I 46.772 88 8 1 2.5 0.5 
II 28.386 88 8 1 2.5 0.5 
III 5.000 88 8 1 2.5 0.5 
IV 500 59 30 1 10 0 

 
 

 
Figure 2: ENVI-met model of the study area 
 
3.2 Calibration process 

The validation of the CFD model was conducted in 
three stages. The simulation results of the status quo 
were compared to the in-situ measurements 

Ground: 

Wall materials: 
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Black tiles 
sds 
sdsd 

Red tiles 
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Asphalt 
Pavement 
Loamy soil 

Ins. brick 
Ins. concrete 
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obtained at the designated measurement location 
(A), calculating the errors as the Root Mean Square 
Error (RMSE) and the Mean Absolute Error (MAE), as 
specified in equations (1) and (2), respectively. After 
evaluating the RMSE and MAE values per stage the 
model was refined to improve the correlation 
between measurements and simulation results.  

 
RMSE = ((Σ (mi – si)²) / n)0.5)        (1) 

where  RMSE - Root Mean Square Error (-);  
             mi - measured value at time step i (-);  
             si - simulated value at time step i (-);              

         n - total number of time steps (-).  
 

MAE = ((Σ |(mi – si)|) / n)           (2) 

where MAE - Mean Absolute Error (-);  
             mi - measured value at time step i (-);  
             si - simulated value at time step i (-);     
             n - total number of timesteps (-).          
 
3.3 Application of green infrastructure scenarios 
In the application phase, the study simulated two 
distinct green infrastructure scenarios to assess the 
corresponding impact on NO2 levels in the study area 
compared to the existing status quo. The investigated 
scenarios included the current state (Status Quo 
Scenario SQ), the conversion of an existing car lane 
into a dedicated bicycle lane (Bike Lane Scenario BL), 
and the implementation of green corridors with 
increased vegetation (Green Promenade Ring 
Scenario GR). Figure 3 illustrates the design and 
layout of these scenarios, offering visual 
representations of the three simulated 
developments. The simulation period was 24 hours, 
starting on 4th July 2019, at 09:00 p.m. 
 
3.3.1 Status Quo Scenario 

Based on the validated model, the Status Quo 
Scenario focused on the evaluation of NO2 

concentrations in the existing urban configuration, 
serving as a benchmark for comparison with the 
subsequent green infrastructure scenarios. Traffic 
distribution for this scenario was based on the four 
categories outlined in table 2. Figure 3a shows an 
example of the setup, featuring three car lanes in 
each direction.  

 

3.3.2 Bike Lane Scenario 
The ongoing implementation of the bike lane on 

the inner city ring unfolds in four distinct phases, 
strategically targeting different locations for the lane 
conversion from car lane to bike lane. The simulation 
in this study represents the anticipated final state 
after the completion of all four phases in 2025. As the 
bike lane implementation only applies to the ring, 
adjustments in traffic volume and car lanes were only 
made to categories I-III. The overall traffic volume 
was reduced by 10 %, as revealed by comparing the 
traffic volume before and after the bike lane 
implementation at traffic counting station B. This 
reduction was applied to the traffic volume for the 
other sections as well. Additionally, one car lane per 
direction was removed in the model, reflecting the 
reality where it is replaced by a bike lane. The vehicle 
class distribution and emission factors remained 
consistent for each category. An example of the bike 
lane implementation on a three-lane road can be 
seen in figure 3b. 
 
3.3.3 Green Promenade Ring Scenario 

The Green Promenade Ring represents a 
forthcoming initiative aimed at establishing open 
green spaces, serving as a green corridor and 
recreational area. Envisioned as an auto-free urban 
park with trees, playgrounds, and a continuous 
dedicated bicycle lane, the green promenade ring, 
which includes both grass, trees, and green tracks, is 
set to offer a cooling effect, with urban trees 
providing shade and purifying the air by filtering 
pollutants. In this way, the ring seeks to mitigate the 
impacts of the climate crisis while enhancing the well-
being of the residents. The initiative aims to 
transform the existing car lanes of the inner ring road 
into a green space. As part of this transformation, the 
entire traffic flow in both directions will be shifted to 
the outer ring road. The model was adjusted, 
compared to the bike lane scenario, by incorporating 
additional grass and 93 trees along the remaining 
inner car lanes. Traffic distribution, emission factors, 
and vehicle class distribution for the outer car lanes, 
now accommodating both directions, remained 
unchanged. A visualization of the Green Promenade 
Ring Scenario can be seen in figure 3c. 

 
Figure 3: Scenario set-up for Status Quo (a), Bike Lane (b) and Green Promenade Ring (c) Scenarios

a)                                                      b)                     c) 

60



 

4. RESULTS 
In this section, the outcomes of the study are 

presented. After completing the calibration process, 
the validated model was applied to investigate the 
impact of the green infrastructure scenarios on NO2 
concentration.  
 
4.1 Calibration 

After stage 1, it became evident that the 
simulated NO2 concentration values were 
considerably lower than the measurements, resulting 
in large RMSE and MAE values of 28.91 and 28.37, 
respectively. The initial model had a set background 
concentration of 0 µg/m³ for NO2. Despite allowing a 
3-hour lead time for simulation initialization, where 
the model could establish its own background, this 
approach failed. The NO2 concentration tended to 
approach the artificially set background level of 0 
µg/m³ during times of minimal emissions, rather than 
maintaining a distinct pattern. Although some small 
similarities in the curves were observed, such as the 
rush hour peak at 07:00 a.m., the values were 
consistently too low, indicating a discrepancy in 
fitting the curve to the actual data. To address the 
observed behaviour where the simulated curve 
tended to approach the background concentration 
during periods of low emissions, the background 
concentrations were adjusted to the lowest point of 
the measurements in stage 2 (16 µg/m³). This 
adjustment significantly improved the errors, 
reducing the RMSE to 13.57 and the MAE to 12.43. 
However, it is essential to note that while this 
adjustment lifted the entire curve, aligning it more 
closely with the measured data, the simulation 
pattern still did not closely resemble the actual curve. 
To address the shortcomings identified in the 
previous stages, it became evident that adjusting the 
hourly emission rates was crucial. ENVI-met offers 
three distribution scenarios for allocating the total 
vehicle emissions throughout the day. However, 
recognizing the need for more specific adjustments, 
manual modifications were made to the hourly 
emission rates. This involved calculating the 
percentage difference between the measurements 
for a particular hour and the stage 2 simulation 
results for the same hour. The percentage difference, 
indicating that the measurements were higher, was 
manually added to the hourly emission rates. This 
targeted adjustment significantly improved the 
simulation, resulting in a RMSE of 6.72 and a MAE of 
6.02.  

The identified errors in stages 1 and 2 underscore 
the necessity of a rigorous calibration process. 
Through systematic refinement, the model exhibited 
the potential for reliable validation, instilling 
confidence in its ability to simulate air quality 
dynamics in the specific study area. The successfully 
calibrated model was subsequently applied for 

detailed analysis. Nonetheless, for applications in 
diverse contexts, a comprehensive calibration process 
is recommended to address potential inaccuracies. 
Table 2 shows the RMSE and MAE values for NO2 
concentrations throughout the stages. 
 
Table 2: RMSE and MAE per calibration stage (NO2) 

 Stage 1 Stage 2 Stage 3 
RMSE MAE RMSE MAE RMSE MAE 

NO2 28.91 28.37 13.57 12.43 6.73 6.02 
 
4.2 Scenario evaluation 

After the calibration process, the validated model 
after stage 3 was used for further investigations to 
evaluate NO2 concentrations in the study area. The 
simulations focused on three different scenarios, as 
described in 3.3. For the scenario evaluation the same 
time period, starting at 09:00 p.m. on the 4th of July 
and ending at 09:00 p.m. on the 5th of July. While air 
temperature, relative humidity and global radiation 
values were kept, as they represented the area, the 
wind values were changed to get more representative 
results. A wind direction of 225° (south-west), which 
is typically for the area, was used. Also, constant wind 
speeds of 2.5 m/s were included. 
 
4.2.1 Status Quo Scenario 

The Status Quo Scenario represents the as-is state 
on 5th July 2019. In figure 4, the NO2 concentrations 
at 07:00 a.m., during the morning rush hour, are 
visualized across the study area. Simulated NO2 levels 
reached a maximum of 32.13 µg/m³, with minimum 
levels observed at 9.70 µg/m³. Significantly exceeding 
the air quality guidelines set by the WHO at 5 µg/m³, 
not a single grid cell simulated in this scenario 
achieved levels below that goal. As expected, the ring 
road was identified as the primary source, exhibiting 
maximum NO2 concentrations up to 290.6 µg/m³, 
233 % higher than on inner-city streets (up to 
87.18 µg/m³). However, certain sections of the ring 
road exhibited lower pollution levels despite similar 
traffic volumes. This discrepancy is attributed to 
factors beyond the emission source, such as wind 
speed and wind direction. Figure 4 shows that in 
areas without emission sources and buildings to their 
south-west, lower wind speeds led to decreased NO2 
concentrations. Conversely, despite buildings acting 
as windbreaks on the west side of the ring, high NO2 
levels persisted due to low wind speeds hindering 
effective dispersion. This finding underscores that low 
wind speeds are advantageous in areas without 
pollution sources but less advantageous when close 
to emission points, impeding pollutant distribution. In 
summary, NO2 levels across the city are alarmingly 
high, stressing the imperative need for mitigation 
strategies. It is important to note that the simulated 
values are still below the actual measured values, as 
indicated by the validation. 
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Figure 4: Total NO2 concentration at 07:00 a.m. (Status Quo 
Scenario) 
 
4.2.2 Bike Lane Scenario 

Applying the Bike Lane Scenario resulted in a 
decrease in NO2 levels of up to 4.99 µg/m³ (-15.53 %). 
However, slight local increases of up to 2.49 µg/m³ 
(+7.75 %) were noted. This was primarily due to the 
shift in traffic from three lanes to two lanes (and two 
lanes to one lane). Figure 5 illustrates the difference 
in NO2 concentration during the morning rush hour at 
07:00 a.m., compared to the Status Quo Scenario at 
the same time. While the impact of the bike lane 
implementation on the city centre was negligible, 
decreases in NO2 concentration could be observed 
within a distance of up to 60 meters, especially in the 
most polluted areas visualized in figure 4: the north-
western and western parts of the inner city ring road. 
Therefore, in addition to promoting sustainable 
transport, the bike lane redevelopment also has a 
positive impact on air quality, particularly in close 
proximity to the ring road. 
 

   
Figure 5: NO2 concentration difference at 07:00 a.m. (Bike 
Lane Scenario)  
 
4.2.3 Green Promenade Ring Scenario 
The Green Promenade Ring Scenario demonstrated 
the significant impact that green infrastructure can 
have on urban air quality. The simulation indicated a 
maximum decrease in NO2 concentration of 
12.99 µg/m³ (-40.43 %) when comparing the Status 
Quo Scenario to the Green Promenade Ring Scenario, 
while the increase due to lane shifting was 
2.29 µg/m³ (+7.13 %) as explained in section 4.2.2. 

Figure 6 visually represents the difference in NO2 
concentration at 07:00 a.m., showing substantial air 
quality improvements alongside the inner ring where 
vegetation replaced car lanes.  
 

   
Figure 6: NO2 concentration difference at 07:00 a.m. (Green 
Promenade Ring Scenario)  
 

Apart from air quality, the assessment of outdoor 
thermal comfort using the Physiological Equivalent 
Temperature (PET) was conducted to evaluate 
thermal well-being attributed to green infrastructure. 
The Status Quo Scenario revealed significant heat 
stress in the study area, with maximum PET levels of 
46.34 °C (PETmax,SQ) at 01:00 p.m. Analysing PET levels 
after the implementation of the green infrastructure 
scenario, it was observed that maximum PET levels 
remained similar (PETmax,GR = 46.18 °C). However, the 
introduction of vegetation and additional trees 
created comfortable zones around the inner city ring, 
resulting in a maximum PET decrease of up to 6.04 K. 
This decrease shifted PET levels from 41.01 °C 
(indicating strong heat stress) to 34.97 °C (indicating 
moderate heat stress). Therefore, the Green 
Promenade Ring Scenario emerges as a promising 
solution, positively affecting both air quality and 
outdoor thermal comfort in the urban environment. 
 
4.3 Local scenario comparison 

This section focuses on the local assessment of 
NO2 concentrations at key locations D to F within the 
study area (refer to figure 1). Key Location D, the 
Richard-Wagner-Platz (RWP), situated in the north-
west, near a tram station and shopping mall, 
experienced significant NO2 changes due to its 
proximity to the ring road. The bike lane 
implementation had a minimal impact (up 
to -0.387 µg/m³), whereas the Green Promenade Ring 
Scenario resulted in more substantial decreases (up 
to -2.815 µg/m³). Key Location E, the Kurt-Masur-
Platz (KMP), in the southern area near the university 
campus, saw minor air quality changes with the bike 
lane scenario (up to -0.263 µg/m³). The Green 
Promenade Ring Scenario resulted in more 
pronounced changes (up to -1.488 µg/m³). Key 
Location F, the Augustusplatz (AP), a major city 
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square, experienced a slight decrease after the bike 
lane implementation (up to -0.149 µg/m³), while 
vegetation and trees enhanced NO2 concentration by 
up to 0.862 µg/m³. Figure 7 illustrates the 24-hour 
difference for both implemented scenarios across all 
three key locations. 

 

 
Figure 7: Differences in NO2 concentration for locations D-F 
 

The local scenario comparison showed that, 
although the most significant effects of the 
implemented scenarios were observed in close 
proximity to the ring road, the interventions also had 
an impact on frequented squares, indicating positive 
outcomes beyond immediate pollutant sources. 
 
5. CONCLUSION 

  In this study, a comprehensive model was 
established and rigorously validated with in-situ 
measurements to evaluate the impact of green 
infrastructure on air quality. The outcomes from 
calibration stages 1 and 2 underscored the critical 
importance of calibration for achieving satisfactory 
performance metrics, as evidenced by the final values 
of RMSE = 6.47 and MAE = 5.32. The Status Quo 
Scenario revealed elevated NO2 levels, surpassing 
recommended guidelines. The Bike Lane Scenario 
demonstrated a notable decrease of up 
to -4.99 µg/m³ (-15.53 %), while the Green 
Promenade Ring had the most substantial impact 
with a maximum decrease of -12.99 µg/m³ (-40.43 %). 
In selected inner-city areas, the Bike Lane scenario 
showed reductions of up to 3.21 %, 2.28 %, and 
1.49 % compared to the status quo, while the Green 
Promenade Ring Scenario demonstrated significant 
reductions of up to 18.97 %, 12.88 %, and 8.61 %. 
Additionally, the simulation indicated a potential 
decrease in Physiological Equivalent Temperature 
(PET) by up to 6.07 K, emphasizing the creation of 
comfortable zones that encompass both enhanced air 
quality and improved thermal comfort. Nevertheless, 
it is crucial to acknowledge the study's limitations. 
Firstly, the reliance on two traffic counting stations, 
although effective, required the categorization of the 
study area, introducing a level of simplification. 
Additionally, only vehicle traffic was considered as a 
source of NO2. These limitations should be taken into 
account when interpreting the results and planning 

future studies. Despite these constraints, the study 
highlighted the importance of green infrastructure 
planning in addressing air quality concerns and 
improving urban environments. Further research with 
expanded data sources, varying wind directions and 
different mitigation scenarios could offer deeper 
insights into the dynamic impact of green 
infrastructure on air quality.  
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1. INTRODUCTION  

Global climate change is a growing concern due to 
its significant impact on the built environment and in 
the energy demand of buildings. Increasing average 
temperatures, the occurrence of extreme weather 
events, and seasonal variations directly affect the 
thermal and energy performance of constructions 
worldwide. In this context, it is essential to assess 
energy consumption in buildings, given their 
significant contribution to global energy demand [1], 
and to understand how architectural strategies can 
mitigate the impact of climate change and ensure 
greater energy efficiency in the construction sector 
[2]. 

In Brazil, a country with a population of 
approximately 212 million inhabitants, the 
construction sector plays a relevant role in electricity 
consumption. Residential, commercial, and public 
buildings account for 42.7% of the country's total 
electricity consumption [3], with offices and other 
commercial buildings representing 13.1% of this 
value. During the COP26 held in Glasgow in 2021, 
Brazil committed to implementing the Paris 
Agreement, promoting energy efficiency strategies to 
reduce greenhouse gas emissions. The country has 
set a goal to reduce emissions by 40% by 2030 
compared to 2005 levels and aims to achieve carbon 
neutrality by 2050 [4]. In this context, buildings play a 
significant role in reducing greenhouse gas emissions 
as they consume a substantial amount of electricity 
and contribute significantly to global emissions [5]. 

For the assessment of the effects of climate 
change, the Intergovernmental Panel on Climate 
Change (IPCC) defines prospective scenarios 

regarding climate alterations, allowing for the 
analysis of mitigation or adaptation strategies. The 
IPCC's Assessment Report AR6 [6] presents different 
future climate change scenarios known as 
Representative Concentration Pathways (RCPs). 
These scenarios represent different trajectories of 
greenhouse gas emissions and serve as a basis for 
modeling and projecting climate impacts. The RCPs 
cover a wide range of possibilities, from low-emission 
scenarios (RCP 2.6) to high-emission scenarios (RCP 
8.5). Each RCP is characterized by different levels of 
atmospheric greenhouse gas concentrations over 
time. These scenarios provide a set of tools for 
researchers to assess and compare the potential 
impacts of climate change, enabling the analysis of 
various mitigation and adaptation scenarios. Based 
on the RCPs, it is possible to investigate the effects of 
climate change in various areas, such as temperature, 
precipitation, sea-level rise, and ecosystems, 
providing essential information to guide policies and 
decision-making towards climate change mitigation 
and adaptation. 

Mitigation involves limiting the impact of global 
warming by reducing greenhouse gas emissions 
(GHGs). On the other hand, adaptation refers to 
measures taken by vulnerable systems in response to 
current or projected climate conditions, to minimize 
the damages caused by climate change [7,8]. 

To understand the impact of architecture on 
energy consumption, computational simulation is an 
essential tool. Building thermal environmental 
simulation, using annual meteorological files at 
hourly intervals, allows for more accurate prediction 
of the current and future performance of buildings, 

ABSTRACT: This study assesses of climate change effects on the thermal and energy performance of a hybrid-
ventilated office in Belo Horizonte, Brazil. By utilizing current and future climate data, an analysis was 
conducted on a 46.6 m² office space with casement windows, employing both natural ventilation and air 
conditioning. Facade modifications, including solar protection, absorptance, and glazing type, were made for 
present climate, RCP 2.6 and RCP 8.5 scenarios in 2050 and 2080 per IPCC AR6. Results showed a 25% and 
40% average energy consumption increase in 2050 and 2080, respectively, in the unmodified archetype, with 
a 35% reduction when using natural ventilation. Given these findings, adopting architectural strategies is 
considered crucial to minimize climate change impact, ensuring future comfort and energy efficiency. 
KEYWORDS: Climate change, Thermal Performance, Energy Consumption, Hybrid-ventilation. 

 
 

64



 

considering climatic conditions [9]. Currently, 
researchers have three climate transformation tools 
at their disposal: WeatherShift [10], Weather Morph 
[11], and CCWorldWeatherGen [12]. Among these 
tools, CCWorldWeatherGen is the most widely used 
in research; however, it has not been updated since 
2017, using data from the IPCC's AR3 report. In face 
of that, Rodrigues et al. (2023) [13] have published a 
tool called the "Future Weather Generator," which is 
open access, free, and multi-platform, capable of 
generating future climate files with more recent IPCC 
data, which will be used in this study. 

According to Neves, Melo, and Rodrigues (2019) 
[14], building envelope characteristics such as 
window type, presence of shading devices, and 
window-to-wall ratio are important parameters in 
buildings that adopt hybrid ventilation. In general, it 
is possible to reduce energy consumption in buildings 
through investment in technologies or by 
understanding user behavior. Therefore, 
implementing energy efficiency strategies and 
understanding user behavior in buildings can not only 
reduce peak energy demand but also decrease overall 
energy consumption and reduce environmental 
impacts. Improving energy efficiency can also reduce 
the need for new investments in energy generation, 
transmission, and distribution systems [15]. 

In regions with a mild temperate climate, 
harnessing natural ventilation can play a significant 
role in reducing energy consumption [8]. 
Approximately 30% of the Brazilian population lives in 
cities with this type of climate, where buildings can 
operate during winter without the need for heating 
systems and typically rely on artificial air conditioning 
for cooling only during the hottest days of summer. 
Therefore, understanding the effect of architectural 
variables on the energy performance of these 
buildings, especially in the face of climate change, can 
encourage designers to use passive strategies in the 
early stages of the design process. 

The objective of this study is to assess the effects 
of climate change using current and future climate 
data on the thermal and energy performance of a 
hybrid-ventilated office archetype located in Belo 
Horizonte, Brazil, considering multiple architectural 
strategies. Belo Horizonte presents many office 
buildings that use hybrid ventilation but with a 
tendency to implement fully conditioned buildings 
from the year 2000, as noted by Alves et al. [16]. 
Analyzing if a hybrid operation will still be worth in 
the future is therefore considered to be an important 
assessment for the implementation of future city 
policies. 

 
2. METHODOLOGY 

The methodology employed in this study to 
analyze the thermal and energy performance of an 
office room archetype in a building in Belo Horizonte, 

Brazil (19° 54' S, 43° 56' W), consisted of four steps: 1) 
selection of an individual office space from the office 
building archetype developed by Veloso et al. (2023) 
[17]; 2) selection of elements to be modified in the 
building façade; 3) selection of climate files from 
future scenarios; 4) comparative analysis of the data. 

 
2.1 Archetype 

The office from the hybrid ventilated office 
building archetype developed by Veloso et al. (2023) 
[17] was used in this study. Its office spaces have an 
average area of 46.6 m² and are equipped with two 
maxim-air windows, allowing for natural ventilation 
of the interior spaces during occupied hours. The 
windows are operated only during occupancy; 
therefore, the spaces can be naturally ventilated only 
during working hours. The selected office space is in 
the East orientation.  

 
(a) 

 
(b) 

Figure 1: (a) Building archetype and (b) study office space.  
Source: Authors' own elaboration. 
 

The base building façade is composed by glass 
with a Solar Heat Gain Coefficient of 0.87, and the 
external walls are made of concrete blocks with 
mortar coating. The external walls have a solar 
absorptance of 0.50 and an emissivity of 0.90. Natural 
ventilation was modeled using the multizone Airflow 
Network (AFN) model. The Energy Management 
System (EMS) module was used to control the 
opening and closing of windows based on internal 
temperatures: (1) The air conditioning system 
activates when the occupied zone's operative 
temperature is outside the adaptive comfort limits, as 
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per ASHRAE Standard 55; (2) The air conditioning 
system deactivates when the zone is occupied, the 
operative temperature is within the adaptive comfort 
limits, and the outdoor temperature is below the 
zone operative temperature; (3) The air conditioning 
system deactivates when the zone is unoccupied, and 
the windows are closed. Figure 1 illustrates (a) the 
archetype developed by Veloso et al. (2023) [17] and 
(b) the office space analyzed in this study. 

 
Table 1: Schedule and power density of lighting and 

equipment. 
 

Systems and routines Unit Value 
Used 

Office spaces Lighting (LPD) W/m² 11.9 
Bathrooms lighting (LPD) W/m² 5 
Corridors lighting (LPD) W/m² 5 
Equipment W 720 
Air Conditioning COP W/W 3.2 
Occupant density persons/space 6 
Occupation routine h/day 10:20 
Lighting Routine h/day 4:00 

 

This analysis was conducted for Belo Horizonte, 
MG, located in southeastern Brazil. The city has a 
temperate climate (Cwa) characterized by hot 
summers and mild winters, with average 
temperatures of 24°C and 19°C, respectively. The 
prevailing winds consistently come from the east and 
southeast throughout the year. 

 
2.2 Façade Modifications 

A total of 270 simulations were conducted for 
each scenario (current and climate change - 2050 and 
2080) with the following modifications: 

1) Three glazing types: type 1 - U-value of 5.6 and 
SHGC of 0.87; type 2 - U-value of 5.6 and SHGC 
of 0.5; and type 3 - U-value of 5.6 and SHGC of 
0.36. 

2) Three solar shading angles: 30°, 65°, and 60°. 
3) External walls absorptance with values of 0.2, 

0.5, and 0.8 (0.9 emissivity). 
4) The simulation identification codes are 

presented in Table 2. 
 

 
Table 2: Codes of the parameters analyzed in the 
simulations. 
 

Solar Shading 
Angle External 

Wall Solar 
Absorptance 

Glass Type 

AP30 – 30° A20 – =0,20 V1 – FS 0,87 

AP45 – 45° A50 – =0,50 V2 – FS 0,50 

AP60 – 60° A80 – =0,80 V3 – FS 0,36 
 
The thermal performance evaluation was 

conducted using the concept of adaptive comfort 
based on the outdoor mean temperature, with an 
acceptability rate of 80% established by the ASHRAE 

55 Standard of 2020. The Energy Use Intensity (EUI), 
typically defined as the energy consumption per 
usable floor area in kWh/m².year, was selected as the 
performance indicator to analyze the data sample. 

 
2.3 Climate Data 

For this study, computational simulations were 
performed using EnergyPlus 23.1 software in an office 
space of a hybrid ventilated building archetype 
developed by Veloso et al. (2023) [17]. The climate 
data used was obtained in TMYx 2007-2021 format 
for the city of Belo Horizonte, acquired from the 
Climate.OneBuilding website [18]. Additionally, the 
future climate files were generated using the "Future 
Weather Generator" developed by Rodrigues et al. 
(2023) [13].  

 

 
(a) 

 
(b) 

 
(c) 

Figure 2: Comparative graph of (a) temperature, (b) solar 
radiation, and (c) wind speed in Belo Horizonte for the 
current, RCP2.5, and RCP 8.5 scenarios for the years 2050 
and 2080. Source: Authors' elaboration. 
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For the analysis of future climate, two extreme 
scenarios presented in the IPCC AR6 report [6] were 
considered: RCP 2.6 and RCP 8.5. Figure 2 presents a 
comparison of temperatures, solar radiation, and 
wind speed between these two scenarios for the 
years 2050 and 2080. 

These scenarios represent different greenhouse 
gas emissions trajectories. RCP 2.6 depicts a future 
with low greenhouse gas emissions, characterized by 
the adoption of clean energy sources, energy 
efficiency improvements, and significant changes in 
human behavior. On the other hand, RCP 8.5 
represents a future with high greenhouse gas 
emissions, where mitigation measures are insufficient 
or not adequately implemented.  

The choice of these scenarios is due to their 
widespread use in studies aiming to assess the impact 
of climate change on building performance and 
energy consumption, enabling result comparisons 
and a better understanding of the effects of climate 
change. 

 
3. RESULTS 

From the analysis of the climatic data presented in 
Table 3, significant variations in the average external 
temperature over the years were observed. In the 
optimistic scenario (RCP 2.6), an average increase of 
7% was observed compared to the reference climatic 
data from 2007-2021. In the pessimistic scenario (RCP 
8.5), the variations were even larger, with increases 
ranging from 12% to 22%. Regarding solar radiation, 
an average increase of 5% was found in both 
scenarios analyzed when compared to the reference 
climatic data. As for wind speed, an increase of 2% 
was observed in the optimistic scenario (RCP 2.6) and 
10% in the pessimistic scenario (RCP 8.5). 

 
Table 3: Variations in Temperature, Radiation, and Wind 
Speed of Current and Future Climatic Data. 
 

 TMYx 
2007-
2021 

RCP-
2.6 

(2050) 

RCP-
2.6 

(2080) 

RCP-
8.5 

(2050) 

RCP-8.5 
(2080) 

Annual Average 
Temperature 

(°C) 
21.6 23.1 23.0 24.2 26.4 

Annual Average 
Solar Radiation 

(Wh/m²) 
217.3 226.8 218.2 227.6 232.0 

Annual Average 
Wind Speed 

(m/s²) 
2.8 2.8 2.8 3.0 3.1 

 
These variations in climatic parameters indicate a 

scenario of climate change where average 
temperatures are expected to increase, and solar 
radiation shows a general increment. Additionally, 
wind speed also undergoes changes, although with 

more pronounced differences between the analyzed 
scenarios. 

Based on the variations identified in the climatic 
files corresponding to the selected scenarios, energy 
simulations were conducted to compare the hours of 
comfort and energy consumption of the chosen office 
archetype. The four future climatic files were 
considered, as well as design modifications, in order 
to analyze possible enhancements to mitigate the 
impact of climate variations. All these design 
improvement simulations were also conducted with 
the current climatic file. 

 
Table 4: Variations of the scenarios in terms of the 
percentage of thermal comfort hours from the current and 
future climatic files. 

 

Codigo 2020 2050 2080 2050 2080
CURRENT 75% 64% 65% 58% 45%
AP30_AB20_V1 81% 72% 73% 68% 54%
AP30_AB20_V2 83% 78% 78% 74% 61%
AP30_AB20_V3 83% 80% 80% 78% 65%
AP30_AB50_V1 80% 70% 71% 65% 52%
AP30_AB50_V2 82% 76% 76% 72% 58%
AP30_AB50_V3 83% 79% 79% 76% 62%
AP30_AB80_V1 79% 68% 69% 63% 50%
AP30_AB80_V2 81% 74% 75% 70% 56%
AP30_AB80_V3 83% 77% 77% 73% 59%
AP45_AB20_V1 82% 75% 76% 71% 57%
AP45_AB20_V2 83% 79% 79% 77% 63%
AP45_AB20_V3 83% 81% 81% 80% 67%
AP45_AB50_V1 81% 73% 74% 69% 55%
AP45_AB50_V2 83% 78% 78% 74% 61%
AP45_AB50_V3 84% 79% 80% 77% 64%
AP45_AB80_V1 81% 71% 72% 66% 53%
AP45_AB80_V2 83% 76% 77% 72% 58%
AP45_AB80_V3 83% 78% 78% 75% 61%
AP60_AB20_V1 84% 78% 80% 75% 61%
AP60_AB20_V2 84% 81% 81% 79% 67%
AP60_AB20_V3 83% 83% 83% 82% 69%
AP60_AB50_V1 83% 77% 77% 73% 59%
AP60_AB50_V2 84% 80% 80% 77% 64%
AP60_AB50_V3 84% 81% 81% 79% 66%
AP60_AB80_V1 82% 75% 75% 71% 57%
AP60_AB80_V2 84% 79% 79% 75% 61%
AP60_AB80_V3 84% 80% 78% 77% 64%

RCP 2.6 RCP 8.5

 
 
Regarding the percentage of thermal comfort 

hours, as presented in Table 4, the results show a 
decrease over time in relation to the current 
scenario. There was an average reduction of 12% in 
the hours of comfort in the optimistic scenario, and a 
decrease of 28% in 2030 and of 66% in 2080 in the 
pessimistic scenario. However, when implementing 
mitigation strategies to the office building, an 
increase in the hours of comfort was observed for 
93% of the tested strategies. The most effective 
strategy to increase the thermal comfort hours in the 
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space was the one that involved a solar protection of 
60°, an external wall absorptance of 20%, and solar 
control glass (FS=0.35), identified as AP60_AB20_V3. 
These strategies resulted in a 53% increase in the 
hours of comfort in the pessimistic scenario in 2080 
when compared to the base building. 

These results indicate that the implementation of 
mitigation strategies in architecture, can significantly 
contribute to increasing the hours of comfort in a 
context of climate change. 

In terms of energy consumption, as shown in 
Table 5, the results indicate an expected increase in 
electric energy consumption over time in the current 
configuration of the office space. In the optimistic 
scenario (RCP 2.6), a 24% increase in energy 
consumption is projected for 2050 and a 25% 
increase for 2080. In the pessimistic scenario (RCP 
8.5), the increase is even higher, with a projected 
30% increase in 2050 and 40% increase in 2080. 
However, the simulated strategies demonstrated the 
ability to significantly reduce energy consumption. 

In the simulations conducted, it was found that 
regarding the operation of windows and the hours of 
air conditioning use, there was an increase of 19% in 
the RCP2.6-2050 and RCP2.6-2080 scenarios, 32% in 
the RCP 8.5-2050 scenario, and 47% in the RCP8.5-
2080 scenario. This increase justifies the average rise 
in energy consumption over the years. In the scenario 
without architectural changes, the use of air 
conditioning increases in 35% of the hours, being 
utilized in 90% of the operating hours. These results 
emphasize the importance of design improvement 
strategies to mitigate the increase in energy 
consumption and enhance the energy efficiency of 
the space.  

Among the analyzed strategies, the most effective 
one for the current scenario again involved a solar 
protection angle of 60°, external wall absorptance of 
20%, and glass with solar control (SHGC=0.35), 
identified as AP60_AB20_V3. This strategy aligns with 
the results obtained in the thermal comfort analysis, 
as it significantly increased the thermal comfort hours 
in the office space. By implementing these 
architectural strategies, a 15% reduction in energy 
consumption was achieved. 

This same strategy demonstrated superior 
efficiency in all scenarios, achieving average savings 
of 30% compared to the reference scenario. Even in 
the pessimistic scenario, the energy consumption can 
be nearly equivalent to that of a scenario without any 
mitigation strategy. 

 

 

 

 

 

Table 5: Variations of the scenarios in terms of electric 
energy consumption from the current and future climatic 
files.  

Codigo 2020 2050 2080 2050 2080
CURRENT 104.86 138.03 139.07 149.73 175.50
AP30_AB20_V1 94.43 118.22 119.29 122.43 147.70
AP30_AB20_V2 92.31 111.39 112.51 120.59 137.22
AP30_AB20_V3 91.03 104.68 105.80 113.53 129.09
AP30_AB50_V1 95.46 122.42 123.50 132.18 152.59
AP30_AB50_V2 93.30 115.24 116.39 124.63 141.98
AP30_AB50_V3 92.02 108.56 109.67 117.59 133.86
AP30_AB80_V1 96.55 126.75 127.84 136.67 157.72
AP30_AB80_V2 94.36 119.24 120.39 128.81 146.99
AP30_AB80_V3 93.08 112.53 113.67 121.75 138.90
AP45_AB20_V1 92.97 112.03 113.07 121.28 139.30
AP45_AB20_V2 91.23 107.00 108.12 115.97 131.76
AP45_AB20_V3 90.23 101.38 102.50 110.03 125.09
AP45_AB50_V1 93.96 116.15 117.20 125.60 144.09
AP45_AB50_V2 92.20 110.82 111.95 119.97 136.45
AP45_AB50_V3 91.17 105.19 106.29 114.02 129.77
AP45_AB80_V1 95.02 120.41 121.49 130.03 149.14
AP45_AB80_V2 93.24 114.75 115.88 124.08 141.39
AP45_AB80_V3 92.22 109.11 110.21 118.15 139.73
AP60_AB20_V1 91.41 103.05 104.05 111.84 128.10
AP60_AB20_V2 90.06 100.21 101.28 108.81 123.80
AP60_AB20_V3 89.37 95.94 97.01 104.25 119.00
AP60_AB50_V1 92.31 106.88 107.88 115.85 132.56
AP60_AB50_V2 90.94 103.85 104.90 112.62 128.12
AP60_AB50_V3 90.21 99.48 100.54 108.00 123.34
AP60_AB80_V1 93.30 110.84 111.84 120.00 137.36
AP60_AB80_V2 91.91 107.58 108.65 116.56 132.70
AP60_AB80_V3 91.16 103.18 104.20 111.86 127.93

RCP 2.6 RCP 8.5

 
 
4. CONCLUSION 

This study presented an investigation of an office 
space that operates in a hybrid mode located in a 
commercial building in Belo Horizonte, Brazil, to 
assess the effects of climate change on its thermal 
and energy performance. The conducted simulations 
demonstrated that over time, the thermal comfort 
hours decrease and energy consumption increases, 
particularly in the pessimistic scenario. Natural 
ventilation shows to still be an interesting feature to 
this kind of space as, although comfort hours 
diminish, they are still high in all analyzed scenarios. 

Even more, architectural improvement strategies, 
such as adopting adequate solar protection, low 
external wall absorptance, and selecting solar control 
glazing, proved to be effective in mitigating these 
impacts. These strategies were able to increase 
thermal comfort hours and reduce energy 
consumption in all scenarios, resulting in a more 
efficient and comfortable working environment. 

Therefore, it can be concluded that considering 
architectural design from the early stages, taking into 
account climate change and adopting sustainable 
design strategies, is crucial. These conclusions are 
relevant not only for the studied city but also for 
other regions affected by climate change, providing 
guidelines for the design and construction of more 
resilient and energy-efficient buildings. 
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ABSTRACT: The article presents two concepts of constructing floating platforms at sea intended for emission-free 
production of electricity. In the first one, electricity is generated using photovoltaic panels placed along the edge 
of a large circular floating platform. In the second and most important concept each platform consists of two 
main parts stacked horizontally on top of each other, the lower of which is a floating platform. These two 
separate components of the platform are connected to each other using special support nodes. Each of these 
nodes has the general shape of a cone and is free to rotate around the vertical axis of the cone. The kinetic 
energy of sea waves is absorbed by the lower platform floating on the water, setting it in motion, which motion 
is transmitted to the upper platform via support nodes. The rotating support nodes are connected to electric 
current generators. The energy generated in this way can be sent directly to external recipients or temporarily 
stored in the platforms themselves. The paper includes drawings showing examples of appropriate design 
solutions. 
KEYWORDS: Sea, Platform, Energy, Electricity, Emission-Free. 
 
 
 

1. INTRODUCTION  
In the era of rapidly progressing climate change 

there is an intensive development of modern 
electricity generation technologies with significantly 
reduced levels of greenhouse gas emissions or 
complete elimination of such gas emissions. The 
efficiency of new energy technologies can be 
significantly increased by applying new structural 
solutions. 

The paper presents proposals for shaping 
platforms designed as artificial floating islands, which 
can also be the basis for the food and energy self-
sufficient residential habitats, where electricity is 
generated from the movement of sea waves. 
 
2. STRUCTURAL CONCEPT OF SYSTEM OF 
COMPOSITE FOUNDATION 

The composite foundation system has been 
developed for the foundation of heavily loaded 
buildings, including high-rise buildings, located on 
ground with very low load-bearing capacity and in 
areas of seismic activity or mining damage, which is 
presented in detail in paper [1]. Module of its 
intermediate system has a lenticular shape, see Fig. 
1a, and it is constructed of straight members, under 
axial compression or tension, located in a narrow 
space between two beams parallel to each other or 
located on two sides of one beam (1) placed on a 
horizontal base plate (2). The intermediate system is 
connected to the material of each beam (1) by means 
of joint nodes of the types (Cn) and (Ce) distributed 
evenly along the neutral axis of the beam. Nodes of 

type (C) or (B) connect adjacent lenticular modules of 
the indirect system and not join the beam matter (1). 

 

 
 
Figure 1: General schemes of structure of the system of 
composite foundation together with suggested 
arrangement of special support nodes (Sn).  

The lenticular modules connect to the matter of the 
beams (1) via nodes (Cn) and (Ce). The forces loading 
(F) the overall foundation structure are applied to 
type nodes (B, C, Ce) via a short vertical member, 
placed in appropriate guides, capable of the small 
vertical displacements. This lenticular module can 
take simplified shapes, see Fig. 1b, and be replicated 
endlessly along the horizontal direction due to which 
surface of the foundation can be theoretically 
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unlimited and stresses in the ground below this 
foundation can be very small. A top view of such a 
structural system is shown in Fig. 1c. Beams (1) can 
be arranged along different directions to form, for 
example, orthogonal structures like units shown in 
Fig. 2 and in Fig. 3.  
 

 
 

Figure 2: A simple one-story shape of a rectangular unit of 
the  system of composite foundations.  

 
 
Figure 3: An example of a two-storey shape of a rectangular 
unit of the system of composite foundations.  

It is assumed that a square will be the most 
favorable shape for the base of an orthogonal unit. If 
the horizontal geometric dimensions of such a unit 
are quite large, an appropriate number of columns 
(Col) should be placed inside it, see Fig. 3. In these 
cases the construction depth of the beams (1) can 
also be big. Therefore, for structural and functional 
reasons, it will sometimes be necessary to design 
horizontal ceilings (SL) for at least two floors. Their 
spaces can be intended to perform various functions. 
For them to be met effectively, technical openings 
(Op) must be properly arranged in the materials of 
the basic beams (1).  

As mentioned earlier, beams (1) can be placed in 
different directions, for example creating orthogonal 
structures composed of large watertight boxes which, 
when properly connected to each other, can form 
large artificial floating islands as it is shown in Fig. 4. 
Such artificial islands with large geometric 
dimensions, suitably anchored in the bottom of the 

coastal zone of the tropical sea, can be the bases for 
objects of numerous utility functions, such as e.g., 
residential, commercial, warehouse, industrial 
function or others.  

 

 
Figure 4: Bird view of floating habitable and industrial 
artificial island. 

3. ARTIFICIAL ISLAND CALLED OCEAN AGAVE 
The Ocean Agave, see Fig. 5 - Fig. 10, is planned as 

an artificial island floating in subtropical ocean areas, 
in a far distance from land, the sailing direction of 
which can be controlled by means of set of ship 
propellers moved by electric engines together with 
set of rudders. It is indented as an independent 
settling unit that is self-sufficient in terms of energy 
and food supply and able to house a group of less 
than 200 persons [2]. The main bearing structure of 
the Ocean Agave is exactly the system of composite 
foundation. Although it has been developed for 
foundation of the very heavily loaded structures 
constructed on unstable background but due its 
structural features, like having a small construction 
depth, it can get numerous and various applications. 
 

 
 
Figure 5: Bird view of the Ocean Agave.  
 

 
 
Figure 6: Simplified elevation of the Ocean Agave.  
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The platform of the Ocean Agave has the 
structural system of composite foundation having a 
circular shape, see Fig. 5, and it is built by using 
properly connected, sealed, steel-reinforced concrete 
boxes, having mostly trapezoidal shapes with 
construction depth of 15 meters. Between them are 
located component parts of the intermediate system 
having various structural forms. The interior area of 
this artificial island is protected by the main 
reinforced concrete breakwater running along its 
perimeter and having height of ca. 25 meters. The 
boxes form a circle, having slightly more than 400 
meters in diameter, surrounded by perimeter 
breakwater, which is supplemented with a set of 
triangular, reinforced concrete elements forming 
loading bays, constructed similarly to the boxes 
themselves and with properly placed trapezoidal 
reinforced concrete elements, which act not only as 
the circumferential breakwaters, but also they are 
basic parts of engineering devices able to obtain 
energy from movement of the sea waves. Another 
source of electric energy are the photovoltaic panels 
situated on the oblique internal surface of the circular 
breakwater. 
 

 
 
Figure 7: General scheme of arrangement of structural 
component parts inside whole space of the Ocean Agave. 
 

 
 
Figure 8: Spatial structures forming the Structural Agave.  
 

Species of trees, shrubs and grass having high 
resistance to the increased amount of salt contained 

in the air are in a wide ring belt located between the 
central part of the Ocean Agave and its coastal zone.  

The assumed shape of central part of the Ocean 
Agave is dictated by the pursuit of allowing the best 
possible lightning conditions for plants with low 
tolerance for presence of salt in the air in proximity of 
the sea water. For this reason, they were placed in 
enclosed, air-conditioned glass spatial structures with 
elongated shapes. The plants are grown in 
appropriate pots that contain fertile soil and are 
watered by drop irrigation. The pots are evenly 
placed within each structure and are stably mounted 
into proper nods by rods and ties. 

The lower parts of the spatial structures are 
mounted onto the nodes of a smaller lattice dome 
with a radius of 20 meters. Other supporting nodes of 
these structures are proper indirect nodes that also 
function as openwork nodes  of  steel dome with 
radius equal to 73.33 meters. The residential spaces 
for permanent inhabitants of Ocean Agave are 
situated in its middle on five storeys, each 3.6-meter 
in height. 
 

 
 
Figure 9: Shapes of the main types of spatial structures 
located in the center of the Ocean Agave.  

 

 
 
Figure 10: Interior view of spaces of the elongated 
structures. 
 

The center of the artificial island houses a 
structure called Structural Agave, divided into several 
dozen spatial structures with elongated shapes that 
decrease linearly towards the center, and whose axes 
converge in the central point of the whole 
settlement. Their cross-sections are mostly rhombus-
based, while only these directly connected to the 
upper platform’s level have their cross-sections 
shapes into triangles. A structure built this way 
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possesses a form that closely relates to a shape of 
100-meter sphere. These spatial structures are made 
of stainless steel and covered with appropriate glass 
panels, which are covered finally by semi-transparent 
photovoltaic foils. 

The permanent dwellers can obtain the protein 
food from fish in waters surrounding Ocean Agave or 
bred along with other species of sea animals within 
appropriate underwater devices, available from 
numerous loading bays. External re-supplying is to be 
handled by means of keelboats transporting goods 
between Ocean Agave and a ship located nearby. 
Although the Ocean Agave theoretically may not 
possess its own propulsion, but the potentially huge 
amount of electric energy generated by devices 
installed on it induces to equip the floating structure 
with sets of electric engines used to drive ship 
propellers immersed in water at an appropriate 
depth. 

 
4. STRUCTURE OF SPECIAL TYPE OF SUPPORT NODE  

The composite foundation system, together with 
a special type of support node, constitute an unified 
structural unity and have been developed for the safe 
foundation of dynamically loaded objects. This mostly 
concerns the foundation of buildings placed in 
seismically active areas or located in areas of mining 
damage. The structural system of one of the basic 
types of such a support node is shown in Fig. 11-14. 

 

 
Figure 11: Conical form of main body of special support 
node with a single rib. 

The basic type of the support node structure is 
made of two sets of conical bodies, while each set 
consists of two conical modules, of which the basic 
one (Ba) is fixed permanently by means of a circular 
ring (Cr) in the upper (Up) or in the lower (Lo) part of 
the floating platform. Each conical support node is 
fitted with a conical external module (Cem), which is 
fully rotatable around the vertical axis X3. Between 
the basic inner conical module (Ba) and the conical 
external module (Cem) there is a conical washer (Cw), 
made for example of Kevlar, which facilitates the 
rotation of the conical external module (Cem) on the 

 
Figure 12: Conical form of main body of  special support 
node with double ribs. 

internal module (Ba) around the vertical axis X3. The 
first set of conical body, see Fig. 11, has a conical 
external module (Cem) equipped with a single vertical 
rib (R1) located along an element of a cone and is 
permanently connected to the conical outer module 
(Cem). The single vertical rib (R1) has a relatively 
large thickness and has a circular opening in which a 
circular roller (3) is accommodated in a fitted manner, 
for which the axis of rotation is the horizontal axis X1. 
Within the roller (3) there is a cylindrical hole, for 
which the axis of rotation is the X2 axis, also located 
horizontally and parallel to axis X1. Each conical 
external module (Cem) is equipped with a perimeter 
stabilizing ring (Psr). The second set of conical body 
has a similar structure, see Fig. 12, except that this 
time two vertical ribs (R2) are permanently 
connected to the conical outer module (Cem), and 
the thickness of each is half that of single rib (R1). In 
each of the two ribs (R2) there is a cylindrical hole for 
placing a horizontal pin (5), whose task is to join in an 
articulate way the two sets of conical bodies into a 
single support node, see Fig. 13 and Fig. 14. 
 

 
Figure 13: General view of basic variant of the support node 
made of two conical bodies. 

The support nodes built in this way and properly 
connected to the composite foundation system, 
compare Fig. 1a, can constitute a horizontal dilatation 
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of the structure of the object from its ground and 
thus meet the main requirements for the structures 
of objects loaded dynamically, which include 
buildings located in zones seismically active or 
erected in the areas of mining damage, as it is 
presented in [3-7]. 
 

 
 
Figure 14: Vertical section of the support node with conical 
forms of the main bodies. 
 

In each single foundation sector, the arrangement 
of single (R1) and double (R2) ribs must be identical, 
and the number of such support nodes will be quite 
large [8]. Thanks to this and due to use of appropriate 
conical washers (Cw), the deviations of the vertical 
axes (X3) of these nodes will be insignificant and their 
impact on the deformations of the components of the 
structure will be negligible, due to which the values of 
these deformations can be within the acceptable 
dimensional tolerance of the entire structure.     
 
5. FLOATING ELECTRIC POWER STATION 

The concept of a floating electric power station 
just presented has been formulated by application of 
the basic variant of the support node designed for 
dynamically loaded objects. In this case the set of 
nodes must provide effective separation of the two 
main components of the floating platform, the upper 
one (Up) and the lower one (Lo), which are located on 
top of each other. This set enables them to move 
smoothly between each other only in horizontal 
directions within a specific range of these 
displacements. 
 

 
 
Figure 15: Vertical section of the support node for floating 
platform designed as a base of the electric power station.  
 

Since in this case there is no need to ensure the 
possibility of mutual displacements in the vertical 

direction of the lower and upper parts of the floating 
platform, the presence of the horizontal pin (3) was 
eliminated and only the horizontal circular roller (5) 
was used, which has this time the diameter of the 
hole located in the single rib (R1) and passing through 
the all vertical ribs (R1 and R2). In Fig. 15 and in Fig. 
16 such a new shape of the horizontal circular roller is 
marked with the symbol (35). It may be permanently 
connected to the matter of the two vertical ribs (R2), 
for example by welding it along its peripheral contact 
edges with the outer surface of the two vertical ribs 
(R2). 
 

 
Figure 16: The conical body of the support node with a 
circumferential gear and a set of external gears. 

The main task of the structure of the conical 
support node is the effective damping of vibrations 
caused by the dynamic load applied from any 
direction through the controlled movement of the 
lower and upper parts of the object connected with a 
set of such nodes. At the very high values of dynamic 
loads, these displacements, in this case only in the 
horizontal plane, consisting in the mutual rotation of 
the basic conical bodies relative to the vertical axes, 
sometimes can be extremely fast, which may be 
dangerous for the whole device. 
 

 
 
Figure 17: Scheme of the vertical section of the floating 
platform structure. 

 
To make the vibration damping processes more 

effective it will be beneficial to transfer the kinetic 
rotational energy of each of the conical bodies to as 
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many outside devices as possible (Egr), see Fig. 16, 
which will be able to absorb this energy in a safe, 
controlled, and useful manner.  

This can be achieved, for example, by making the 
circumferential stabilizing ring (Ptsr) in the form of a 
toothed wheel cooperating with external gears (Egr) 
appropriately spaced around the circumference of 
this wheel. If the vertical members (Tz) are connected 
directly to the electric current generators (ECG), they 
will transmit the kinetic energy from the rotation of 
the conical bodies to these generators, appropriately 
connected to the upper part (Up) and lower part (Lo) 
of the floating platform, see Fig. 17 [8]. The mutual 
rotation of the upper (Up) and lower parts (Lo) of the 
floating platform will be caused by the energy of sea 
waves coming from any direction to its lower part 
(Lo). The platform can be of various sizes, it can form 
groups of platforms, be anchored in the coastal zones 
of seas and oceans, and can also be repositioned in 
sea basins. The electric energy generated in this way 
can be stored in battery packs located in the spaces 
of the lower and upper parts of these platforms or 
sent via electric cables to other users. 

Initial verifications of the design and technological 
assumptions and preparation of appropriate drawing 
documentation were carried out based on numerical 
models of the designed structural systems defined in 
the Formian programming language [9]. 

 
6. CONCLUSIONS 

The structural system of the composite 
foundation can take many different forms and be the 
basis for the safe positioning of heavily loaded 
objects, even on very unstable ground. Being made of 
waterproof boxes properly connected to each other, 
it can be the main supporting structure of artificial 
islands located in seas and oceans. The specially 
designed support node, as an integral part of the 
composite foundation system, allows for safe and 
useful absorption of the dynamic loads. Thanks to this 
sets of such support nodes can be used in the 
construction of the floating platforms applied to 
generate emission-free electricity due to the 
appropriate absorption of sea wave energy. 

The proposed structural systems and equipment 
of the floating platforms must be subjected to 
thorough and comprehensive static, dynamic and 
strength analyzes as well as testing of the objects 
carried out on a natural scale, it also means the test 
studies of the structural system on a scale of 1:1, to 
assess their practical suitability for the proposed 
purposes.  
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ABSTRACT: The urban overheating is a well-known phenomenon fuelled by the global and local climate change. 
Solutions to mitigate the severe heat conditions are highly beneficial for pupils who cannot enjoy the outdoor spaces 
for playing during the warm season. This study documents the impact of outdoor solar shading devices, alone or in 
combination with an evaporative cooling system, to improve the outdoor thermal comfort conditions in a nursery 
school in Rome, Italy, and it stands as a pioneering study for climate adaption measures to be installed in schools. 
The activities were carried out in the second half of July 2023. The instrumental monitoring took place under two 
gazebos, one equipped with the misting system, and in an open-air reference spot. The sole effect of the solar 
shading did not significantly improve the outdoor thermal conditions; instead, the average and peak air 
temperatures dropped by 5 and 8.5°C, respectively, under the misting system, also the thermal comfort index 
dropped by 0.5 on average, scoring 0.9 as absolute vote. The subjective monitoring took place by submitting an ad-
hoc questionnaire to 2/3 years old pupils, whose majority positively evaluated the misted outdoor environment in 
terms of heat perception and well-being. 
KEYWORDS: Outdoor thermal comfort, evaporative cooling, solar shading, monitoring, schools, pupils 
 
 

1. INTRODUCTION  
The urban overheating is a well-documented 

phenomenon, which originates from global and local 
warming, in particular the urban heat island for the 
latter [1, 2]. The trend is continuing to rise due the 
massive increase of the world population living in urban 
areas, bound to reach 68% by 2050 [3]. The risk is 
related to the increase of average and peak 
temperatures, as well as of extreme events, such as 
heat waves and hot spells [4]. Thus, cooling down the 
cities is critical to tackle the consequent social, 
economic and environmental threats [5, 6]. 

 Many studies were carried out to identify suitable 
technologies and strategies to tackle the phenomenon; 
they include cool materials, green infrastructure and 
water-based technologies [7]. Such solutions are able to 
reduce the air temperature in the outdoor built 
environment, as shown from more than 200 projects 
[8]. Outdoor temperature mitigation allows the 
reduction of cooling energy or the improvement of 
thermal comfort in buildings [9, 10], while improving 
the outdoor thermal comfort conditions [11]. It must be 
noted that urban solar shading systems can also be 
used for improving thermal comfort conditions [12]. 

As the energy prices are subject to sudden 
variations due to well-known international factors, a 

large part of the population is experiencing energy 
poverty. This is particularly true for southern countries, 
where the need for cooling is more and more needed 
[13]. The problem is relevant also for non-residential 
buildings, especially in schools where the main 
occupants - pupils - deserve special attentions and care 
[14]. In this perspective, several studies are 
approaching the pedagogical and sociological 
importance of outdoor spaces, defined as the 
prerequisite to trigger processes of change in contexts 
where pupils are encouraged to relate to themselves 
and others in a different way than in the indoor 
environment [15]. Activities raise awareness on issues 
of respect for the environment, self-perception in the 
world and health of body and mind [16]. 

The case of the city of Rome, Italy, is emblematic: 
the overheating risk guidelines require that pupils 
cannot stay outdoors during days with temperature 
above certain values. This approach has two drawbacks, 
especially for the well-being of nursery school pupils: 
i) the overheating risk moves from the outdoor to the 

indoor environment, which is not adequately cooled 
in practically all Italian school buildings;  

ii) pupils cannot enjoy and play outdoors most of the 
time during the hottest months, even if such 
moments should be pursued as much as possible. 
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Several studies are carried out to assess the cooling 
potential and thermal comfort improvement thanks to 
evaporative misting systems, a water-based mitigation 
technology that is gaining attention [17, 18]. After 
testing the potential of evaporative cooling installations 
[19, 20], this research aims to evaluate the potential of 
outdoor solar shading devices combined with 
evaporative misting cooling and how these 
technologies are received by 2/3 years old pupils in 
terms of comfort and well-being. The field study is 
based on instrumental measurements and users’ 
subjective preferences in a nursery school in Rome. 

Figure 1: Aerial view of the school and its garden. Monitoring 
spots: 1 reference spot on the roof, 2 gazebo with the 
evaporative system, 3 gazebo with shading only.  

2. MATERIALS AND METHOD
The study is structured in the following steps: 

1. Identification of the case study to carry on the
analysis on the mitigation technology potential; 

2. Characterisation of the above technologies in
the selected urban context; 

3. Description of the experimental procedure,
performance indicator and subjective 
questionnaire for thermal comfort and 
mitigation; 

4. Run of the field study and analysis of the results.

2.1 The case study 
I Tesori di Gulliver is a nursery school located in the 

northern outskirts of Rome. The city belongs to the Csa 
class, Mediterranean climate, according to the Köppen-
Geiger climate classification. The school hosts about 40 
pupils from two to three years old and about 8 adults 
among technical and teaching staff on daily basis. 
Nursery schools are generally open until the end of 
June, but selected ones are open until the end of July to 
support families, generally low-income and with both 
parents fully employed. 

Being in outskirts, the school is surrounded by green 
areas and has a wide garden for open-air activities, see 
the aerial view of the school in Figure 1. The school is 
selected for being open in July, the hottest month in 
Rome with August. In addition, the rotation of teaching 
and technical staff during the period allows a good 
number of potential interviewees. It is important to 
note that the thermal conditions experienced in July in 
the outskirts of Rome are observed much earlier in the 
central districts of the city because of the severe urban 
heat island phenomenon [21]. 

2.2 Thermal comfort technologies: the misting cooling 
system and the solar shading 

The school has installed several gazebos made of a 
wooden structure and a dark green plastic textile that 
provides 85 % solar protection. Two are selected for the 
thermal comfort assessment: S3 (gazebo 3, Figure 1) to 
test the impact of solar shading, S2 (gazebo 2, Figure 1) 
to test the combined effect of solar shading and 
evaporative cooling. The undisturbed microclimatic 
data are measured on the roof (spot 1). 

The latter is achieved by a misting system consisting 
of 28 nozzles, with 90cm inter-nozzle, covering a misted 
area of 5.0x2.6m2. The nozzles are secured to the 
horizontal wood beams at the top of the gazebo to 
ensure a vertical emission of the nebulised water; the 
nozzles are mounted at about 2.3m height from the 
ground, so the cooled volume is about a 30 m3. It 
should be noted that in normal conditions, the height of 
the nozzles might wet a standing adult. However, this 
did not happen as the area is used by 2-3 years pupils 
and the teachers mainly seated. The water circulation is 
activated by a 70 bar self-compensating pump, with 
constant electric absorption of 0.6kW. Each nozzle has 
a standard flow rate of 4.72 litres per hour.  

2.3 Quantitative evaluation of thermal comfort 
The monitoring set-up consists of three observation 

spots. The measured quantities and the sensors’ 
specifications are reported in Table 1 and Table 2, 
respectively. In addition to the measuring spots in the 
S2 and S3 gazebos, the unaltered microclimatic 
conditions are measure on the roof (S1) at 3 meters 
from the ground. The performance indicator used for 
the assessment is the MOCI (Mediterranean Outdoor 
Comfort Index), an indicator developed and validated 
ad-hoc for the Mediterranean area and based on the 
ASHRAE 7 vote classes (-3/+3) [22]. MOCI is a function 
of air temperature (AT) and relative humidity (RH), 
radiant mean temperature (MRT), wind speed (WS) and 
clothing. It is used for the measuring station under the 
shaded gazebos. The mean radiant temperature (MRT) 
is calculated from air speed, air temperature and globe 
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temperature (GT). The corrected MOCI, in which the 
MRT is replaced by the global solar irradiation (GSI) 
[23], is used for the undisturbed station, as fast-
response pyrometers are more effective than slow-
response globe-thermometers under dynamic outdoor 
conditions. MOCI is calculated in S3 assuming the same 
wind conditions as S1. 

 
Table 1: Sensors mounted in the three measuring spots 
Quantity Abbr. S1 S_2 S3 
Air temperature AT X X X 
Air relative humidity RH X X X 
Wind speed WS X X  
Wind direction WD X X  
Solar irradiation GSI X   
Globe temperature GT  X X 
 
Table 2: Specifications of the installed sensors 
Parameter Unit Range Resolution Accuracy  
Air temperature °C -40 /60 0.1 ± 0.3 
Air relative 
humidity 

% 0-100 1 ± 1.5 

Wind speed m/s 0-30 0.01 0.3  
Wind direction ° 0-359 1 ±5 
Solar irradiation W/m2 0-1000 0.1 ±3% 
Globe 
temperature 

°C -30/120 0.1 ± 0.3 

 
The monitoring is carried out during 12 days (18-21 

and 24-31) of July 2023. Data are acquired 24 hours per 
day with 10 minutes resolution step. The misting 
system is activated automatically when the MOCI 
reaches 1, which represents the start of the thermal 
discomfort zone, and it is switched off at 16:00 local 
time (15:00 CET), when the pupils leave the school. The 
results are evaluated for the hours in which the misting 
system is switched on for comparison purposes. 

 

 
Figure 2: Teachers and pupils under misting in spot 2. 

 
2.4 Pupil subjective evaluation of thermal comfort 

Given the age of the pupils, the qualitative test is 
implemented with the aid of images characterising each 
individual gradient of the question asked. For the first 
question, the key element is the colour, as the 2/3 

years old pupils know and distinguish the primary 
colours. For the second and third questions, images are 
used so that the children can encode the question 
posed (word and image). The test, implemented with 
the collaboration of the educators, consists of three 
questions presented with the support of the images 
presented in Figure 3. The questions refer to the 
following: 
 Heat perception (a - a lot, a red sun; b - a little, an 

orange sun; c - neutral, a yellow sun); 
 Well-being perception (a - "I am well", a smiling 

face; b - "I am not well", a sad face); 
 Experiencing space (a - playing outside, a garden; b - 

play in the classroom, a school). 
 

 
Figure 3: Questionnaire prepared to the school pupils. 
 

3. RESULTS 
The results of the two investigation topics are 

reported in next sub-sections. 
 

3.1 The quantitative monitoring 
Table 3 reports the average monitored data and the 

calculated indicators (mean radiant temperature and 
MOCI) during the period of not-operation of the misting 
system. The considered data refer to the hours in which 
the misting system was typically operated (30 hours in 
total). This information is useful to compare the 
performance of the shading devices in the two gazebos 
(S1 and S2) with respect to the reference zone (S3). In 
S2, where the wind speed is not calculated, the 
indicators are calculate assigning the wind speed of 
spot 1(*) and spot 2(**), respectively. In both cases it 
can be observed that the thermal comfort is similar 
under the two gazebos, as the air temperature and 
relative humidity differences fall in the measurement 
error of the sensors. 

The difference in MOCI thus depends on the 
different mean radiant temperature, which is a function 
of the globe temperature. The latter measurement, in 
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turn, is affected by the geometry of the gazebo, the sky 
vault viewed by the sensor, the solar irradiation filtering 
through the shading device and the shadows projected 
by the high trees on the gazebos. Such context 
variability explains the differences (however small) in 
measured globe temperature and calculated MRT in the 
two zones.  

Significant differences are instead observed 
between the reference spot on the roof and the two 
gazebos. This is due to the higher wind speed measured 
on the roof compared to that measured in the garden 
(S2) for a small amount; the high discrepancy is here 
introduced by the different contribution of the TMR, 
which in the corrected MOCI is replaced by the global 
solar irradiation. In fact, replacing the GSI with MRT 
calculated for S2 the MOCI in the two spots gives the 
same result. For the reason explained above, the 
corrected MOCI had to be used in S1 for the purpose of 
a more correct measurement even if this probably 
brings an underestimation of thermal comfort 
conditions in S1 and, contextually, requires a revision of 
the thermal comfort indicator.  

This is a limit for the study and it can be noted that 
MRT calculated with the globe thermometer under the 
sun would have led to higher reference MOCI and made 
it possible to compare the thermal comfort 
improvement due to the solar shading alone. This 
consideration applies for the next results as well. 

Table 3: Average values of the measured quantities and 
calculated indicators when the misting system is switched off 

Spot WS 
(m/s) 

AT 
(°C) 

RH 
(%) 

MRT/GSI 
(°C/ W/m2) 

MOCI 
(-) 

S1 1.1 32.4 46 717.0 1.3 
S2 0.7 31.7 48 43.9 1.6 
S3* 31.3 48 47.7 1.8 
S3** 31.3 48 45.5 1.7 

Table 4 reports the monitoring results during the 
activation of the misting system in the gazebo S2. It can 
be observed that the average values of the measured 
quantities are very close in the two periods and the 
MOCI accordingly. The only noticeable difference 
concerns the MRT in S3, about 2°C lower in this period 
compared to the previous one, which determines the 
lower MOCI by about 0.2. 

In terms of measured quantities, the misted area 
shows a relevant average drop in temperature by about 
5°C, corresponding to an increase in relative humidity 
by 17%. As in the previous monitoring, the average 
wind speed under the gazebo is lower than that on the 
roof, about 0.5m/s in this period. The temperature 
reduction and the humidity increase lead to 0.5 MOCI 
reduction in the cooled gazebo. The result is quite 
impressive considering that the MOCI is 0.3 higher than 

the reference zone when the misting system is switched 
off. Considering the latter difference as an off set, the 
misting causes 0.8 drop of MOCI and, more important, 
the shift from the discomfort to the relative comfort 
zone (being the indicator below 1). 

Table 4: Average values of the measured quantities and 
calculated indicators when the misting system is switched on 

Spot WS 
(m/s) 

AT 
(°C) 

RH 
(%) 

MRT/GSI 
(°C/ W/m2) 

MOCI 
(-) 

S1 1.3 33.0 46 716.3 1.4 
S2 0.8 27.9 69 37.4 0.9 
S3* 31.9 48 45.4 1.6 
S3** 31.9 47 43.4 1.5 

Figure 4: Cumulative distribution of the MOCI indicator in the 
reference spot and under gazebo S2 when the misting system 
is activated 

Concerning the temperature drop, the minimum 
difference between the reference and the misting zone 
is 0.6°C, while the maximum peak 8.5°C; moreover, the 
difference is above 7°C during 10% of the observation 
period. It is also interesting to observe the impact of 
wind on the cooling potential of the misting. In fact, the 
average temperature drop rises from 5.1 during the 
whole period up to 6.3°C considering the hours with 
wind speed below 1m/s in the reference spot S1. 

The strong temperature reduction is accompanied 
by the increase of the relative humidity, which 
negatively affect thermal comfort conditions above 
some level. These contrasting effects combine in the 
results of the comfort indicator, whose difference 
between the reference and cooled zones is lower than 
zero in three hours of the period (meaning that it is 
warmer in the misting area) and peaks 1.3 as maximum. 
Figure 4 reports the cumulative distribution of MOCI in 
the two zones and helps understanding the 
improvement achievable with the evaporated water. 
Best thermal comfort conditions are obtained for MOCI 
in the 0-0.5 range, which are achieved in about 25% of 
the period in the misted zone and only in the 3% of the 
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monitoring hours in the reference spot. MOCI up to 1 
can still be accepted under severe climatic conditions 
and the hours below this threshold are calculated for 26 
and 53% of the period in the reference and in the 
cooled zones, respectively. 

Finally, substantial differences are observed under 
conditions of high thermal stress. MOCI rises above 1.5 
in 14% of the period and never exceeds 2 in the misting 
zone. In contrast, MOCI is above 1.5 in 40% of the 
period in spot 1 and still it is above 2 (corresponding to 
significant thermal discomfort) in 12% of the time. 
 
3.2 The pupils’ subjective response 

The results of this test campaign are grouped in 3 
different test phases and the results are summarised in 
the Table 4. The first test takes place on 21st of July 
between 11:00 and 13:00. The sample consists of 13 
male and female children playing under the gazebo 
with the misting switched on. The data shows that, for 
the heat perception, the majority feels it little (31%) or 
no (31%) heat, 38% experience high heat perception. 
The period average temperature is 34.9°C but it drops 
to 30.8°C in the misted zone. The majority of the 
sample expresses well-being conditions and prefers 
playing outside (54%) rather than going back to the 
classroom. It is important to emphasise that the misting 
system is a novelty compared to the pupils’ daily 
routine, thus the misting itself becomes an element of 
play. It is here interesting noting 8% different between 
the sample that has little or null heat perception, and 
that expressing well-being conditions. 

 
Table 4: Answers of pupils during the 3 testing days 
Answer Test 1 Test 2 Test 3 
 Heat perception 
A lot 38 25 44 
A little 31 33 31 
Nothing 31 42 25 
 Well-being 
I am fine 54 58 69 
I am not fine 46 42 31 
 Experiencing Space 
Continue play outside 54 58 56 
Back to classroom 46 42 44 
Average temperature (°C) 30.8 25.4 26.3 
Average relative humidity (%) 63 62 49 

 
Such difference increases surprisingly in the second 
test, run during the same hours of the previous test on 
the 26th and 28th of July with 12 pupils involved. No 
heat perception is experienced by 75% of the sample, in 
line with the milder average temperatures (below 30°C 
outdoor and about 25°C in the cooled zone). However, 
only 58% of the sample prefers playing outside. 

The third test is carried out the 9th of October and 
involves 16 pupils, playing under the gazebo without 
the misting activation. The average temperature during 
the test is 26.3°C. The sample with high thermal 
sensation is 44%, which is the highest of the 3 test 
despite run in autumn; surprisingly, close to 70% of the 
pupils declare a well-being condition which is the 
highest during the three test. 

Unfortunately, it was not possible to run test 1 
without the misting system activation, so the response 
at high temperature (about 35°C on average) was not 
collected. This task would have provided interesting 
data for comparison and it is planned for next summer. 
However, some interesting information are collected: 
 Pupils’ will to play outside moves in a narrow range 

in the three tests, suggesting that the answer is 
quite independent from thermal conditions and 
heat/well-being perception, as well as the role of 
mitigation strategies. 

 Well-being also seems not much linked to the 
thermal conditions, as a not clear trend is observed. 

 It seems that pupils mostly enjoy low temperature 
with high humidity (test 2), might be interesting 
exploring the impact of wetting while playing. 
According to the above results, further 

considerations will be made to understand if and how 
the proposed questionnaire can really help to 
understand the feeling of 2/3 years old human beings 
with respect to the urban overheating. 

 
4. CONCLUSIONS 

This paper presents the results of a case study 
quantifying the benefits of the heat mitigation of a 
nursery school garden through outdoor shading and 
evaporative cooling misting in the city of Rome, adding 
for the first time the feedback of young pupils too.  

The quantitative analysis shows that the thermal 
comfort conditions extend to half of the monitoring 
period under the misting zone, while they are only 
achieved in a quarter of the time in the reference zone. 
The comfort indicator MOCI drop by 0.5 on average and 
the air temperature by 5°C, peaking at 8.5°C; in parallel, 
the relative humidity increases by 17% on average.  

The subjective comfort evaluation was conducted 
on pupils 2/3 years with an ad-hoc developed 
questionnaire. The results are interesting as they 
witness the will of the majority of the pupils to play 
outside even with temperature close the 35°C in the 
reference zones. The preferences of the pupils under 
the misting zone in very hot conditions resulted similar 
to those expressed in October in milder conditions, 
proving the potential of the water-based technologies 
in creating comfortable and pleasant outdoor 
environment, even under severe heat conditions. 
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ABSTRACT: Urban heat is a common challenge for many cities, especially in hot arid climate regions as they 
experience high average air temperatures compared to other climate types. Hot arid cities also have common 
climate issues such as drought and flash floods. Climate-responsive design can be implemented by spatial 
designers (i.e., landscape architects and urban designers) to address these issues and, hence, improve outdoor 
thermal comfort. Design guidelines can assist spatial designers when designing urban open spaces in hot arid. 
The goal of this study is to develop climate-responsive design guidelines for urban open spaces in hot arid 
regions. Two methods were employed to fulfil the goal of this study: 1. A systematic literature review; 2. 
Research for Design. The results show that different street aspect ratios and orientations require careful 
selection of climate-responsive design strategies in urban open spaces in hot arid cities to provide daytime and 
night-time outdoor thermal comfort. Also, it is essential to incorporate common climate issues such as drought 
and flash floods in climate-responsive design guidelines. Presenting design guidelines spatially was considered 
useful to communicate these guidelines to spatial designer. 
KEYWORDS: Climate-responsive design, Design guidelines, Urban open spaces, Hot arid climate 
 
 

1. INTRODUCTION  
Urban heat has been acknowledged as a hazard to 

health and wellbeing as well as outdoor thermal 
comfort of urban populations. Some climatic regions 
are more severely affected by the impacts of urban 
heat than others. An example is hot arid climate 
regions, also known as BWh according to Köppen-
Geiger climate classification (Fig.1) [1], where 
temperatures are per se extremely high in summer. In 
addition, many of the growing cities worldwide are 
located in hot arid climate regions [2].  

 

 
Figure 1: Koppen-Geiger climate type map of the World, 
where the hot arid climate (BWh) is colored in red [1]. 

 
Next to health hazards, climatic conditions, 

especially when harsh, have an impact on residents’ 
engagement with urban open spaces and in hot arid 
climates, people often avoid urban open spaces 
during noon and afternoon hours because of high 
solar radiation and air temperatures. This is a 
suboptimal use of urban open spaces, which should 
thus be designed to minimize the impacts of heat 

stress especially for extreme heat periods. Apart from 
that, it is essential to consider other common climate 
challenges in hot arid climates such as drought and 
flash floods. 

Climate-responsive design can be implemented by 
spatial designers (i.e., landscape architects and urban 
designers) to address these issues and, hence, 
improve thermal comfort and safety conditions. 
Design guidelines can assist spatial designers in this 
task for urban open spaces in hot arid climates by 
providing guidance based on scientific knowledge. 

A limited number of studies has been conducted 
for urban open spaces in hot arid climates and the 
information is scattered. Still, some studies do 
provide valuable design strategies to cope with heat 
stress in these climatic regions. Synthesizing this 
knowledge is needed for two reasons: (1) to have a 
holistic view on existing climate-responsive design 
guidelines for urban open spaces in hot arid climate 
regions; (2) to develop and test new design guidelines 
for these regions. 

Motivated by these needs, this paper addresses 
the question: which climate-responsive design 
guidelines can be implemented in urban open spaces 
in hot arid climates?  

The aim of this study is to contribute to filling in 
the knowledge gap on climate-responsive design in 
hot arid climate regions by presenting climate-
responsive design guidelines extracted from a 
systematic literature review on climate-responsive 
design in urban open spaces in hot arid climate 
regions. 
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2. METHODS 
Two methods were employed to fulfil the goal of 

this study: 
• A systematic literature review was 

conducted using the Preferred Reporting 
Items for Systematic Review 
Recommendations (PRISMA) method [3]. 
The Google Scholar search engine was used 
to search for relevant studies, and 17 studies 
were found out of 2815. 

• Research for Design (RfD). Because this 
research approach helps to inform design to 
improve its quality [4], RfD was used to 
generate climate-responsive design 
guidelines not distilled from the literature 
review. 

Eventually the design guidelines resulting from 
this process were synthesized and represented 
spatially for recurrent urban open spaces in hot arid 
climate regions. 
 
3. RESULTS AND DISCUSSION 
3.1 Systematic literature review 

The literature review identified six main types of 
climate-responsive design interventions for hot arid 
climate cities. These design interventions are urban 
form, shading devices, vegetation, water elements, 
materials, and combined design interventions.  

 
3.1.1 Urban form 

Urban form has been addressed in previous 
studies as having a significant impact on 
microclimatic parameters and outdoor thermal 
comfort through changing shade patterns and wind 
directions. Urban form parameters include aspect 
ratio (H/W), street orientation and sky view factor 
(SVF).  

It was found that low H/W ratio (e.g., 0.42) 
increases the temperature and the intensity of the 
urban heat island due to the high solar exposure [5]. 
A low H/W ratio does not provide shade [6] and H/W 
= 0.5 requires shading strategies at the street level 
[7]. Deep street canyons (H/W ≈ 2) in high-density 
neighbourhoods were found to be cooler and more 
humid compared to those in lower H/W values [8]. 
Street canyons with H/W values between 1 and 2 can 
be a good compromise as they provide shade and 
prevent the trap of reflected solar radiation [9]. 

The North-South (N-S) orientation is reported as 
the providing the best conditions for thermal comfort 
as exposure to direct solar radiation is limited. In 
some cases, the north-orientated urban open spaces 
are preferred for ventilation as the prevailing wind 
direction is parallel [10]. The N-S, North-eastern-
Southwestern (NE-SW) and North-western- South-
eastern (NW-SE) orientations show similar 
physiological equivalent temperature (PET) patterns 

[7]. NW-SE oriented streets presented reduced PET 
values in two case studies in Egypt [11,12] and 
provided lower air temperature and higher values of 
humidity [8]. A study in Egypt showed that the most 
thermally uncomfortable orientations were East-
West (E-W) and NE-SW although the NE-SW 
orientation was slightly better [12]. 

High SVF values close to 1 in urban open spaces 
enhance air flow [10,13]. In turn, in low SVF spaces 
wind speed is lower [10] and, therefore, placing 
horizontal shading elements (e.g., shade devices or 
trees) should not hinder the airflow [14]. 

 
3.1.2 Shading devices 

In general, shaded spaces have lower PET values 
compared to non-shaded spaces [15] and are more 
likely to be used. Shading devices can provide shade 
when buildings do not provide enough shade for 
pedestrian, especially at midday and afternoon hours. 
However, placing too many shading devices could 
hinder night-time time heat release and cause 
thermal discomfort at night. A possible solution is 
placing retractable shading devices to accelerate heat 
release [16]. 

 
3.1.3 Vegetation 

Vegetation – trees in particular - is one of the 
most effective heat mitigation strategies. Trees can 
minimize thermal discomfort and provide cooling 
effects through evapotranspiration and shade. Trees 
in streets with H/W ratio of 1 can provide good 
microclimates similar to deep H/W ratio (H/W=2) 
streets [8]. 

Planting small and large trees can similarly 
provide adequate shade for people. However, large 
trees can prevent the release of heat at night, leading 
to a warmer air temperature [17]. This is more likely 
to happen in narrow streets and small squares. Thus, 
it is essential to maintain enough spaces around trees 
for ventilation and night-time heat release.  

Drought is a common climate challenge in hot arid 
climates and can increase stress and mortality risk for 
trees. Also, trees need adequate amount of water to 
grown and survive. Thus, implementing stormwater 
retention strategies can provide water resources for 
irrigation, and mitigate the risk of flash flooding.  

 
3.1.4 Water elements  

 The use of water elements can provide cooling 
effects in urban open spaces. Water mists, for 
example, can lower the main radiant temperature by 
8.2 °C and the air temperature by an average of 3.5 
°C, and that can lower the PET value [18]. However, it 
is not wise to use water elements as there are 
environmental and cost concerns because many hot 
arid climate regions suffer from drought and water 
scarcity. 
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3.1.5 Materials 

The use of high-albedo materials in urban open 
spaces has positive and negative impacts. High-
albedo materials can lower the daytime air 
temperature but can increase the night-time air 
temperature [19]. High-albedo materials can increase 
the mean radiant temperature values [20], and a 
possible solution is to shade high-albedo materials 
[9]. To this end, the use of materials, especially high-
albedo materials, is not effective as other climate-
responsive design interventions in hot arid climates. 

 
3.1.6 Combined design interventions  

Previously mentioned climate-responsive design 
interventions can be combined to provide better 
cooling effects and outdoor thermal comfort. The 
shade of trees and buildings can lower the predicted 
mean vote (PMV) [20]. While the shade of trees and 
shading devices can provide low mean radiant 
temperature and PMV [21]. 

Overall, the combination of design interventions 
can enhance the cooling effects in urban open spaces 
in hot arid climate cities and need to be considered to 
develop effective design guidelines.  

 
3.2 Research for Design (RfD) 

Based on the outcomes of the literature review, 
some design guidelines were developed with the RfD. 
These design guidelines take into account effective 
daytime and night-time heat mitigation strategies 
(Fig.2).  

Figure 2: Effective daytime and night-time heat mitigation 
strategies in urban open spaces in hot arid climate cities. 

 
Providing shade in urban open spaces is essential 

since urban heat is a common issue in hot arid 
climates, especially during afternoon hours in 
summer because of high air temperatures and 
intense solar radiation.  

In addition, other common climate challenges 
such as drought and flash floods should be 
incorporated in the design guidelines. Excessive 
stormwater should be retained to mitigate flooding 
and can then also be used for irrigation, especially 
during drought periods. Incorporating such 
stormwater management strategies help making 

better design guidelines and eventually prevents an 
inefficient step-wise rebuilding of streetscapes to 
deal with separate climate challenges.  

To combat urban heat, shading strategies should 
be wisely chosen and placed based on understanding 
different shading patterns in different common urban 
forms. A shading simulation was conducted with 
Sketch-Up (Fig.3) for the 1st of July 2023 (a typical 
summer day) and latitude of 24.00°N, where many 
hot arid climate regions in the northern hemisphere 
can be found. 
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      (c): Shade analysis at 16:00 p.m. 

 
Figure 3: Shading simulation of different H/W ratios of 
street canyons and street orientations in noon and 
afternoon hours (between 12:00 p.m. and 16:00 p.m.) on a 
typical summer day. 
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Fig.3a shows that there is insufficient shade at 
12:00 p.m. in all street canyons with different H/W 
ratios and street orientations. Thus, providing shade 
by placing trees or shading devices can ameliorate 
thermal discomfort, and more likely support people’s 
outdoor physical and social activities.  

Fig.3b shows that different street canyons with 
different H/W ratios or orientations can offer shade 
at 14:00 p.m. However, low H/W ratio of 0.25 and E-
W oriented streets provide very limited shade in 
different scenarios.  

Fig.3c illustrates that buildings can offer more 
shade at 16:00 p.m., especially, if the H/W ratio is 
high (H/W=2) in N-S, NE-SW, and NW-SE oriented 
streets. However, E-W does not provide shade in H/W 
ratios ≤1. 

Overall, shading strategies should be provided in 
urban open spaces with high and low H/W ratios and 
different street orientations. Shade analyses can help 
to wisely place shading interventions, especially for 
the hot afternoon hours in summer.   

The following climate-responsive design 
guidelines aimed at mitigating increased daytime and 
night-time temperatures (heat mitigation strategies) 
by providing adequate shade (vertical shade from 
buildings and horizontal shade from trees and 
shading devices) and allowing spaces for ventilation 
and night-time heat release.  

These design guidelines are:  
• While shading from buildings can be 

adequate during most of the daytime hours 
in hot arid climates, at 12:00 p.m. (midday) 
this shade is limited in all H/W ratios and 
street orientations, (see Fig.3a). Therefore, 
shading from buildings should be 
complemented with that of horizontal 
shading devices or trees (Fig. 4). 
 

 
Figure 4: Shading devices and trees can provide shade when 
urban open spaces are used at 12:00 p.m. This street 
canyon has a low H/W ratio of 0.5, and these shading 
strategies can be applied in different street orientations (N-
S, NW-SE, NE-SW, and E-W). 
 

• Retractable shade canopies can be used in E-
W, NE-SW, and NW-SE street orientations to 
accelerate the heat release at night, 
especially if it is difficult to plant trees (e.g., 
due to underground infrastructure, street 
functions or limited street width) (Fig. 5). 

• Shade should be implemented in in streets 
with a low H/W ratio and E-W oriented 
streets with trees or shading devices as they 
can provide shade and decrease the amount 
of solar radiation, which can be similar to the 
effects of high H/W values (≥ 1). However, 
care should be taken to not obstruct neither 
air flow nor night-time heat release (Fig. 6). 

• Afternoon sun tends to be stronger in hot 
arid climates. Thus, the placement of 
climate-responsive design interventions 
should take into account the possibility of 
providing cooling effects for afternoon 
activities in urban open spaces. 

 

 
(a): Retractable shading devices provide shade at daytime. 

 
(b): Retractable shading can accelerate heat release. 
 
Figure 5: Retractable shading devices can used to provide 
shade and accelerate night-time heat release, especially in 
narrow streets with low SVF values. 
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Figure 6: The placement of trees in wide streets with low 
H/W ratio of 0.25 in N-S and NE-SW oriented streets to 
provide shade at 14:00 p.m. (afternoon). 
 

• The placement of trees on the western side 
of N-S oriented streets may not be necessary 
as buildings can provide adequate shade 
during harshest hours of the day, from 
afternoon until the sunset (Fig.7). 

• If the shade of trees is needed and the width 
of a street is limited, place tree pits in the 
parking space next to the sidewalk. These 
tree pits can be used to manage stormwater 
runoff and provide a sustainable source of 
water for irrigation as drought is a common 
issue in hot arid climates (Fig.8). However, it 
is essential to consider the size of the tree 
pit as small tree pits may lack the needed 
volume of soil for growing trees to reach the 
mature size. 

 

 
Figure 7: The placement of trees on the western side of 
north-south oriented streets may not be necessary as 
buildings can provide adequate shade from afternoon until 
the sunset. 
 

• In wide streets (around 25 meters or more), 
there are two possible designs for trees to 
provide adequate shade and proper 
ventilation: 1) place a single row of large 
trees on each side of the wide street, 2) 
place double rows of small trees on each 
side of the street (Fig.9). Also, it is possible 
to combine them by placing a single row of 
large trees on one side, and place double 
rows of small trees on the other side. 

 

 
Figure 8: The placement of tree pits in parking spaces to 
provide adequate shade for pedestrians in narrow E-W 
oriented streets.  
 

 
(a): Single row of large trees 

 
(b): Double rows of small trees 
 
Figure 9: The placement of small and large trees in wide 
streets to provide adequate shade and proper ventilation.  
 

• Planting heat and drought-tolerant tree 
species is recommended in hot arid climates 
as these tree species can withstand the 
harsh climatic conditions.  

These design guidelines are promising in 
improving outdoor thermal comfort conditions in 
urban open spaces in hot arid climates. Some of these 
design guidelines can also address other common 
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climate issues in hot arid climates (e.g., drought, 
flashing flooding) and provide water resources for 
irrigation which is essential for trees.   

 
4. CONCLUSION 

The information accessed through the literature 
review was scarce and indicated the need to extend 
the existing design guidelines. The previous studies 
on climate-responsive design in hot arid climates that 
were found mainly focused on urban form and less on 
other solutions.  

The RfD conducted was a first attempt to create 
design guidelines from the studies accessed with the 
literature review, also considering stormwater issues. 
Presenting these guidelines spatially was considered 
useful to communicate these guidelines to spatial 
designers. 

The cooling effects delivered by the 
implementation of the design guidelines presented in 
this study should be tested through numerical 
simulations using models such as ENVI-met. In 
particular, further research is needed to extend the 
integrated design solutions and test the cooling 
effects of placing trees and shading devices in 
different H/W ratios and street orientations. This 
testing will allow having a better grip on the outdoor 
thermal comfort requirements in hot arid climates.  

It is essential to consider climate-responsive 
design guidelines at the early design stage of any 
urban open space project in hot arid climates as these 
design guidelines provide guidance for spatial 
designers to achieve outdoor thermal comfort and 
minimize thermal discomfort, especially in summer.  
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ABSTRACT: Cities grapple with the challenges posed by global warming and urban heat islands (UHIs), with 
far-reaching socio-environmental and economic consequences, compromised thermal comfort and increasing 
energy consumption. These issues are particularly exacerbated in buildings located in socioeconomically 
disadvantaged urban areas. This study examines how UHI affects the energy efficiency of residential buildings 
in different socioeconomic districts. For this purpose, the UHI effect was modelled using UWG software. 
Heating loads and uncomfortable hours were analysed through EnergyPlus simulation in a low-income (LID) 
and a high-income district (HID). To assess future climates, the RCP8.5 scenario was selected to model future 
weather files for four periods (years 2020, 2030, 2050 and 2080). Also, two window parameters were tested, 
leading to several test scenarios. The UWG models yielded an annual average UHI intensity of 1.7°C and 1.5°C 
for LID and HID, respectively. However, across four periods, variations in heating loads for LID houses ranged 
between 17% and 22% less than those for HID houses. Housing models located in an LID exhibited 68% higher 
heating loads than those in an HID. Also, a new local energy standard may increase discomfort in summer due 
to its oversight of UHI, global warming effects, and socioeconomic differences across districts. 
KEYWORDS: Sustainable construction, Urban heat island, Future climate files, Socioeconomic differences, 
Housing models 

 
 
1. INTRODUCTION  

The rapid pace of urbanization poses significant 
challenges, heightening cities’ vulnerability and 
affecting a larger segment of the population. 
Furthermore, cities play a substantial role in both 
local and global climate change phenomena [1]. 
Among the various contributors to climate change, 
buildings assume a considerable responsibility, 
accounting for 35% of global energy consumption 
and 38% of greenhouse gas emissions [2]. In 
addition, cities face the challenge of urban heat 
islands (UHIs), characterized by higher temperatures 
in urban areas compared to surrounding rural 
regions [3]. UHIs result in socio-environmental and 
economic repercussions, compromised thermal 
comfort conditions and increasing energy 
consumption in buildings. The cooling penalty 
resulting from a one-degree increase in temperature 
or UHI intensity for surface buildings is estimated at 
6.63 kWh/m2/year/K for residential use [4]. This 
translates to an average of a 23.2% increase in 
cooling energy consumption and an average 18% 
decrease in heating energy [4], [5]. Moreover, the 
combined effects of global warming and UHI may 
further accentuate these impacts on buildings and 
urban environments [6]. 

Issues related to thermo-energy are more 
pronounced in buildings located in 
socioeconomically underprivileged areas, especially 
in poorer urban regions. The correlation between 
socioeconomic conditions and the likelihood of 
experiencing the UHI effect was highlighted in the 
study by Sarricolea et al. [7]. Socioeconomic 
inequalities pose significant challenges for Latin 
American cities, exacerbated by urban development 
models that promote social segregation, real estate 
speculation and unfavourable environmental 
conditions [8]. Numerous studies have 
demonstrated a clear link between urban 
inequalities and the potential formation of UHI in 
South America [7], [9]–[11]. Importantly, this issue is 
not exclusive to developing countries; developed 
nations also face similar challenges [12]. Despite an 
abundance of research on the UHI phenomenon, 
there is still a scarcity of studies that 
comprehensively assess how the UHI effect impacts 
the thermo-energy performance of buildings based 
on their socioeconomic status. Thus, the main 
objective of this research is to analyse the effects of 
UHI on the thermal and energy load performance of 
residential buildings located in different 
socioeconomic districts. Moreover, to assess the 
effect of global warming on urban buildings’ 
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performance, modified climate files by UHI were 
coupled with future climate scenarios. 
 

2. METHODOLOGY 
In this work, the city of Temuco, situated in 

southern Chile (latitude 38.76°E; longitude 72.63°S), 
was selected as the study case. Based on the 
Köppen–Geiger climate classification, the city falls 
under the Csb category [13], [14]. 

To estimate urban weather data, this study 
utilized the Urban Weather Generator V 4.1 (UWG) 
tool [15]. Previous research has extensively used and 

validated this software [16]–[18]. Considering the 
input requirements for UWG, the most critical ones 
are the average building height, site coverage ratio 
and façade-to-site ratio [16]. Table 1 shows the main 
simulation parameters in UWG. These values were 
manually estimated using official local data [19], 
high-resolution satellite images, field verification 
and Google Street View. Similarly, urban vegetation 
coverage, urban area vegetation trees and sensible 
anthropogenic heat were estimated. 
 

 
Table 3: Building model case parametrization. 

 Table 1: Main UWG simulation parameters. 
Satellite urban image District Low-income 

(LID) 
High-income 
(HID) 

 

Average building height (m) 3 3.05 
Site coverage ratio (%) 52 28 
Façade-to-site ratio (%) 39 44 

Anthropogenic heat from traffic (peak) (W/m2) 14.18 5.99 

 

Vegetation coverage (%) 8 25 
Socioeconomic levels (Chilean classification, from 
lowest to highest: D–E–C1–C2–ABC1) 

D–E ABC1–C2 

Models contained for EnergyPlus simulation L_OGUC and 
L_PDA 

H_PDA 

 
Table 2: Main building simulation parameters. 

Building geometry Socioeconomic level Low-income High-
income  

 
Low-income model 

Model house_Standard L_OGUC L_PDA  H_PDA 
Surface (m2) 59.5 59.5 108 
Wall building material Wood Wood Wood 
Wall U (W/m²*K) 1.32 0.45 0.45 

 
High-income model 

R100 floor (m2K/W)*100 - 91 91 
Roof U (W/m²*K) 0.3 0.27 0.27 
Window U (W/m²*K) 5.8 2.8 2.8 
Infiltration rate (50p) 24.6 7 7 
Heating setpoint (°C) 20 20 20 
Cooling setpoint (°C) 36 36 36 
Occupation (Nº people) 3 3 3 
Maximum AFN ventilation temperature 
setpoint schedule (°C) 

25 25 25 

Case L_OGUC L_PDA H_PDA 

A Full WWR = 25%, WOF = 
0.45 

Full WWR = 25%, WOF = 0.45 Full WWR = 35%, WOF = 0.45 

B Full WWR = 25%, WOF = 
0.8 

Full WWR = 25%, WOF = 0.8 Full WWR = 35%, WOF = 0.8 

C - WWR east/west facade = 42%, WWR north 
façade = 50%, WOF = 0.45 

WWR east/west facade = 42%, WWR 
north façade = 50%, WOF = 0.45 

D - WWR east/west facade = 42%, WWR north 
façade = 50%, WOF = 0.8 

WWR east/west facade = 42%, WWR 
north façade = 50%, WOF = 0.8 

High-income 
district 

Low-income 
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Anthropogenic heat from vehicular traffic was 

calculated using a previously proposed method [20], 
[21]. Building surfaces were determined using high-
resolution satellite images and computer-aided 
drafting (CAD) urban maps from previous local 
research [19]. Building properties were customized 
based on Chilean local standards [22], [23] for the 
thermal zone corresponding to Temuco (zone 5-F). 
Notably, cooling demands in Temuco are very low 
[24] hence, cooling setpoints were consistently set at 
36°C throughout the day. 
To create future and historical weather files, 
dynamically downscaled regional climate multi-year 
projections from the CORDEX database [25] were 
utilized. The selected scenario was RCP8.5, depicting 
a future marked by continuously increasing 
emissions and minimal climate mitigation efforts, 
leading to a radiative forcing of 8.5 W/m2 by 2100 
[26]. Future weather files were generated using the 
methodology outlined by researchers in the IEA EBC 
Annex 80 – Resilient Cooling of Buildings [27]. Four 
distinct weather data periods were considered for 
energy simulation, representing typical years in the 
2020s (historical), 2030s, 2050s, and 2080s (future). 
All weather files were adjusted to reflect the 
influence of the UHI using the Urban Weather 
Generator V 4.1 (UWG) tool [15] (F_UHI). 

Building simulations were carried out using 
EnergyPlus software V22.2 [28]. The AirflowNetwork 
(AFN) model was used to simulate natural ventilation 
during occupied periods, while the thermal comfort 
ASHRAE 55 adaptive model [29] was used to 
calculate uncomfortable hours, particularly in 
summer conditions. 

 
2.1 Building models 

The residential building models chosen represent 
typical detached houses in Temuco, situated in two 
different socioeconomic districts: a low-income (LID) 
and a high-income district (HID) [30]. Table 2 
provides an overview of the key characteristics for 
each model. Considering the weather climate files 
modified according to the UHI effect, in the present 
analysis, the district’s location and characteristics 
play a significant role. Thus, the whole city was 
sectorized into local climate zones (LCZs) [31] and 
the methods applied to LCZ classification and final 
maps are described in [32]. It is important to 
highlight that, currently, LID is composed mainly of 
houses with unique mandatory national thermal 
standards [22], which are not very restrictive; 
however, in 2015, a new official decontamination 
atmospheric plan (PDA) [23] was proposed with new 
and more restrictive building energy parameters. 
The adoption of the PDA standard is sparse in LIDs 
and more prevalent in HIDs. For the purposes of this 

analysis, we assume that in the medium term (before 
2050), all houses in the city will comply with the PDA 
standard. Consequently, OGUC standard houses 
(L_OGUC) were simulated only in 2020 and 2030, 
and PDA standard houses (L_PDA and H_PDA) were 
simulated in all years. 

In this research, the analysis of heating loads and 
uncomfortable hours focused exclusively on the 
thermal zones that are most frequently occupied, 
namely the main room and living area. To assess 
these variables, two window parameters were 
tested, window-to-wall ratio (WWR) and the window 
opening factor (WOF), resulting in four study cases. 
Case A is a base case, representing the most common 
WWR and WOF values used across all districts. 
Conversely, cases B, C and D involve higher values for 
WWR, WOF or both. The upgraded Chilean standard 
for Temuco [33] permits increased WWR values, 
allowing up to 42% for the east/west façade and 76% 
for the north façade, when the window 
transmittance is ≤2.8 W/m²*K. Table 3 outlines the 
configurations for each case. 
 
2.2 Validation process 

According to national statistics, 79.47% of houses 
in Temuco rely on firewood as their primary heating 
fuel during winter [34], and the use of electricity for 
cooling purposes is relatively low [24]. Validating the 
model poses a challenge due to the diverse factors 
influencing firewood consumption among families 
(e.g. type and humidity of firewood, usage 
schedules, stove efficiency, etc.). To simplify this 
process, field verification with neighbourhood 
council chiefs was conducted to confirm the quantity 
of wood consumed in each studied district. On 
average, the consumption of firewood was 
determined to be 9 m3/year, 4.5 m3/year and 8 
m3/year for L_OGUC, L_PDA and H_PDA, 
respectively. Utilizing these quantities and applying 
the method proposed by [34] for real firewood 
consumption, the simulated models demonstrated a 
deviation in heating loads of 8.8% for houses in LIDs 
and 13.85% for those in HIDs. These differences 
could be attributed, among other factors, to the non-
consideration of the internal loads from electrical 
equipment, as recommended by the National 
Sustainable Standard [35]. 

It is important to highlight that the verification 
process was carried out with the F_UHI file (year 
2020). For this, an exclusively heating season 
simulation was made (between April and 
November), and the AFN model with windows closed 
was set. In addition, considering that ground 
temperature could strongly affect the buildings’ 
performance [36], field measurements of thermal 
conductivity and density of soil were made for both 
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districts. For thermal conductivity, a KD2 Pro 
Thermal Properties Analyzer, model TR-1, was used. 
For density calculation, the method of hydrostatic 
balance proposed by [37] was performed. Therefore, 
the optimized finite difference model was used in 
EnergyPlus to calculate ground temperatures [36]. 

 
3. RESULTS 

The UWG models yielded an annual average UHI 
intensity of 1.7°C for LID and 1.5°C for HID. Regarding 
building simulations, Figure 1 shows the simulation 
outcomes encompassing each F_UHI weather file 
and model within both districts. The heating load 
results are derived solely from the heating season in 
Temuco, whereas uncomfortable hours originate 
exclusively from the remaining summer months 
(December to March). This decision was taken 
considering that in the evaluated city residential 
buildings are naturally ventilated in summer and only 
use energy to keep warm in the winter season [24]. 

As expected, LID and HID have some important 
differences in both measured outputs. The L_OGUC 
standard performed 68% more heating loads than 
H_PDA, and 106% more than the house in the same 
district (L_PDA) in 2020; however, uncomfortable 
hours were 28% less than L_PDA and 27.8% less 
than H_PDA (Case A). For both L_PDA and H_PDA, 
across four distinct periods, variations in heating 
loads for LID houses ranged between 17% and 22% 
less than HID. Nevertheless, differences in 
uncomfortable hours during the summer season 
exhibited minimal variability, ranging from 0.2% to 
2.7% when compared to L_PDA and H_PDA. These 
differences have a similar tendency from 2020 to 
2080.  

As the climate warms over time, it is possible to 
note the heating loads reducing either in L_PDA or 
H_PDA, ranging from 5.1% to 29.4% between 
2020 and 2080. Similarly, uncomfortable hours 
varied from 1.7% to 19% during all periods. 
Considering winter season results, heating load 
reduction might mean a drop of firewood 
consumption between 0.2 and 1.1 m3/kg/year and 
0.39 and 2.35 m3/kg/year for LDI and HDI, 
respectively.  

Reductions in uncomfortable hours resulting 
from changes in WOF were minimal. In L_PDA, these 
differences ranged from 3% to 3.9% across the 
four periods, while in H_PDA, they ranged from 
3.2% to 5.2%. Conversely, increases in WWR led 
to higher heating loads within L_PDA, approximately 
7.8% across all periods between cases A and C and 
when compared with cases B and D. Simultaneously, 
discomfort hours increased between 2.6% and 6.4% 
with elevated WWR. Similarly, H_PDA exhibited 
slight disparities, with discomfort hours rising 
between 1.8% and 4.5%, and heating loads 

increasing by around 13%. Increased discomfort 
hours may occur when the WWR is higher, possibly 
due to solar heat gains by windows. These findings 
also suggest that H_PDA could be more sensitive to 
changes in WWR. Moreover, Figure 1 also indicates 
that variations in WWR might have a lesser impact 
on discomfort hours in the long-term climate (2080). 

 
4. CONCLUSIONS 

The findings of this research lead to the 
conclusion that the thermo-energy performance of 
residential buildings could be affected in different 
ways, depending on district characteristics and 
building construction properties. Parameters 
associated with districts, such as high site coverage 
ratio, limited urban vegetation coverage or 

Figure 1: Heating loads and discomfort hours for 
simulation cases. Years (a) 2020, (b) 2030, (c) 2050 

and (d) 2080. 
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increased anthropogenic heat, may result in higher 
UHI intensities, particularly in vulnerable 
socioeconomic districts. Consequently, this can 
adversely affect buildings with poorer thermo-
energy building conditions. These problems are 
aggravated in socioeconomically vulnerable areas, 
where a scarcity of urban vegetation and a high 
building density are often prevalent [7], [38]. 

Typically, residential buildings in low-income 
areas are not updated to newer energy standards in 
southern Chile, suffering from energy poverty, and 
this issue is still common in most Latin American 
cities [39]. The significance of this problem is 
underscored by the fact that L_OGUC, for instance, 
exhibited 68% more heating loads than H_PDA. In 
addition, if the warming effect and UHI are 
simultaneously considered (F_UHI), cooling loads 
will tend to rise, introducing a new socioeconomic 
problem related to the use of HVAC systems in 
summer. Moreover, this phenomenon could 
increase anthropogenic heat in urban environments, 
creating a vicious circle of UHI and increased cooling 
loads. 

On the other hand, although new restrictive 
energy standards are necessary, they should 
consider seasonal conditions in every region. In this 
research, it was possible to see that L_OGUC, 
according to the results of discomfort hours, 
performed better in summer conditions, but when 
the same house located in LID is updated to a new 
restrictive standard (PDA), the uncomfortable time 
rises considerably in naturally ventilated buildings, 
even with different WWR and WOF. This issue is also 
noted with heating loads and discomfort hour 
increments when both parameters (WWR and WOF) 
are increased. These problems could be even worse 
if people leverage the maximum WWR allowed by 
updated standards in Chile [33], considering that this 
research used 50% but it is possible to set 76% in 
north facades. The current standards in Chile permit 
an increase in WWR without accounting for either 
the UHI effect or global warming phenomena in 
future scenarios. Moreover, these standards apply to 
new buildings and retrofits in LIDs or HIDs. Thus, the 
problems mentioned above may exacerbate, given 
that the PDA standard, primarily designed to reduce 
heating consumption, does not address the broader 
implications. 

Finally, some limitations can be highlighted. This 
research used AFN and the thermal comfort ASHRAE 
55 adaptive model [29] to analyse uncomfortable 
hours, which might not represent real conditions in 
Temuco; thus, future research should aim to develop 
local comfort adaptive models. Additionally, cooling 
loads were not modelled in this work. To 
comprehensively assess the combined effects of 
global warming and UHI, future research could 

incorporate a holistic analysis that includes cooling 
loads.  
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ABSTRACT: As the global warming trend worsening currently, researchers’ attention was gradually draw to cities 
seeing that they have the absolute dominant role in CO2 emission. As the main villain behind global warming, yet 
little has been done to see how urban forms can influence CO2 emission of cities. Aiming to fill this gap, this article 
primarily concentrated on the evaluation of three different urban forms (urban constructive land, rural settlement, 
other lands) as well as other three auxiliary variables (Gross Domestic Product Per Capita, Road Density, Public 
Car ownership) to see how they are affecting CO2 emission of cities individually and aggregately. The result was 
intriguing to indicate that merely other lands (industrial, transportation, etc) was positively related to CO2 emission, 
while the other five variables were all bidirectionally related to CO2 emission. Additionally, the result also 
manifested significant discrepancy among different region of China, owing to the fact that the country is still now 
not evenly developed. This can consequently aid in the process of policy-making, based on the uniqueness of 
different regions to achieve low-carbon development. 
KEYWORDS: Urban Forms, Rural Settlement, Geographically Weighted Regression, China, CO2 emissions.  
 
 

1. INTRODUCTION  
Climate change is one of the most pressing issues 

demanding attention. As recorded, global CO2 
emissions remained stable until the first Industrial 
Revolution which marks the massive exploitation and 
implementation of fossil-fuel energy, and has 
continuously been the main contributor to CO2 
emissions [5]. To control the future rise of 
temperature under 1.5 degrees Celsius, researchers 
have been striving to address this problem from 
various perspectives. Cities are constantly the most 
significant contributor of CO2 emissions. They are 
responsible for approximately 70% of global CO2 
emissions, even though they just occupied less than 5% 
percent of all lands [3,4]. Additionally, it has been 
reported that during the past century, China has 
witnessed its significant rise in CO2 emissions and 
currently accounted for 27% of the global emissions 
[5]. Urban areas were thus of great importance in 
tackling the excessive carbon emission so as to achieve 
the promise made during the 2015 Paris Agreement on 
climate change, in which China guarantee to reduce its 
carbon emission by 60% per unit of GDP. 

Even though extensive studies have been 
conducted to evaluate the drivers behind cities' CO2 
emissions [2,8,9], certain crucial factors, such as the 
form of rural settlements, remain overlooked. The 
main reason for choosing this particular form is that 
rural areas still accounted for considerably amounts of 
the overall land scope, the participation of this factor 
can profoundly deepen the result’s insight, since for 
the elaboration of the Paris Agreement cities should 

not be the only focal point, despite their dominant role 
in the carbon emission. To adequately address this gap, 
this article will mainly concentrate on both urban and 
rural areas’ influence on China’s excessive amount of 
greenhouse gas emissions. By combining Ordinary 
Least Squares (OLS) as well as Geographical Weighted 
Regression (GWR), the relationship between CO2 
emissions and urban forms can be evaluated. Those 
factors included three disparate urban forms which 
are urban construction land (UCL), rural settlement 
(RS), other lands (OL) (industrial, airport, 
transportation site and etc.) Additionally, to draw a 
more comprehensive result, Gross Domestic Product 
per capita (GDPPC), road density (RD) and public car 
ownership (PCO) were added. This can consequently 
aid in policy-making regarding the future development 
patterns of cities.  
 
2. MATERIALS AND METHODS 
 
2.1 Study area and data availability  

The data of CO2 emissions, Gross Domestic Product 
(GDP) were obtained from China City Greenhouse Gas 
Working Group; public car ownerships and road 
density data were from China City Statistical Yearbook; 
land use data was from Chinese Academy of Sciences. 
Consequently, the study area encompassed all cities in 
China to investigate how selected factors contributed 
to CO2 emissions in the year 2020. The table below 
showed the basic component of the data including its 
unit, mean, median and Std. Dev.  
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Table 1: Description statistics of variables 
 

Name Mean Median Std. Dev 
GDPPC 

(104 yuan) 6.218 5.245 3.281 

UCL (hc) 2294758.424 1235650 2858778.446 
RS (hc) 4661064.228 2639200 5401104.264 
OL (hc) 1471175 1064000 1592629 

RD 
(Km/Km2) 5.941 6.600 3.313 

PCO 
(unit/Per 

104 
people) 

7.571 7.3 5.610 

 
2.2 Z-score standardization 

As shown in the previous section, the chosen 
variables were of significant discrepancy since they 
originated from different fields and had different units. 
In order to make the coefficient of each variable in 
GWR more comparable, data went through Z-score 
standardization before it was used for analysis. 

Z-score standardization was generally employed in 
statistical analysis that specifically aimed to solve the 
situation mentioned before. The equation (1) of it is 
shown below: 

xnew = (x-μ)/σ      (1) 

where  xnew – new data;  
             x – original data;  
             μ – mean of the data;  
             σ – standard deviation of the data; 
         

By applying Z-score standardization, heterogeneity 
of different data was eliminated, therefore making 
them directly comparable where the magnitude of the 
coefficient can represent their impact more 
objectively in order to facilitate policy-making more 
accurately. 

 
2.3 Research process 
 
2.3.1 Spatial autocorrelation  

Spatial autocorrelation was used to estimate the 
dependence and heterogeneity among CO2 emissions, 
which was generally indicated by Moran's I [2]. It 
comprised two indices, Global Moran's I and Local 
Moran's I. Global Moran’s I represented the global 
autocorrelation between different geographical 
regions while Local Moran’s I evaluated the 
autocorrelation with one’s proximate cities. They both 
ranged from -1 to 1, in which negative suggested 
degrees of heterogeneity and positive suggested 
degrees of dependence. Two variables of z-score and 
p-value respectively referred to the level of spatial 
autocorrelation with proximate cities and its 
corresponding significance level. In addition to this, 
global mean and local mean were used to classify 
spatial clusters. Global mean referred to the overall z-

score of all cities while Local mean was the z-score of 
observation’s neighbors. A High-High (HH) cluster 
comprised of whose local mean was higher than the 
global mean, while whose local mean was lower than 
the global mean was classified as Low-Low (LL) cluster. 
For those that possessed a z-score that was higher 
than the local mean was defined as High-Low (HL) 
cluster while the other way around read as Low-High 
(LH) cluster [11].  

 
2.3.2 Urban form calculation 

Three different land use types were selected to 
evaluate their impacts on CO2 emissions. They were 
UCL, RS and OL as mentioned before. 

The rudimentary data was Raster which contained 
all land use of China. Then, Fragstats was applied to 
extract UCL, RS and OL into new Rasters. Finally, 
Rasters calculated by the index under Class Metrics 
named Total Area (CA/TA) was chosen as the 
embodiment of urban forms. Based on the 
administrative boundaries of cities, patches under 
each city's boundary were aggregated, generating a 
new number representing the total area of a specific 
urban form in hectares of each city. 
 
2.3.3 Regression analysis 

To adequately address the impacts of the selected 
independent variables on CO2 emissions, 
geographically weighted regression (GWR) was 
therefore applied for the analysis.  

In the process, OLS was initial employed to 
evaluate the goodness-of-fit of the chosen factors’ 
impact on CO2 emission. Provided with a relatively 
promising R-square by the OLS, GWR was then 
employed to show the spatial heterogeneity among 
cities. The equation (2) of GWR was as followed: 
 
𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 𝛽𝛽𝛽𝛽0(𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 , 𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖)∑ 𝛽𝛽𝛽𝛽𝑘𝑘𝑘𝑘(𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 , 𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖)𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑘𝑘𝑘𝑘 + 𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖

𝑝𝑝𝑝𝑝
𝑘𝑘𝑘𝑘=1     𝑦𝑦𝑦𝑦 = 1,2⋯ ,𝑛𝑛𝑛𝑛.  (2) 

 
Where 𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖  – error item that satisfies the spherical 
disturbance hypothesis  
             𝛽𝛽𝛽𝛽0(𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 ,𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖) – the intercept items;  
             𝑘𝑘𝑘𝑘 – number of factors;  
             𝑦𝑦𝑦𝑦 – 𝑦𝑦𝑦𝑦 - th cities; 
             𝛽𝛽𝛽𝛽𝑘𝑘𝑘𝑘(𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 , 𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖) –local regression parameter; 
 

GWR model estimated the exhaustive coefficients 
of different factors. In terms of the famous 
geographical law, everything is related to another, and 
more related with nearer ones rather than distant 
ones [10], GWR showed decent respect for this 
concept. Compared with ordinary least squares (OLS), 
the GWR model can evaluate the local impacts of each 
independent variable on the dependent variable to 
articulate spatial heterogeneity, providing us with a 
more profound insight into this topic. 
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3. RESULTS 
 
3.1 CO2 emissions 

During the analysis process, our evaluation was 
limited to 336 cities due to the deficiency of data in 
those cities. 

In summary, cities with high CO2 emissions were 
mainly located in eastern China where regions had 
witnessed considerably growth of urban expansion 
and populations growth during the past few decades 
owing to the reform and opening up policy. They 
primarily concentrate around Beijing-Tianjin-Hebei 
Urban Agglomeration (BTH), Shandong Peninsular, 
Yangtze River Delta (YRD), Peral River Delta (PRD) and 
spotted throughout Chongqing Province. However, 
Cities in the Northern China with high emissions were 
probably rendered by the additional consumption of 
fossil-fuel energy in winters for the purpose of interior 
heating [6]. 

Simultaneously, cities in the western area of China 
emitted way less CO2 than the eastern area owing to 
their possession of relatively less populations and low 
urbanization rate. Most of those cities were unsuitable 
for human settlement due to severe natural 
environment. Nevertheless, a few exceptions were 
located in the north of Xinjiang province around the 
city called Karamay, owing to the massive exploitation 
of petroleum. CO2 emissions of different cities are 
shown in Fig 1: 

 
Figure 1:  Distribution of CO2 emissions of 336 cities 
 
3.2 Moran's I 

The global Moran's I of CO2 emissions of the 
calculated 336 cities of China was 0.200, and the p (< 
0.05), indicating that the spatial autocorrelation was 
statistically significant and of great dependency. 

The results of Local Moran's I mainly fell into four 
different distribution categories as mentioned before.  
HH clusters were primarily located around the Bohai 
Sea, YRD, and central of Inner Mongolia; LL clusters 
were located in the central southern areas; HL cluster 
spotted in Chongqing and Wuhan city, while LH cluster 

spotted in the north of Xinjiang province. The spatial 
distribution of clusters is shown in Fig. 2: 

 
Figure 2:  Distribution of Local Moran's I cluster 
 
3.3 OLS 

The OLS model was first applied to evaluate the 
overall impacts of the selected factors on CO2 
emissions before GWR in order to examine the global 
linear relationship.  

The p-value (< 0.05) indicated that the model was 
statistically significant, while the adjusted R-square 
(0.612) demonstrated a relatively strong correlation. 
Additionally, the variance inflation factors (VIF) were 
all below 10, denying multicollinearity. 
 
Table 2: Global regression analysis (OLS) 
 

Name Coefficient Pr. (t) VIF 
Constant 3108.977 36.88  
GDPPC 865.764 0.015* 1.713 

UCL 1486.463 0.000* 2.458 
RS 504.044 0.000* 1.762 
OL 1525.272 0.036* 1.200 
RD 222.440 0.127 1.219 

PCO -153.733 0.567 1.659 
Adjusted R2 :0.612   *: Significance 
 
3.4 GWR 

The results drawn by GWR showed great 
heterogeneity that the exhaustive R2 varied across 
different regions of China, with the highest reaching 
0.767 and the lowest falling to 0.408. The areas with 
high R2 were sporadically scattered in the 
southeastern coastal areas around YRD, central north 
areas, north of Xinjiang province and Heilongjiang 
province. Whereas those with lower R2 lied in the 
central northwestern areas, the southern section of 
Yunnan province and cities around the Bohai sea.  

In the GWR model, approximately half of the cities 
possessed a higher R-square compared with the OLS 
model, indicating a more reliable result. The GWR 
model further unveiled the spatial non-stationarity of 
the relationships compared with OLS. It also showed 
that variables defined to be positively related to CO2 
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emissions in OLS can instead be bidirectional in GWR 
and of significant difference among different regions.  

The spatial distribution of R2 is shown in Fig. 3; the 
coefficients of each variable are shown in Fig. 4; table 
3 also marked the coefficients in numbers. They are as 
followed: 

 
Figure 3: Distribution of R2 of different cities draw by GWR 
 
Table 3: GWR coefficients 
 

Name Max Min Mean 
GDPPC 4139.597 -795.263 714.012 

UCL 2647.449 -1577.773 1181.586 
RS 6272.139 -350.439 412.819 
OL 3249.929 376.881 1625.877 
RD 1100.978 -2997.886 193.886 

PCO 2677.523 -749.796 21.705 
 

 
Figure 4: Distribution of Coefficient of variables 

As shown in Fig. 4, GDPPC was playing a mostly 
positive role towards CO2 emissions in which the most 
significant areas lied in the north of Xinjiang province 
and central northeast, including Ningxia province and 

east of Inner Mongolia, except for the southwest 
section of China, including the west of Sichuan and 
Yunnan province, the south of Qinghai Province and 
the south of Tibet province where economic growth 
could instead alleviate CO2 emissions.  

UCL was also found to be bidirectional, in which the 
areas of significance formed a gradient tendency, with 
the most significant core areas concentrating on the 
YRD region, the heavily developed areas of China, and 
gradually descend as it moved east. The north of 
Xinjiang Province also demonstrated great significance. 
The most insignificant areas were southwest China, 
especially west of Yunnan and Sichuan province, 
where UCL was instead playing a negative role towards 
CO2 emissions.  

The result of RS showed a gradient tendency, with 
the significance ascending from east to west, and even 
aggregately showed negative in the YRD region which 
referred to the most developed regions of China. The 
most significant areas primarily concentrated in 
central Xinjiang province. 

OL manifested a strong positive correlation with 
CO2 emissions; the most slightly significant areas lie in 
the western and southeast coastal section of China, 
which refers to Xinjiang, Tibet, Guangdong and Fujian 
Province. Whereas the most significant area lies in the 
three northeastern provinces and central China 
covering tons of cities.  

RD showed a relatively flat result, in which the 
majority of cities showed a slight significance; the 
exception lied in the northeastern section of China, 
where RD was playing a relatively positive role towards 
CO2 emissions. It was worth mentioning that it showed 
negative in the YRD, Pearl River Delta (PRD) and the 
east of Xinjiang Province. 

PCO showed an intriguing result where almost half 
of the CO2 emissions of cities were found to be 
negatively related to it, which aggregately 
concentrated in the southern region of China and 
distributed in the northeastern peripheral areas 
adjacent to Russian as well as the east of Xinjiang 
province. It also showed slight significance in the cities 
near the Bohai sea and the west of Xinjiang province. 
 
4. DISCUSSIONS 

Coefficients of the six variables showed significant 
spatial discrepancy among different regions. This is 
highly relevant to the unevenly developing stage of 
Chinese cities, and further discussions were required 
to demonstrate the reasons behind it in addressing 
them with expedient policies for the elaboration of 
low carbon development. 

Studies had confirmed that the correlation 
between GDP and CO2 emissions can roughly be 
explained by an invert-U shape [7], which means that 
heavily developed regions may instead emit less CO2 
than those economically undeveloped regions. And 
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the coefficient did relatively conform with this 
correlation, where Jiangsu province, Shandong 
peninsula and YRD showed slight significance seeing 
that these regions were heavily developed, and also in 
Tibet, Yunnan province where economic was not 
heavily developed. Yet the significance concentrated 
towards the central of China, where the inverted-U 
shape was likely in its zenith. 

UCL is the most emphatic factor to indicate the 
developed stage of cities in China. Cities with high 
scope of UCL basically all demonstrated high CO2 
emissions, especially in the YRD region. This was highly 
relevant to the relentlessly horizontal expansion of 
cities during the past few decades, which increased 
transportation distance, causing vehicles to consume 
more fossil fuel energy. Yet some studies also found 
that the increased UCL could instead reduce CO2 
emissions by altering the built environment such as 
mixed use, job density, etc [9]. This may provide some 
explanations for its negative coefficient in GWR. 

RS was one vital point of this research, and it did 
show great significance in affecting CO2 emission. The 
distribution of coefficient basically conformed with the 
developing stage of cities. Even under the rapid urban 
expansion of Chinese cities during the past few 
decades, rural populations still accounted for 
approximately 35% of the overall population, and rural 
rejuvenation is currently under high frequency among 
Chinese urban studies. The massive application of 
unprocessed fossil fuel energy and stalks for the 
purpose of cooking, interior heating, etc not only 
increased CO2 emissions but also contaminated the air, 
causing air pollution in winters especially in the 2010s. 
Now under the supervision of government, individuals 
living in RS can also have access to cleaned energy like 
electricity in replacement of fossil-fuel energy, this can 
consequently reduce CO2 emission, and restriction 
banning the burning of stalk was also coming to see its 
efficiency. However, given the vast scope of China and 
evenly developed stage, the undeveloped region such 
as western China may still cling to the traditional 
energy and were tricky for restriction to reach, which 
explains the great significance. 

OL was found to be the only factor that was 
positively related to CO2 emission. Yet it also 
demonstrated great discrepancy across cities. This is of 
high relevance to the industrial structure of those 
regions. While OL includes multiple land use, the one 
that can significantly contribute to CO2 emissions is 
industrial land. In the southern region of China, the 
shift of industrial structure has lifted high-tech 
industries to a dominant stage, and the innovative 
technology that came along with them was not 
demanding excessive consumption of fossil fuel 
energy, which meaned environmental-friendly [2,12]. 
In comparison, OL in the northern region of China was 
positively related to CO2 emissions, owing to its 

reliance on traditional industries which refers to heavy 
industries with significant fossil fuel energy 
consumption that can tremendously increase CO2 
emissions.  

The increase of RD can help avoid traffic 
congestion and subsequently reduce the invalidate 
time during transportation, as reported in the previous 
thesis indicating that transportation of vehicles is one 
of the major driving factors behind carbon emission [6]. 
And it is also worth mentioning that in the YRD region, 
transportation planning may be conducive for the CO2 
alleviation seeing that those cities merged under 
relatively innovative planning principles, whereas the 
configuration of the northeastern cities were mostly 
determined in the 1960s, a time when climate change 
had rather not been of such an issue as it is today and 
urban planning had a strong inclination towards the 
use of vehicles. 

The result of PCO had also left us with tons of space 
for discussion. The negative correlation of it with the 
majority of southern region indicated that it also had 
some rough relation with the development stage. In 
the southern regions, under the simultaneous 
influence of both the tightening restriction on the 
purchase of traditional vehicles and advocation of 
public transportation including metro, bus, etc, 
residents were drove to purchase electrical vehicles 
and use public transportation as alternatives, 
explaining the negative coefficient in those regions. 
Whereas cities in the northern region near the Bohai 
sea were still clinging to traditional type of cars 
possibly owing to the low efficiency of battery in 
electrical cars when faced with extreme temperature 
in winter. 

As for the policy-implications, there are two 
effective methods that hold transformative potential 
in achieving the long-term goal of reducing carbon 
emissions. On the national scale would be the top-
down approach in which the local government set 
forth new regulations that help to alleviate carbon 
emissions, for instance the restrictions of expansions 
of UCL and development of high-tech industries can be 
accomplished through this method; on the regional 
scale would be the bottom-up methods, where local 
residents participate in alleviating emissions 
voluntarily. While the promotions of low-carbon 
lifestyles and electrical vehicles can substantially 
increase peoples’ aptness towards using them, they 
can simultaneously bring incentives for the further 
development of them. The former one can be 
immediately effective while the latter one may take 
tremendous time yet it truly guarantees a sustainable 
future.  
 
5. CONCLUSIONS AND LIMITATIONS 

This study adopted the GWR model to analyse the 
impact of urban, rural, and transportation forms on 
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carbon emissions in China considering the 
heterogeneity of development stage of different 
region. Collectively speaking, the priority of all Chinese 
cities will undoubtedly lie on economic growth, 
regardless of their developing stage. GDPPC will thus 
inevitably still be on an ascending trend. Yet it is still 
eligible for planners to optimize the policy-making 
process so as to accomplish low-carbon development 
based on their relative position in the inverted-U 
shape. First, cities should find their alternatives for 
urbanization process instead of the traditional 
horizontal expansion to stop UCL from further 
ascending. In fact, new planning policy was already 
employed which demarcated the boundaries between 
urban and rural area and emphasized the importance 
of compact development, which had been proven to 
be conducive for reduction of CO2 emissions if treated 
properly [12]. However, household consumption was 
also of great significance relating to carbon emission 
[6], which draws our attention to RS. Recently under 
the supervision of governments, this situation was 
basically erased, but effect still has to be made in 
western region especially Xinjiang Province where 
cities were less developed compared to the east. OL 
was another vital factor that affected CO2 emission. 
Since its coefficient in GWR showed that it is already 
playing a slight tendency towards alleviation of CO2 
emissions in developed regions where high-tech 
industries flourished, it would be expedient for all 
cities to employ this strategy, which means to develop 
high-tech industries in replacement of traditional 
industries for the emancipation from massive fossil-
fuel energy.  

Apart from urban forms, vehicles were also 
another factor worth taking into consideration. The 
advocation of public transportation already showed 
slight effect in the southern part of China, since it 
reduced people’s willingness of using private vehicles, 
and the electrical vehicles were also of indispensable 
assistance. So predictably it would also do the same 
when it spread to all nations. It is worth mentioning 
that China is currently pioneering in terms of the field 
of electrical vehicles, the advocation of electrical buses 
and private cars simultaneously further assist in the 
development of high-tech industries, which was 
proven to be beneficial for estimating CO2 emissions. 
Additionally, reasonably increasing RD is also another 
conducive method of alleviating CO2 emission as well 
as the ongoing replacement of traditional vehicles by 
electrical ones. In other words, those two factors 
focused more upon the built environment of cities, 
which was already proven by multiple thesis that it had 
the potential of estimating CO2 emission by shaping 
how residents go out through built environment, such 
as the density of bus stop. In sum, this article covered 
both macro-scale planning as well as micro-scale 
strategies in realizing low-carbon development.  

Nevertheless, few limitations still existed during 
analysis. Among them, the most telling one would be 
the ignorance of three-dimensional urban forms. 
Proven by multiple thesis, compactness of an area can 
pose impact on CO2 emissions owing to its potential 
dominance over the micro-climate of urban areas, 
which made it imperative to be understood for the 
elaboration of urban renewal strategies [8,12]. 
Moreover, OLS and GWR were both linear analytical 
methods which initially had their incompetence when 
faced with nonlinear models, since not all data can be 
explained simply by linear analytical methods.  
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ABSTRACT: Urban settlements in warm regions are facing the consequences of the current increases in 
temperatures. Due to their geometry, materials, and human activities, some urban areas suffer higher heat 
exposure than others. Moreover, in the current energy crisis, families that are already exposed to these high 
temperatures also suffer fuel poverty. This research provides an accessible approach to detect and locate 
vulnerable climatic areas in warm cities. Land surface temperature heatmaps are obtained from remote sensing 
imagery, which is overlapped with urban plans and income indicators in GIS environment. This proposed guideline 
allows one to easily identify graphically and with data, especially vulnerable areas, that can be usable for further 
analysis and prioritise interventions. The results of this contribution have identified the climate-vulnerable areas 
of Seville, one of the most populous and warmest cities in Spain, where according to this study, nearly 23% of the 
population lives in climate-vulnerable areas. These zones mainly correspond to neighbourhoods in the suburbs, 
originally low-income developments built during the second half of the 20th century. This preliminary analysis can 
be reproduced in other cities providing valuable information for administrations and urban planners. 
KEYWORDS: GIS analysis, Remote sensing, Land surface temperature, Climatic vulnerability, Fuel poverty. 
 
 

1. INTRODUCTION  
Cities are the main geographical entity where the 

society concentrates its activity. According to last UN 
report [1], their population represent more than 55% 
of the global. Due to their geographical configuration, 
the buildings, the urban materials, and the 
anthropomorphic activities [2], urban settlements are 
affected by risky phenomena such as the urban heat 
island, and general urban overheating . Currently, with 
cities becoming larger and denser [3], this issue has 
affected the life and health of people [4]. However, 
with the present situation of global overheating, and 
the worse future projections of climate change (CC) 
[5], this problem is becoming a crucial issue to be 
addressed and mitigated. Public administration, as the 
society common regulator, has the opportunity and 
the duty to ensure more climate-resilient public spaces 
and cities in general [6]. 

One of the consequences of extreme climate is the 
economic cost to householders of the energy 
consumption derived from the use of active HVAC 
systems [7]. Historically, these issues have been 
addressed for winter weather in cold climates. The 
first definition of fuel poverty was made by Boardman 
[8], who defined it as when a family has to spend more 
than the 10% of the monthly income for heating. In 
recent decades, with the mentioned global 
overheating and the development of new research, 
some studies have focused on the cooling energy [9] 
consume. With the current climate, and the present 

energy crisis and inflationary period, it has become an 
important problem in warm regions. The same authors 
estimated that currently there is a 30% percentage of 
European families in situation of energy vulnerability 
finding it difficult to face the costs of the necessary 
energy consume to have the houses in healthy and 
comfort conditions. Due to that, in recent years, 
several studies and administrations have developed 
diverse vulnerability and fuel poverty indexes [10] 
which combine multiples social, economic and energy 
parameters. Although these indexes help to quantify 
and identify the problem, the privacy policy and the 
multiple variables of these sensitive data hinders to 
know specific results, and only macro data are known. 
Therefore, new studies are currently developing new 
methods to gain knowledge about areas of climatic 
vulnerability [11], and so, this research. These results 
serve as relevance preliminary data for pre-diagnosis 
operations, and to prioritise possible in-depth studies 
and public urban improvement actions. 

To better understand how diverse urban areas are 
more exposed or affected by extreme hot climate, it is 
important to study urban climate and the cities 
overheating. Historically, the literature has mostly 
studied the UHI phenomenon and its effects [12]. It 
has been addressed in various ways; the most 
common method is to measure the differences in air 
temperature (AT) existing between urban and rural 
areas [13]. However, to properly characterise the UHI, 
conscious and repetitive measurement campaigns are 
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required, with fixed devices or mobile transect [14]. 
Therefore, because of the complexity and costs that 
entails, it is commonly used only in the scientific field.  

However, according to scientific literature, there 
are other ways to consider urban heat. One of these is 
the surface UHI or SUHI [15]. That is, the differences of 
temperature between the urban materials surface and 
the temperature of the surface of the rural surface, so 
the land surface temperature (LST) is analysed instead 
of the AT [16]. The LST is closely related to materiality 
but also with the sky view factor (SVF) or urban 
geometry [17]. Moreover, LST also influences AT [15] 
and therefore human thermal comfort [18]. On the 
other hand, although the most common studied 
phenomenon is the UHI, it is only produced at night, 
which in some aspects limit the results interpretations. 
On the contrary, the warmest hours and so the cooling 
electric energy consumption occur during the central 
day hours. Therefore, this study focusses on urban 
heat and the differences of LST within a city, 
specifically in the overheated areas that are more 
prone to suffer more extreme heat conditions because 
of their urban characteristics. 

In contrast to complex systems to study the urban 
heat, the last satellite remote sensing developments 
provide high-quality thermal land images of a wide 
range of territory [19]. This relatively new technology 
with high-resolution thermal sensors obtains a LST 
heatmap over land but also of city fabrics, which is 
much faster and more economical than the classic on-
site surveys [20]. Among all free accessible satellite, 
the last launches by NASA in 2021, Landsat 9, could be 
the one that more valuable data provide for urban 
studies [21]. Landsat 9 satellite has a thermal infrared 
sensor 2 (TIRS-2) that captures LST in a spectral 
resolution (SR) of 30x30 m and with an accuracy of 0.4-
1.98 K [22]. On the contrary, an important limitation is 
the revisit time, about 16 days over the same point. 

Complementarily, if these remote sensing tools 
and their results are integrated into geographical 
information system (GIS) technology, it is possible to 
obtain a huge amount of cross-data of the urban 
environment. GIS allows to visualise all kind of data in 
a graphic way on the urban environment. Moreover, 
the open source and free software QGIS [23], enables 
to develop various urban analysis contrasting diverse 
official statistical data that are also provided in open 
access by public Administrations. Social data are 
usually provided for each census unit, that is, the 
smallest statistical unit. However, complete urban 
data is provided for each building thanks to the 
cadastral open data libraries. This environment allows 
to develop very relevant studies using official and open 
data processed by a standard PC, becoming a very 
powerful and accessible urban analysis tool. 

The aim of this research is to propose an easy-
applicable methodology based on GIS with remote 

sensing images to obtain urban vulnerable zones. By 
outlining the methodology and showcasing its 
practicality in a city as a real case study, the broad 
potential of these tools in urban studies becomes 
evident. The research locates and maps urban heat 
hotspots, thanks to the LST satellite image, and crosses 
them with low-income areas. This obtains especially 
vulnerable zones to face hot extreme climates. 
Although this study constitutes a simplified approach 
to urban heat current problematic, it draws the 
potential of these tools to detect opportunities areas 
in a given city. 

 
2.METHODOLOGY 

The methodology is established as a guideline to 
locate and map urban areas particularly vulnerable to 
hot climates. This is made by detecting heat hotspots 
in the residential urban fabric and crossing them with 
low-income data of city areas. It is organised in the 
following steps that could be easily achieved by 
architects, urban planners, and policy makers. All the 
data and information are usually available open 
access, provided by official organizations. Moreover, 
all the analysis and results extractions are also made 
with an open-source software, QGIS, which further 
reinforces the accessibility and usefulness of this 
study. 
 
2.1. Selection of city and date 

For the urban target, medium and large cities in 
warm regions are recommended to appreciate 
considerable overheating effects. Moreover, in order 
to obtain enough contrasts, a warm summer day is 
suggested. It must coincide with the day of satellite 
acquisition, which can be consulted in the official 
Landsat programme website [24]. 

 
2.2. Setup of GIS environment 

The selected case study city geographic 
information needs to be loaded into QGIS software 
environment. The following data are loaded: 

▪ Natural-colour satellite image [25]. 
▪ Cadastral blocks and buildings plan, and the 

associated data with information of heights 
and year of construction. 

▪ Maps of census units with associated 
population data. These data are provided by 
national or local statistical offices. 

▪ Mean income level associated with each 
census unit. This is the minimum statistical 
entity for which this information is provided. 

 
2.3. Urban LST 

The LST for the entire city was acquired from 
Landsat 9 thermal images from the USGS website [26]. 
Some adjustments are made according to the official 
product guide [27], and the original grid size of 30 m 
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can also be statistically interpolated using the bicubic 
method in QGIS. This method obtains a higher quality 
final image with a resolution of 5x5 m. The raster is cut 
with the city’s administrative limits, providing a 
thermal heatmap that is overlapped with the city’s 
geographical information, that is, the blocks and 
buildings map. By combining it with a solid path of all 
the buildings, the LST of the public and open urban 
spaces is obtained. 

 
2.4. GIS Analysis 

Crossing the LST heatmap raster data with the 
other GIS layers, several analyses are developed. 

▪ Residential areas scope: non-residential areas 
have higher LST due to their typical materials 
[28], and are no representative of the lived 
urban areas. Therefore, as residential areas 
are the focus of this research, they are extract 
and isolated from the rest of non-urban nor 
residential zones. This provides a more 
homogeneous fabric that can be studied in 
depth. 

▪ Thermal hotspots: The LST heatmap is cut 
with the limits of the residential areas, while 
the new limits of temperatures are set. This 
allows for the detection of urban hotspots. To 
better visualise the warmer areas, using the 
QGIS rendering tools, temperature values 
above the 60th percentile of all residential 
area temperature data are plotted. This 
provides a new raster with several red spots 
on the urban fabric plan. 

▪ Low-income levels: As the existing poverty 
indexes entail more complex analysis based 
on non-accessible socio-economic data, this 
research, as an easily reached pre-diagnostic 
approach, uses the known mean income level 
per household, that is, an open data provided 
by each census unit. These data are 
associated with graphical polygons, and they 
are represented in a gradient scale. For that, 
based on the rendering QGIS tools, the 
gradient colour uses the standard deviation 
obtained from the total census units mean 
income data. By adjusting the number of 
divisions or steps, a certain level of extreme 
values can be selected. In this case, values 
especially below the mean are the searched. 
Thus, the low-income areas are represented 
over the map and are overlapped with the 
especially hot areas. This easy visual cross-
evaluation, by matching the zones which 
have both problems, determines the 
vulnerable areas, which have severe hot 
exposure and are more prone to have low 
economic resources. 

▪ Buildings age: These data are analysed on the 
already known vulnerable areas. It is 
represented graphically, but also statistically, 
all in GIS software that provides the 
histogram distribution of the buildings age. 
This factor is also strongly related to the 
climate exposition risks and the tendency to 
suffer from fuel poverty. 

▪ Affected population: Based on the population 
data per each census unit, it is possible to 
obtain the total number of persons affected 
by these risk conditions and which 
percentage of the total city population they 
represent. 

These guidelines allow to obtain especially 
vulnerable areas where the population is more likely 
to suffer fuel poverty and climate awareness. The 
following section shows the results of applying this 
methodology on a specific case study city: Seville, 
Spain. This proves the feasibility on these combined 
tools and the relevance of the results that can be 
obtained. 

 
3. RESULTS AND DISCUSSION 

Appling the exposed methodology over a real case 
study, the following results are obtained, whether 
geographical and analytical. The selected case study 
city is Seville, the most populous city in southern Spain 
(Fig. 1) with more than 650.000 inhabitants. It has a 
Csa climate according to the Köppen climate 
classification [29], characterised by warm and dry 
summers and mild winters. The selected day is 13 
August, a warm day during the summer of 2023, when 
the Landsat 9 satellite acquired an aerial image over 
the city. The maximum AT that day was 37.7 ° C and 
the minimum 20.0°C, recorded by the official airport 
station, outside the city. 

 

 

 
Figure 1. Location of Seville on the Köppen climatic zones 

map of Europe. Obtained from [30]. 
 
The first results can be seen in the Figure 2a, which 

corresponds to the LST taken by Landsat 9 on 13 
August 2023 at 11 a.m. As shown, the warmest areas 
are, on the one hand, industrial and infrastructure 
zones, and on the other hand, rural and crop areas. 
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This is mainly due to two reasons. First, the high 
exposure level of these areas; either big industrial 
roofs or crops or fallow with no trees, but completely 
exposed to sun radiation. In addition, it is also due to 
the typical materials used in industrial areas, where 
constructions are made with metal and concrete, and 
the streets are vast asphalt surfaces.  

 

On the contrary, in Figure 2a, residential areas 
appear to have a more homogeneous temperature 
range. Therefore, according to the methodology, the 
first analysis is focused on residential areas. This is 
made by cutting the thermal image with these areas 
drawn on GIS, while the boundaries temperatures and 
the new range are reassigned. This is shown in Figure 
2b, where LST higher differences of 9°C, can be 
observed in residential areas. From this image it is 
possible to visualise and locate several urban hotspots 
that in this case are mostly in the suburbs. It is partly 
influenced by the high temperatures of close industrial 
or rural areas, as seen in the previous image (Fig. 2a). 
However, it is also strongly related to the urban 
morphology of these neighbourhoods. An important 
percentage of them are sparsely high-rise 
developments with large hardscape open public 
spaces, typical of mid-20th century urbanism [31].  

The next step consists of mapping the heat 
hotspots appreciated in the previous image and 
overlapping them with the low-income areas. Firstly, 
for the thermal hotspots and according to the 
methodology, LST values above the 60th percentile 
have been selected (Fig. 3).  

Secondly and following again the exposed 
guideline, the census units, provided by the Spanish 
Cadastre [32], have been discretised according to the 
standard deviation of their average income level, 

obtained from [33]. In this case, census units with an 
average income value lower than 0.5 times the 
standard deviation of the total units are selected. 
These areas are considered the more economically 
vulnerable and they are graphically represented on the 
city fabric, shown in Figure 3. Then, by a visual survey 
over the map, the coincidence of thermal hotspots and 
the selected areas sign the existence of target areas. 

These zones, already intuited in Figure 3, but clearly 
isolated in Figure 4, are the zones with higher diurnal 
temperatures and less economic level. Therefore, they 
are more vulnerable and more prone to suffer energy 
poverty under hot conditions. Again, most of the 
located areas are in the suburbs, which not only have 
a higher exposure to heat, but due to the social trend 
in European cities, are more prone to poverty and, 
therefore, more exposed to climate risks. 

 

 
Figure 3. Overlap of heat hotspots and low-income areas. 

 
Finally, the age of the buildings, obtained from 

[32], is characterized as other relevant parameters of 

(a)      (b) 
Figure 2. LST of Seville taken by Landsat 9 on 13 August 2023 at 11 a.m. (a): Whole city LST heatmap. (b): Residental areas 

LST and heat hotspots in red. 
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the located area. The buildings are rendered in colours 
according to the year of their construction (Fig. 4). 
Figure 5 also shows the predominance of buildings 
from the mid-20th century, according to the biggest 
housing construction stage of the after-war years. This 
also has an important relationship with the tendency 
to suffer from energy poverty, as the characteristics of 
the buildings’ envelope have a direct impact on the 
poor energy performance. It is because at this latitude, 
insulated envelopes started to be used only in the 80s. 
Therefore, it results that most of the affected buildings 
do not have an adequate envelope to face severe 
climates, which still worsen the exposure to climatic 
vulnerability. Furthermore, the affected population 
who lives in these zones is calculated according to the 
official register, obtaining that the 23% of the total city 
inhabitants live in these specially affected areas.  

 

 
Figure 4. Climatic vulnerable area and their age of 
construction. 
 

 
Figure 5. Histogram of the buildings’ construction year. 
 

These results map critical areas and zones of 
opportunity, helping to focus on deeper analysis and 
improvements of urban resilience. 
 
4. CONCLUSION 

This research, through the exposed guidelines and 
their practical application in a real case study, has 

shown the potential possibilities of GIS tools and 
remote sensing thermal imagery applied to urban 
studies. Thanks to this easy and quick approach, the 
research responses to the current social demand for 
detecting vulnerable areas and achieving more 
resilient cities. 

The results obtained from the case study city of 
Seville have mapped the climate vulnerable areas 
based on heat exposure, income level, and building 
age. The results shown that about 23% of population 
lives in vulnerable areas, most of them mid-20th 
century neighbourhoods built as low-income districts. 
These results will also support further research about 
architectural, urban, and social performance of these 
areas leading to a to better understanding their 
climate resilience. 

Despite the limitations of these tools, they offer a 
powerful method for a first preliminary urban 
diagnostic. The exposed results invite other 
researchers or technicians to develop new studies or 
deeper methods that optimise the information 
obtained. Further research should be deepened on 
more open access data on urban and socioeconomic 
indexes that can lead to increase the knowledge of 
urban vulnerabilities. 

In conclusion, this research provides a powerful 
method that allows to detect and focus vulnerable 
urban areas that need to be targeted. Furthermore, 
this and other future in-depth research allows public 
Administrations to plan the improving urban 
interventions from a better technical perspective that 
enables prioritising most critical areas. This issue 
becomes important in order to achieve the Sustainable 
Development Goals (SDGs) of the United Nations, 
especially SDG 11: Make cities inclusive, safe, resilient, 
and sustainable, in the current climate change and 
overheating situation. 
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ABSTRACT: Globally, most bioclimatic strategies have focused on the vertical envelope. However, in low-latitude 
countries such as Ecuador, the roof is the surface responsible for the greatest heat gains and losses of the 
building. Although this country should have a warm climate throughout its territory because it is crossed by the 
Andes Mountain range it also has a cold-mountainous climate. As in other regions, new roofing technologies, 
both heavy and light, have replaced the vernacular roof (VR), characterized by the use of tiles, mud and reed. 
Additionally, insulating materials, which have not yet been widely used in the region, are beginning to be 
discussed in local regulations, although they lack a solid theoretical foundation. Therefore, this study undertakes 
a comparative analysis between the VR of the Andean region and the new roof typologies, both with and 
without insulation. The methodology applied to this study based on digital simulations. The results demonstrate 
the importance of the thermal mass of the VR in the regulation of thermal oscillations and its advantage over 
some current and more expensive construction systems. Furthermore, the study suggests that insulation may not 
be necessary in certain building systems. 
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1. INTRODUCTION  
The building envelope is the physical element that 

directly interacts with external climate conditions. It 
serves as a protective barrier against inclement 
weather. Studies around the world have primarily 
focused on the vertical envelope, as it accounts for 
33% of heat loss [1]. However, in low latitude 
countries like Ecuador, the roof is the element with 
the highest heat exchange. Due to their geographical 
location, these regions are exposed to high levels of 
solar radiation [2,3] and experience significant 
radiative exchange with the sky [4]. Furthermore, the 
low-rise building typology that predominates in these 
areas means that the roof is responsible for 60% of 
the indoor-outdoor heat exchange [5,6]. 

Ecuador's geographical location would suggest a 
climate characterized by high temperatures. 
However, due to the Andes Mountain range crossing 
the country, there is also a region with a cold 
mountain climate with minimum temperatures of up 
to 6.4°C [7]. Several of the country's most important 
cities are located in this region and are home to 35% 
of the total population. Cuenca is the third most 
populated city in Ecuador, situated at an altitude of 
2560 masl. The average temperature of this city is 
15°C, with a low annual thermal oscillation of 2°C. 
However, there is a significant daily thermal 
oscillation of 10°C, which can cause discomfort at 
night and result in high daytime temperatures due to 
the high solar gain.  

In recent decades, this region has experienced a 
significant change in its construction systems. These 
changes have caused vernacular construction to be 
replaced by industrialized systems that aim to 
increase productivity in terms of construction time 
and costs. However, the climatic characteristics of the 
region are not taken into account [8]. As a result, 
there has been a transition from thick adobe walls to 
thin concrete or gypsum board walls, from multi-layer 
envelopes to single-layer elements, etc. 

In regards to the roof, the thickness and number 
of layers of this element have been significantly 
reduced. Thus, the typical roofs of the Andean region 
(Fig.1), which were characterized by the use of 
ceramic tiles, mud, reeds, and air chambers, have 
been replaced by other roof typologies that prioritize 
ease of construction [9]. 

 
Figure 1: Vernacular Roof. Photo taken by the authors  

In these days, the most commonly used roofing 
typology in the region is the lightweight painted fiber 
cement roof, of 10 mm thickness. This typology is 
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used in 65% of new local buildings [10], and omits the 
use of tiles and, in many cases, the air chamber and 
the internal ceiling. Another widely used typology, 
introduced in the last two decades, is the two-way 
ribbed concrete roof with pumice block lightening, 
which is used in 21% of new buildings [10]. This type 
of roof is more expensive and time-consuming, but it 
has a higher thermal mass and lower U-value. 
Additionally, in the last decade, the use of steel 
decking concrete roof has become popular to 
increase productivity and reduce the weight of the 
building [10].  

Building systems in Ecuador, like in other 
countries, tend to reduce thermal mass [9]. However, 
in other regions, thermal mass has been replaced by 
thermal insulation. The implementation of this 
material is a commonly used bioclimatic strategy 
worldwide [11]. The thermal behavior of an envelope, 
which considers insulation, aims to reduce energy 
gains or losses between the interior and exterior [12]. 
In warm, low latitude climates, thermal insulation is 
crucial to prevent high temperature fluctuations and 
indoor overheating.  Studies have shown that thermal 
insulation is a passive strategy for roofs to prevent 
excessive solar radiation during the day and to retain 
energy (heat) during the night [13, 14]. 

Although Ecuador has not yet implemented any 
strategies or regulations for the use and application 
of thermal insulation, this material is beginning to 
emerge as a potential solution to the problem of 
thermal discomfort. However, it is important to 
thoroughly analyze these decisions beforehand. 

Given the constant technological changes that 
have transformed our cultural heritage, it is 
important to consider the adaptability of vernacular 
roof typology. Despite its reduced use, some 
buildings still employ this construction system and 
remain operational. It is evident that this typology is 
less productive than industrialized construction 
systems. However, it is crucial to assess its resilience 
to current climatic conditions and the interior 
thermal discomfort associated with new architectural 
models. Additionally, it is necessary to evaluate its 
insulation level and heat retention capacity. 

Therefore, this study proposes to compare the 
thermal behavior of the new roofing systems 
implemented in the last decades with the typical 
Andean model of Ecuador. 

 
2. METHODOLOGY 

The methodology used in this study is based on 
digital thermal simulations using Design Builder 
software [16] and the Energy Plus calculation engine 
[17]. The study will analyze the typical vernacular roof 
of the region (VR) and three types of roofs that have 
been introduced in recent decades: Lightweight Fiber 
Cement Roof (FR), Heavy Concrete Roof with 

lightening block (CR_1), and Concrete Roof with 
metal deck (CR_2). The study will simulate all 
identified roof typologies in two scenarios: their 
original state and with the use of insulation. The 
original state refers to each typology that includes a 
ceiling separated by a non-ventilated air space. When 
thermal insulation is implemented, it refers to the 
original state with an additional 5 cm layer of 
fiberglass with a thermal conductivity of 0.046 W/mK. 

Fig. 2 and Table. 1 show the morphological and 
material configuration of the 4 study cases. 
Additionally, Table 1 specifies the thermal mass and 
U-value of each roof. 

 
Figure 2: Construction detail of the 4 study cases. 
 
Table 1: Thermal characteristics of the 4 study cases. 
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VR
  

ORIGINAL 
STATE (OS) 

01_Ceramic tile (2cm)  

75 1.6 
02_Clay (2cm) 
03_Ceiling reed (2cm)   
04_Air chamber (10cm)   
05_Plaster (1cm) 

OS + 
INSULATION 13_Fiber glass (5cm) 77 0.6 

FR
  

ORIGINAL 
STATE (OS) 

06_Paint  

15 2.9 07_Fiber cement (1cm)  
04_Air chamber (20cm)  
05_Plaster (1cm) 

OS + 
INSULATION 13_Fiber glass (5cm) 17 0.7 

CR
_1

  ORIGINAL 
STATE (OS) 

08_Ceramic  

258 1.5 

09_Bondex mortar  
10_Concrete (5cm)  
11_Pumice Hollow 
Block(15cm) 
04_Air chamber (20cm)  
05_ Plaster (1cm) 

OS + 
INSULATION 13_Fiber glass (5cm) 260 0.6 
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CR
_2

  ORIGINAL 
STATE (OS) 

08_Ceramic  

35 2.6 

09_Bondex mortar  
10_Concrete (5cm)  
12_Metal deck  
04_ Air chamber (20cm)  
05_ Plaster (1cm) 

OS + 
INSULATION 13_Fiber glass (5cm) 37 0.7 

 
A simulation base model (Fig. 3) was constructed 

for the roof study, representing the most common 
housing typology in the city of Cuenca. The model's 
morphological characteristics were defined based on 
the minimum dimensions required by the city's 
current regulations [7]. The model consists of a two-
level attached block with a surface area of 7x10m, 
with a free height of 2.40m on each level. The glazing 
percentage is 15% of the floor area. The upper floor is 
designated for use as a bedroom, with an occupancy 
rate of 0.057 people per square meter and a usage 
schedule from 6:00 pm to 6:00 am. The infiltration 
rate is set at 1.2 air changes per hour [4]. The house is 
oriented in a North-South direction, which represents 
the least favorable case in terms of solar gain. For the 
simulation results, only one bedroom on the first 
floor (Bedroom 3) was considered. The analysis 
periods correspond to the conditions of the coldest 
and hottest months of the year. The software's 
climate file was used to conduct a statistical analysis 
of the outdoor air temperature throughout the year, 
which resulted in the establishment of Cold Day and 
Hot Day. Cold Day, defined as the 12th of September 
with a minimum temperature of 6°C and a maximum 
temperature of 18°C, and Hot Day, defined as the 
19th of November with a temperature of 11°C and a 
maximum temperature of 23°C, according to the EPW 
file. 

The indoor air temperature (Ti) is the reference 
parameter for these comparisons. According to the 
Ecuadorian Construction Standard (NEC) [15], the 
interior comfort range is 18°C to 26°C, which is used 
as a reference for the analysis.  

 
Figure 3: Simulation base model 

 
3. RESULTS 
3.1 Original State 

Figure 4 shows the indoor air temperature results 
for the four study cases in the original state for Cold 
Day (a) and Hot Day (b). 

 
Figure 4:  Indoor temperature of the 4 cases studies in the 
original state on a) Cold Day and b) Hot Day. 
 

On Cold Day (Figure 4a), the lightweight fiber 
cement roof (FR) presents the most unfavorable 
conditions of the four studied cases. The temperature 
acts below the comfort range for half of the night 
period in this roof, reaching a minimum Ti of 15.5°C. 
However, during most of the day, the temperature 
remains within the comfortable range, with a 
maximum of 23.9°C. During the hot day (Figure 4b), 
although the discomfort is resolved during the night 
period, another thermal problem appears, caused by 
an internal overheating during the diurnal period 
when it reaches a maximum Ti of 29°C. It is important 
to note that this roof, unlike the other roofs analyzed, 
does not show any lag with respect to the external 
temperature. This is evidence of the low thermal 
mass of this roof. 

On the contrary, the roof that is closest to the 
comfort range among the four case studies is the 
heavy concrete roof (CR_1). On Cold Day, this roof 
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reaches a minimum Ti of 17°C and a maximum of 
20.2°C. On Hot Day, the temperature oscillation is 
between 21.8 and 26°C. It is important to note that 
the maximum Ti during the two days of analysis is 
reached during the night period (20h00-21h00). This 
reflects the high thermal mass of this typology. 

Regarding the concrete roof over metal deck 
(CR_2), on a cold day, the minimum Ti is 15.8°C, 
which is 2.2°C below the comfort range. The 
maximum Ti is 21.8°C, indicating that thermal issues 
occur at night during cold days. Conversely, on hot 
days, discomfort is due to interior overheating, with a 
maximum Ti of 27.5°C and a minimum Ti within the 
comfort range. 

Finally, the typical vernacular roof (VR) has a 
minimum Ti of 16.2°C on Cold Day, only 1.8°C below 
the comfort range, and a maximum Ti of 22.1°C. This 
suggests that thermal discomfort occurs at night on 
this day, although not in an extreme way. Similarly, 
on a Hot Day, discomfort is caused by overheating, as 
VR reaches a maximum Ti of 28.1°C. 

It is important to note that VR better controls heat 
gains and loss, thus significantly reducing thermal 
discomfort compared to FR. Moreover, VR has a 
thermal performance almost equal to that of CR_2. 

 
3.2 State with Insulation. 

 
Figure 5: Indoor temperature of the 4 cases studies in the 
state with insulation on a) Cold Day and b) Hot Day. 

Figure 5 shows the indoor air temperature of the four 
study cases with the use of thermal insulation for the 
analysis days. 
Adding a layer of thermal insulation means that the 
behavior of all roofs is very similar. On the Cold Day 
(Figure 5a), Ti reaches a maximum of approximately 
20.1°C and a minimum of 16.5°C in all four case 
studies. On the Hot Day (Figure 5b), Ti reaches a 
maximum of 26.4°C and a minimum of approximately 
21.5°C. The results indicate that the use of thermal 
insulation eliminates the influence of the different 
thermal masses, so that the four study cases have 
practically the same thermal oscillations, delays and 
temperatures. This is due to the fact that the use of 
insulation results in all roofs achieving a U-value 
below 0.7 W/m2. K.  

It is important to note the impact of the insulation 
strategy on each roof's condition. For FR, insulation 
reduced nighttime discomfort from 4 to 3 hours and 
overheating from 8 to 5 hours during the day. VR 
reduced nighttime discomfort from 3 to 2 hours and 
overheating from 7 to 4 hours. CR_2 reduced 
nighttime discomfort from 3 to 1 hour and 
overheating from 6 to 3 hours.  Nonetheless, in CR_1, 
adding insulation did not improve indoor comfort 
during the day or at night. 

To better understand, we provide a detailed 
analysis of each roof type's thermal oscillations 
below. 

Figure 6 shows a comparative graph of the 
thermal oscillation and the average Ti between the 4 
study cases in Cold Day (Figure 6a) and Hot Day 
(Figure 6b), taking the two states of analysis, the 
original case and with the use of insulation. 
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Figure 6: Average indoor temperature and thermal 
oscillation of the 4 study cases in the original state (left) and 
the state with insulation on a) Cold Day and b) Hot Day. 

 
According to this comparison in the original state, 

VR, which is also a light roof, has a lower thermal 
oscillation than FR in the two analysis days. On the 
Cold Day, VR shows a lower oscillation of up to 2.43°C 
than FR due to the higher thermal mass presented by 
the vernacular typology. This indicates that the 
uncontrolled reduction of layers in the horizontal 
envelope significantly increases the thermal 
oscillation of buildings in this region. During the 
daytime period, the interior areas of FR become 
considerably overheated due to high solar radiation 
and outdoor temperature increase. During the night 
period, the roof experiences high heat losses due to 
its high thermal transmittance, causing a drastic drop 
in temperature. 

On the other hand, CR_1, which is the roof with 
the highest thermal mass, shows an advantage over 
VR. In its original state, the thermal oscillation of 
CR_1 is 2.65°C and 2.8°C lower than the thermal 
oscillation of VR in the Cold Day and Hot Day, 
respectively. However, the thermal oscillations of VR 
are not too far from the comfort range, and also its 
minimum and maximum temperature do not differ 
much from the results of CR_1. During the Cold Day, 
when thermal discomfort is experienced at night, VR 
falls 1.8°C below the comfort range, while CR_1 falls 
1°C below this range. Therefore, CR_1 has an 
advantage of 0.8°C over VR. However, during the hot 
day, VR is 2°C above the comfort range while CR_1 
remains within the upper limit. 

Finally, if we compare VR with CR_2, the thermal 
performance of these two roofs is practically the 
same. VR has a lower thermal oscillation than CR_2 
and a slightly higher average temperature, even on 
Cold Days. 

By comparing the performance of these roofs in 
their insulated state, it is evident that this strategy 
has a high impact on the lightweight roofs and on 
CR_2. However, the effect of this strategy on CR_1 is 
practically null on both Cold and Hot Days. 

The effect of this strategy in CR_1 is reflected in a 
reduction of the thermal oscillation of 0.3°C and 
0.15°C in Cold Day and Hot Day, respectively. 

The most representative impact of the use of 
insulation is seen in FR, with a reduction of 4.39°C 
and 3.5°C in the Cold and Hot Day, respectively. This 
means that the use of this strategy in this roof 
reduces its oscillation by almost 50%. Similarly, in 
CR_2, the thermal oscillation was reduced by 2.25°C 
and 2.07°C in the two days of analysis. Finally, in VR, 
the effect of insulation reduces its oscillation by 
2.11°C and 1.81°C in the Cold and Hot Day.  

It is important to note that this strategy has a 
greater impact on reducing heat inputs than losses. 

As a result, the reduction in maximum Ti is more 
noticeable than the increase in minimum Ti. In the VR 
scenario, insulation reduces the maximum Ti by 
approximately 1.8°C and increases the minimum Ti by 
0.3°C over the two-day analysis period. In the FR 
scenario, this strategy results in a decrease of 3.6°C in 
maximum Ti and an increase of 0.8°C in minimum Ti. 
In CR_1, the maximum Ti decreased by 0.4°C and the 
minimum Ti decreased by 0.1°C. In CR_2, the 
maximum Ti decreased by 1.6°C and the minimum Ti 
increased by 0.6°C. Therefore, this strategy will have 
a greater impact on days with higher temperatures, 
as it significantly affects the maximum Ti. However, 
on cold days, even though the insulation causes the 
minimum Ti to increase, it also causes the maximum 
Ti not to exceed 20.2°C in all the cases studied. 

Finally, it is important to discuss the results of 
the hot day, where all the roofs, except CR_1, show 
an overheating of the interior, even considering the 
maximum allowed (26°C) of the upper limit of the 
comfort zone. These results indicate the need for 
cooling, which contradicts the climate of this region. 
Although VR, which characterizes Andean vernacular 
architecture, mitigates the high heat input that a light 
roof can generate, the simulation model has not 
considered the high thermal mass of the vertical 
envelope. This influences the increase in heat input 
through walls and therefore a higher temperature. 

 
4. CONCLUSION 

This article addresses the adaptability of the 
vernacular roof typology of the Andean region of 
Ecuador to the current climatic conditions, in 
comparison with the three new roofing systems that 
have appeared in recent decades. From the study, the 
following conclusions have been drawn. 

The research presented in this paper supports 
that the thermal performance of roofs in this region 
depends mainly on their thermal mass and not on 
their thermal transmittance value. In this region, a 
low thermal mass roof, such as the fiber cement roof 
(FR), is not a feasible option because it causes high 
thermal discomfort during both day and night 
periods.  

On the other hand, a heavy Concrete Roof with 
lightening block (CR_1), the roof with the highest 
thermal mass, is the construction system with the 
best thermal performance, which means that 
temperatures remain within the comfort range for 
most of the day. The vernacular roof (VR), which is a 
light roof typology with a considerable thermal mass, 
does not differ too much from the values of CR_1 and 
its performance is practically the same as a metal 
deck concrete roof (CR_2). 

Finally, this article supports that the most 
important parameter to reduce the thermal 
discomfort in this region is the high thermal mass, it is 
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even more relevant than the thermal insulation, 
which can have a negative impact on the night 
temperatures. In this context, the vernacular roof is a 
resilient and feasible option to be adapted in new 
construction solutions due to its insulation level, its 
high thermal mass, and the moderate cost it 
represents compared to a concrete roof. 
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Anti-sargassum system for the manufacture of artisanal 
bricks 
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ABSTRACT: This article presents the design, production, and installation of an anti-sargassum system, to use 
sargassum in the manufacture of bricks, using a mixture of sargassum, sand, cement in a proportion of 0.81, 
0.27 and 0.12 kg respectively in 450 ml of water, producing a brick of 250X125X45 mm with a weight of 1.2 kg. 
The impact on the manufacture and distribution of sargassum brick when using cement was 9.27168e-06 kg 
CO2eq. If we compare it with the production and distribution of a red brick which is 0.152620 kg CO2eq. Sargassum 
brick is 99.99999% less polluting than red brick. It is proposed to develop this project to contain in advance the 
successive arrivals of this type of macroalgae, using a deployment mesh to later carry out its drying and 
grinding, with the above being possible to manufacture artisan bricks. 
KEYWORDS: anti-sargassum, sargassum brick, cement, red brick, polluting. 

1. INTRODUCTION
Climate change (CC) directly affects oceanic 

waters due to the gradual increase in temperatures in 
the pelagic areas of the coasts, favouring the 
multiplication of macroalgae that will eventually 
become sargassum, causing severe economic impacts 
on the coasts of Quintana Roo, being that the tourism 
sector represents 90% of the economic activities of 
the state [1]. The arrival of sargassum is a 
phenomenon that as of 2009 grew exponentially 
throughout since that date to actually [2].  

This fact represents a scientific challenge to 
contain it to the probable minimum, to reduce its 
catastrophic effects in all the economic branches 
dependent on the mentioned sector. Its detection 
begins when the “Great Atlantic Sargasso Belt” starts 
to expand significantly towards the coasts of the 
islands of the Caribbean Sea and the State of 
Quintana Roo [3]. By 2018 and 2019, the volume and 
extension of this sargassum in the Atlantic had 
already become alarming. It was estimated that in 
June 2018 its live weight at sea was more than 20 
million tons, distributed along an extension of more 
than 8,850 km [3]. 

Among the environmental and economic 
consequences of sargassum on the beaches of 
Cancun, Riviera Maya, Playa del Carmen and Tulum, 
the following are mentioned: 

 To this it should be added that the massive
sargassum massacres also represent severe
public health problems, since when
decomposed it generates hydrogen sulfide,
methane and ammonium.

 The effect of sargassum produces an
immediate environmental effect on current

coastal ecosystems, especially the 
Mesoamerican Reef System, sea grasses, 
mangroves, and wetlands in general. 

Sargassum is a brown or blackish green 
macroalgae that is kept afloat by gas-filled vesicles. 
These algae can grow several meters long, are hard in 
texture and easily interlaced, creating strong and 
flexible sargassum islands capable of surviving among 
the strong currents of the Caribbean Sea. In addition, 
when sargassum reaches the beach, it has a rotten 
smell and generates hydrogen sulfidic, methane and 
arsenic that can contaminate soils and ecosystems. 
[3]. 

The Sargasso Sea is named after the floating mats 
of Sargassum algae, first reported by Christopher 
Columbus in the 15th century. These algae attract 
fish, shrimp, crabs, birds, and turtles, provide 
essential habitats, and serve as hotspots for 
biodiversity and productivity. There are two 
prevailing species of sargassum, which are Sargassum 
fluitans and Sargassum natans, are the most 
abundant in the Sargasso Sea and the Gulf of Mexico, 
which are connected by ocean currents [3]. “The 
Sargasso Sea is recognized as an important open-
ocean ecosystem, most of which lies outside national 
jurisdiction, and deserves recognition by the 
international community given its great ecological 
and biological importance, cultural significance, and 
its outstanding universal value" [4]. This background 
sets the tone and offers options for how to approach 
the formation of the New Sargasso Sea. 

The “New Sargasso Sea”, which started in 2011 
with a relatively minor biomass, has grown steadily to 
reach 20 million tonnes of sargassum in June 2018 
[3]. One way to measure this amount of sargassum is 
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to compare it with the national fishing catch in 2017, 
with a total of 2.16 million tons [5], of which 4,837 
tons were algae and giant sargassum. In the summer 
of 2018, Quintana Roo experienced extraordinary 
accumulations of sargassum [1]. 

Studies have been carried out to learn about the 
formation of this new Sargasso Sea. The results of 
these scientific investigations have given rise to some 
preliminary hypotheses of the probable factors that 
have influenced the explosive increase in the number 
and volume at successive and uninterrupted arrival of 
the sargassum conglomerates. Within these 
hypotheses we can mention the following (not 
ranked) [3]: 

 Increase in surface temperatures of ocean 
waters. 

 Modification of the directions and speed of 
the ocean currents that occur in the 
Caribbean Sea. 

 Increase in the availability of nutrients due 
to natural phenomena, in view of the change 
in the circulation of coastal and inland winds 
from various regions of the Atlantic, mainly 
at the mouths of the Orinoco and Amazon 
rivers. 

 The deposition of soluble solids with the 
arrival of sewage from the domestic sanitary 
networks of the main population centres of 
the Quintana Roo coast. 

 The sustained confluence of new 
environmental conditions: temperature, 
nutrients, light, winds, and currents, which 
have fostered an optimal environment for 
the growth and proliferation of these species 
of pelagic sargassum. 

To take advantage of the sargassum that 
accumulates on coastal beaches and that retained in 
the pelagic zone, some scientists have sought 
innovative commercial applications from its residues, 
such as: fertilizer, construction materials, designer 
shoes, craft paper, biogas, and the extraction of 
chemical products for the food or pharmaceutical 
industry, among others [6]. 

The objective of this study is that through the 
design, production, and installation of an anti-
sargassum system, it is intended to use the collected 
sargassum as raw material to manufacture bricks. 
This will prevent this macroalgae accumulate in 
mounds in the first 10 m within coastline, which allow 
tourists to rest and sunbath as well as swim and dive 
in the 50 m offshore. 

Design a short, medium, and long-term strategy 
that makes the development of a value chain (reuse 
of the collected sargassum) feasible from sargassum, 
to obtain the brick. The general objective of this 
project is to develop a low-cost anti-sargassum 
system, with the following characteristics.  

 Stop early all sargassum islands that come 
from offshore.  

 Do not harm the marine flora or fauna, 
specifically the coral reefs that are found 
near the coastline of the state of Quintana 
Roo.  

 Build the anti-sargassum system with 
recyclable and low-cost materials. 

 With the sargassum colected and dried, 
made of a brick utilizing a small quantity of 
cement as a binder the mix it.  

 
2. MATERIALS AND METHODS 

The method for developing the project is grinding 
to obtain powder and mixing it with three quarters of 
sargassum and one quarter of paste made with a mix 
of sand and cement adding water to it. Done the 
above obtain a malleable mass for the elaboration of 
the handmade sargassum brick with specific 
measurements and volume. Before doing the above, 
the following steps must be followed: 

 Sargassum monitoring. 
 Collect sargassum in specific areas. 
 Drying with sun exposure. 
 Ground sargassum. 
 Manufacture of brick. 
 Life Cycle Assessment (LCA) of Sargassum 

brick 
 

2.1 Monitoring  
With the National Earth Observation Laboratory 

(NEOL), the movement of sargassum (Fig. 1) 
throughout the ocean can be monitored, this is done 
using an algorithm based on satellite images to know 
the displacement of the annual arrivals [7].  

Figure 1. Sargasso viewer utilysing LANOT. 
 

Using an algorithm, sargassum can be detected in 
the maritime zone near the coast of Quintana Roo, 
extending to Belize, Guatemala, and part of 
Honduras, covering an approximate area of 150,000 
km2. Images from the Sentinel-2 satellites of the 
COPERNICUS Constellation of the European Space 
Agency are used. A mosaic is generated from 18 

125



 

satellite images, this occurs every 5 days. To cover 
the gap of five days between the availability of 
Sentinel 2 images and thus provide an estimate of the 
movement of the centroids identified in the 
sargassum detection process, ocean current data 
provided by HYCOM (Hybrid Coordinate Ocean 
Model) is used. [8]. 

 
2.2 Collect sargassum in specific areas. 

To collect sargassum, you must first register on 
the Collected Sargassum Monitoring System platform 
[9] that monitors sargassum for SEMARNAT to know 
in depth the sargassum phenomenon and thus design 
better protocols for attention to this problem and 
obtain permits for the collection of sargassum [9]. 

The anti-sargassum system is built using a 
containment barrier (Fig. 2), which has proven to be a 
great tool if they operate efficiently. 

 
 
 
 
 
 
 

 
 
 
Figure 2. Set of Anti-sargassum system. 
 
2.3 Drying with sun exposure. 

After the collection of the sargassum, it is cleaned 
from the beach sand, later rinsed with seawater, and 
deposited in sacks to be transferred to the processing 
workshop. In a clear area, the sargassum is 
distributed to dry it using sunlight. 
2.4 Ground sargassum 

When the sargassum is already dry, it is passed 
through a special mill for it to obtain a finer texture 
(Fig. 3).  

 
 
 
 
 
 
 
 

 
Figure 3. Grain mill. 
 

After grinding the sargassum, we pass it through a 
2 mm sieve to separate the fine and coarse parts or 
to clean it of impurities. 

 
2.5 Manufacture of brick 

The geometric dimensions of the finished brick 
are: 

 Length: 250 mm. 
 Width: 125 mm. 
 Height: 45 mm. 
 Weight: 1.2 kg 

The composition of the mixture for the brick is as 
follows. 

 Sargassum: 67.5% (0.81 kg) 
 Sand: 22.50% (0.27 kg) 
 Cement: 8% (0.12 kg) 
 Water: 2% (450 ml) 

The mixture is poured into the mold (Fig. 4) with 
the dimensions and compressed with a specifical 
mechanical press (Fig. 5) made for this purpose, thus 
reducing the humidity of the mixture. 

 
 
 
 
 
 

 
 
 

Figure 4. Brick mold. 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure 5. Mechanical press. 
 

After being poured into the mold, the mixture is 
compressed with a mechanical press made for this 
purpose, thus reducing the humidity of the mixture. 
Finally, the brick is obtained (Fig. 6). 

Figure 6. Sargassum brick. 
 
2.6 Life Cycle Assessment (LCA) of Sargassum brick 

As previously mentioned, 0.12 kg of cement was 
used to produce brick, so a LCA of the production and 
distribution of the cement was carried out to know 
the impact that this will have on the production of 
the sargassum brick. sargassum brick. In accordance 
with the ISO-14025 methodology, the processes are 
subdivided into modules. The LCA was carried out 
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from cradle to gate and covers the production and 
use stage (module A2-B1) [10]. 

The inputs and outputs (Table 1) for the 
manufacture of 1,000 kg of cement are the following 
[11]. 
 
Table 1. Inputs and outputs to produce 1,000 kg of cement. 

Life Cycle Inventory 
(LCI) 

Values 

Inputs 
Stone 600 kg 
Clay 100 kg 

Limestone 300 kg 
Plaster 10 kg 
Water 0.2 m3 
Sand 700 kg 

Gravel 800 kg 
Coal 300 kg 

Natural gas 0.2 m3 
Fuel oil 0.0004 m3 
Diesel 0.0 MJ 

Electric power 18.0 MJ 
Product 

transportation 
100 km 

Outputs 
SO2 2.048 kg 
NOX 0.0212 kg 

PM-10 0.00001 
PST 0.0032 
CO 0.0213 
CO2 0.0956 
COV 0.0024 
CH4 0.0011 

Hydrocarbons (HC) 0.0026 
 
The openLCA software was used to evaluate the 

environmental impacts in the manufacture of 0.12 kg 
of cement. It was used the method CML-IA baseline is 
developed by the Center for Environmental Studies, 
Leiden University, The Netherlands in 2001 [12]. 
Table 3 shows Life Cycle Impact Assessment (LCIA) of 
the transportation and manufacture a of 0.12 kg of 
cement. 
 
Table 3. LCIA of 0.12 kg of cement. 

Indicator 0.12 kg of 
concrete 

units 

Abiotic depletion 6.71381e-11 kg Sbeq 
Abiotic depletion (fossil 

fuels) 
6.53400e-4 MJ 

Acidification 2.99133e-4 kg SO2eq 
Eutrophication 3.74495e-7 kg PO4eq 

Freshwater aquatic ecotox. 1.90954e-7 kg 1,4-DBeq 
Global warming (GWP100a) 9.27168e-5 kg CO2eq 

Human toxicity 3.33376e-5 kg 1,4-DBeq 
Marine aquatic ecotoxicity 8.37763e-3 kg 1,4-DB eq 

Ozone Layer Depletion (ODP) 3.55770e-12 kg CFC-11eq 
Photochemical oxidation 1.19629e-5 kg C2H4eq 

Terrestrial ecotoxicity 3.55049e-8 kg 1,4-DBeq 
 

3. ANALYSIS AND DISCUSSION OF RESULTS  
It is essential to present technological alternatives 

to control and mitigate the economic damage, public 
health and environmental imbalance caused by 

sargassum swarms before it is established in the 
beach area. The benefit of this project is to 
collaborate in reducing the impact on the tourist 
image caused by sargassum on our beaches, by 
developing activities of culture of care and protection 
of the environment. The achievements during the 
project development process were:  

 Raise awareness in the community to help 
care for the environment.  

 The product was marketed locally.  
 Continuity of diversification to the ideas of 

predecessors who have used sargassum as a 
source of raw material. 

To must, the environmental impact of sargassum 
brick was compared to the manufacture of a red brick 
(the environmental impact of red brick was taken 
from the study conducted by Arzate 2023 [13]) 

The total emissions of kg CO2eq on the 
manufacture and distribution of sargassum brick 
when is used cement as a binder was at 9.27e-6 
compared with 152.62e-3 of a red brick [13]. 
Sargassum brick is 99.99999% less polluting than red 
brick (Fig. 7). 

Figure 7. Comparison in percentage between red and 
sargassum brick. 
 

The advantages of using cement in a sargassum 
brick making are: 

 More than 67% of the material used is 
organic and low cost. 

 It offers multiple advantages, from lower 
energy consumption in its production, 
greater durability, and resistance. 

 The cement will help the brick achieve a long 
useful life. 

 Other benefits, this organic material 
improves acoustics, has thermal 
characteristics and is biodegradable since it 
is made 67% with sargassum, 24% with other 
organic matter, and 8% with cement. 

The disadvantage of using cement is that its 
production process has a great environmental 
impact, which is why it is intended to reduce the 
percentage of this material. 
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4. CONCLUSION 
Sargassum is good, since it is extremely effective 

in trapping heavy metal ions that are highly harmful 
in the food chain, but the excess of this is harmful, so 
it must be used for the benefit of human beings. 

It is important to remove sargassum from beaches 
and coasts before it decomposes, to prevent the 
metals and elements it contains from accumulating in 
the marine area and continuing to harmful the fauna 
and flora of the Mexican coasts. The main purpose of 
the above is to reduce both its environmental impact 
and human health, by reducing the emission of 
hydrogen sulfidic, carbon dioxide and methane, 
which are released when the sargassum 
decomposition process begins. By preventing the 
sargassum islands from reaching the beach area, 
large areas of it are released, which can be used as 
nesting areas for different endemic species of turtles. 
It is proposed to develop this project to contain in 
advance the successive arrivals of this type of 
macroalgae, using a deployment mesh to later carry 
out its drying and grinding, with the above being 
possible to manufacture artisan bricks. 

According to the results obtained, the following 
general conclusions can be established: 

 The best percentage of cement, for 
reinforcing sargassum brick, is 8%, since 
cement percentages greater than 8% 
decrease the compressive strength. 

 It would be advisable to make buttresses or 
structural reinforcements to the walls or 
increase the thickness. 

 Cement only produces improvements in 
increasing flexural strength. 
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ABSTRACT: Life Cycle Assessment (LCA) enables the determination of the inputs and outputs of matter and 
energy for a process and/or product throughout its useful life or a part thereof. This analysis provides a 
standarized framework for information, allowing for comparisons, analysis, and the determination of 
environmental impacts in kilograms (kg) of carbon dioxide equivalent (CO2eq.). This study aims to present an LCA 
and evaluate global warming (GW), water consumption (WC), and other indicators by identifying a brutalist 
building in Mexico in the second half of the 20th century (Museo Tamayo) and its predominant construction 
material, following the International Organization for Standardization (ISO) 14040:2006 standard. The GW 
employs an LCA approach, considering all input and output flows resulting in greenhouse gas (GHG) emissions 
throughout the entire supply chain. The GW is quantified based on the manufacturing, distribution, and 
construction of the already built museum (concrete) and a potential scenario, using a more sustainable material 
(adobe). The obtained results indicate that the GW for concrete and adobe is 8.94E+6 and 8.44E+5 kg of CO2eq, 
respectively. The LCA results can be considered as indicators of management and sustainability, serving as a 
baseline for implementing strategies and actions that can be directed towards the development of green 
buildings. 
KEYWORDS: Materials, life cycle assessment, global warming, buildings, sustainability. 

1. INTRODUCTION

Since the Industrial Revolution, our methods of 
energy and food production and consumption have 
modified the atmospheric composition. This is 
primarily a result of fossil fuel combustion and 
ecosystem degradation, leading to an elevation in 
greenhouse gases (GHG), levels in the atmosphere, 
consequently causing climate change (CC) on Earth 
[1]. Currently, in Mexico, some effects of CC are 
noticeable: since 1960, the country has experienced, 
with national average temperatures rising by 0.85ºC 
and winter temperatures by 1.3ºC. There has been a 
decline in the number of cool days, an increase in 
warmer nights, and a reduction in rainfall in the 
southeast of the country [2].  

In 2015, Mexico emitted 683 million tons of 
carbon dioxide equivalent (MtCO2eq) of GHG due to 
human activities. The industrial processes that 
generate GHG result from the transformation of raw 
materials through chemical and physical processes, as 
well as fugitive emissions from coal mining and 
handling (mining). Among the subsectors that 
generate the most emissions in the industrial sector 
in the country are cement, steel, and chemicals. 
Cement emitted 11,404.451 Gg of CO2eq in 2015 [3]. 
Additionally, the uncontrolled use of natural 
resources, such as water to supply productive 
activities like agriculture or industry, leads to the 
generation of wastewater, degradation of 
ecosystems, loss of biodiversity, and the depletion of 
this vital liquid. The three main sectors that have the 
granted use of this resource are agriculture, public 

supply, and self-supplied industry, the latter 
consuming 4.3 km3 increasing its volume between 
2010 to 2017 by 26.9% obtained mainly from 
groundwater. To measure its extraction, the degree 
of water resource pressure indicator is used, showing 
various contrasts due to climate, population size, and 
service demand. In the north, it fluctuates between 
40 and 85%. In the south less than 8%, and in the 
central part of the Mexico City it's 142% [4].  

The construction industry is a crucial sector for 
the social and economic development of the country, 
as it provides basic elements of well-being in society, 
such as schools, hospitals, roads, social interest 
housing and residential types among others. This 
economic activity relies on inputs from various 
industries, including steel, iron, cement, sand, lime, 
wood, and aluminum; therefore, the construction 
industry serves as one of the main engines of the 
country's economy. In 2019, there were 19,501 
companies dedicated to construction [5] with 115 
involved in cement manufacturing and 725 in 
concrete [6]. Indeed, one of the primary products 
used in the Mexican construction industry and 
globally is ready-mixed concrete. This material is 
produced with cement, aggregates of different sizes 
(gravel, grit, and sand), and water [7]. It is utilized on-
site or prefabricated for constructing buildings. For 
example, iconic structures like Estadio Azteca, 
Universidad Autónoma Metropolitana, Museo 
Nacional de Antropología, Museo Tamayo, Auditorio 
Nacional, and Torre Reforma designed respectively by 
the architects Pedro Ramírez Vázquez, Teodoro 
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González de León, Abraham Zabludovsky, and 
Benjamín Romano, have utilized concrete as the 
primary construction material. However, the use of it 
in these buildings, like many others, has 
environmental implications throughout their life 
cycle, involving the use of raw materials and natural 
resources, emitting GHG, contributing to global 
warming (GW), promoting CC, and causing 
biodiversity loss.  

In Mexico, there are local materials that can be 
explored and utilized in the construction industry, 
such as products derived from the earth. Examples 
included blocks made of adobe or rammed earth 
walls, both produced with local soil, clay, sand, and 
water. For instance, in Oaxaca, the School of Visual 
Arts, covering 2,200 square meters, and, designed by 
architect Mauricio Rocha in 2007 [8], serves as an 
illustration. Adobe has been employed worldwide, 
from the Neolithic period to vernacular architecture 
in the 19th and 20th centuries. Its promotion for use 
in 21st-century architecture is viable due to its low 
environmental throughout its life cycle. This results in 
reduced pollutant emissions (CO2) and diminished use 
of natural resources (water), aligning with the 
sustainability principles in construction [9]. 

It is important to know the negative impacts 
associated with the extraction of raw materials, their 
manufacture and distribution, their usage and the 
end of their useful life in construction. These impacts 
can be assessed through the GW metric, which 
measures the direct or indirect emissions of GHG 
from obtaining raw materials to the waste generated 
by a product or service [10]. Due to this, there is a 
growing in developing methods that provide a more 
comprehensive evaluation of GW throughout the life 
cycle. This helps determine improvements in the 
energy efficiency of each production process stage, 
aiming to reduce energy consumption and mitigate 
environmental impact as much as possible. One such 
technique developed for this purpose is the LCA, a 
tool that allows us to understand the emissions of the 
construction sector [11]. 

The selection of the materials used in constructing 
can play a pivotal role in reducing the impact 
generated during each life cycle stage, particularly in 
extraction, construction, and use. Therefore, 
evaluating the GW footprint of construction materials 
becomes a strategic tool to mitigate the impact on CC 
[10]. 

The LCA involves compiling the inputs and outputs 
of mass and energy used throughout the entire life 
cycle of a product. This encompasses extraction of 
raw materials, production, use, final treatment, 
recycling, until its final disposal, following the “cradle 
to grave” approach. The outcome of the LCA provides 
insights into potential negative environmental 
impacts such as GW, acidification, ozone depletion, 

eutrophication, pollution, and effects on human 
health [12]. 

In this study, the LCA was conducted following   
the ISO 14040:2006. This standard necessitates the 
use of a flow representation to characterize a unit, as 
illustrated in Figure 1 [13]. 

Since the Industrial Revolution, our methods of  
impacts such as GW, acidification, ozone 

depletion, eutrophication, pollution, and effects on 
human health [12]. 

In this study, the LCA was conducted following   
the ISO 14040:2006. This standard necessitates the 
use of a flow representation to characterize a unit, as 
illustrated in Figure 1 [13]. 

Figure 1. LCA Methodology according to ISO-14040:2006. 
 

The aim of this study was to assess the 
environmental impact generated by concrete in an 
already constructed building in the second half of the 
20th century (brutalist avant-garde) through LCA and 
compare it with a potential scenario using a local 
material called adobe. The emphasis was placed on 
evaluating GW and resource usage, particularly WC. 
 
2. MATERIALS AND METHODS 

The international standards that provide the 
framework for LCA are ISO 14040:2006 [14] which 
defines the general principles, and ISO 14044:2006 
[15], which further specifies the requirements. As 
described by ISO 14040:2006 and ISO14044:2006, the 
LCA methodology consists of four phases: 1) goal and 
scope, 2) inventory analysis, 3) impact assessment 
and 4) interpretation of results [16]. 

According to ISO 14044:2006, Life Cycle Impact 
Assessment (LCIA) determines the magnitude of a 
system's environmental impacts throughout the 
entire product life cycle. In this case, it was 
conducted from cradle to gate and covers production 
(A2-A3) (Fig. 2) [10]. 

Figure 2. Scope of the LCA. 
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2.1. System limits 
The GW analyzed in this study considers a life 

cycle approach, with boundaries extending from 
distribution to manufacturing. 

▪ Manufacturing encompasses all processes or 
requirements through which the raw 
materials, along with chemicals and other 
elements such as electricity, water, and 
fuels, are used to create the new one. 

▪ Transportation represents the output of the   
constructed system. 

▪ Temporary Limits: The reference year for the 
data used in preparing the Life Cycle 
Inventory (LCI) will correspond to the 
representative information of the 
production of each material from the 
factory. 

▪ Geographical Limits: The study area is 
delimited to the Mexican national territory. 

▪ Impact categories. This study is focus on 
analyzing the GW and WC using the Recipe 
2016 Midpoint method. 

 
2.2 openLCA 

The software used was openLCA, with the version 
employed in this study being 1.11 [17] alongside the 
ecoinvent 3.7 [18] database for transportation and 
manufacturing processes related to concrete and 
adobe, considering all potential environmental 
impacts that can be generated. 

The characteristics of concrete [10] are detailed 
below: 

▪ Concrete Supplier: XELLA de México. 
▪ Plant location: Garza García, Nuevo León. 
▪ Materials used in the manufacture of 

concrete: 58% sand, 20% cement, 15% lime, 
6% plaster. 

Table 1 displays the LCI of materials used in the 
manufacture of 1 kg of concrete [10]. 
Table 1. LCI of 1 kg of Concrete. 

The characteristics of adobe are outlined as 
follows [10]: 

▪ Adobe supplier: Paquimé 
▪ Plant location: Cuernavaca, Morelos 
▪ Materials used for the manufacture of 

adobe: 79% bank tepetate, 12% mine sand, 
7% cement and 2% limestone. 

Table 2 represents the LCI of materials used in the 
production of 1kg of adobe [10]. 
 
Table 2. LCI of 1 kg of Adobe. 

Input Unit  Quantity  
Water  kg 2.05E-1 
Diesel  MJ 6.45E-2 

Oil  MJ 3.10E-3 
Bench of Tepetate kg 1.20E+0 

Sand  kg 1.75E-1 
Calhydra  kg 3.43E-2 
Cement  kg 1.04E-1 

Bank tepetate * tkm 3.00E-1 
Output Unit  Quantity  

Nitrogen oxides**  kg 4.77E-3 
Carbon dioxide**  kg 3.87E-8 

Methane** kg 1.93E-7 
*The supplier of the adobe is carried out in the same place 
where the property will be built, so it looks for a tepetate 
bank that is less than 25 km in radius. 
**The supplier has not registered its outputs, so the 
calculation is made based on the use of natural gas [19]. 

 
2.3 Recipe 2016 Midpoint method 

ReCiPe is a method for LCA, that converts 
emissions and resource extractions into a concise set 
of environmental impact scores using so-called 
characterization factors [20]. Midpoint indicators 
focus on specific environmental issues, such as fine 
particulate matter, land use, freshwater ecotoxicity, 
ozone formation, global warming, or water 
consumption [18].  

 
3. RESULTS AND DISCUSSION 

Figure 3 shows LCIA of the transportation and 
manufacture of 1 kg of concrete and 1 kg of adobe.  

Figure 3. LCIA of 1 kg of concrete and 1 kg of adobe. 

Input Unit  Quantity  
Electricity  MJ 2.60E-1 

Water  kg 2.07E+0 
Natural gas  kg 1.56E+0 

Diesel  MJ 6.35E-2 
LP Gas  kg 4.64E-4 

Cement  kg 2.19E-1 
Lime  Kg 1.62E-1 
Sand  Kg 6.27E-1 

gypsum Kg 6.90E-2 
Transport tkm 2.92E-1 

Output Unit  Quantity  
Carbon dioxide* kg 9.23E-2 
Nitrogen oxide*  kg 2.10E-7 

Methane* kg 1.91E-6 
*The supplier has not registered its outputs, so the 
calculation is made based on the reported use of natural gas 
[19]. 
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This study has a scope from cradle to gate, which 
implies that, in terms of LCA, the impacts generated 
during the use and final disposal stage of each of the 
systems analysed are not considered. The impacts of 
the use stage are related to the specific 
characteristics of the design, location, and climatic 
conditions of the building. 

The results of the GW obtained from the openLCA 
software for each material are presented in Table 3. 
 
Table 3. Global warming in kg of CO2eq. per kg of each 
material, considering a life cycle approach. 

Material  Global warming Units 
1 kg of concrete 7.72E+0 Kg CO2eq. 

1 kg of adobe 3.55E-1 Kg CO2eq. 
 
To calculate the mass required for covering one 

square meter (m2) with concrete or adobe, the 
quantity of kg of each material was separately 
quantified to construct that. The values were 
obtained directly from suppliers, technical sheets and 
reports of the inventories conducted by the Mario 
Molina Center, located in Mexico City. The results are 
presented in Table 4 [10]. 
 
Table 4. Equivalence: weight in kg/m2 of concrete and 
adobe.  

Construction 
System  Materials Kg/m2 

Concrete wall  Concrete on construction site 
f´c= 200 kg/cm3 

226.60 

Adobe wall Adobe (made with cement, 
tepetate, sand and calhydra) 

247.50 

 
The LCA of the manufacturing of building 

materials at the Museo Tamayo (Fig.4), was 
conducted from the cradle to the gate. 

Figure 4. Museo Tamayo 
 
The manufactured material for the institution has 

the following LCA information:  
LCA information for the Museo Tamayo [21] [22]. 
▪ Geographic location: Paseo de la Reforma 

51, Polanco, Bosque de Chapultepec, CDMX. 
▪ Functional unit-declared unit: 5,100 m2 [23] 

of concrete (each square meter requires 
226.60 kg/m2, so a total of 1,115,600 kg was 
required). 

▪ Functional unit-declared unit: 5,100 m2 of 
adobe (each square meter of adobe requires 
247.50 kg/m2, 1,262,250 kg was required). 

▪ Reference useful life: not applicable. 
▪ Database and LCA software used: openLCA, 

version 1.11, and ecoinvent version 3.7 
database. 

▪ This system includes transportation and 
manufacturing: A scenario of 100 km 
distance was considered. 
 

Figure 5 shows the GW of the distribution and 
manufacturing of the Museo Tamayo, using concrete 
and the Figure 6 shows if adobe were used.  
 

Figure 5. GW in Kg of CO2eq. in the distribution, manufacture 
to of the Rufino Museum with concrete. 
 
 
 
 
 
 
Figure 6. GW in Kg of CO2eq. in the distribution, manufacture 
to of the Rufino Museum with adobe. 

 
The comparison of GW and WC between adobe 

and concrete in the Museo Tamayo is shown in Figure 
7 and 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Comparison of GW impacts (kg of CO2eq.) between 
concrete and adobe. 

Figure 8. Comparison of the water consumption between 
concrete and adobe. 
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4. CONCLUSION 
The goal of this study was to identify the brutalist 

avant-garde in a building in Mexico [24] in the second 
half of the 20th century (Tamayo Museum) 
characterized by emphasizing the expressive 
character of its materials by giving it the predominant 
shape in its exterior and interior volume (concrete), 
quantify this material and investigate its 
environmental impact, comparing it with a probable 
scenario proposing a local and traditional material 
from the region (adobe). 

The LCA focused on modules A2 (transport) and 
A3 (manufacturing) to highlight the environmental 
impact that construction materials can exert at these 
stages (table 5), spurred by a brutalist movement that 
advocated for its use without consideration for 
environmental consequences. Future research will 
address the review of all stages, including 
construction and structural materials, maintenance, 
recovery processes, and recycling methods. 
 
Table 5. GW emissions and water consumption 

Material Global warming Water 
consumption 

Concrete 8.94E+6 kg of CO2eq. 12.94E+3 m3 

Adobe 8.44E+5 kg of CO2eq. 2.00E+3 m3 
The use of concrete in the building construction 

emitted 90.55% more kgCO2eq. compared to adobe, a 
natural resource indispensable for biodiversity on the 
planet, contributing to GHG that lead to GW and, 
consequently CC. Additionally, is used 85.49% more 
water compared to adobe.  

Understanding the life cycle of materials and their 
environmental impact, along with the exploitation of 
resources and the generation of waste, should be one 
of the first steps in designing a sustainable building. 
The construction industry emits many pollutants and 
utilizes significant natural resources essential for the 
ecosystem, resulting in CC and loss of biodiversity.  

In Mexico, the culture of analysing the life cycle of 
materials in construction is very recent. Architecture 
schools still do not integrate this topic into their 
curriculum. Consequently, entire generations of 
graduates do not apply this methodology at a 
professional level. Furthermore, the government 
does not require companies to declare the 
environmental impact of their products through life 
cycle assessment, leading to a lack of environmental 
impact information for many products. Moreover, it 
is necessary to promote research and development of 
materials and products that are more sustainable 
throughout their lifecycle. Disseminating this 
information to society is crucial, fostering awareness 
and encouraging the demand for sustainable 
production that decouples economic growth from 
environmental degradation. It's essential to increase 
resource efficiency, advocate for efficient lifestyles, 
mitigate poverty, and transition towards greener and 

low-carbon economies.  In short, the goal is to 
achieve more and better with less, as suggested by 
Sustainable Development Goal number 12: Ensure 
sustainable consumption and production patterns, 
particularly under its target 12.8: By 2030, ensure 
that people everywhere have the relevant 
information and awareness for sustainable 
development and lifestyles in harmony with nature 
[25].  

The findings of this study lead to the following 
conclusions: 

▪ The baseline system, comprising a concrete 
wall, exhibits the highest GW among 
examined systems. 

▪ With only: 8.44E+5 kg of CO2eq., adobe has 
the least impact on the environmental 
impact. 

▪ The processes with the most significant 
relevance to the environmental impact of 
the analysed materials, based on the results 
obtained, include the use of cement and 
natural gas, technology employed, 
transportation of raw materials and 
electricity consumption. 

▪ It is noteworthy that the cement and 
concrete industry in our country is actively 
working to minimize its environmental 
impact. Strategies such as co-processing, 
utilizing waste-derived fuels instead of fossil 
fuels, employing low-carbon cements with 
alternative raw materials, enhancing energy 
efficiency in processing kilns, adopting 
electric transportation, and redesigning the 
production process with low CO2 content are 
being implemented. 

▪ Emphasizing the role of transportation in 
emissions, it is crucial to acknowledge that 
they increase with the distance between 
material manufacturing locations and 
construction sites. 

▪ The water consumption for material 
transformation and processing is a vital 
factor, potentially leading to water stress 
and scarcity at an industrial level. Exploring 
sustainable water use practices is essential. 

▪ The computational tool provided in this 
study enables a detailed examination of 
these emissions.  

▪ Traditional construction materials like 
adobe, by creating local jobs, can contribute 
to sustainable development. 

▪ Promote the use of environmentally friendly 
technologies and alternative fuels in material 
manufacturing. 

▪ Use materials that are sourced as close to 
the construction site as possible to minimize 
impacts. 
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▪ Consider the appropriateness materials for 
each location, taking transportation into 
account. 
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ABSTRACT: This study investigated the air infiltration characteristics and energy performance of green dwellings 
within a social housing project in Egypt. This study aimed to evaluate the effectiveness of sustainable building 
practices in mitigating energy consumption and enhance building resilience facing future climate challenges. The 
first phase of this research involved comprehensive air infiltration testing using Blower-door testing to assess the 
airtightness of the building envelope. Subsequently, energy simulations were conducted using state-of-the-art 
modelling tools, such as Grasshopper, to predict the annual energy consumption of the dwellings. These 
simulations will account for various factors, such as climate and building design, providing insights into the 
potential energy savings achievable through sustainable architectural interventions. The social housing context 
introduces a socioeconomic dimension to the study, considering the affordability and feasibility of implementing 
green strategies. The findings of this study contribute to the growing body of knowledge on sustainable housing 
in emerging economies, providing evidence-based insights for policymakers, architects, and developers. 
Ultimately, this research seeks to promote a holistic approach to building design and construction, emphasizing 
the importance of air infiltration testing in creating energy-efficient and resilient housing solutions for 
marginalized communities in Egypt. 
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1. INTRODUCTION  
Air infiltration is the uncontrolled flow of air into 

and out of a building through cracks, gaps, and other 
openings in the building envelope [1]. Residential 
buildings are the most common buildings in the world, 
with approximately two billion dwellings [2]. In Egypt, 
residential buildings consumed approximately 40.5% 
of the total electricity consumption during 2020/21 
[3]. The government is taking proactive measures to 
address climate concerns. Social housing programs, 
which aim to provide low-income households with 
affordable homes, are no exception. It was Egypt’s first 
national green-building effort and the region’s first 
green social housing initiative. The Green Pyramid 
Rating System (GPRS) [4] has been implemented by 
the program, which scores at least seven areas: 
sustainable site and design quality, construction 
materials and resources, water efficiency, energy 
efficiency, health and wellness, management, and 
innovation [5]. One strategy seeks to reduce energy 
losses through the envelope by improving heat 
transmission by conduction, which has been 
extensively solved by using more and better thermal 
insulation. This study presents the results of air 
infiltration testing using blower door tests in 8 green 
dwellings in a social housing project in Egypt. The 
infiltration values were used in an energy simulation 
to estimate the energy consumption of the dwellings. 
The findings of this study suggest that air infiltration 
testing can be used to identify and quantify air 
leakages in buildings, revealing not only the potential 

for significant energy savings, but also a key to 
unlocking building resilience in social housing.  
 
1.1 Fundamentals of Air Infiltration through Building 
Envelopes 

The airflow as a function of the pressure gradient 
across the building envelope is represented using the 
Power Law Equation (1): 

 
Q=CL (∆P)n                               (1) 

 
Where Q - the average airflow rate of pressurization 
and de-pressurization (m3/h); 

 CL - the air leakage coefficient (m3/(h∙Pan)); 
ΔP - the pressure difference between interior 

and exterior (Pa) ; 
n - the flow exponent that characterizes the 

flow and is usually in the range from 0.5 to 1 
(dimensionless). 

The parameters that constitute Equation (1) must 
be extracted from all infiltration tests to estimate the 
air leakage quantity and characteristics. To compare 
different envelopes’ performance, airflow, Q, is 
normalized according to ISO 9972 [6], using the 
following building parameters: exterior envelope 
surface area (AE in m2), net floor surface area (AF in 
m2), and internal volume (V in m3). The resulting 
infiltration parameters are detailed in (Table 1). 
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Table 1: Standardized airtightness parameters at 50 Pa 
Parameter Description Equation Unit 
Q50 Average airflow  CL (50)n m3/h 
n50 Air change rate  Q50/V h-1 
w50 Specific leakage  Q50/AF m3/h∙m2 
q50 Air permeability 

rate  
Q50/AE m3/h∙m2 

 
1.2 Testing methods for air infiltration 

The measurement of air leakage through a building 
envelope is crucial for assessing its energy 
performance and identifying the potential energy 
waste. Two commonly employed methods for this 
purpose are the fan pressurization method, Blower 
Door Testing (BDT), and the tracer gas method. The 
blower door test has a variable speed fan to adjust the 
pressure difference and an aluminium frame to seal 
the fan tightly into the doorjamb. It measures both the 
airflow through the fan and the pressure difference 
between the house inside and outside. Tracer gas 
testing, as described in ASTM E741 [7] offers an 
alternative method for measuring air leakage. This 
method involves injecting a small amount of tracer gas 
into space and allowing it to mix with the interior air. 
The tracer gas concentration is monitored over time, 
and airflow and air change rates are determined based 
on a mass balance equation. Given its practicality and 
ease of implementation, the blower door testing 
method has been selected for this study.  

To quantify air infiltration in buildings under 
specific pressure differences across the building 
envelope, ISO 9972:2015 [6] and ASTM E779:2010 [8] 
are the most widely used standards for field 
measurements of air permeability of buildings or parts 
of buildings. The test method is conducted by creating 
mechanical pressurization or de-pressurization of a 
building until reaching a specific pressure difference 
between indoors and outdoors and measuring the 
airflow rate. 
 
2. METHODOLOGY  

This study employs the blower door test 
methodology according to ISO 9972 standard [6] to 
quantify air infiltration. Consequently, building energy 
simulation is used to predict energy consumption. The 
integration of information from energy simulations, air 
infiltration testing, and a socioeconomic analysis form 
the basis for a thorough study. This analysis’s depth 
and scope are increased by comparative field testing 
conducted within the same local context and 
benchmarked against international knowledge.  
 
2.1 Description of tested dwellings 

The present work collectively analyses 
pressurization tests carried out in 8 dwellings located 
in the New Administrative Capital in Egypt. 
Geographically, the dwellings are located in the hot 
dry climatic zone (Bwh) according to the Koppen 

climate classification [9]. The selected units comprised 
green buildings, with identical six-story frame areas, 
floor areas, and volumes, as depicted in (Figure 1). The 
dwelling area is 65.50 m2, with a volume of 178.81 m3, 
and an envelope area of 94.14 m2. with a frame area 
of 11.50 m2, and a total frame length of 34.60 m2.  The 
construction of green dwellings differs from 
conventional dwellings in using cement bricks and 
concrete floors and slaps instead of clay bricks. The 
fenestration elements are PVC window frames with 
low E glass instead of wooden windows in 
conventional dwellings.  

 
Figure 1: Green housing dwellings floor plan 
 
2.2 Data Validation  

All the tests reported in this study meet the 
requirements of ISO 9972 [6]. Namely, (1) the indoor–
outdoor temperature differential multiplied by the 
building height was less than 250 mK; (2) the wind 
speed near the ground was lower than 3.0 m/s during 
the time of the testing; (3) the correlation coefficient 
between ΔP and the airflow was greater than 0.96 
when determining the airflow coefficient C and airflow 
exponent n using a least squares technique; and (4) 
the airflow exponent ranged between 0.5 and 1.0. 

The first two conditions were checked using the 
ambient condition measurements completed for each 
test. To check Conditions 3 and 4, the corrections for 
zero flow pressure difference, actual and observed 
airflow through the fan, and internal/external air 
density differences were applied to the measured 
pressure differences and airflow rates. Then, the 
corrected airflow rate through the building envelope 
was plotted on a log–log plot against the 
corresponding pressure difference. (Figure 2) shows 
an example of the graphs produced with a correlation 
coefficient of 0.999. In conclusion, all the 
measurements fulfil the corresponding requirements 
in ISO 9972, and thus the test results were considered 
valid. 
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q50 Air permeability 
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1.2 Testing methods for air infiltration 

The measurement of air leakage through a building 
envelope is crucial for assessing its energy 
performance and identifying the potential energy 
waste. Two commonly employed methods for this 
purpose are the fan pressurization method, Blower 
Door Testing (BDT), and the tracer gas method. The 
blower door test has a variable speed fan to adjust the 
pressure difference and an aluminium frame to seal 
the fan tightly into the doorjamb. It measures both the 
airflow through the fan and the pressure difference 
between the house inside and outside. Tracer gas 
testing, as described in ASTM E741 [7] offers an 
alternative method for measuring air leakage. This 
method involves injecting a small amount of tracer gas 
into space and allowing it to mix with the interior air. 
The tracer gas concentration is monitored over time, 
and airflow and air change rates are determined based 
on a mass balance equation. Given its practicality and 
ease of implementation, the blower door testing 
method has been selected for this study.  

To quantify air infiltration in buildings under 
specific pressure differences across the building 
envelope, ISO 9972:2015 [6] and ASTM E779:2010 [8] 
are the most widely used standards for field 
measurements of air permeability of buildings or parts 
of buildings. The test method is conducted by creating 
mechanical pressurization or de-pressurization of a 
building until reaching a specific pressure difference 
between indoors and outdoors and measuring the 
airflow rate. 
 
2. METHODOLOGY  

This study employs the blower door test 
methodology according to ISO 9972 standard [6] to 
quantify air infiltration. Consequently, building energy 
simulation is used to predict energy consumption. The 
integration of information from energy simulations, air 
infiltration testing, and a socioeconomic analysis form 
the basis for a thorough study. This analysis’s depth 
and scope are increased by comparative field testing 
conducted within the same local context and 
benchmarked against international knowledge.  
 
2.1 Description of tested dwellings 

The present work collectively analyses 
pressurization tests carried out in 8 dwellings located 
in the New Administrative Capital in Egypt. 
Geographically, the dwellings are located in the hot 
dry climatic zone (Bwh) according to the Koppen 

climate classification [9]. The selected units comprised 
green buildings, with identical six-story frame areas, 
floor areas, and volumes, as depicted in (Figure 1). The 
dwelling area is 65.50 m2, with a volume of 178.81 m3, 
and an envelope area of 94.14 m2. with a frame area 
of 11.50 m2, and a total frame length of 34.60 m2.  The 
construction of green dwellings differs from 
conventional dwellings in using cement bricks and 
concrete floors and slaps instead of clay bricks. The 
fenestration elements are PVC window frames with 
low E glass instead of wooden windows in 
conventional dwellings.  

 
Figure 1: Green housing dwellings floor plan 
 
2.2 Data Validation  

All the tests reported in this study meet the 
requirements of ISO 9972 [6]. Namely, (1) the indoor–
outdoor temperature differential multiplied by the 
building height was less than 250 mK; (2) the wind 
speed near the ground was lower than 3.0 m/s during 
the time of the testing; (3) the correlation coefficient 
between ΔP and the airflow was greater than 0.96 
when determining the airflow coefficient C and airflow 
exponent n using a least squares technique; and (4) 
the airflow exponent ranged between 0.5 and 1.0. 

The first two conditions were checked using the 
ambient condition measurements completed for each 
test. To check Conditions 3 and 4, the corrections for 
zero flow pressure difference, actual and observed 
airflow through the fan, and internal/external air 
density differences were applied to the measured 
pressure differences and airflow rates. Then, the 
corrected airflow rate through the building envelope 
was plotted on a log–log plot against the 
corresponding pressure difference. (Figure 2) shows 
an example of the graphs produced with a correlation 
coefficient of 0.999. In conclusion, all the 
measurements fulfil the corresponding requirements 
in ISO 9972, and thus the test results were considered 
valid. 
 
 
 
 

 

 
Figure 2: log-log plot against the corresponding pressure 
difference. 
 
2.1 Air Infiltration Testing 

The tested dwellings weren’t furnished or occupied 
during this study. All units’ electric, network, and 
communication systems were already installed, and 
their exterior doors and windows were installed and 
functional. The exterior windows and doors were all 
closed during the test, while the internal doors were 
all open. The drainage traps in toilets, sinks, and 
showers were filled with water before the test. To 
assess air infiltration in the housing units, blower door 
tests were performed using the Minneapolis Blower 
Door TM System [10] following the guidelines outlined 
in ISO 9972:2015 [6] as shown in (Figure 3). During the 
tests, the applied pressure difference over the building 
envelope was adjusted in ten-point increments (at 10 
to 15 Pa intervals), starting at 10 Pa and ending at 75 
Pa, for both pressurization and de-pressurization.  
 

 
Figure 3: Blower door configuration on tested dwellings. 
 
2.1 Energy simulation input 

Following the blower door tests, simulation 
modeling [11] was conducted to examine the impact 
of air infiltration on energy consumption. Grasshopper 

is the simulation program used for the study. A 
modelling and simulation engine called Energy Plus is 
used to examine how much energy is used in buildings 
based on the heating and cooling loads as well as the 
available heating or cooling systems. Spaces must be 
converted into thermal zones to identify the attributes 
required for calculating the energy loads. The program 
used to determine the building load uses the thermal 
balancing method advised by ASHRAE for midrise 
residential buildings [12]. The simulation uses hourly 
values of climatic data, such as temperature and 
humidity, for Cairo, Egypt. By integrating these 
parameters, the simulation models aimed to analyze 
and quantify the relationship between air infiltration 
and energy consumption in the studied housing units. 
The simulation process considered the region’s 
specific climatic conditions, the building envelope’s 
thermal characteristics, and the HVAC systems’ 
efficiency to accurately evaluate the energy 
performance as shown in (Table 2). This combined 
approach of field measurements and simulation 
modelling enables a thorough evaluation of air 
infiltration and its impact on energy consumption. The 
data collected during blower door tests provides 
precise measurements of air infiltration rates. The 
simulation models, on the other hand, provide a more 
comprehensive understanding of the impact of air 
infiltration on energy consumption under varying 
conditions. 

 
Table 2:  Simulation Parameters Input 

 
3. RESULTS AND DISCUSSION  
3.1 Airtightness  

The measurements were carried out in a social 
housing building to determine building properties such 
as average airflow, air change rate, air permeability, 
and Specific Leakage rate (n50, q50, and w50) of the 
buildings using BDT. Table 3 shows the BDT results of 
the selected dwelling. The results presented in (Table 
3) indicate that: 
- The average air change rate and the air 

permeability rate for the tested sample were 8.44 
h−1 and 15.50 m3/(h∙m2), respectively. 

- Higher Floor levels in tested dwellings have a 
higher average value of airtightness parameters.  
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In a study carried out by Ramos et al. [13] the 
airtightness of 49 units of two different social housing 
neighbourhoods was tested. A sample of 25 flats was 
organized for the rehabilitated case and one with 24 
flats for the non-rehabilitated case. The sample was 
divided into two groups: rehabilitated and non-
rehabilitated neighbourhoods, as well as modified and 
unmodified units. The second case presented an 
average n50 of 8.86 h-1 with an average n50 of 8.56 h-1 
for the units with modifications and 9.21 h-1 for the 
units without modifications. Since this study 
investigates green dwellings, which are considered 
modified units, it can be compared to the non-
rehabilitated modified units.  
 
Table 3: The Airtightness parameters results of Blower Door 
Testing 

Dwelling Floor 

Q
50 

(m
3/h) 

n
50 

(h
-1) 

q
50 

(m
3/h∙m

2) 

w
50 

(m
3/h∙m

2) 
G1 0 1195.00 6.68 12.69 18.24 
G2 0 1431.00 8.09 15.20 21.85 
G3 1st 1324.00 7.49 13.64 20.21 
G4 1st 1267.00 7.16 13.05 19.34 
G5 3rd 1685.00 9.53 17.36 25.73 
G6 3rd 1691.00 9.56 17.42 25.82 
G7 4th 1599.00 9.04 16.47 24.41 
G8 5th 1765.00 9.98 18.18 26.95 
Mean  1494.62 8.44 15.50 22.81 
Median  1515.00 8.56 15.83 23.12 
Std. 
Dev.  218.28 1.24 2.16 3.33 

 
Another study in Spain done by Fernández-Agüera 

et al. [14] on 45 homes in seven open gallery-type 
social housing buildings in southern Spain.  The sample 
consisted of reinforced concrete frame, and 
continuous slab buildings with ceramic or cement tile 
flooring. Only kitchens and bathrooms had continuous 
suspended ceilings. Vertical envelope consisted of 
cavity-insulated walls: ceramic-brick wall outside, air 
chamber with insulation panel, and thin ceramic-brick 
plastered inner sheeting. Party walls consisted of thin 
hollow brick (approximately 15 cm thick) partitions, 
plastered on both sides. All windows, whether side-
hinged or horizontal-sliding, had aluminium frames 
and double glazing and were fitted with built-in roller 
blinds (‘Monoblock’ system). The field study consisted 
of pressurisation/de-pressurization tests performed 
with a Blower Door device supplemented with infrared 
thermography and smoke tests. The highest n50 value 
was 8.7 h-1, whereas the lowest, was 3.2 h-1. The mean 
value was 5.72 h-1, which is slightly better than the 
case studies in this paper.  

Field measurements were performed in the same 
local context as this study by Raafat et al. [15], which 
focused on 20 residential dwellings built with heavy 

construction materials and subjected to extensive 
characterization and testing. The average air leakage 
and the air permeability rate for the tested sample 
were 6.14 h-1 and 17.3 m3/(h∙m2), respectively. The 
sample selected was a random group of newly 
constructed dwellings in New Cairo that represent the 
typical characteristics of the available residential stock 
in this location. The sample was chosen to feature 
dwellings in the same development projects, others 
completed by the same contractors in different 
locations, and a group of randomly selected dwellings 
with different finishing qualities and properties. 
Despite that, the tested dwelling in this study is not 
considered green or modified but the average value is 
tighter than the dwellings in the social housing project. 

Comparing the results with the literature, see 
(Figure 4), the average values found are not distant 
from the non-rehabilitated modified units in the social 
housing project in Portugal. The study conducted in 
Spain and Egypt shows better air tightness values than 
this paper’s case studies.  

 

 
Figure 4: Airtightness variability found in international 
studies. 
 
3.2 Air Infiltration impact on energy consumption 

By performing an energy simulation using 
Rhinoceros 3D and Grasshopper software for air 
infiltration testing results, the results are depicted in 
(Table 4), and (Figure 5) show the energy chart balance 
for the total energy consumption of the building. The 
simulations were conducted to estimate the energy 
consumption of the buildings under the given 
temperature settings. The study considers 
temperature range from 20 °C to 27 °C, within the 
recommended range as per ASHRAE Guideline [13]. By 
analyzing the simulated energy consumption, the 
study aims to evaluate the energy implications 
associated with the air infiltration characteristics 
observed in the green units.  
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In a study carried out by Ramos et al. [13] the 
airtightness of 49 units of two different social housing 
neighbourhoods was tested. A sample of 25 flats was 
organized for the rehabilitated case and one with 24 
flats for the non-rehabilitated case. The sample was 
divided into two groups: rehabilitated and non-
rehabilitated neighbourhoods, as well as modified and 
unmodified units. The second case presented an 
average n50 of 8.86 h-1 with an average n50 of 8.56 h-1 
for the units with modifications and 9.21 h-1 for the 
units without modifications. Since this study 
investigates green dwellings, which are considered 
modified units, it can be compared to the non-
rehabilitated modified units.  
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Median  1515.00 8.56 15.83 23.12 
Std. 
Dev.  218.28 1.24 2.16 3.33 

 
Another study in Spain done by Fernández-Agüera 

et al. [14] on 45 homes in seven open gallery-type 
social housing buildings in southern Spain.  The sample 
consisted of reinforced concrete frame, and 
continuous slab buildings with ceramic or cement tile 
flooring. Only kitchens and bathrooms had continuous 
suspended ceilings. Vertical envelope consisted of 
cavity-insulated walls: ceramic-brick wall outside, air 
chamber with insulation panel, and thin ceramic-brick 
plastered inner sheeting. Party walls consisted of thin 
hollow brick (approximately 15 cm thick) partitions, 
plastered on both sides. All windows, whether side-
hinged or horizontal-sliding, had aluminium frames 
and double glazing and were fitted with built-in roller 
blinds (‘Monoblock’ system). The field study consisted 
of pressurisation/de-pressurization tests performed 
with a Blower Door device supplemented with infrared 
thermography and smoke tests. The highest n50 value 
was 8.7 h-1, whereas the lowest, was 3.2 h-1. The mean 
value was 5.72 h-1, which is slightly better than the 
case studies in this paper.  

Field measurements were performed in the same 
local context as this study by Raafat et al. [15], which 
focused on 20 residential dwellings built with heavy 

construction materials and subjected to extensive 
characterization and testing. The average air leakage 
and the air permeability rate for the tested sample 
were 6.14 h-1 and 17.3 m3/(h∙m2), respectively. The 
sample selected was a random group of newly 
constructed dwellings in New Cairo that represent the 
typical characteristics of the available residential stock 
in this location. The sample was chosen to feature 
dwellings in the same development projects, others 
completed by the same contractors in different 
locations, and a group of randomly selected dwellings 
with different finishing qualities and properties. 
Despite that, the tested dwelling in this study is not 
considered green or modified but the average value is 
tighter than the dwellings in the social housing project. 

Comparing the results with the literature, see 
(Figure 4), the average values found are not distant 
from the non-rehabilitated modified units in the social 
housing project in Portugal. The study conducted in 
Spain and Egypt shows better air tightness values than 
this paper’s case studies.  

 

 
Figure 4: Airtightness variability found in international 
studies. 
 
3.2 Air Infiltration impact on energy consumption 

By performing an energy simulation using 
Rhinoceros 3D and Grasshopper software for air 
infiltration testing results, the results are depicted in 
(Table 4), and (Figure 5) show the energy chart balance 
for the total energy consumption of the building. The 
simulations were conducted to estimate the energy 
consumption of the buildings under the given 
temperature settings. The study considers 
temperature range from 20 °C to 27 °C, within the 
recommended range as per ASHRAE Guideline [13]. By 
analyzing the simulated energy consumption, the 
study aims to evaluate the energy implications 
associated with the air infiltration characteristics 
observed in the green units.  
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Table 4: Annual Simulation Results for Tested and the 
Corresponding Dwellings 

Dwelling Façade  
Orientation 

Floor 
Level 

Cooling 
Load 
(KWh) 

Heating 
Load 
(KWh) 

G1 NW 0 2370.6 3035.2 
G1 – C* SW 0 1909.0 3012.9 
G2 SE 0 2737.7 2665.6 
G2 – C* NE 0 3088.2 2626.8 
G3 NW 1st 4887.1 3111.7 
G3 – C* SW 1st 4523.1 2930.8 
G4 SE 1st 5770.7 3254.7 
G4 – C* NE 1st 6087.8 3279.1 
G3 – C* NW 2nd 5560.1 3281.0 
G3 - C SW 2nd 5213.2 3060.3 
G4 - C* SE 2nd 6509.7 3705.3 
G4 - C* NE 2nd 6825.0 3741.0 
G5 NW 3rd 5831.2 3477.9 
G5 - C* SW 3rd 5517.0 3262.6 
G6 SE 3rd 6753.1 4006.5 
G6 - C* NE 3rd 7038.3 4039.2 
G7 NW 4th 6217.1 3707.8 
G7 - C* SW 4th 5933.0 3472.2 
G8 - C* SE 4th 7106.1 4242.8 
G8 - C* NE 4th 7351.4 4281.2 
G7 - C* NW 5th 9056.7 5441.2 
G7 - C* SW 5th 8909.6 5196.9 
G8 SE 5th 9901.7 5290.4 
G8 - C* NE 5th 9986.1 5271.6 
Mean   6045.1 3724.8 
Median   6010.4 3475.0 
Std.Dev.   2168.4 845.1 
*C: Corresponding simulated Unit 

 

 
Figure 5:  Energy Balance Chart for the whole building. 

 
The energy simulation model takes air infiltration 

values as input. Because there were 8 tested units, 
their values were used as input for their corresponding 
unit in terms of façade orientation and dwelling floor 
level within the building. The average annual energy 
consumption for cooling load is 6045.10 KWh, and for 
heating load is 3724.8 KWh. To compare it to other 
studies, the EUI (Energy Use Intensity) parameter is 
used, indicating 92.29 KWh/m2∙yr for cooling load, and 
56.87 KWh/m2∙yr.  Also, Comparing the cooling and 
heating demand in relation to the air change rate (n50), 
Pearson’s significance as shown in (Table 5) and 
(Figure 6) is < .001. 

 
 

Table 5: Correlation Table 
Variable  Cooling Load Heating Load 
Air Change Rate Pearson’s r 0.648 0.644  

p-value < .001 < .001 

 

  
Figure 6: Relation between Energy Consumption and Air 
Change Rate 
 

A study done in Spain [16] analyzed pressurization 
tests carried out in 13 dwellings located in residential 
blocks in the center and north of Spain, which is 
exposed to mesothermal, and continental climate, 
indicating that the focus of the energy demands of air 
conditioning should be on the coldest months. Then, 
the research was conducted by using computer 
simulation software: the infiltration modeling started 
with geometry creation for the buildings in Design 
Builder. Winter demand ranged from 72.32-30.76 
KWh/m2 and summer demand ranged from 33.11-2.75 
KWh/m2. The results show that infiltration accounts 
for between 10.5 and 27.4% of winter energy demand 
in buildings built under the current Spanish Building 
Code, between 21.9 and 27.0% in buildings subject to 
CT-79, and between 11.3 and 13.0% in old buildings 
without energy regulation (but restored by their 
owners). These values develop better results than the 
investigated dwellings presented in this study. 

 
4. CONCLUSION 

This study’s findings demonstrate how air 
infiltration affects energy consumption in new green 
social housing dwellings in Egypt. The testing was 
conducted in eight residential structures. The average 
air change rate and the air permeability rate for the 
tested sample were 8.44 h−1 and 15.50 m3/(h∙m2), 
respectively. Comparing the results with the literature, 
the average values found are not distant from the non-
rehabilitated modified units in the social housing 
project in Portugal, which was 8.56 h−1. The study 
conducted in Spain and Egypt shows better air 
tightness values than this paper’s case studies with an 
average value of 5.72, and 6.14 h−1, respectively.  

Using the Rhinoceros 3D and Grasshopper 
software, the energy performance analysis confirms 
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the potential for energy savings linked to decreased air 
infiltration. The average annual energy consumption 
for cooling load is 6045.10 KWh, and for heating load 
is 3724.8 KWh. To compare it to other studies, the EUI 
(Energy Use Intensity) parameter is used, indicating 
92.29 KWh/m2∙yr for cooling load, and 56.87 
KWh/m2∙yr. Comparing the results with a study done 
in Spain, Winter demand ranged from 72.32 - 30.76 
KWh/m2 and summer demand ranged from 33.11 - 
2.75 KWh/m2, which is much better than the results 
investigated in this study. Climate zone is considered a 
major factor as a difference between the context of 
the two studies.  

Significant energy savings can be achieved by 
reducing air leakage through enhanced building 
envelope design, shown as per Pearson’s correlation 
test between energy consumption and air change rate, 
which showed a significance of <0.001. Improving the 
building envelope to reduce air infiltration not only 
results in immediate energy savings but also 
strengthens a building's resilience to future 
challenges.  A tightly sealed building minimizes the 
energy required for heating and cooling by fostering 
stable indoor temperatures and reducing reliance on 
external climate conditions. A smaller carbon 
footprint, cheaper energy costs, and a reduced 
dependency on fossil fuels are all results of this 
enhanced thermal performance. The findings of this 
study show that minimizing air infiltration in social 
housing units has the potential to save energy and 
enhance building resilience in low-income 
communities. By creating a more tightly sealed 
building envelope, air infiltration reduction strategies 
can help these units better withstand extreme 
weather events, power outages, and other climate 
challenges. This can lead to increased safety, reduced 
damage, and faster recovery times, ultimately 
protecting vulnerable communities and minimizing 
the economic and social costs of climate-related 
hazards. Future investigation is required to examine 
the location and orientation of dwelling variances and 
building-specific elements that affect air infiltration 
rates, to provide evidence-based guidance for policy 
and program development aimed at improving 
building resilience and energy efficiency in social 
housing. Identifying key factors influencing air 
infiltration rates will help prioritize interventions and 
allocate resources most effectively. 
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the potential for energy savings linked to decreased air 
infiltration. The average annual energy consumption 
for cooling load is 6045.10 KWh, and for heating load 
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external climate conditions. A smaller carbon 
footprint, cheaper energy costs, and a reduced 
dependency on fossil fuels are all results of this 
enhanced thermal performance. The findings of this 
study show that minimizing air infiltration in social 
housing units has the potential to save energy and 
enhance building resilience in low-income 
communities. By creating a more tightly sealed 
building envelope, air infiltration reduction strategies 
can help these units better withstand extreme 
weather events, power outages, and other climate 
challenges. This can lead to increased safety, reduced 
damage, and faster recovery times, ultimately 
protecting vulnerable communities and minimizing 
the economic and social costs of climate-related 
hazards. Future investigation is required to examine 
the location and orientation of dwelling variances and 
building-specific elements that affect air infiltration 
rates, to provide evidence-based guidance for policy 
and program development aimed at improving 
building resilience and energy efficiency in social 
housing. Identifying key factors influencing air 
infiltration rates will help prioritize interventions and 
allocate resources most effectively. 
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ABSTRACT: Considering the urgent call to tackle climate change, reducing greenhouse gas emissions from the built 
environment becomes a priority. Slabs in multi-family houses are responsible for a high share of building’s life 
carbon emissions due to their intrinsic multi-functional nature and high quantity of materials. This research 
evaluates the impact of the different functional layers within a slab component, compares alternative materials 
with regards to the functional requirements, and assesses promising solutions in the context of element-based 
carbon budgets. Life cycle assessment, following established standards, is applied to a representative library of 
slab components. Results reveal that material choices for the structural layer significantly influence the 
environmental impact, with wood structure exhibiting five times lower carbon emissions compared to a traditional 
concrete slab and meeting the most stringent carbon budgets for the structural layer. The screed layer is identified 
as a significant contributor to the overall impact, holding an important relationship between its thickness and 
mass and the level of acoustic insulation. Only limited options are available to replace the cement-based screed in 
its functionality and although the acoustic performance and thickness hold a non-linear relationship, further 
studies are needed to confidently replace this layer with alternative materials. 
KEYWORDS: Carbon, Slabs,  Life-Cycle,  Emissions,  Buildings 
 
 

1. INTRODUCTION  
As underscored in the latest IPCC report [1], the 

climate is undergoing unprecedented changes with 
tangible impacts on societies. Urgent and reinforced 
efforts are imperative to reduce the rise in emissions 
and mitigate further global warming, necessitating a 
fast transition towards climate-resilient development. 
The built environment holds an important role in 
addressing climate concerns, contributing 
approximately 40% of annual anthropogenic 
greenhouse gas (GHG) emissions through both 
operational and construction activities. Although 
improvements on the operational side are noticeable 
[2], mastering the embodied impact remains crucial 
for achieving overarching climate goals [3]. Within this 
context, multi-story building’s slabs have emerged as 
a critical environmental hotspot, constituting 12% to 
32% of a building’s overall carbon footprint due to 
their extensive surface area, structural function, and 
reliance on carbon intensive materials [4]. Slabs in 
buildings serve multiple functions beyond structural 
support, i.e. thermal inertia, technical systems 
distribution, and acoustic properties. Given the 
complexity of this element, the following research 
questions arise: which functional layers or 
performance requirements most significantly 
contribute to this elevated impact? How do alternative 
materials and design options compare in terms of 
emissions reduction while meeting performance 
requirements? Finally, considering element-based 
carbon budgets [5], which solutions show promise for 

optimizing the environmental impact of slab 
elements? In the literature, the topic of slab elements 
and their environmental contribution is mainly 
discussed with regards to their structural function 
[6,7]. A research gap is identified in the relation of 
other functional requirements of slabs to the overall 
carbon impact and the challenges of using alternative 
materials and designs in fulfilling these requirements. 
 
2. METHODOLOGY 

To tackle the opportunities of slabs in reducing the 
environmental impact of multi-family buildings, a first 
review of existing slab systems and common practices 
is conducted. This review focuses on systems available 
in Switzerland such as those proposed in annex D of 
the SIA 2032 [8] and the lignum database [9] for wood-
based structures but the library could be extended 
with further typologies and the same methodology 
applied. In a second step, the whole system is 
decomposed into functional layers following the eCCC 
categorization [10] to allow a straightforward 
comparison and to be able to pinpoint the hotspots 
inside each system. Intermediate slabs are comprised, 
as shown in Figure 1, of a structure (C04.01), a floor 
covering (G02), and a ceiling finish (G04). The floor 
covering is further subdivided into support G02.01 
(screed and insulation) and finishing G02.02 (ex: 
parquet or ceramics). The screed serves multiple 
functions; it provides acoustic mass, it can 
accommodate the heating distribution, and acts as a 
levelling layer to prepare for the finishing layer. 
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Suspended ceilings can contain technical installations 
and provide a finishing to the lower structure. 

 
Figure 1: Decomposition of the slab into categories following 
the eCCC classification.  

 
Then, a comparative life cycle assessment (LCA) is 

conducted by varying parameters such as thickness 
and materials. Results are discussed in terms of 
challenges and opportunities in achieving 
performance requirements while reducing carbon 
impacts. Finally, systems are compared with carbon 
budgets based on allocation of global budgets to Swiss 
buildings [11] and element-based decomposition [5]. 
 
2.1 System boundaries  

The slab system, encompassing all layers from the 
lower to the upper finishing, is considered. Heat 
distribution is discussed, as floor heating systems are 
often part of the upper finishing, in terms of screed 
materials and limitations but no analysis on efficiency 
or carbon impacts is conducted. Horizontal 
distribution of ventilation ducts, electrical cables, and 
sanitary systems are also often integrated in the slab 
(either directly in the structural layer or in the false 
ceiling) but displacement in vertical distribution is also 
possible, therefore impacts are not included in the 
boundaries for this study. The comparison of solutions 
throughout the paper is made possible by accounting 
for equivalent fixed functional requirements and 
varying one parameter at the time. Functional 
requirements are defined based on SIA and ISO 
standards. These can vary depending on the national 
context and would affect the feasibility of the 
proposed solutions, but the function to carbon 
relationships are not affected. 
 
2.2 Carbon impact and storage 

Life Cycle Assessment is conducted following the 
standard SIA 2032. The assessment includes phases A1 
to A3, B4, and C1 to C4 as per definition in EN15804. 
The impact category chosen is GWP100 and the unit is 
kgCO2eq per functional unit. The quantification of 
embodied emissions is reported in kgCO2eq per square 
meter of building element (BE) and year. Emission 
factors for construction materials are taken from the 
Swiss KBOB database 2022 version 4 (2023). EPDs or 
other databases can be used for the analysis to better 
reflect impact factors outside the Swiss context. The 
biogenic carbon content of materials, in kgC, is also 
extracted from the KBOB database and converted into 
an amount of CO2 sequestered according to EN 
16449:2014. The GWPbio method [12] is also employed 
for the evaluation of the different systems. The 
method determines the benefits of delaying biogenic 

emissions through storage by defining indexes 
according to lifetime of components (SIA2032 – 
AnnexC) and rotation of the species utilized. The 
rotation periods are determined based on literature: 
70 years for wood products [13] and 1 year-crop-
rotations for fast growing materials.  

 
2.3 Parametrization and analysed variations 

The following four main functional parameters 
have been analysed: 

▪ Structural layer 
▪ Acoustic requirements  
▪ Floor finishing materials 
▪ Heating distribution. 

For each parameter, variations in terms of materials 
and/or thickness have been implemented to grasp the 
potential opportunities of decreasing the carbon 
impact while fulfilling the functional requirements.  

Thermal requirements are not accounted for as the 
focus is on intermediate slabs and no specific thermal 
requirement is specified. An insulation layer is still 
present but for acoustic performance.  

Dimensioning of structural materials for equivalent 
spans are taken from the Lignum database. Acoustic 
requirements are evaluated based on ISO norm 12354-
1/2 by combining the screed and the insulation layer 
and by varying thickness and materials. Alternative 
materials for floor finishings are examined based on 
commonly built systems. Finally, incorporation of the 
heating distribution in the screed layer is discussed 
through different screed materials and thicknesses.  

 
3. RESULTS AND DISCUSSION 

Results are presented first as a general overview of 
the systems commonly implemented in the market 
and then by comparing alternative materials and/or 
dimensions with regards to the main functional 
requirements: structural, acoustical, floor finishings, 
and heating distribution. Finally, analysed variations 
are compared with element-based carbon budgets.   

 
3.1 Current practices - overview 

Overall, the six slab systems depicted in Figure 2 
are considered as common current practices. The 
structure typically consists of a 25cm concrete slab or 
a wood-concrete composite. Alternatively, it can be 
entirely made of wood, employing a joist system that 
entails a main structure with robust beams supporting 
thinner planks to form a solid floor. The ceiling 
finishing is usually direct paint cover (in the case of a 
concrete slab) or a suspended gypsum ceiling. The 
floor finishing is mainly composed by either parquet or 
ceramics while the support tends to always use a 7cm 
cement screed with 2cm EPS acoustic insulation.  

In new constructions in Switzerland, concrete slabs 
remain the most widely used system. This is usually 
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due to cost of materials, easier integration of 
horizontal distribution of systems, and general culture.  

 
Figure 2: Main slab systems analysed – three structural 
materials; two types of ceiling; two types of finishing. 
 

A difference of 1.74 kgCO2eq/m2BE.year can be 
observed in net-GWPbio from the concrete slab with 
ceramic finishing to the wood slab with parquet, 
corresponding to a 60% reduction from the standard. 
The impact of the concrete slabs is dominated by the 
structural layer while the wood and wood-composite 
shift their impact to the finishing and the support.   
 
3.2 Structural function 

The primary function of the intermediate slab is 
structural. Designed to withstand vertical loads, slabs 
also play a crucial role in transferring horizontal forces, 
such as those induced by wind or seismic activity, to 
the walls. These walls, in turn, transmit these forces to 
the foundations. Several parameters come into play 
for the sizing and selection of a specific type of slab. 

 
Figure 3: Example of structural layer based on Lignum 
database for a span of 6m [9]. 
 

For equivalent span capability (Figure 3), Cross 
Laminated Timber (CLT) holds five times lower carbon 
impact than a traditional reinforced concrete system. 
A wood-concrete composite structure, with a 50/50 
ratio, presents an interesting middle option with less 
than half the impact compared to the base. This 
system could also be further optimized in its concrete-

wood ratio to further decrease its environmental 
impact. Opting for a wooden structure instead of 
concrete can significantly reduce Global Warming 
Potential (GWP), decreasing from 1.25 to 0.23 
kgCO2eq/m2BE.year (See Figure 3). Additionally, when 
factoring in biogenic carbon, the environmental 
benefits become even more pronounced. The biogenic 
CO2 content of the systems containing wood surpasses 
in all cases the fossil GWP and when applying the 
GWPbio method, the CLT system reaches a negative 
net- GWPbio, implying a positive impact on the climate.  

However, mitigating the carbon footprint of the 
structural layer extends beyond material choice. 
Proper structural design is crucial. The thickness of the 
elements varies depending on the spans, the structural 
design, and the loads. Reducing the weight of 
functional layers above the structural layer also 
contributes to lighter support structures [14]. 

Furthermore, it must be noted that the 
dimensioning of the structural layer not always only 
relates to its structural function. More than half of the 
commonly implemented 25cm height of the 
reinforced concrete slab often serves as space for 
integration of technical horizontal distribution with 
ventilation ducts’ diameters of up to 16cm. Therefore, 
the impact of the concrete slab depicted in Figure 3 
could be reduced if only the structural requirements 
were considered.  
 
3.3 Acoustic function 

Beyond its structural function, the slab must 
provide sound insulation. The purpose is to minimize 
the transmission of airborne noise, which includes 
sounds propagated through the air, as well as impact 
noises transmitted through the structure. This 
function is usually performed by the structure (C04.01) 
in homogeneous systems and by the support (G02.01) 
in “sandwich” systems.  

For a moderate indoor sound emission, typical of 
residential and office spaces, with average sensitivity 
and considering a weighted evaluation level, the 
accepted values are L’ <= 53 dB for impact noise and 
Di >= 52 dB for airborne noise [15]. For a homogeneous 
structure, the impact sound level (Ln,e,eq) and the 
weighted reduction index (Rw) can be calculated 
simply using the equation [16,17]: 

𝐿𝐿𝑛𝑛,𝑒𝑒,𝑒𝑒𝑒𝑒 = 164 − 35 log(𝑚𝑚′)  ( 1) 

𝑅𝑅𝑤𝑤 = 37.5 𝑙𝑙𝑙𝑙𝑙𝑙(𝑚𝑚′) − 42  ( 2) 

Where m’ is the mass per unit area of the structural 
slab (kg/m²). With the goal of maximising Rw and 
minimizing L, it is evident the important role that mass 
has on acoustic performance. Therefore, giving a net 
advantage to concrete structures (ca. 600kg/m2) in 
contrast to average wood structures (ca. 120kg/m2).  

The decoupling of the screed from surrounding 
elements and the use of insulating material creates a 
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"sandwich" effect that dampens noise. A poured 
floating screed, with a flexible intermediate layer, 
follows the mass-spring-mass principle to prevent the 
transmission of floor vibrations to the supporting 
structure and vice versa. These techniques are 
commonly employed to minimize noise propagation 
and enhance acoustic comfort within spaces. In this 
scenario, the level of impact sound is: 

𝐿𝐿𝑛𝑛,𝑑𝑑,𝑤𝑤 = 𝐿𝐿𝑛𝑛,𝑒𝑒,𝑒𝑒𝑒𝑒 − Δ𝐿𝐿𝑤𝑤   ( 3) 

To increase impact noise insulation, two crucial 
parameters are the dynamic stiffness of the insulation 
material (s’) and the mass of the floating screed (m’) 
[18] as depicted in the formula for the weighted 
reduction in sound impact (Δ𝐿𝐿𝑤𝑤). Reinforcing, again, 
the importance of mass (of the screed in this case) to 
the acoustic performance. Explaining the wide use of 
thick cement-based screeds (ca. 130kg/m2).  

Δ𝐿𝐿𝑤𝑤 = 13𝑙𝑙𝑙𝑙𝑔𝑔10(𝑚𝑚′) − 14.2𝑙𝑙𝑙𝑙𝑔𝑔10(𝑠𝑠′) + 20.8  ( 4) 

It must be noted that this analysis does not delve 
into different frequencies and indirect noise effects 
and the focus is given to direct impact noise 
attenuation. However, indirect effects, can be 
significantly mitigated with meticulous planning and 
well-thought-out connections. 
 
3.3.1 Insulation material  

The dynamic stiffness refers to the ability of a 
material to respond to sound vibrations within a 
specific frequency range. More specifically, it 
measures the resistance of the material to deform in 
response to sound waves. A lower dynamic stiffness 
indicates an increased ability of the material to 
attenuate vibrations and, consequently, to provide 
better sound insulation. 

 
Figure 4: Direct impact sound reduction versus carbon impact 
for different insulation materials with a concrete slab and a 
floating screed [19]. 
 

The dynamic stiffness involves considering the 
Young's modulus, the thickness of the insulating 
material, the airflow resistivity, and the density. 
Generally, the greater the material thickness and 

density, the higher the dynamic stiffness, 
consequently resulting in higher carbon impacts.  
Using wood-based materials, such as cellulose, proves 
beneficial. In addition to a favourable carbon 
footprint, cellulose offers good acoustic insulation 
with a low thickness. For instance, choosing a cellulose 
insulation of 50mm thickness instead of the commonly 
used stone wool reduces carbon emissions by 0.07 
kgCO2eq/m2BE.year and increases acoustic insulation by 
3dB. This not only ensures lower environmental 
impact but also enhanced acoustic performance (see 
Figure 4). Finally, it is worth noting that not all 
materials present the same slope and that the 
thickness is not linearly correlated to the acoustic 
reduction.  
 
3.3.2 Screed thickness 

It has been observed that increasing the thickness 
of the screed has only a minimal impact on acoustics 
beyond a certain thickness [7].  

30 MN/m3 represents the maximum dynamic 
stiffness limit for insulation materials according to the 
standard. Dynamic stiffness between 6 MN/m3 and 9 
MN/m3 are typical values for glass wool of 30mm, with 
different densities. However, specific values from 
suppliers are often challenging to obtain.  

Thus, it can be observed that for the same 
weighted reduction in sound impact of  Δ𝐿𝐿𝑤𝑤=35 dB, 
with s’=6 MN/m3 the screed has a thickness of 46 mm 
compared to 73.1 mm with s’=9 MN/m3. This result 
decreases the carbon emissions from 0.26 to 0.17 
kgCO2eq/m2BE.year, translating to a 0.09 
kgCO2eq/m2BE.year reduction for the same level of 
insulation depending on the insulation material and 
reducing the screed thickness (Figure 5).  

 
Figure 5: Direct impact sound reduction level comparison for 
a concrete screed in a floating floor for different dynamic 
stiffness of the insulation. 
 

It's also interesting to note that the choice of 
finishing can significantly impact the total load exerted 
on the structure. Minimizing thickness of the screed is 
advantageous. A lighter screed allows for a smaller 
structure as it needs to support less weight. Reducing 
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3.3.2 Screed thickness 
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Figure 5: Direct impact sound reduction level comparison for 
a concrete screed in a floating floor for different dynamic 
stiffness of the insulation. 
 

It's also interesting to note that the choice of 
finishing can significantly impact the total load exerted 
on the structure. Minimizing thickness of the screed is 
advantageous. A lighter screed allows for a smaller 
structure as it needs to support less weight. Reducing 

 

the weight of the screed contributes to lowering both 
the carbon footprint of the screed and that of the 
overall structure. Although accepted values for direct 
impact noise are below 53 dB, indicating that the 
thickness could potentially be drastically reduced, it 
must be noted that a minimal thickness of 40mm for 
cement-based screed is defined in the SIA 251 to avoid 
the risk of cracks.  

Screed’s materials are not compared in terms of 
acoustic performance in this article, but acoustic 
insulation depends on mass. Anhydrite screeds have a 
better volumetric mass. Thus, at equal weight, 
potentially similar acoustic insulation can be achieved, 
leading to a better carbon footprint with a lower 
thickness (kg/kgCO2eq: 0.12 for concrete vs. 0.09 for 
anhydrite). 

Other initiatives in the market are currently being 
proposed and evaluated such as earth-based materials 
which is promising in providing the necessary mass 
and low carbon impact, but a lack of acoustic studies 
has been observed to confidently assess its 
implementation.  
 
3.4 Finishings 

 
Figure 6: Variations of the finishing layer. 
 

In terms of fossil carbon emissions, linoleum has 
less impact than certain types of parquet. Choosing 
parquet over ceramic saves approximately 0.5 
kgCO2eq/m2BE.year (see Figure 6), a noteworthy 
reduction. Homes often incorporate a mix of both 
materials to leverage the benefits of ceramics in 
bathrooms or kitchens, but minimizing the use of 
ceramic is worthwhile to decrease the overall carbon 
footprint. 

Adhesives significantly contribute to the carbon 
footprint. With a floating floor, the carbon impact of 
the finishing decreases over 0.16 kgCO2eq/m2BE.year. 
However, it is not compatible with floor heating 
systems. 
 
3.5 Heating distribution 

In addition to providing floor levelling, a screed can 
incorporate the heating distribution. For this purpose, 
various types of screeds are possible. 

Anhydrite screeds are increasingly being employed 
as alternatives to cement screeds. However, their 

installation can be more challenging due to a longer 
drying time and precise condition requirements. 
Nevertheless, thanks to their increased strength, they 
provide the advantage of being able to achieve 
reduced thickness.  

A dry screed, despite its thin thickness, can still 
have a significant carbon impact (Figure 7). But it 
avoids the need for a drying period, as the entire 
construction process is dry. 

 
Figure 7: Systems to integrate heat distribution in screed. 
 
3.6 Carbon Budgets 

Looking at the next decades and considering 
carbon budgets until 2050 reveals the precarious 
position of concrete slabs, becoming obsolete towards 
the 2040 budget. More importantly, common 
finishings already face obsolescence now, 
necessitating a focused examination of these materials 
and designs (Figure 8).   

 
Figure 8: Comparison of finishing systems impact with 
finishing layer carbon budgets for 2030, 2040, and 2050. 
 
4. CONCLUSION  

In conclusion, the identified hotspots in a multi-
family house intermediate slab underscore the critical 
role of this element. The structural layer being on the 
forefront of the overall impact in case of commonly 
used reinforced concrete slabs but being surpassed by 
floor finishing in case of wood-based structures with 
the screed layer resulting in a determining layer in the 
slab both for its function and its carbon impact.  
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Considering these hotspots, the main challenge lies 
on the fact that heavier structures (ex: concrete 
structure with cement-based screed) tend to have 
improved acoustic insulation, making the definition of 
alternatives a considerable hurdle. The complexity of 
functional requirements (acoustic insulation, heat 
distribution) for the screed, a lack of comprehensive 
data from the suppliers, and limitations on the 
assessment methods impede the implementation of 
alternative materials and reduced thicknesses for the 
finishing layer. The highest challenge, in terms of 
carbon budget lies in the other functional layers 
(finishings) with current systems surpassing the 
budget by circa 20%. 

Nevertheless, this study highlighted some 
preliminary opportunities to decrease the carbon 
impact of slabs by up to two thirds compared to 
traditional systems. Notably, the 7cm cement-based 
screed is usually used for its acoustic insulation ability 
but the study reveals that reducing the thickness has 
minimal impact on acoustic performance but a high 
reduction on carbon impact (logarithmic relationship).  

In light of these findings, a call for a more 
integrated and holistic approach to address all 
functional requirements of slab elements in multi-
family houses becomes imperative. This shift is crucial 
to recognizing the challenges, fully understanding and 
implementing the opportunities available, and 
ensuring a smooth transition to a net-zero built 
environment.  
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ABSTRACT: Air pollution has become a global problem. The movement of air pollutants mainly depends on the 
airflow pattern, which is directly affected by urban spatial form. Understanding the effect of urban spatial form 
on airflow patterns and air pollutants can help urban designers and planners improve urban ventilation by 
adjusting the urban form. Most present studies focused on the impacts of a single morphological feature on 
ventilation performance. However, the form features affected ventilation in real cities are more complex. 
Therefore, this study attempts to investigate the effect of space types on airflow patterns and air pollutants. The 
space types are defined by three main factors related to urban ventilation (i.e., the relationship between space 
and wind direction, the variation of spatial height, and the enclosing degree of space). The study has provided 
different space types to predict flow patterns and pollutant emission capacities in real urban spaces. 
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1. INTRODUCTION
Since the first Industrial Revolution, the physical 

environment has been significantly affected by 
human activities, and air quality is more fragile than 
before. The World Health Organization has found that 
air pollution is becoming a major threat to human 
health and a global issue [1]. 

It has been found that the movement of air 
pollutant mainly depends on the airflow pattern in 
urban space. When a canyon forms a channelling flow, 
wind speed increases and pollutants leave rapidly. 
However, when a corkscrew vortex is formed, air 
pollutants accumulate in the space [2-3]. When 
multiple vertical vortices are formed within a canyon, 
the pollutants increase significantly [2]. 

The urban spatial form characteristics directly 
affect the airflow patterns. Some scholars indicated 
that the complex spatial features of street 
intersections can cause airflow collisions [2]. Some 
scholars have focused on the effects of high-rise 
buildings on flow patterns. When incoming wind 
collides with a high-rise building, the airflow is 
obstructed and redirected toward the ground, 
forming a powerful downdraft [4-5].  

To sum up, urban spatial form can directly affect 
airflow pattern, and airflow pattern can affect air 
pollutant movement. It can be understood that the 
urban spatial form can directly affect airflow pattern, 
thus indirectly affecting air pollutant movement [5]. 
Therefore, understanding the effect of urban spatial 
forms on airflow patterns and air pollutants can help 
urban designers and planners improve urban 
ventilation by optimizing urban spatial forms. 

Many scholars have studied on the urban spatial 
form characteristics that can affect the airflow 

patterns and air pollutants. These spatial form 
characteristics can be divided into the relationship 
between space and wind direction, the height 
variation of space, and the enclosing degree of space. 
Regarding the relationship between space and wind 
direction, it can be judged that the space and wind 
direction are vertical, parallel, or inclined according to 
the angle between the spatial axis and wind [2]. 
Regarding spatial height variation, scholars have put 
forward some parameters such as aspect ratio and 
building height ratio [2,6]. Regarding the enclosing 
degree of the space, scholars put forward the sky 
view factor, separation degree, spatial continuity, etc 
[4,7,8]. Most previous studies focus on the effect of a 
single form factor on ventilation in ideal form spaces 
[2,6-8]. However, due to the more complex and 
various spatial forms, a single form factor can not 
reflect all the effects on ventilation from real urban 
spaces. Therefore, this study hypothesizes that space 
types based on these three spatial morphological 
characteristics related to ventilation performances to 
predict airflow patterns and air pollutants. 

This study explores the influence of space types 
on airflow patterns and air pollutants, using an urban 
centre as a study case. First, the continuous space in 
the study area is divided into subspaces with virtual 
boundaries to for space classification. Second, 
subspaces are classified based on three main spatial 
morphological characteristics related to ventilation 
performances. Then, CFD simulation is conducted to 
obtain ventilation data. Finally, the effects of space 
types on airflow patterns and air pollutants are 
explored, respectively. 
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2. STUDY CASE 
In China, spaces can be divided into 

homogeneous spaces in residential areas [9] and 
inhomogeneous spaces in commercial districts [4]. In 
the residential areas, the building types are relatively 
singular, and the layouts are relatively neat, forming 
relatively simple spaces. Moreover, in commercial 
districts, the building forms are more multiple, and 
the layouts are more complex, forming various spaces 
with different heights and shapes. In order to explore 
the influence of various and different space types on 
airflow patterns and air pollutants, this study focuses 
on the spaces in commercial districts. 

Nanjing is a representative megacity and an 
important hub within the high-density in the Yangtze 
River Delta, China (Figure. 1). Xinjiekou is the most 
important commercial district in Nanjing, which is 
located in the geometric centre of Nanjing. It 
combines commerce, culture, entertainment, and 
office buildings, exhibiting a complex spatial form. As 
Xinjiekou is the earliest Central Business District (CBD) 
prototype in China, it has typical form morphological 
characteristics of Chinese commercial districts. 
Therefore, this study takes Xinjiekou, Nanjing, as a 
study case. 

 
Figure 1: Study case. 

3. METHOD 
3.1 Space division method according to wind 
direction 

Because the real urban space is continuous, 
complex and indescribable, this study obtains 
subspaces with virtual boundaries by space division. 
Li et al. (2022) explored the relationship between the 
SVF and the wind velocity ratio based on three 
division results. The analysis the method based on 
three division results has been proven effective, but 
the correlation degree greatly depends on the space 
division method [4]. The previous three division 
results are based on spatial continuity or Gestalt 
psychology. However, these three division methods 
do not consider the effect of wind direction on 
ventilation. So, the optimization of the division 
method should be considered from the wind 
direction. 

Generally, the airflow maintains the inertial 
movement along the wind direction until a spatial 
boundary, then moves along the spatial boundary. It 
is like Gestalt psychology which also follows an 
underlying inertia of motion. People tend to extend 
their inertial vision in the movement direction until a 
clear architectural interface to complete the non-

holotype into a holotype mentally. Therefore, we 
optimize the division method considering wind 
direction based on Gestalt psychology. First, the 
possible linkage points are determined, which are 
divided into explicit vertices (i.e., corner points of the 
building) and implicit vertices (i.e., points where the 
building edge extension lines intersect with the 
building interface) (Figure. 2(a)). Then, the edges of 
the subspace, which are obtained by connecting the 
nearest vertices, are chosen according to the wind 
direction (Figure.2(b)(c)). 

 
Figure 2: Space division process according to wind direction. 
 
3.2 The spatial classification method 
3.2.1 Acquisition method of spatial geometric 
informations 

Previous studies have shown that the 
relationship between space and wind direction, the 
height variation of space, and the enclosing degree of 
spatial can affect the airflow pattern and air pollutant 
in space. In order to obtain these three spatial 
morphological characteristics, we need to obtain the 
vertical and horizontal spatial morphological 
characteristics of space. 

 
Figure 3: Acquisition method of geometric informations. 

In order to express the morphological 
characteristics that affected ventilation performance, 
this study should build a platform for acquiring 
morphological informations. The acquiring geometry 
data platform has been built by python, as detailed in 
a previously published paper by our team [10]. In the 
method, the coordinate system is created by setting 
the measuring point at the centre of space. The space 
boundary and building height around the point are 
scanned to obtain the geometric information of 
spaces (Figure 3. (a)(b)).  
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For measuring the relationship between space 
and wind direction, spatial axis and spatial partition 
zone are defined. The spatial axis is parallel to the 
main spatial interfaces. And the line perpendicular to 
the axis can be regarded as the space width line. 
Connecting the four corner points of the space, it is 
possible to divide the space into four zones, namely 
the windward zone (WZ), the leeward zone (LZ), and 
the other two side zones (SZ_1,SZ_2) (Figure 3.(c)). 
 
3.2.2 Spatial morphological characteristics related to 
ventilation performance for space classifications 
(1) The relationship between space and wind 
direction 

The relationship between space and wind 
direction is the key factor affecting the flow pattern. 
When the flow is nearly parallel to the space, the flow 
is mainly governed by a space-axis flow. When the 
flow is perpendicular to the space, the clockwise 
vortex structure forms in the space section. When the 
flow enters the space obliquely, the flow in the space 
becomes spring-like [2]. The angle between the space 
axis and wind direction (Θ) represents the 
relationship between space and wind direction. The 
angle between the axis (α) or wind direction (β) and 
the x-axis could be obtained in Section 3.2.1 (Figure. 
3). 

If α and β are of the same sign, the Θ is 
calculated using Equation (1):  

Θ = | ( | α | - | β | )|                           (1) 
If α and β are of the different sign, the Θ is 

calculated using Equation (2):  
Θ = | ( | α | + | β | ) |                           (2) 

If 0°≤Θ＜30° or 150°＜Θ≤180°, the space is 
parallel to the flow,which is recorded as P; 

If 30°≤Θ＜45° or 135°＜Θ≤150°, the space is at 
an angle to the flow, which is recorded as A; 

If 45°≤Θ＜135°, the space is perpendicular to the 
flow, which is recorded as C. 
(2) The variation of spatial height 
Oke (1988) proposed that the airflow patterns in 
symmetry space could be predicted by the H/W [6]. 
However, when there is a height difference between 
the two sides of the space, the building height 
difference has a greater impact on the flow pattern. 
The building height ratio (BHR) is often used to 
represent the building height variation. Since building 
heights are diverse in real cities, BHR is chosen in this 
study. It is the ratio of windward building height (HW) 
to leeward building height (HL) [11], which is 
calculated using Equation (3): 

                             (3) 
Where i is any scanning angle, hi is the building 

height in the direction i, and Σwzhi and ΣLzhi are the 
sums of heights in WZ and LZ, respectively. 
When BHR≈1, the space is a symmetry space (H0); 
When BHR>1, the space is an ascending space (H1); 

When BHR<1, the space is a descending space (H2). 
In addition, the flow pattern in the space is 

influenced by the location of the high building. When 
a space is adjacent to a high building, its flow 
movement would change under the influence from a 
strong “downwash” effect, resulting in a better 
pollution emission capacity. However, BHR cannot 
represent the characteristics of spaces on one side of 
the high building. Therefore, this space type is added 
to this study, named H3. Based on the scanning 
information (Figure 3), it can be determined whether 
the space has any high buildings on two sides (SZ_1, 
SZ_2). If any high building exists, the space would be 
classified as H3 rather than others. 
(3) The enclosing degree of space 

It has been shown that the enclosing degree of 
space affects urban ventilation, which can be 
represented by different form indicators, such as SVF, 
separation degree, spatial continuity, number of 
enclosing edges, etc [4,7,8]. Among them, the 
number of enclosing edges may have a more direct 
effect on the flow pattern. 

The number of enclosing edges is chosen to 
characterize the enclosing degree of space. As 
described in section 3.2.1, this study can obtain 
building height information on four zones by scanning. 
Whenever height information appears in a zone, the 
zone is considered enclosed by buildings. According 
to the number of enclosing sides, subspaces can be 
classified as one-sided (L1), two-sided (L2), three-
sided (L3), and four-sided enclosures (L4). The 
enclosing degree is L4>L3>L2>L1. 
 
3.2.3 Space classification based on ventilation 
Performance 

 
Figure 4: Spatial classifications. 
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In principle, based on the above three spatial 
characteristics mentioned, 36 spatial types can be 
obtained. However, some spatial types do not exist 
due to the limitation of the number of spatial edges 
(i.e., CL1H0, CL1H3, PL1H1, PL1H3, AL1H0, AL1H3). 
For example, when the space is enclosed on only one 
side and parallelled to the wind direction, it is 
impossible to be an ascending space or a descending 
space. So there must be no PH1L1 and PH3L1 type. 
Therefore, there are 30 types of spaces (Figure 4). 
 
3.3 The ventilation data acquisition method 
3.3.1 CFD modelling  

The experimental data for the wind environment 
in the Xinjiekou area are obtained from the 
computational fluid dynamics (CFD) simulation. The 
CFD model setup followed the major simulation 
requirements provided by the Architectural Institute 
of Japan guidelines [12]. Table 1 shows the CFD 
setting. In order to verify the accuracy of the 
simulation results, a model is constructed at a scale of 
1:400 (consistent with wind tunnel conditions), with 
boundary conditions conforming to wind tunnel 
experiment conditions. Based on the AIJ wind tunnel 
test standards [12], α=0.14, the boundary layer 
thickness zr = 0.005 m (2m at real scale), and the 
reference wind speed Vzr = 3 m/s. The simulation 
results are validated by comparison with wind tunnel 
experiments, which has been published in paper by Li 
et al[4].  
Table 1: CFD simulation condition settings. 
Calculation conditions Solver settings 
Turbulent model Standard k-e model 
Mesh Tetrahedral grid 
Scheme SIMPLE 
Spatial discretization Second order, Second order upwind 
Boundary 
condition 

Inflow V(z)=Vzr(z/zr)0.231 
Outflow Pressure-outlet 
Side Wall 
Top/ground Symmetry 

Convergence residual 1e-5 
Wind direction South wind 
 

Many previous studies have used canyons 
perpendicular to the wind direction as study samples 
[13-14] because canyons perpendicular to the wind 
exhibit poorer pollutant discharge capabilities [3]. For 
the form management in urban planning, it is most 
important to avoid the worst ventilation conditions in 
design practice. Therefore, a wind perpendicular to 
most of the spatial interfaces in the urban space is 
chosen as the wind direction, which is south wind. 
 
3.3.2 The air pollutants parameter 

Many researchers have proposed various 
ventilation indicators to evaluate pollutant emission 
capacity. Among different ventilation parameters, the 
average pollutant concentration (Cave) has been 
widely used to reflect the impact of urban 
morphology on the wind flow distribution, which is 
chosen by this study. The bigger the Cave is, the worse 
pollutant discharge capacity is. The smaller the Cave is, 

the smaller the pollutant discharge capacity is. In 
addition, this study focuses on the wind field (flow 
pattern and ventilation performance) in the 0-2m 
pedestrian area (0-0.005m at reduced-scaled) 
because people often move near the ground in real 
cities. It could be calculated using Equation (4): 

Cave=                       (4) 
 

4. RESULTS 
4.1 The Results of space division and CFD simulation 

Figure 5 shows the spatial division and simulation 
results of the study case. After overlaying the division 
result with the simulation, it is found that the 
transition position of the airflow status is close to the 
edges of the subspace divided. The division method is 
reliable.  

 
Figure 5: Spatial division and simulation results. 

 
4.2 The Results of Space Types and CFD Simulation 

Based on the partition result, the spaces are 
classified based on the ventilation performance. 
There are only 13 space types in the study area. 
Figure 6 shows the classification results. 

 
Figure 6: The Classification Results and CFD Simulation. 
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5. ANALYSIS 
5.1 The influences of spatial types on airflow status 

After a detailed analysis of space types and 
airflow patterns in Section 4.2, it is found that spaces 
with the same type have similar airflow patterns. 
Table 2 shows the different airflow patterns of 13 
spatial types. 

In the P types, most airflow movements are 
mainly controlled by the spatial axises, forming a 
channel flow, except for S19 (Figure. 6). The variation 
of spatial height can affect the airflow pattern of the 
space. When the space is a descending space (H2 
type), the airflow is mainly from the surrounding 
wind rather than the incoming wind. When there is a 
high-rise building on one side of the space (H3 type), 
the high-rise can lead the incoming wind into the 
adjacent space as the main airflow (such as S25) or as 
a stream of flow into the main airflow of the space 
(such as S29). When the buildings on both sides of 
the space are equal in height (H0 type), the airflow 
depends on the comprehensive result of the 
incoming wind and surrounding wind. For example, 
the S19 is parallel to the incoming wind, so a flow 
moves along the interfaces of the S19. However, the 
airflow is blocked by a strong flow from a adajent 
south square, a vortex formed and occupies the 
entire space in S19. This is because S19 is short. For 
the enclosing degree of space, the airflow can leave 
out quickly and smoothly from a space with two 
enclosing sides (L2 type) (i.e. S17, S29), and the 
airflow is easy to form a vortex after meeting the 
windward building building in a space with three or 
four enclosing sides (L3 and L4 type). To sum up, the 
length of space also affects the airflow pattern. The 
airflow pattern of long space is more stable, and the 
airflow pattern of short space is more affected by the 
surrounding environment (e.g., S19). 

In the C types, the flow patterns are relatively 
complex. The height variation obviously affects the 
airflow pattern in the space. When the space is a 
space consist of two buildings with equal heights (H0 
type), most airflows mainly come from the incoming 
wind, forming a clockwise vortex structure. However, 
due to the influence of the length of the spaces, the 
airflow of short space can be affected by the 
surrounding wind (e.g., S2, S3). When the space is an 
ascending space (H1 type), the airflow of spaces 
comes from the windward building building (e.g., S24, 
S27). When the space is a descending space (H2 type), 
the flow of the space is affected by the surrounding 
wind, resluting in forming vortices (e.g., S33, S7). 
When the space is located on the side of a high-rise 
building, the airflow enters from the side of the high-
rise (e.g., S20). In addition, the enclosing degree can 
also affect the flow pattern. When the space has 
three enclosing sides (L3 type), the coming or leaving 
of the airflow may be affected by the spatial 

boundary (e.g., S20, S18). When the space has four 
enclosing sides (L4 type), it is easy to form airflow 
collisions. 
Table 2: Flow pattern results of different space types.  

 
 
5.2 The influences of spatial types on ventilation 
performance 

Section 5.1 has proved that different spatial types 
have different airflow patterns. Moreover, different 
sizes and lengths of spaces may also affect the 
pollutant emission capacities. Therefore, this study 
groups spaces can analyze the impact of different 
space types on pollutant emission capacities 
according to length and area. In urban microclimate 
studies, scholars often use the length/width ratio 
(L/W) to represent the length of space. Therefore, the 
spaces are divided into three length groups according 
to L/W: T1 group with L/W ≤ 1, T2 group with 
1<L/W≤5, and T3 group with L/W>5. Moreover, every 
group can be further divided into five groups (A1-A5) 
based on area from small to large. The subspaces in 
this study area can be divided into 12 groups (Figure 
7). 

 
Figure 7: Groups by the lengths and areas of spaces. 

 
Based the 12 groups, the Cave values of subspaces 

are ranked from smallest to largest in Figure 8. The 
results show that building height has the most 
significant influence on pollutant emission capacities. 
Most of the descending spaces (H1 type) have poor 
pollutant emission capacities, while ascending spaces 
(H2 type) and spaces next to any high-rise building 
(H3 type) have better pollutant emission capacities. 
For example, in groups T1A2, T1A3, and T1A4, the 
spaces with the highest Cave values are S4, S7, and S16. 
Their ventilation spatial types are CL2H2, CL3H2, and 
CL4H2, respectively. The Spaces with the lowest Cave 
values are S34, S27 and S20. Moreover, their 
ventilation spatial types are CL2H1, CL3H1 and CL3H3, 
respectively. The effects of enclosing degrees on 
pollutant emission capacities are not significant. 
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However, the Cave values of the spaces with four sides 
(L4 types) are greater than that of other spaces, such 
as S16 in T1A4 and S18 in T2A4. In the relationship 
between space and wind direction, it is found that 
the Cave values of spaces parallel to wind direction (P 
type) are lower than that of other spaces with similar 
length and area, such as S23 in T2A1. In addition, the 
lengths of the spaces also affect the pollutant 
emission capacities. Most short spaces have lower 
Cave values. 

 
Figure 8: Sort the space according to the Cave values 

To sum up, the highest Cave values in three groups 
tend to be found in PL2H0, CL2H2, CL3H2, CL4H3, or 
CL4H0 spaces. The low Cave values tend to be found in 
the CL2H1, CL3H1, or CL3H3 spaces. 

 
6. CONCLUSION 

This study shows that space types can directly 
affect airflow patterns and pollutant emission 
capacities. PL2H0, CL2H2, CL3H2, CL4H3, and CL4H0 
spaces have the worst pollutant emission capacities, 
because these type spaces are descending spaces (H2 
type) or enclosed by four edges (L4 type). In contrast, 
CL2H1, CL3H1, and CL3H3 spaces have better 
pollutant emission capacities, because these spaces 
are an ascending space (H1 type) or adajent to any 
high-rise building (H3 type). Regarding the 
relationship between space and wind direction, most 
the airflow movement in the space parallel to the 
wind direction is mainly controlled by the spatial axis. 
In contrast, the airflow in the space perpendicular to 
the wind direction is more complicated, which 
depends on other spatial morphological 
characteristics. Spaces parallel to the incoming flows 
have better pollutant discharge capacities than 
spaces perpendicular to the incoming flows. The 
height variation of the space has the greatest 
influence on the pollutant emission capacity. The 
ascending spaces and spaces next to any high-rise 

building have better pollutant emission capacities. 
However, descending spaces are prone to form 
vortices, having the worst pollutant emission 
capacities. Regarding enclosing degrees, spaces with 
four enclosing sides have poorer pollutant emission 
capacities. In addition, the spatial lengths also affect 
the pollutant emission capacities. Spaces with L/W ≤ 
1 show better pollutant emission capacities. 
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ABSTRACT: The urbanization process promotes rapid changes in structure of metropolises and cities, this research 
delves into the critical challenge of achieving sustainable urban development by evaluating the pattern of 
urbanization processes in Seville, Spain, and Ghazvin, Iran, over a 20-year period as a two different city with two 
different contexts and level of development. With Focus on minimizing negative environmental impacts of rapid 
urbanization on the limited urban resources (such as land).  the study employs Land Use and Land Cover (LULC) 
modelling to simulate and analyse urbanization patterns in diverse urban contexts, that which one city is more 
sustainable in keeping natural resource untouchable for long time, therefore is essential to study about city and 
surrounded area of them also analysing population flow over time. Our findings contribute to the discourse on urban 
planning strategies, offering insights to address global sustainability concerns. 
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1. INTRODUCTION  
 Urbanization as multifaceted process involves the 

growth and expansion of urban areas [1], typically 
characterized by shifting population (Migration-Driven 
Growth, and Natural growth rate[2]), infrastructure 
development, Industrial Urbanization, Economic-
Induced Growth[3] and changes in land use and land 
cover [4] (the conversion of land cover into urban 
areas) in different types of physical development, 
which is the main factor of sustainable urbanization 
[1]. The specific type of urban growth in each area 
often results from a combination of these factors and 
can change over time due to various environmental, 
economic, social, and policy-related influences[5]. 
many urban areas may experience a combination of 
these factors over time [6].The effec�ve defini�on of 
urban development is the basis of understanding 
urban sustainability [1] Sustainable urbaniza�on and 
sustainable urban development apply towards the 
suitable condi�ons. Sustainable urban development 
may be defined as a process of synerge�c integra�on 
and co-evolu�on among the great subsystems making 
up a city [5], that consists of to maintain the balance 
among the “Triple Bo�om Lines” of sustainability 
(economic, environmental, and social as an equal 
concern) [7]. Therefore, based on these defini�on, 
sustainable urbaniza�on targets be used to assess 
sustainable development which guarantees the local 

popula�on a non-decreasing level of wellbeing in the 
long term, without compromising the possibili�es of 
development of surrounding areas and contribu�ng by 
this towards reducing the harmful effects of 
development on the biosphere[8] . Sustainable 
development in ci�es is reflected in the sustainability 
of urban systems [1], [9]. In general, the effec�ve 
detec�on of urban development is the basis of 
understanding urban sustainability. 

One of the most important factors of sustainable 
urbaniza�on back to the keeping the natural sources 
safe, therefore changing in land cover of surface has a 
direct effect on all 3 dimensions of sustainability, as a 
result can be said a place with less challenging in land 
cover or sustainable changes in LCLU can be a more 
stable case because in long term sustainable changes 
in LULC will make a balance between social and 
economic dimensions with environment.  

Physical types of urban growth refer to the spatial 
and structural patterns of development within urban 
areas. These patterns can vary based on factors such 
as historical development, planning policies and 
factors, economic activities, and geographical 
constraints [10]. Based on the data gathered, different 
physical classifications of urban growth and 
development are included: 
 Compact Growth and Infill Development: 

characterized by high population density and a 
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concentration of buildings (vertical development) in 
a limited existing developed area (repurposing of 
underutilized land) [4].  

 Ribbon Development and Infrastructure-Led 
Growth: it occurs when urbanization follows 
transportation routes (linear patterns of 
development), such as transportation networks and 
communication systems resulting [6].  

 Sprawl and Dispersed Growth: the outward 
expansion of urban areas, leading to low-density 
development. This pattern is often associated with 
suburban or exurban areas and can result from 
suburbanization[3].  

 Informal Urbanization; unplanned growth of 
informal settlements or slums within urban areas, 
often due to rapid urbanization and low level of 
economy[11]. 

 Smart Growth: Urban growth is guided by principles 
of sustainability and follows the main goals of “new 
urbanism”, such as increasing the density, public 
transportation, environmental considerations and 
Technological Integration[3]. 

 Regenerative Growth and Preservation emphasizes 
the restoration of ecosystems and Conservation 
initiatives and the adaptive reuse of historical 
buildings in the urban context[12]. 

 Mixed Development: This means each part of urban 
area faced with one type of development over time. 
in total a city area faced with multi types of growth 
and development.  

it must be mentioned in different conditions, such 
as level of development in contexts the result will be 
different, the main aim of this research is how 
differences growth influence sustainability of the 
urban development (especially on environment and 
natural resources). recognizing this process and 
classify types of urbanization for different city and 
evaluation it with factors of sustainable LULC changes 
is essential even for predicting future trends.  
 
2. APPROACH AND METHODOLOGY  

  the Methodology is based on the mixed approach 
(descriptive and analytic)  [8] to evaluation condition 
of urban development over a period of 20 years 
(between 2003 and 2023) is sustainable or not (based 
on sustainability of LCLU change detection) and 
compare long-term trends of two different case 
studies (based on their different contexts). Statistical 
analysis, data visualization and spanning techniques 
(remote sensing technology and geographic 
information system (GIS)) will be used to examine 
trends and patterns in the urban development and 
monitor temporal and spatial variations of intensive or 
diffuse urbanization process the process of acting in 
methodology is explained in (Figure 1). The main data 
are satellite images (Landsat 5(TM) for Seville 2003, 
Landsat 7 (ETM+) for Ghazvin 2003, Landsat 8 (OLI)) for 
Seville and Ghazvin 2023). 

 
Figure 1: Structure of methodology 

the statistics related to the population and general 
conditions of case studies. Also, software’s, such as; 
SPSS19 for statistics analyse, ENVI 5.3 for Remote 
sensing and ArcGIS 10.8.2 for Spatial Analysis, will be 
used. For Simulation, evaluation and comparison 
outcomes, produce analytical maps based on change 
detection technique. Four classes of LULC are 
determined: including built-up area (BUA) levels 
(cities, villages, roads, industrial areas, etc.), water 
Bodies (WB) levels (rivers, canals and swamps), forest 
and agricultural lands, and vegetation(A/V/F), Barren 
Soil (BS)[8], [13], [14] by using ROI tools (accurate 
methods for the classification) all images will be 
normalized and calibrated (Figure 1).the physical 
development indexes over time are selected and 
determined by using resource review, which show in 
(Table 1): 

 
Table 1. The effective indexes of urban growth  

Indexes Definition  
NDBI Normalized Difference Built-Up Index 
LULCC Land Use and Land Cover Change 
Urban/non-
urban area 

Recognize only urban area pixels 

 
Here is the explanation of the main indexes:  
 NDBI 

The Normalized Difference Built-Up Index (NDBI) is 
a remote sensing index used to identify built-up areas 
or urban extent in satellite imagery. The formula for 
NDBI is typically derived from the reflectance values in 
the near-infrared (NIR) and shortwave infrared (SWIR) 
bands of the satellite data (Landsat). The NDBI formula 
is expressed in Equation ( 1). 
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                                   ( 1) 

In this formula: 
SWIR is the reflectance value in the shortwave infrared band. 
NIIR is the reflectance value in the near-infrared band. 

The resulting NDBI values range from -1 to 1. 
Positive values indicate a higher likelihood of built-up 
areas, while negative values suggest non-built-up 
areas, such as vegetation or water bodies. it's crucial 
to note that the effectiveness of the NDBI for mapping 
built-up areas may depend on the characteristics of 
the study area, the spatial resolution of the satellite 
imagery, temporal resolution, and the presence of 
factors such as shadows or mixed land cover types[4]. 
 

 LULCC formula using NDBI 
Land Use and Land Cover (LULC) change detection 

involves comparing two or more images acquired at 
different times to identify and analyse changes in the 
landscape[8], [10] and monitoring urban expansion, 
deforestation. One common method for LULC change 
detection involves computing the Normalized 
Difference Built-Up Index (NDBI) for each period and 
then subtracting one from the other [4]. The change 
detection formula by using NDBI is expressed in 
Equation (2). 
 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁 𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝒊𝒊�𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝒋𝒋

𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝒊𝒊�𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝒋𝒋
𝑁                             (2) 

In this formula: 
NDBIi is the NDBI value for the post-change (last) image  
NDBIi is the NDBI value for the pre-change (first) image 

To identify areas undergoing urban growth over 
time, the maps of the physical development produce 
based on those indexes that show the limitations of 
developing land, amount and direction of the growth 
over time and analyse and compare similarities and 
differences in case studies based on their contexts. 

 

 Urban/ non-urban area 
In this index, aims is to clarify amount of urban area 

in the case studies, in this article the red colour is for 
all types of urban area and other type of land cover 
and land uses show in white. 
3.DISCUSSION 

To Determine which city is more sustainable in 
urbanization process over 20 years with less negative 
point to environment and less changing in natural land 
covers, two cities with distinctive characteristics and 
development trajectories selected, Ghazvin in Iran as 
a developing country and Seville in Spain as a 
developed country. Both have a rich history and 
cultural significance dating back to Roman times, the 
experience of centuries of residents, and both had 
undergone significant rapid growth in urbanization 
and population. Also, they are committed to 
sustainable development goals and aims. Seville is a 
city demonstrated to all actions related to Agenda 21 
and 2030, and Ghazvin was nominated for city 

development strategy plan between all cities in 
developing country (CDS 2006-2010) [4], [13]. also, 
there is a basic difference in “their context” of 
development. the location of these two cities shows in 
(Figure 2). 

 

 
Figure 2; Location of case studies 

3.1 population trend in city and urban area 
The general trend of population over time for 2 

case studies compare in the (Figure 3), these 
Histogram shows pattern of changing is same in the 
last decade of 20 century. Seville faced with decline in 
population growth and experience negative growth 
rate in the city (losing populations), in Ghazvin 
dropped the growth rate was observed but the total 
rate was positive. histogram shows that Seville has 
bounced back after experiencing these losses. also, in 
(Figure 4) as a predicting model and formula, based on 
linear model the population growth rate is calculated 
for the specified multi-year interval. 
The population growth rate in the city of Ghazvin is 
significantly higher than Seville. However, a 
comparison of the growth rates within the urban area 
indicates that the urban area of Seville has 
experienced a considerable increase in population 
even more that Ghazvin urban area. This suggests a 
trend of migration and population movement from 
city of Seville to the suburb or the attraction of 
population from surrounding villages to the around of 
the city (metropolitan). This phenomenon is also 
prevalent in Ghazvin, where both cities exhibit 
population dynamics rooted in their economic roles 
and structural changes in their economic functions. 

 
Figure 3;population trend in 2 case studies over 20 years 
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Figure 4;the linear formula for predicting changes in cities 

and urban area population trend, processing in SPSS. 

it can be stated that Ghazvin city and its urban area 
(metropolitan area) are migrant-receptive same as the 
Seville urban area with a Signiant increasing of 
population, while Seville city acts as a source of 
migrants. That data of population growth in urban 
area (metropolitan) proves this point in (Table 2). 
therefore, the growth rate in urban area and 
metropolitan in both cities have significant growth for 
20 years, especially comparing the rate between 
Seville city and metropolitan these results are very 
important factor for understanding pattern of urban 
growth. 

 
3.2 Urban growth trend 

Based on steps of methodology, the satellite 
images of this two cities during 20 years processing ,  
the result of NDBI is classify in (Table 3), Both cities 
experience a decrease in mean NDBI values (Seville 
during 20 years change -0.19-point decrease in 
compare to Ghazvin is almost twice), suggesting a 
trend towards a decrease in built-up or urban areas or 
a relative increase in non-built-up areas or natural 
areas in (Figure 5) are mentioned. 

 
Table 2: cities and urban area population growth rate 

 

 

Table 3: main data of NDBI analyzing 

 

 
Figure 5; NDBI histogram for 2003 and 2023 in case studies, 

processing in ENVI based on Landsat satellite images 

The means of NDBI values are close in 2023, 
indicating a similar condition in both cities and In 
compare with LCLUC the mean of NDBI will be proved. 
Based on analysing LCLUC (Figure 6), Seville urban area 
experienced significant changes in the distribution of 
land use, with a substantial increase in A/V/F area 
(increased from 73,837 m2 in 2003 to 112,278 m2 in 
2023, showing a 52.1% increase).and marking a 
significant decrease in BS area (45.8% compare to 
2003). Ghazvin urban area, on the other hand, saw a 
decrease in BS (23.6%).and A/V/F area (with 10.1% 
decrease from 29.40% to 26.20%), WB did not have 
significant changes but the percentage of BUA has 
significant increased relative to the total area in both 
case study. in (Figure 7) normalizes the percentage of 
LULC class (that covering case studies surface for 2003 
and 2023. 

 
3.3 evaluation urbanization process 

 Based on all above, for evaluation trend and 
direction of urbanization the amount of Urban/Non-
urban area (area which faced with changes in LCLU) is 
classified and shows the pattern of changing in case 
studies is different, in Seville urban area experienced 
sprawl and Ribbon  development in suburb area and 
city border, but in Ghazvin infill and ribbon 
development especially in north of the city is obvious 
and metropolitan working as a magnet which increase 
the number of town or small cities around main cities 
during 20 years . 

City  year Min Max Mean StdDev 

Seville 
2003 -1 0.9967 -0.56094 0.153 
2023 -1 0.9990 -0.75633 0.112 

Ghazvin 
2003 -1 0.9977 -0.66286 0.380 
2023 -1 0.9980 -0.7368 0.105 
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Figure 6; LCLUC and NDBI index, processing; 

Http://glovis.usgs.gov and processing in ENVI and ArcGIS 

 

 
Figure 7;LCLUC Detection during 20 years in total area, 

processing; in ENVI and GIS and Normalize in SPSS 

Therefore, to modeling maps based on (Figure 6) 
and statistics in (Figure 7) and (Table 4), in Seville urban 
area, the percentage of BUA changing relative to the 
total area increased over this period by 51.1% and for 
Ghazvin urban area is 65.9%. it means Both case 
studies experienced a significant increase in the urban 
growth, but Seville is more sustainable in LULCC 
(Figure 8). 

 

Table 4; urban BUA changing, based on ENVI and ARCGIS 

 

Figure 8; urban Urban/non-urban index in case studies in 
2003 and 2023. processing in ENVI and ArcGIS 

 
Figure 9; comparing amount of LCLU changing trend. 

For comparing the trend in total, result of 2 case 
studies gathering in (Figure 9), in total the increase in 
BUA in both Seville and Ghazvin indicates urban 
expansion and infrastructure development over the 
years. The increase in A/V/F in Seville suggests efforts 
to promote green spaces, possibly through 
afforestation or urban planning initiatives. The 
decrease in A/V/F in Ghazvin indicate changes in 
agricultural practices, deforestation, or land 
conversion for other purposes. 
The significant decrease in barren land in both cities 
suggests land has been repurposed or reclaimed, 
possibly for urban development (in Ghazvin) or 
agriculture (Seville) and this is the main different 
between 2 study areas, that shows changing in LCLU in 
both of them happened but in Seville area, changing is 
more sustainable because of types of that (increasing 
A/V/F land) but in Ghazvin area, all the changes are in 
order to increasing BUA. Another point is related to 
population trend these amounts of changing and 
pattern of growth completely follow the population 
Shift and Growth, Ghazvin area experienced higher 
amount of changing but as an infill development 
(growth rate in city) but Seville faced with negative 
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growth rate, therefore pattern of changing around the 
city because of growth rate is acceptable. 
Infrastructure Development and increasing network 
connection shaped structure of them with 2 different 
forms, in Seville increase Ribbon development and in 
Ghazvin increase link and node connection (with 
suburb area). Historical Preservation make some 
limitation of infill growth in Precious historical 
site(centre of Seville), because of that Ghavin only 
growth from north of city (because of the preservation 
of historical garden around the city).Economic 
Diversification same as; Tourism destination Impact to 
Seville (need for tourism-related infrastructure and 
cause shift in residence of city to suburb area based on 
cost of living) and Industrial cities, make changing in 
Ghazvin (need for housing Infrastructure, encourage 
more people for migration to the city) and suburbs 
(because of the price of living in main city), also, using 
idea of smart cities in Seville such as the use of 
technology to enhance liveability and accessibility that 
increase tend to move to suburb. At the same time 
informal and poor economic area (in both of Ghazvin 
and Seville) increase in some Outer Urban Periphery 
growth. Based on all of types, it can be said Both cities 
may witness a trend toward mixed developments. 

 
4. CONCLUSION 

This comprehensive study delved into evaluating 
the Sustainability conditions in two different case 
studies and provides context-specific insights into 
sustainable urban practices. Through meticulous 
monitoring, simulation, and data analysis, this 
research aimed to evaluate sustainable urbanization, 
particularly in different urban contexts and efforts to 
recognize and compare the trend of physical 
development and amount of sustainability of LULC 
changing in Seville and Ghazvin between 2003 and 
2023. 

 Overall, LULCC over time reflect the dynamic 
nature of urbanization and clarify which city 
experienced more sustainable changing based on less 
negative effects on natural resources. Therefore, 
based on results, city of Seville in compare to the 
Ghazvin is more sustainable.   

The study's findings underscore that Both cities 
likely face their unique challenges and opportunities in 
pursuing urban development. there are lots of other 
factors that paly vital roles in sustainable urbanization 
process, such as; topography, climate parameters, the 
price of land, Quality of agricultural land, Limitation 
(risk of flood and disasters), Low and policies, and a lot 
of other economic and social condition. The future 
analysis of the implementation of these strategies can 
monitor and evaluate the effects of them on 
urbanization process. These insights serve as valuable 
guidance for urban planners, policymakers, and 
architects in their quest to develop sustainable cities. 
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growth rate, therefore pattern of changing around the 
city because of growth rate is acceptable. 
Infrastructure Development and increasing network 
connection shaped structure of them with 2 different 
forms, in Seville increase Ribbon development and in 
Ghazvin increase link and node connection (with 
suburb area). Historical Preservation make some 
limitation of infill growth in Precious historical 
site(centre of Seville), because of that Ghavin only 
growth from north of city (because of the preservation 
of historical garden around the city).Economic 
Diversification same as; Tourism destination Impact to 
Seville (need for tourism-related infrastructure and 
cause shift in residence of city to suburb area based on 
cost of living) and Industrial cities, make changing in 
Ghazvin (need for housing Infrastructure, encourage 
more people for migration to the city) and suburbs 
(because of the price of living in main city), also, using 
idea of smart cities in Seville such as the use of 
technology to enhance liveability and accessibility that 
increase tend to move to suburb. At the same time 
informal and poor economic area (in both of Ghazvin 
and Seville) increase in some Outer Urban Periphery 
growth. Based on all of types, it can be said Both cities 
may witness a trend toward mixed developments. 

 
4. CONCLUSION 

This comprehensive study delved into evaluating 
the Sustainability conditions in two different case 
studies and provides context-specific insights into 
sustainable urban practices. Through meticulous 
monitoring, simulation, and data analysis, this 
research aimed to evaluate sustainable urbanization, 
particularly in different urban contexts and efforts to 
recognize and compare the trend of physical 
development and amount of sustainability of LULC 
changing in Seville and Ghazvin between 2003 and 
2023. 

 Overall, LULCC over time reflect the dynamic 
nature of urbanization and clarify which city 
experienced more sustainable changing based on less 
negative effects on natural resources. Therefore, 
based on results, city of Seville in compare to the 
Ghazvin is more sustainable.   

The study's findings underscore that Both cities 
likely face their unique challenges and opportunities in 
pursuing urban development. there are lots of other 
factors that paly vital roles in sustainable urbanization 
process, such as; topography, climate parameters, the 
price of land, Quality of agricultural land, Limitation 
(risk of flood and disasters), Low and policies, and a lot 
of other economic and social condition. The future 
analysis of the implementation of these strategies can 
monitor and evaluate the effects of them on 
urbanization process. These insights serve as valuable 
guidance for urban planners, policymakers, and 
architects in their quest to develop sustainable cities. 
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ABSTRACT: In common with many European countries, plans to decarbonise the construction industry in Ireland 
focus mainly on reducing the operational energy of buildings and associated greenhouse gas (GHG) emissions, 
rather than the full life cycle emissions of construction. In order to meet national housing targets, while also 
reducing emissions in line with the government’s Climate Action Plan, other life cycle stages will need to be 
accounted for. Although there is a growing body of data that measures the embodied energy of different housing 
types, existing studies to date have mainly assessed materials within the building envelope, with limited 
measurement of the external areas that serve these buildings. This research fills this gap by proposing a holistic 
methodology of Life Cycle Assessment (LCA) that includes external areas and siteworks in the embodied carbon 
calculations of new housing developments. The results indicate that these elements make up a significant 
proportion of the total embodied carbon of new housing, highlighting the importance of such a methodology. In 
addition, by integrating external areas and siteworks into LCA calculations, the research highlights the 
relationships between residential density, and embodied carbon emissions. 
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1. INTRODUCTION  
The provision of secure and sustainable housing is 

fundamental to the UN Sustainable Development 
Goals [1], yet meeting housing needs through 
relentless urban expansion can be in direct conflict 
with climate goals. With 68% of the world’s population 
projected to live in cities by 2050 [2], finding low-
carbon strategies for the provision of housing is an 
urgent issue. In Ireland, an acute housing crisis has 
given rise to national targets for the production of 
33,000 new housing units per year, that are to be 
achieved in the context of carbon emissions 
reductions of 45% across the construction sector by 
2030, as part of the government’s Climate Action Plan 
[3]. It is clear that meeting both these targets will be 
impossible under business-as-usual scenarios where 
new housing demand is largely satisfied by 
construction on greenfield or peripheral urban sites, 
generating low-rise urban sprawl, in addition to 
locking in car-dependant travel patterns and related 
carbon emissions. 

Until now, the true carbon impact of new 
construction in Ireland has not been entirely assessed, 
as current regulations only require the reporting of the 
operational energy used to run buildings through the 
Building Energy Rating (BER) system, and national 
regulations provide operational energy targets only for 
new construction. This situation is mirrored in the 
academic literature, where at an urban scale the focus 
to date has largely been on the operational phases of 

whole life cycle emissions. As the operational energy 
efficiency of buildings improves, due to improved 
construction techniques and renewable energy 
measures, the impact of other life cycle stages that 
measure embodied carbon (EC) becomes 
proportionally greater [4].  

Furthermore, much existing literature to date that 
includes embodied carbon in Life Cycle Assessment 
(LCA) has focused on the individual building, with 
construction at the urban scale either partially 
included or entirely omitted. This study seeks to fill this 
gap, concluding that significant embodied carbon is 
contained in the roads, footpaths and external 
surfaces of a new development. Accordingly, the 
research analyses the scale of the urban block and 
neighbourhood, developing an LCA methodology that 
combines building, external hard landscaping, and 
road infrastructures. This scale is sufficiently detailed 
to allow comprehensive LCAs of real-world building 
typologies and also of the external areas that serve 
them. By considering the whole life cycle emissions of 
buildings in an urban planning context, the research 
suggests how claims for the sustainability of higher 
densities and compact urban growth might be 
assessed. 

 
2. LITERATURE REVIEW 

In order to transition to low-carbon construction, 
studies have shown that the choice of housing 
typology and resultant urban form can have a 
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significant impact on operational GHG emissions 
[5][6]. More recent studies have also measured the 
embodied carbon of housing types, finding variations 
according to factors such as height, structural system, 
and density [7][8]. As noted above, to date this existing 
literature has mainly considered the embodied carbon 
of materials within the building envelope, with limited 
measurement of associated external areas. 
 
2.1 Literature at building scale  

There is an expanding body of information that 
records the embodied carbon of various building 
types, such as the Ramboll embodied carbon database 
[9]. In the academic literature recent studies have 
sought to understand the sources of embodied carbon 
although the scope of study is generally confined to 
buildings only. Drewniok et al. [7] compared the 
efficiency of residential buildings at different heights, 
finding that heights of between four and  storeys are 
the most efficient in terms of embodied carbon. De 
Wolf et al. [10] focused on structure as the highest 
contributing element to overall embodied carbon, and 
discovered a wide range of emissions depending on 
the structural material and system chosen. 

 
2.2 Literature at urban scale 

Expanding from the individual building scale, a 
study by Stephan et al. [8] analysed a low-rise 
suburban neighbourhood in Melbourne over a period 
of 100 years under various scenarios including 
operational carbon, embodied carbon, and transport 
related emissions. The authors found that embodied 
and operational carbon emissions were comparable, 
representing approximately one third of total 
emissions each, with transport emissions accounting 
for the remaining third. Alternative scenarios based on 
these results showed that the replacement of 50% of 
the single low-rise dwellings by apartment buildings 
would create a whole life carbon saving. This is in spite 
of the initial increase in embodied carbon due to 
demolition and rebuilding. 

Other research has adopted an approach of high-
level parametric modelling to assess urban 
neighbourhoods under various scenarios of density 
and energy intensity. The study by Pomponi et al.  [11] 
discovered that while taller urban environments 
increase GHG emissions, building similarly dense low-
rise neighbourhoods can provide savings.  

An larger scale study by Kayacetin and Tanyer [12] 
analyses three social housing projects in Ankara, 
Turkey, and includes the construction of infrastructure 
in addition to building-related emissions and 
transport.  This is the most comprehensive study to 
date in the literature in terms of its scope for 
accounting embodied carbon at the urban scale. The 
study divides areas outside the building into transport 
infrastructure (24% of total emissions) and structural 

landscape (9%), in line with the findings of this study.  
The research by Kayacetin and Tanyer calculates life 
cycle emissions for the construction of external hard 
surfaces, and also includes transport-related 
emissions. 

Is clear that there is a need for studies that provide 
detailed LCAs of actual building typologies, in addition 
to comprehensive assessment of the external areas 
infrastructures that serve them. This case study fulfils 
this gap in the current literature, as it operates at the 
intermediate scale of the urban block, where detailed 
bottom-up LCAs can be carried out. It should therefore 
provide more accurate results than some of the urban 
scale research listed above, that are dependant on 
abstracted or parametric models of buildings and 
urban areas. 
 
3. METHODOLOGY 
 
3.1 Scope of LCA 

The case study presented here is a recently-built 
housing development for 112 dwellings on the 
outskirts of Dublin, whose layout may be considered 
typical for contemporary housing production on the 
edge of an Irish town or city. The majority of the units 
are two storey houses, arranged either in pairs (semi-
detached) or as row housing (terraces) (Fig. 1). All 
dwellings have on-site parking, and are served by a 
network of newly-built road infrastructure. 
 

 
Figure 1: Typical semi-detached house type from case study  
 

The research has been carried out according to EU 
Levels system Stage 2 ‘Detailed Design and 
Construction’, and in accordance with reference 
standard EN 15978:2011 [13].  The study analysed life 
cycle stages A1-A5, that includes the manufacture of 
materials, their transport to site, and ancillary 
construction works. It was considered that insufficient 
data was available to allow for assessment of later life 
cycle stages. It is however worth noting that in 
residential construction, stage B can have a high 
overall life cycle contribution, largely due to domestic 
heating systems and appliances, and their operation, 
maintenance and replacement. 
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The research has been carried out according to EU 
Levels system Stage 2 ‘Detailed Design and 
Construction’, and in accordance with reference 
standard EN 15978:2011 [13].  The study analysed life 
cycle stages A1-A5, that includes the manufacture of 
materials, their transport to site, and ancillary 
construction works. It was considered that insufficient 
data was available to allow for assessment of later life 
cycle stages. It is however worth noting that in 
residential construction, stage B can have a high 
overall life cycle contribution, largely due to domestic 
heating systems and appliances, and their operation, 
maintenance and replacement. 
 

 

3.2 LCA Methodology  
      The methodology used is a tool called ‘Upfront’, 
developed by the Irish Green Building Council (IGBC) 
as part of INDICATE, an EU funded project to develop 
building-level data for Whole Life Carbon (WLC) in 
Europe [13]. This tool is an Excel-based spreadsheet 
that calculates WLC by construction element and life 
cycle stages for according to standards set out in 
reference document EN 15978 [13]. Environmental 
Product Declarations (EPDs) have been used where 
available in order to estimate the global warming 
potential (GWP) of materials used. Where possible, 
EPDs used are from the Irish construction industry, or 
else the closest European equivalents are used. The 
GWP of other materials where no EPDs are available 
are calculated using carbon factors from the Inventory 
of Carbon and Energy (ICE) database, that are included 
in the Upfront tool. 
     The results of the buildings were checked using a 
second methodology, OneClick LCA, that is currently 
the industry-standard software used in Ireland and the 
UK. OneClick has assumptions as to construction build-
ups and materials built in to the software, and these 
assumptions are not always visible or editable by the 
user. Although easier to use than Upfront, less input 
data is required so it does not give results that are as 
accurate or as suited to the Irish Construction Industry.  
 
3.3 Scope of Study: LCA by Urban Morphology 
      As outlined in the above literature review, an 
innovative aspect of this study is the inclusion of 
external areas in the LCAs, and these have been 
calculated separately to the buildings. In order to 
clarify the scope of the study, a methodology was 
developed that breaks the development down 
according to categories of urban morphology with 
separate LCAs used to measure buildings, plot (front 
and back gardens), and the urban block and external 
public areas (Fig. 2). An advantage of breaking down 
LCAs into these scales is that it allows comparison with 
other projects and studies, for example those that 
estimate the buildings only, or developments on infill 
urban sites where the public external areas and road 
infrastructure are already existing, and therefore not 
counted. 
     For the external areas and services, drawings were 
prepared to estimate the surface areas of roadways, 
footpaths and external landscaping. A siteworks Bill of 
Quantities (BoQ) was then prepared that quantified 
these external surfaces in a form that could be used 
for the embodied carbon assessment. Having carried 
out the LCA for the external surfaces and 
infrastructure, the final step in the methodology is to 
assess the proportion of this figure due to each 
individual dwelling. 
 

  
 
 
Figure 2: LCA analysis by Scales of Urban Morphology 
  
4. RESULTS 

The first results presented here is the LCAs for the 
house type analysed. Following this, the breakdown of 
external public areas is shown. Finally, the two sets of 
results are combined, showing the impact of external 
works on the overall embodied carbon of the house.  
 
4.1 LCA of Dwellings 
Total Stage A1-A5 Emissions in kgCO2e per dwelling  
House:  43,169 kgCO2e 
Total Stage A1-A5 Emissions in kgCO2e/m2  
House:  366 kgCO2e/m2 
 
     This result is broken down by building element and 
material (Fig. 3), and it can be seen that significant 
carbon is expended in the ground floor, substructure, 
and external walls. Concrete is the most carbon 
intensive material, closely followed by insulation, 
which is mostly of the PIR type. The buildings are 
finished externally in concrete block or brick, and 
these high carbon materials are visible in the results. 
Given these results we could question the logic of 
cladding timber frame buildings in rendered concrete 
block and brick, given the high relative contributions 
of these materials to the carbon count. The roof is also 
a significant source of carbon emissions, due to the 
concrete tile finish, and the amount of material 
generally required to create the large volume of the 
pitch structure. This suggests that this house type 
could be made more carbon efficient either by 
providing a simpler structure such as a low pitch for 
flat roof, or providing for the possibility of future 
upwards extension into the roof space. It is worth 
noting that the overall igure for services (M&E) is low 
as only stages A1-A5 were analysed. This figure would 
rise considerably if Stage B (in-use) carbon was 
included, as replacement figures for mechanical plant, 
and refrigerant leakage for heat pumps can be 
considerable. 
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Figure 3: Stage A1-A5 embodied carbon breakdown of 
individual dwellings by element and material  

 

      As noted above these results were also calculated 
in OneClick LCA software for checking purposes and 
the result was 318 kgCO2e/m2. While similar in range, 
this result is slightly lower than that given in Upfront, 
and the difference could be accounted for by the fact 
that the principal results used Irish based EPDs and 
construction build-ups specific to the local industry, 
whereas OneClick has UK based assumptions built in. 
 
4.2 LCA of External Public Areas 
    The embodied carbon of the public external areas, 
has been calculated, the majority of which are either 
asphalt roadway or concrete footpath (Table 1). 
Assessing the results, it can be seen that the largest 
sources of carbon emissions by material are due to 
concrete and asphalt. Crushed stone aggregate – also 
known as hardcore – is also a significant figure, as is 
used for filling siteworks after excavations. Although 
aggregate has a relatively low carbon factor and 
therefore low A1-A3 results, it has a high result for 
stage A4, transport, due to the amount of heavy 
vehicle movements. The concrete footpaths also 
represent a high overall figure as these are required to 
withstand vehicular traffic, and so have a robust and 
carbon-intensive construction.  

 
Table 1: Stages A1-A5 Embodied Carbon of Public External 
Areas by material   
 
4.3 Combined Results  

The results below show that the external areas 
form a significant part of the embodied carbon of 
residential construction (Table 2). For low-rise houses, 
this represents an additional 18% of greenhouse gas 
(GHG) emissions on top of emissions for the dwellings 
themselves. The two-storey houses have a high EC 
figure for external surfaces in both private and public 
areas due to the quantity of surface given over to 
vehicle traffic, mostly composed of asphalt and 
concrete. 
 
 
 
Table2: Stages A1-A5 Embodied Carbon of External Areas 
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The combined results have been broken down in to 
dwelling, siteworks (plot), and siteworks (public), as 
per the categories of urban morphology as described 
in section 3.2 above. Considering this breakdown, we 
can see that the external works associated with the 
private plot create an additional 11% embodied 
carbon, and those of the public external works an 
additional 7%. The high figure of 11% for the private 
plot around the houses – essentially the front and back 
gardens – is mainly due to the two parking spaces in 
concrete paving and associated construction build-up. 
    The combined results for external works 
furthermore suggest that this form of housing is 
inefficient in its use of land, as an equivalent 
apartment building could occupy a similar footprint of 
site area, yet accommodate more residents. 
 
4.4 Assumptions and Limitations 
     Finding sufficient data to carry out detailed Life 
Cycle Assessments (LCA) proved difficult, and certain 
assumptions have had to be made as a result. It was 
not possible to obtain Mechanical and Electrical (M&E) 
services drawings or detailed specifications for any of 
the projects so information based from studies carried 
out by the Chartered Institute of Building Surveyors 
(CIBSE) using their methodology TM65 [14] which 
provided embodied carbon estimation for stages A1-
A5 of projects with similar service installations. It is 
also noted that service installations can add a high 
carbon count for in-use life cycle stages B, due to 
factors such as the replacement of parts, or refrigerant 
leakage from air-source heat pumps.  
     Information on the internal finishes of the units was 
not provided, so these had to be estimated using 
standard specifications, referring to online estate 
agents’ brochures for visual information.  Bills of 
Quantities (BoQ), where provided were not sufficiently 
detailed to be useful, so this required the creation of 
BoQs for both buildings and siteworks elements. 
 
5. DISCUSSION POINTS 

Having generated baseline data for a ‘business-as-
usual’ development scenario, the research points 
towards areas for future decarbonisation strategies. 
      Analysing the embodied carbon breakdown of 
individual dwellings shows the high impact of certain 
external elements such as brickwork cladding and 
concrete roof tiles. These could easily be substituted 
for other materials, although regulatory constraints 
could be encountered, such as the planning authority’s 
requirement to use brick. 

An assessment of transport emissions associated 
with the development was considered beyond the 
scope of this study. In addition, detailed information 
on transport modes used was not available due to the 
development being completed after the most recent 
national census that records this data. This is a fertile 

area for future research however, as the dominant 
two-storey dwelling types has two-car parking spaces, 
so will generate a high amount of tailpipe emissions. 
Future research might compare this suburban 
development with denser equivalents closer to the 
urban core, where the use of public transport or other 
soft modes of travel is likely to be more prevalent. 

 
6. CONCLUSION 

These results have demonstrated that low-rise, 
low-density development patterns represent an 
inefficient use of both land and infrastructure, with 
consequently increased embodied carbon emissions. 
The case study therefore provides a basis for future 
research into denser urban forms with a more 
compact footprint and use of external space, in order 
to assess potential savings in emissions. The 
methodology shows the importance of incorporating 
LCAs of external works and infrastructure together 
with the measurement of building, suggesting that 
future policy should expand the scope of LCAs 
required for new developments beyond the dwellings 
themselves to include the entire site and its 
infrastructure.  In order to propose truly low-carbon 
solutions methods that provide a holistic assessment 
of life cycle emissions will be required.  
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ABSTRACT: Global warming and urban heat island [UHI] have become interconnected issues related 
to dehydration in many regions across the globe. To mitigate UHI, it is essential to transform solar 
heat into latent heat through evaporation rather than allowing it to contribute to the sensible heat in 
urban areas. This can be achieved by promoting vegetation-based evapotranspiration and 
implementing evaporative cooling techniques. One effective approach is rainwater harvesting, which 
moderates the water loss to the sea and facilitates evaporation during dry periods. Furthermore, the 
collected water can support plant growth and enhance their evapotranspiration process. In Izmir, a 
Mediterranean city in need of urban cooling, implementing a concept called 'Aquapuncture' can be 
beneficial. This concept involves creating multiple hubs throughout the city that utilize rainwater for 
passive cooling. This work focuses on describing the practical aspects and design strategies of these 
cooling units implemented as attractive and refreshing elements in urban design. The aim is to 
address the challenges faced by warm cities like Izmir and provide effective cooling solutions. By 
adopting these measures, it is possible to combat the adverse effects of global warming, mitigate the 
UHI effect, and create more pleasant and comfortable conditions in warm cities. 
KEYWORDS: New water paradigm, urban cooling, rainwater harvesting, cooling stations, evaporative 
cooling. 
 
 

1 INTRODUCTION  
The Urban Heat Island phenomenon [UHI] has 

become an increasingly significant issue in modern 
cities. It has negative implications on various aspects, 
including energy consumption and public health. As a 
result, cooling has become a crucial priority in the 
fields of architecture and urban design. 

One effective method to reduce outdoor air 
temperature is through evaporation, which can be 
achieved by incorporating various water features in 
the urban environment. These water features not 
only provide thermal relief but also enhance the 
visual appeal of the surroundings. Another cooling 
strategy involves the evapotranspiration process of 
plants, which provides shade and further contributes 
to temperature reduction. However, it is important to 
note that both of these "green" cooling options 
heavily rely on "blue" fresh water, which is a resource 
that is increasingly scarce worldwide. This work 
proposes a technique to tackle UHI by implementing 
Rainwater Harvesting (RWH) in a dense urban setting 
on the Mediterranean coast. 

 
2 BACKGROUND  

Extensive research has been conducted to 
investigate the effectiveness of incorporating green 
and blue elements in urban design to mitigate the 
negative impacts of urban overheating. However, it is 

essential to address a fundamental requirement for 
supporting vegetation and enabling evaporative 
cooling: the availability of freshwater. While some 
existing research as 9 or 11 focuses on evaluating 
strategies without considering this prerequisite, it is 
crucial to acknowledge alternative water sources 
beyond tap water, which often comes from distant 
locations. Rainwater and stormwater present viable 
non-conventional water sources that can be 
harnessed to facilitate urban cooling initiatives 14. By 
recognizing and utilizing these resources, cities can 
make significant progress in combating urban heat 
and promoting sustainable urban environments. 

In warm regions with limited fresh water 
resources on or beneath the ground, utilizing 
atmospheric water as a supply source is a potential 
solution. Rainwater and stormwater harvesting are 
sustainable methods for water supply that can be 
applied in such areas to supplement other fresh 
water sources. This work proposes a scheme that 
combines cooling techniques with rainwater 
harvesting (RWH) to improve the urban microclimate 
without the need for a central water distribution 
network provided by the municipality. 

The issue of urban overheating and its associated 
problems, along with potential solutions, have been 
extensively studied, including programs like the 
ESMAP program by the World Bank 5. Proposals by 
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Kravčík et al. 10 have paved the way for a "new water 
paradigm" that emphasizes local interventions 
related to the small water cycle. Kimic & Ostrysz 9 
present a comprehensive list of urban cooling 
techniques that “aim to reintegrate water into a 
nature-oriented water cycle within the city.” Similarly, 
Langie et al. 11 examine various forms of water 
elements in public spaces and highlight the influence 
of appropriate water element design on cooling 
effects in the immediate vicinity. Surprisingly, both of 
these works do not mention the potential use of 
RWH. 

This paper introduces a practical method to 
enhance the water availability in the city by reducing 
the wasteful flow of water to the sea and utilizing the 
latent heat of vapour released into the atmosphere 
to reduce the sensible heat of the city. An additional 
objective is to improve the comfort of city dwellers 
through passive "cooling stations." 

 
3 COOLING STATIONS 

Cooling stations or cooling centres are facilities 
that play a crucial role in providing a safe and cool 
environment for the public during periods of high air 
temperatures, especially for those who lack sufficient 
private cooling options and are more vulnerable to 
the health impacts of excessive heat. These facilities 
serve as refuges from excessive heat, allowing 
individuals to cool down, stay hydrated, and protect 
themselves from the adverse effects of heatwaves. 
Cooling stations are vital for ensuring public health 
and can be an integral part of local heat emergency 
response plans.  The implementation of cooling 
stations for health reasons has been extensively 
surveyed in the US by Widerynski et al. 16.  

These stations can be integrated into designated 
indoor community centres, such as libraries, religious 
buildings, or shopping malls, which are equipped with 
active cooling systems. They can also be situated in 
outdoor public parks or community pools. 

Such facilities are often indoor spaces and rely on 
energy-intensive air conditioning. In contrast, this 
study proposes the creation of a network of semi-
outdoor ‘oases’ that utilize RWH to create cool 
environments through shading and evaporative 
cooling. 

By utilizing RWH in the design and operation of 
cooling stations, it becomes possible to reduce the 
energy demand typically associated with air 
conditioning systems that intensifies UHI. The 
collected rainwater can be used for evaporative 
cooling, effectively lowering the ambient 
temperature and providing a sustainable and energy-
efficient cooling solution. This approach aligns with 
the goal of creating cool and comfortable 
environments while minimizing the environmental 
impact. 

 

4 THE CONTEXT 
The work focuses on the city of Izmir, a rapidly 

growing metropolis located on the west coast of 
Turkey, with a population of over 4 million. Izmir has 
a hot-summer Mediterranean climate (Köppen 
climate classification: Csa) 13. These climatic 
characteristics make it suitable for implementing 
evaporative cooling techniques [Figure 1].  

 
Figure 1: Psychrometric chart for Izmir for the period 
June-September. The dots show the hourly 
combination of air temperature and relative humidity. 
The cyan area indicates the extension of the basic 
comfort zone (green) by means of evaporation. 42% 
of the displayed points are in the extended comfort 
zone. Graph from 12 with climate data from 7. 

Izmir receives an average annual rainfall of 
approximately 700mm, which provides a satisfactory 
amount of water RWH applications. Many parts of 
Izmir are densely built with materials that contribute 
to the UHI effect, leading to discomfort during the 
summer months. While coastal areas of the city 
benefit from sea breezes, other areas rely primarily 
on greenery for cooling, sometimes supplemented by 
shading or evaporation methods [Figure 2].  

 
Figure 2: Evaporative cooling and shading elements in 
Baris Selcuk Park in a dense area of central Izmir. 
Photo by Google Maps Street View. 

Green infrastructure, such as vegetation and 
trees, can help mitigate the UHI effect by providing 
shade and facilitating evapotranspiration, which 
contributes to cooling the surrounding environment.  

Considering Izmir's climatic conditions, the 
availability of rainfall, and the challenges posed by 
the UHI effect, the proposed implementation of 
evaporative cooling techniques and rainwater 
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Green infrastructure, such as vegetation and 
trees, can help mitigate the UHI effect by providing 
shade and facilitating evapotranspiration, which 
contributes to cooling the surrounding environment.  

Considering Izmir's climatic conditions, the 
availability of rainfall, and the challenges posed by 
the UHI effect, the proposed implementation of 
evaporative cooling techniques and rainwater 

 

harvesting can offer potential solutions to enhance 
the urban microclimate and create more comfortable 
and sustainable environments in the city. 

 
5 INTRODUCING AQUA-PUNCTURE 

The urban green areas of metropolitan Izmir are 
on average about 5% of the built-up areas, ranging 
from 1% (Gaziemir) to 17% (Narlidere) 6. 
Maintenance of those areas requires large amounts 
of water every year, of which nearly 60% comes from 
groundwater resources 8, 15. There are several good 
examples of well-equipped and maintained parks of 
various sizes around the city, the protagonist being 
the lengthy seafront that many locals fully embrace 
as an appealing setting for fresh air and coolness. 

Besides the neighbourhoods that are near green 
amenities, there are others less lucky that have no 
relief from the effects of concrete thermal mass. The 
present work addresses that situation through 
‘passive cooling stations’ at various spots of the city, 
which will utilise RWH to alleviate the effects of heat 
waves and improve the local microclimate around 
them in a way more friendly to the environment and 
the city budget than the usual cooling stations.  

A network of such structures will spread their 
cooling effects across the city as a kind of cooling 
‘acupuncture’, a word that in this case can be 
modified to ‘aqua-puncture’ given that its key 
element is the water. The proposed cooling stations 
are oasis-like installations where the 
evapotranspiration of lush vegetation is combined 
with various methods of evaporative cooling like 
fountains, misting devices, or passive downdraft 
systems [PDEC], utilising water collected by RWH 
systems and stored in the given area. Depending on 
the location, the collected water can be used for 
supporting the surrounding green features. A generic 
example of such a cooling station and its typical 
components is described next. 

 
6 SYSTEM COMPONENTS 
The Basic Aquapuncture Unit [BAU] must possess the 
main Vitruvius attributes of “firmitas, utilitas, 
venustas” (firmness, usefulness, beauty). In addition, 
its construction cost and maintenance needs should 
be minimised, and also it should emanate an 
ecological identity promoting the benefits of RWH. 
Based on these specifications, a natural cooling 
system has been devised aiming at alleviating the 
distress by urban overheating. It is a green-blue 
practical application being also an attractive urban 
feature, preferably in arid neighbourhoods. The basic 
components of the system are schematically shown 
in Figure 3 and include: 
1. A RWH scheme including catchment and storage. 
2. A pergola structure. 
3. Vegetation for shading and evapotranspiration. 
4. Additional passive cooling systems. 

5. Seating facilities. 

 
Figure 3: A generic example of an ‘aquapuncture’ hub. 
Components 1 and 5 are not shown in the image, as 
well as additional facilities for functions unrelated to 
cooling. 

6.1 RWH system 
The catchment surface is the surrounding 

pavements, depending on the particular context. The 
surface runoff reaching the BAU is collected by a grill-
covered canal and guided to the water storage after 
an initial filtration to remove unwanted particles. The 
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storage can be concrete or synthetic water tanks 
under the BAU floor, or exposed water ponds, or 
combination. The capacity of the storage depends on 
the intended use (cooling, irrigation) and the 
rainwater potential of the specific area. 

In the example illustrated in Figure 3, the water is 
collected in a circular concrete pond, covered by 
prefabricated slabs with decorative patterns that rest 
on low columns in a way reminiscent of the Roman 
‘hypocaust’ system. The water mass depends on the 
bottom depth and can be fully covered or partially 
exposed with decorative elements, floating plants, 
small fountains, lights, etc. Similar creative designs 
are envisioned in the other examples too. 

In addition to concrete, as shown in this example, 
water storage can be constructed using materials 
such as steel, synthetic, or composites. Each material 
has its own advantages and drawbacks, like cost, 
installation requirements, maintenance needs, and 
resistance to corrosion or degradation. The choice of 
material depends on factors such as budget, desired 
lifespan, site conditions, and legal requirements for 
water storage. 

Water quality, specifically regarding pollutants or 
contaminants, is a subject for careful consideration. 
Deng 4 has studied pollution issues related to RWH in 
urban farming, while Abbasi 1 provides an analysis of 
water pollution on rooftops caused by chemical, 
microbiological, and physical agents. Since the water 
is not to be used for drinking, the main objecting of 
filtering is to avoid blocking the used pipes, especially 
if a misting system is employed. In the latter case, the 
potential health risks require even more attention. 
That underlines the importance of the proper filtering 
installation in the materialization of the proposal. 

6.2 Pergola top 

The top cover is basically a pergola-like structure 
for supporting climbing vegetation, evaporation 
systems, lighting, etc. The structure shown in 
example 1 is a geodesic surface constructed by steel 
tubes that offer strength and lightweight with a small 
mass of materials, as sustainability principles instruct. 
Its high ceiling in the middle offers a spacious feeling 
and at the same time the low perimeter reduces solar 
penetration. 

The roof frame is resting on massive pillars made 
of gabion steel baskets filled with crashed stones on a 
concrete underlay. The cube-like pillars of all the 
examples shown have a cavity in the middle 
containing soil for plants growth. Steel pyramids 
anchored on the pillar tops hold the roof. 

This design concept addresses sustainability 
principles like the least possible use of materials, low 
construction and maintenance cost, and recycling 
materials. The same principles can of course be 
applied using other geometries and materials, as in 
the examples shown in Figure 4, Figure 5, Figure 6. 

 
Figure 4: This example is a linear interpretation of the 
basic ‘gabion pillars + steel pergola’ concept. The 
square modules can be repeated along a path, and 
adjusted to a sloping terrain. The water tanks can be 
underneath the pavement or nearby. The top opening 
of the shown pyramidal roof can be combined with a 
PDEC system.   

 
Figure 5: The roof can take various forms always 
using welded steel bars. The repetition of the square 
modules can be in two directions. 

 
Figure 6: One of the numerous pergola variations can 
consist of space-frame modular elements. 

6.3 Vegetation 
Apart from the aesthetic aspects, plants are used 

in a dual role for cooling through their shade and 
evapotranspiration. Fast growing climbers like 
Wisteria sinensis, Clematis armandii, Ipomoea 
purpurea, Parthenocissus quinquefolia, etc. can grow 
on the soil in the pillars and eventually cover the 
entire roof and the pillars (Figure 7) becoming a 
source of cool air, while the warm air escapes passing 
through their foliage. The selection of the most 
appropriate plants depends on parameters like 
growing speed, evapotranspiration potential, 
watering and maintenance needs, effects on human 
health and on wildlife, etc. Further to the roof, 
vegetation can grow in the gaps of the gabions, 
eventually converting the pillars into large green 
blocks. 
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basic ‘gabion pillars + steel pergola’ concept. The 
square modules can be repeated along a path, and 
adjusted to a sloping terrain. The water tanks can be 
underneath the pavement or nearby. The top opening 
of the shown pyramidal roof can be combined with a 
PDEC system.   

 
Figure 5: The roof can take various forms always 
using welded steel bars. The repetition of the square 
modules can be in two directions. 

 
Figure 6: One of the numerous pergola variations can 
consist of space-frame modular elements. 

6.3 Vegetation 
Apart from the aesthetic aspects, plants are used 

in a dual role for cooling through their shade and 
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on the soil in the pillars and eventually cover the 
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Figure 7: Examples of a hollow gabion planter (left), and 
gabion pillars covered with climbers (right). 

6.4 Cooling systems 
Further to the shade and evapotranspiration of 

the green roof, BAU is a passive mechanism for 
evaporative cooling by assorted means like: misting 
sprinklers attached to the roof frame, water dripping 
on the gabion pillars, small fountains on the cistern 
cover, etc. These systems are supported by the 
harvested rainwater, which also sustains the 
irrigation of the green roof and possibly of the 
surrounding vegetation. 

6.5 Water use 

The water collection has a triple objective: 
 to withhold stormwater runoff instead of letting it 

flow freely to the sea; 
 to support vegetation and evapotranspiration; 
 to feed evaporative cooling applications, in 

addition of the results of evapotranspiration. 
The capacity of the water tank depends on the 
amount of collected water required for the intended 
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pump is essential, requiring the provision of such 
equipment, housed in one of the pillars or next to the 
water tank. The filtering requirements are even more 
intense for using misting nozzles, in which case the 
issue of the biological agents in the collected water is 
of prime importance. 

6.6 Additional features 

In addition to the basic components above, 
certain other elements can improve the functionality 
and efficiency of a BAU, such as 
 fans to boost evaporation; even better, passive 

downdraft evaporative cooling systems attached 
to the pergola; 

 seating provision for visitors resting; 
 lights to extend use during nights, and to add 

aesthetic qualities through colour; 
 drinking water and refreshments dispensers. 
The use of pumps, fans, lights, etc. implies the need 
for electricity connection, with the relevant 
installation housed in one of the pillars.  

6.7 Financial considerations 
The appeal of the scheme depends not only on its 
performance but also on its costs incurred. The 
proposed superstructure consists of low-cost 
materials -mostly crushed stones and a relatively 
small amount of steel. The substructure cost depends 
on the type and capacity of the water tank. The water 
features (misting, dripping, fountains) are not in a 
high-cost category and their pumps consume a low 
amount of electricity. The extra cost by additional 
features depends on their design and it is beyond the 
cooling role of a BAU. 
 
7 METHODOLOGY 

The materialisation of the proposed scheme in 
urban locations requires the cooperation of the 
municipal authorities in two parallel directions. 
Firstly, to develop and monitor a couple of pilot 
structures; secondly, to formulate an action plan 
across the city fabric based on the thermal and 
hydrological conditions of various selected locations. 

The scheme matches some of the actions 
proposed in the report “Izmir Green City Action Plan” 
3, namely WCM1.5, WCM1.11, LU1.7, facilitating the 
integration of Aquapuncture in the municipal 
activities. 

Starting from a review of existing water 
applications in urban open spaces, the objective is to 
develop a network of urban ‘oases’ utilising and 
promoting RWH in the urban setting of metropolitan 
Izmir, in cooperation with the local authorities. The 
basic concept is to add cooling installations in 
selected spots of the city, offering oasis-like spaces 
for the public. The ultimate aim is triple:  
• to provide comfortable conditions in public 

outdoor spaces during hot periods, mostly in areas 
far from main green zones; 

• to mitigate the negative effects of UHI at local 
level; 

• to advertise the environmental benefits of RWH so 
to broaden its use and lessen the water stress.  

At the present point, the aim is to establish the 
framework for incorporating the proposal in 
forthcoming municipal activities and organise its 
wider implementation after a preliminary period. 
 
8 APPLICATION STEPS 

A survey, conducted in collaboration with local 
authorities, will explore various typologies for cooling 
hubs, including their space requirements, water 
demand, construction options, feasibility in legal and 
financial terms, and the optimal integration within 
the city. To serve as prototypes for potential 
replication, one or two pilot projects will be 
implemented in selected locations in Izmir. These 
case studies will be crucial in demonstrating how the 
general concept can be practically applied, following 
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a meticulous assessment of numerous design 
parameters. 

In order to promote the significance of RWH for 
the environment and the people, the municipality 
could organize design contests among professionals 
and students, inviting them to propose compelling 
versions of the cooling stations that enhance the 
cityscape. Such initiatives could potentially attract 
funding from the private sector and European 
programs. An example of a similar contest is the 
"Cool Abu Dhabi Challenge" held in 2020, which 
invited global proposals for improving outdoor 
conditions in Abu Dhabi's extreme climate 2. 

Drawing from the experience gained in Izmir, the 
"aquapuncture" model could be adapted and 
implemented in other locations with similar climatic 
conditions and comparable annual rainfall. 
Modifications would be made to suit the specific local 
context. 

 
9 CONCLUSION 

This work introduces the concept of 
"aquapuncture," which involves the creation of 
cooling "oases" throughout metropolitan Izmir to 
enhance the urban environment in a sustainable 
manner. These installations will not only provide 
thermal benefits but also contribute to the visual 
appeal of the cityscape, being also an observable 
manifestation of the advantages of RWH. 

Going one step further, the BAU hubs can evolve 
into integral components of a "green-blue" network 
that gradually extends throughout the city. This 
network serves as a natural and visually appealing 
solution for addressing the consequences of global 
warming, particularly by mitigating one of its 
underlying factors: the aridity prevalent in today's 
urban landscapes, which disrupts the functioning of 
the local water cycle. 
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ABSTRACT: From Brasilia to Songdo to the yet-unnamed Egypt's new capital, the world has been facing a surge 
in the development of planned new capitals across the globe since the mid-1950s. In the MENA region alone, 
more than ten planned cities are currently being constructed, one of which is a new capital. In 2015, the 
Egyptian government announced a plan to build a new capital called the New Administrative Capital (NAC) to 
replace the over-thousand-year-old capital known for its Giza plateau and famous historic mosque skyline. 
Previous work did not investigate the economic feasibility or categorically conclude whether the NAC will be 
smart or sustainable and, thus, potentially be resilient. This paper investigates the NAC's smartness, economic 
feasibility, and sustainability. It was found that the NAC is not economically viable, does not yet have the 
potential to be smart, and will not perform highly on the three folds of sustainability. 
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1. INTRODUCTION, MAIN AIM, AND RESEARCH 
IMPORTANCE 

More than half of the earth's population lives in 
cities, and this number is expected to peak in 2050. 
Much of this population is estimated to be in Africa 
and the MENA region, with 2.5 billion, constituting 
25% of the world's population, expected to live in 
Africa by 2050 [1]. Developing existing cities and 
planning new cities to absorb this increase in 
population in Africa and elsewhere is essential if the 
global net-zero target is to be met to keep global 
temperature increase below 1.5oC.  

The MENA region is witnessing an unprecedented 
development of planned cities. The Line in Saudi 
Arabia and Egypt's New Administrative Capital (NAC) 
are the most ambitious projects in the region. 
However, the number of new planned cities in Egypt 
has surpassed other countries in the area and 
worldwide. Since the 1970s, the government has built 
22 satellite cities and plans to develop 37 more [2]. 
Arguably, Egypt has the most ambitious new planned 
cities programme worldwide, surpassing the visions 
of China and India [3]. The problem is that the 
population of all those satellite cities sits at only one-
fifth of the original plan, making them known as the 
'desert ghost towns' [4]. It is not the most successful 
attempt to house the growing population. Most of 
those cities are far from Cairo, lack amenities and 
essential services and are difficult to reach and travel 
around. According to Nick Arese, people want to live 
in those new cities, but this requires owning a car, 
meaning only a particular social group can afford this 

move. He added that "governments think they can 
just move people to new areas, but actually, people 
go where they want to go" [5].  

The Egyptian government announced in 2015 the 
plan to build a new capital, some 72 km east of 
Greater Cairo, over 700 km2 with a capacity of 6.5 
million inhabitants. It is known as the New 
Administrative Capital of Egypt (NAC) (Figure 1). It is 
equal to the size of Singapore and four times the size 
of Washington, D.C. This makes it the largest 
purpose-built capital in human history. 

 
 

 
 
Figure 1: The NAC's planning of its three stages. 
 
The seat of government is relocating to the NAC, 

with many ministries already moved there in May 
2023, even before the completion of the first phase. 
We argue that rushing the government's relocation 
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was a political decision to increase consumers' and 
developers' confidence in the project. 

The ambition to create 'smart' and 'sustainable' 
cities in the MENA region has long been politically 
pushed to attract global investments and develop 
new economies to reduce dependence on oil and gas 
and address the challenges of urban living in existing 
cities. It is unknown whether the NAC will perform as 
a smart city as claimed by the government. The NAC's 
developer (ACUD) claims that the city will be smart 
because it will have smart traffic, utilities, buildings, 
and energy management and will be connected and 
safe. They also claim the city will be smart because 
the housing blocks use PVC panels.  

The resilience of an urban system is its ability to 
maintain continuity through shocks and stresses 
while transforming towards sustainability [6]. This is 
why the sustainability of cities is closely related to 
their resilience. Shocks and stresses, including 
economic downturns and social challenges, are 
significant in Egypt's case. On the other hand, the 
sustainability of cities includes their society, 
economy, and environment. It was thus important to 
study the economic feasibility and sustainability of 
the NAC, to investigate its resilience and be able to 
propose ways to enhance it.  

This paper aims to investigate the NAC's economic 
feasibility and sustainability and whether it could be 
smart as an example of planned purpose-built capital 
in the MENA region. 

In section four, we looked at the NAC's economic 
feasibility, in section five, we looked into whether it 
could be a smart city; and in section six, we 
investigated the city's sustainability with the aim of 
investigating the city's resilience. 
 
2. RESEARCH LENS AND METHODOLOGY  

Global interest in sustainable city planning started 
with the UN definition of sustainability in 1987, then 
the Rio Summit in 1992, followed by the Millennium 
Development Goals, and ended with establishing the 
Sustainable Development Goals in 2015, which value 
the role of urban inclusiveness, resilience, and 
sustainability. However, since the Aalborg Charter 
1994, there has been no single 'ideal' model or 
blueprint for sustainable cities that we could use to 
investigate the sustainability of the NAC.  

From the literature review, including studying the 
New Urban Agenda [7], we concluded that 
sustainable cities must offer better places to live and 
work, and their planning must be about people. They 
should adapt to population and economic growth and 
be resilient, especially to global warming. New 
planned cities should invest in good governance and 
adopt integrated urban development approaches and 
technologies such as transit-oriented development, 
AI, and the Internet of Things if this is affordable and 
will make the city more sustainable. They need to be 

walkable and free of cars as much as possible. They 
should boost the circular and blue economies to 
consume responsibly. They must promote energy 
efficiency at macro and micro levels, including 
building levels. This includes applying net zero carbon 
policies, technologies, and the use of renewable 
energy. We applied this research lens to the NAC to 
assess its sustainability. Then, we applied the three 
folds of sustainability to investigate the city's 
sustainability.  

We adopted Yolles' definition of sustainability, 
which is "the ability of human activity to persistently 
achieve improvement through development" [8]. In 
this definition, "human activity" encompasses the 
entire range of human activities, including city 
planning and operations. We considered employing 
several sustainability models, including Mitchell's 
three-nested-dependencies model, the egg of 
wellbeing model, and the prism model. However, we 
chose to use the Venn diagram model because it 
overcomes many of the limitations of previous 
models despite its limitations, as discussed by Carter 
& Moir [9]. Besides discussing the NAC's 
sustainability, we debated its economic viability and 
potential to be smart (sections 4 and 5, respectively). 
 
3. LITERATURE REVIEW  

A systematic critical review was conducted for all 
primary peer-reviewed references that studied the 
NAC. Only three references [10-12] studied one or 
more of the NAC's sustainability in-depth. Only the 
findings of the references that studied the city's 
sustainability are briefly discussed here. More in-
depth analysis will be presented in future work. 

Elmouelhi [10] attempted to theorise urban 
trends in Egypt and focused on the NAC within the 
framework of neoliberalism. He discussed how the 
government and the developers promoted the NAC 
to higher-income people. He looked at how the city 
could be inclusive to change the social class gap. He 
concluded that the government had decoupled the 
NAC's urban development from social development. 
On the other hand, Loewert and Steiner [14] studied 
the NAC's sustainability in depth by conducting 
qualitative interviews with thirty-six project 
participants. The authors doubted the city's feasibility 
and showed how it could lack economic 
sustainability. Bolleter and Cameron argued that the 
NAC "will be highly detrimental to existing cities, their 
inhabitants and the natural environment" [12]. 

We could not find a common theme supporting a 
point of view across the previous work regarding the 
project's sustainability or economic feasibility. None 
of the previous work critically studied the NAC's 
feasibility or holistically investigated its sustainability, 
and none commented on its potential to be smart. 
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4. ECONOMIC FEASIBILITY 
The Egyptian government promotes the NAC as 

the centre of the "new republic, " an expression used 
to denote the government's image of the revived 
country it is trying to rebuild. However, despite the 
severe economic crisis the country has been facing 
since 2011, the government justifies building the NAC 
as a means of taking the pressure off Greater Cairo 
and other existing cities and as an essential jewel of 
the crown for the new republic. The government also 
promotes the NAC as a flagship for smart cities across 
the region [13]. We could not find evidence that the 
NAC is economically feasible after studying all 
available economic indications since 2011 and the 
preceding period. The country was in almost 
complete idleness for over thirty years under 
Mubarak Regime (1981-2011), which was keen to 
create a state of 'economic equilibrium' promoted as 
a state of 'economic stability'. But, in reality, it was a 
state of stagnation. By 2011, human rights would 
have suffered severely, traffic was highly congested, 
the train services were dilapidated, transportation 
was terrible, and the pre-university, higher education, 
and health systems were dire. So, in response, people 
protested on the streets shouting the famous 
revolution slogan "bread, freedom and social justice". 
Since the Revolution, successive governments have 
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situation. However, the road is still far from short. 
Instead, after several megaprojects, the country is left 
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suffer from massive inflation, increased food and fuel 
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increase in wages and pensions. At the same time, 
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insists on moving forward quickly with the NAC. This 
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5. SMART ASPIRATIONS OF THE NAC 

The ACUD is promoting the NAC as a smart city. 
Many technical and policy preconditions must have 
been in place for this to be possible. None of these 
were seen during the site visit in August 2023 or were 
identified in the literature and data. There are no 
signs of implementing any smart features across the 
NAC. For example, there is no evidence of 
implementing Internet of Things infrastructure, 

including a 5G network or high-speed fibre optics 
infrastructure. Instead, the focus is on installing 
surveillance cameras, speed cameras, and 
advertisement boards. During the site visit, the 
experience of using the 3G network and the ADSL 
were unreliable. Also, as many smart cities propose, 
any services drones could provide will not be possible 
as drones are prohibited across the country. There is 
no clear smart transportation strategy, and the focus 
is on the monorail and the LRT only, which do not 
connect all parts of the city but connect the city to 
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autonomous transportation, rental cars, bikes, or 
scooters. Lately, the government has taken a good 
step towards streamlining the movement of 
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a contactless payment card system. Apart from the 
LRT and the monorail, the fuel used for 
transportation across the city is mainly fossil-based, 
with some natural gas buses. The primary source of 
electricity powering the whole city is natural gas. This 
means that the carbon dioxide emissions of the NAC 
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No web-based technology was found to provide 
citizens with a one-stop online platform to access all 
government services. A limited website that can 
provide some services is in operation. Despite the 
government's plans to transform Egypt into a digital 
society, most of the dealings with the government 
cannot be done online or even via post or phone. It is 
unclear how this will be different in the NAC. Cairo 
and other cities suffer from significant solid waste 
management issues, including collection and disposal. 
No clear strategy was found for how this will occur 
across the NAC. For example, no waste incineration 
plant has been built to produce energy, and no smart 
methods for waste collection systems have been 
proposed or built. We are concerned that this means 
that solid waste could end up in an open dump.  
 
6. ASSESSING THE NAC'S SUSTAINABILITY  

The Egyptian government cooperated with the UN 
to fulfil the SDGs. Egypt's Sustainable Development 
Strategy (SDS) states that it aligns its goals with the 
SDGs, although this is unclear in the document. At the 
2023 High-Level Political Forum on Sustainable 
Development, Egypt announced that renewable 
energy production will increase to 42% by 2030. 
However, it did not discuss how its SDS will ensure 
that the NAC will achieve any of the SDGs. Although 
this paper did not investigate how the NAC will do so, 
it studied how the city will potentially perform across 
the three folds of sustainability. 
 
6.1 The NAC's economic sustainability 

The NAC's economic sustainability is doubted due 
to seven issues identified through analysing the 
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economic indicators of the project and the context of 
the whole country. Two main issues are presented in 
this sub-section. 

The NAC's financial viability and the effect on the 
whole country's economy - The first issue relating to 
how the construction of the NAC could affect the rest 
of the country's economy relates to how it 
contributes to increasing the general external and 
internal debts and putting a massive strain on the 
general budget. We argue that the project is not 
economically viable due to the limited economic 
ability of the country, the timing of the project, how 
long it takes to complete, and how its different stages 
are completed and incompatible with the country's 
financial ability, including its ability to service the 
related external loans. Those loans are taken to build 
specific parts of the city, like the central business 
district, the light rail transit, the high-speed rail 
project, and the monorail.  

We argue that Egypt, which limps through a very 
fragile economy, cannot afford this megaproject 
despite the government's claims that no funds from 
the general budget have been invested in 
constructing the city. They claim that all the funds are 
raised from selling the land. However, the 
government admitted investing five billion Egyptian 
pounds in the NAC since 2015. 

Egypt has faced many economic challenges since 
the January Revolution in 2011, including an 
economic crisis that has been escalating to date. The 
country has a middle-income with a high rate of 
poverty. The poverty rate increased from 27.8% in 
2016 to 32.5% in 2019 [14], with the latest figures 
from the World Bank showing that 60% of Egyptians 
are either poor or vulnerable [15].  

The Egyptian currency is ranked the 6th worst 
performing and suffered extreme devaluation. The 
currency lost 50% of its value in 2022 due to steep 
devaluation since March and 20% by the beginning of 
2023, with expectations that it will plummet even 
further in 2024 [16]. In November 2023, the US$ price 
exceeded 50EGP (6.88EGP in November 2013). This 
deterioration in currency value is due to the 
damaging financial and economic policies since the 
2011 Revolution. These policies were mainly in 
response to the IMF recommendations. Compliance 
with these policies was to allow for more borrowing 
from the fund. This led the country to suffer from a 
high annual urban inflation rate that rose from 21.3% 
year-on-year in December 2022 [17] to 35.7% in July 
2023 and a core inflation of 41% [18]. The cost of 
food increased by 73.60% in September 2023 
compared to the same month in 2022 [19] and is 
increasing further.  

Egypt has the third highest total external debt in 
the MENA region after Lebanon and Bahrain [20], 
reaching $165.3 billion (end of March 2023) [21]. Its 

debt percentage to GDP was 87.20% in December 
2022, which is expected to reach 92.7% in 2023 [22]. 
This debt level is likely to increase due to the Israel-
Gaza war that affected tourism, gas imports, and the 
Suez Canal. This crisis led the IMF to consider 
augmenting the 3 billion US$ loan programme, the 
fourth loan Egypt has received from the IMF since 
2016 [23]. This will further increase the total debt by 
around six billion US$. 

We believe a country with this economic 
performance should not have invested in a mega-
scale project like the NAC. Instead, new 
developments should have targeted lower socio-
economic groups, as the World Bank report 
recommended in 1987 [24], which suggested that 
Egypt's economic development should focus on 
microenterprises and midsize enterprises rather than 
mega-scale developments. Despite this, since the 
report was published, the government has prioritised 
the mega-scale project model, and developing 
satellite cities has become the leading trend since the 
late 1970s [24]. More than thirty satellite cities across 
the country have been developed, with only 2.5 
million people relocated to those cities, leaving 12 
million dwellings vacant [25] and 18 million people 
living in informal settlements [26], most of which are 
around Cairo. Regardless of this significant urban 
development failure and dire economic position, the 
government is building the largest planned capital 
worldwide. This disregards the current economic 
downturn, the financial risks associated with 
investing in the city, and the risks associated with the 
Chinese loans taken to build the central business 
district. The investment made in the NAC should have 
been directed towards the needs of vital sectors that 
suffer from massive insufficient funding, such as 
agriculture, water, energy, industry, education, 
health, transportation, and social security. 

Effect of the NAC on the social inclusiveness of 
the capital - The second economic issue relates to the 
affordability of the residential and commercial units 
across the city and how this will define the 
demographics of its inhabitants. We argue that the 
city will not be inclusive. The NAC economic base 
focuses mainly on business hubs, luxury retail 
developments, and luxury residential units for sale for 
8 to over 40 million EGP, which is not affordable to 
most Egyptians. NAC provides only for the upper-
upper social class instead of prioritising the middle 
and lower classes that constitute the higher 
percentage of the population. Talking to the locales 
during the site visit, the NAC is known among the 
public as the "city of al Kobar (elite)". In other words, 
it is the "Billionaires' Row" of Cairo. This approach will 
divide the capital society into two cities: the historical 
capital for the poor and middle class and the NAC for 
the elite and expatriates, the high government 
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officials, and the high military ranks, affecting the 
coherence of the country's capital society.  
 
6.2 Assessing the NAC's social sustainability 

There is an expected overlap between the NAC's 
economic and social issues. The focus here is on four 
socio-economic issues that lead to social segregation 
and, thus, poor sustainability performance.  

NAC does not allow for the lower classes - The 
main social issue of the NAC is how the city only 
concentrates on the upper-upper social classes at the 
expense of the lower and middle classes, including 
the poor. For example, the price of a small flat in the 
NAC starts from about 0.9 million EGP, and a small 
separate house starts from about 5.8 million EGP. 
These prices will lead the majority of Cairo's high-
class, high-middle, and middle-middle classes to 
migrate to the NAC, where they can find a higher 
quality of life that they can afford, leaving the lower-
middle and lower classes living in Cairo. Besides the 
negative effect this migration might have on Cairo 
physically, it will further divide the society. There is 
no doubt that Cairo is facing massive socio-economic 
and environmental problems. It is feared that these 
problems will be overlooked, with all the investment 
redirected to the NAC. This will potentially cause 
severe social segregation between the Cairenes 
across the NAC and the historic metropolis [27], 
where most of the urban poor reside. It will make the 
NAC a city for the elite, changing the demographics of 
one of the world's oldest capitals.  

Poor attention to housing needs for all social 
classes - Social segregation will further take place 
because very little attention is paid to the housing 
requirements of the lower-middle and lower classes 
from the design and typology points of view. There is 
an evident lack of appropriate residential typology of 
affordable prices, appropriate size, design and urban 
design that fulfils the needs of people from the lower 
classes. Extended families, for example, have no 
appropriate housing options, such as large-family 
affordable houses, multi-story family blocks, or plots 
of land that they can use to build their homes in 
phases. On the other hand, the design of streets and 
public spaces does not satisfy the needs of lower-
class social interaction, entertainment, or 
celebrations they usually have on their streets. 

Transportation and social segregation - The NAC 
is located 72km away from Cairo's city centre. 
According to Google Maps, the fastest route takes 75 
mins (not during rush hour) from the NAC's 
Government Quarter to Al-Tahrir Square in Cairo, 
making the round trip 144km, taking at least two and 
half hours. This means that only people with access to 
private cars or who can afford expensive public 
transportation will have easy access to the city and its 
amenities [28]. As a rough indication of how much it 

will cost to travel this distance, an Uber fair is about 
250EGP. This is unaffordable to many people in Cairo 
and will further enforce social segregation. 

Urban planning - Another major social issue is 
adopting the 'American dream urban model', which 
separates the urban services and the residential areas 
and creates a mono-land use [29]. This transforms 
the city activities from continuous and dynamic to 
temporary depending on the time of the day and 
makes the city centres less safe [29] and inactive 
during the evening. This model has been tested in 
many planned cities across Egypt and proved socially 
and economically unsustainable. Another American 
model adopted widely across the NAC is the gated 
communities, which are popular among the higher 
social classes and are very lucrative to developers. 
However, it is very unaffordable for the lower classes, 
kills street life and divides society across the city.  
 
6.3 Assessing the NAC's environmental sustainability 

Lack of strategy - The major environmental issue 
facing the NAC is the lack of strategic thinking and 
planning. Egypt's Vision 2030 does not have any 
details of how the NAC will achieve the UN SDGs. The 
NAC does not have a sustainable strategy dealing 
with integrated transportation, air quality, noise 
control, solid waste management, sustainable 
infrastructure, freshwater demands, mitigating 
climate change, carbon emissions, and climate 
change resilience. 

The effect of the Green River - The second issue 
relates to the city's planning, which is based on a 
central spin: Green River, a 35km waterway, and 
green area. All neighbourhoods are connected to this 
waterway through further networks of green axes. 
This vast area is water-hungry and expensive ($500 
million first stage). It contradicts Egypt's problem of 
freshwater scarcity. Egypt is one of the top eleven 
countries suffering from water stress, scoring a water 
stress score of 160% in 2018 [30]. Each person only 
has 600 m3 (WHO water poverty is 1000 m3 per 
person). This figure will decrease to 400 m3 by 2050. 
The country's rapidly increasing population, climate 
change, poor solid waste management and the effect 
of this on the waterways, poor irrigation systems, and 
limited water resources put the whole country at risk, 
making the Green River very unsustainable despite 
the use of recycled water.  

Lack of building energy efficiency standards and 
high carbon emissions - The third environmental 
problem relates to building standards and design. The 
current building standards cannot ensure the 
construction of sustainable buildings regardless of 
building typology, as no building energy efficiency 
code is yet in place. In addition, previous work [31-
33] found that walk-up housing blocks and schools 
built by the government are not climatic responsive, 
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lack energy efficiency, and are not thermally or 
visually comfortable. The government plans to build 
similar buildings in the city. Additionally, proposed 
commercial and office buildings in such a hot-dry 
climate, in the form of multistorey fully glazed 
buildings constructed across the city, do not promise 
to be sustainable by design despite using efficient 
centralised cooling plant room. We expect most 
buildings will not be environmentally conscious and 
will be fully air-conditioned. Suppose buildings across 
the NAC are built without, for example, thermal 
insulation or any consideration for natural 
ventilation, passive cooling, or protection from solar 
radiation due to the lack of building energy efficiency 
codes and sustainable design innovation, the cooling 
loads and, thus, the energy consumption across the 
city will be very high. This will significantly impact the 
carbon footprint of the whole city. 

 
7. CONCLUSIONS AND FURTHER WORK 

This work aimed mainly to investigate the 
sustainability of the NAC as an example of planned 
capital constructed in the MENA area and to 
investigate its economic visibility and smartness. 

The study argued that the current economic 
situation in Egypt, with the challenges ahead, does 
not allow for the building of such a megaproject 
without negatively affecting people's lives across the 
country. The work also concluded that the NAC would 
not potentially be smart and would perform poorly 
across the three folds of sustainability. 

 Further work recommends a reform roadmap for 
the NAC, managed by the Egyptian House of 
Representatives and its various Standing Committees 
in collaboration with the relevant practitioners.  
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ABSTRACT: Population growth in the Himalayan urban centres is crucial for planners and researchers worldwide. 
In the Himalayan region, more than 150 million people live directly, but 1.5 billion people live within its water 
basins, and during the last three decades, the region has experienced rapid urban population growth. Rapid 
urbanization demands infrastructural development, significantly altering land use and land cover (LULC) patterns 
within cities. The alteration of LULC has numerous environmental impacts, most notably an increase in land 
surface temperature (LST) resulting from the built-up impermeable surface. The increase in LST within the city 
leads to the prevalence of urban heat island UHI) effects. Understanding UHI dynamics in urban areas is 
essential for sustainable development and mitigating the negative impacts of urbanization in the Himalayan 
cities. This study uses remote sensing Landsat 5 and 8 data from 1990 to 2022 and GIS approaches to investigate 
the spatiotemporal dynamics of LULC from 1990 to 2022 and its impact on UHI in Shimla City, Himachal Pradesh, 
India. The result of this work shows a significant change in different LULC classes. The built-up cover increased 
from 5.08 KM² to 13.8 KM² and UHI from 1% to 10% during 1990 to 2022. 
KEYWORDS: Land surface temperature, LULC, UTFVI, UHI, Built-up. 
 
 

1. INTRODUCTION  
The Himalayas hold immense importance for 

human civilization, profoundly influencing various 
aspects of life and culture across the Indian 
subcontinent. Their role in supporting life through the 
provision of water, biodiversity, and climate 
regulation is indispensable. In recent years, the 
Himalayas have been subject to rapid changes in their 
natural landscapes due to the challenges posed by 
the rapidly growing urbanization process in the 
regions. In the Himalayan region, more than 150 
million people live directly, but 1.5 billion people live 
within its water basins [1], and during the last three 
decades, the region has experienced rapid urban 
population growth [2-3]. This rapid urbanization 
demands more infrastructural development, leading 
to significant alterations in land use and land cover 
(LULC) patterns within the region.  

LULC changes have numerous environmental 
impacts, most notably the rise in land surface 
temperature (LST) resulting from the built-up cover of 
impermeable surfaces [4-5]. Compared to natural 
landscapes, impervious surfaces have a lower albedo, 
causing them to absorb more solar radiation and, 
consequently, contributing to an escalation in LST and 
the prevalence of Urban Heat Island (UHI) effects. LST 
has been used to investigate urban heat islands 

locally, regionally, and globally to examine the impact 
of urbanization impact on the local climate [6-7]. UHIs 
are areas within the urban environments where 
temperatures are significantly higher than the 
surrounding areas. The impact of higher surface 
temperatures in urban areas is a phenomenon in the 
surroundings [8]. In urban areas, impervious surfaces 
like concrete and asphalt absorb and retain heat, and 
a lack of green space can also contribute to this [9]. 
The increase in temperature in urban areas affects 
regional climate, increases energy consumption, 
causes environmental pollution, and significantly 
impacts human health and well-being [10]. It can 
exacerbate residents' discomfort and pose a health 
risk, particularly during high temperatures [11]. 
Understanding the LULC pattern UHI dynamics in 
urban areas is essential for sustainable development 
and mitigating the negative impacts of urbanization in 
the Himalayan cities.  

Much work has been done on UHI; Du. H. et al., 
2016: the impact of LULC on UHI in the Yangtze River 
Delta urban agglomeration, Li. Y. et al., 2012: 
monitoring of UHI in the fast-growing Shanghai 
metropolis, Gogoi P. P. et al., 2019: impact of LULC on 
LST over Northeastern India, but there is lack of 
studies which focuses on LULC impact on UHI in the 
fast-growing Himalayan Cities. This study utilizes 
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remotely sensed data and geographical information 
system (GIS) approaches to investigate the 
spatiotemporal dynamics of LULC change and its 
impact on LST and UHI in Shimla City, Himachal 
Pradesh, India, from 1990 to 2022. Additionally, the 
study will focus on understanding how changes in 
LULC in mountainous cities lead to an increased 
urban heat island effect in the region's microclimate. 
The findings of this research would not only help for 
policy purposes but also help urban planners and 
researchers develop sustainable urban design tools 
for Himalayan cities in the climate change era. 

 
 
2. METHODOLOGY 
2.1 Study area  

Shimla City, located in the southwestern part of 
the Middle Himalayas, graces an average altitude of 
2,130 meters above mean sea level (MSL) and is 
situated between 31˚4 ̕N to 31˚10 ̕N latitude and 77˚5 ̕
E to 75˚15 ̕E longitude (refer to Fig. 1). The city spans 
a total geographical extent of 35.34 km². According to 
Census India, in 1991, the population of Shimla City 
was 129,827; in 2001, 174,789; and in 2011, 235,970 
(Table 1). The projected population of 2021 was 
3,204,760. The city is a prominent tourist place. 
According to the Draft Development Plan Shimla 
Planning Area 2041, on average, 4000 tourists per day 
visit the city, and during peak season, the number 
reaches 10,000 per day. 

 
Figure 1: Location map of the study area. 
 
The city experiences an average annual rainfall of 
999.4 mm, with approximately 75% of this 
precipitation occurring during the monsoon period 

from June to September. The average temperature in 
Shimla City exhibits a notable range, fluctuating 
between -1 °C to 10 ˚C during the winter months and 
19 °C to 28 ˚C during the summer season. 
 
Table 1: Population growth of Shimla City. 
Year  Population Growth (%) 
1981  95,851  --- 
1991  129,827  35 
2001  174,789  35 
2011  235,790  18 
2021  307,404  30 
*Projected population. 
Source: Draft Development Plan Shimla Planning Area, 
2041. 

2.2 Database 
For LULC change mapping and LST calculation, the 

LANDSAT products provided by the USGS Earth 
Explorer website (https://earthexplorer.usgs.gov/) 
were used for this study. The description of the data 
used for this study is given below; 

Table 2: Description of Datasets used for this study; 
Sensor  Acquisition Year Row & Path 
Landsat-05  08-04-1990  147/038 
Landsat-05  10-04-2001  147/038 
Landsat-05  15-05-2010  147/038 
Landsat-08  11-04-2017  147/038 
 
2.3 Pre-processing of data 

Landsat Collection 2 Level 1 products have been 
taken from the USGS Earth Explorer website for the 
present study. Before being used for UHI studies, the 
Landsat thermal products must undergo a series of 
pre-processing techniques [12]. The Landsat thermal 
and optical products were pre-processed using the 
QGIS plugin semi-automatic classification (SCP) based 
on the dark object subtraction-1 (DOS-1) algorithm. 
 
2.4 Land use land cover (LULC) supervised 
classification 

Supervised classification is a technique that 
classifies data points into predefined classes based on 
labelled training data. A lot of supervised techniques 
and approaches have been used for satellite imagery 
classification, such as maximum likelihood 
classification (MLC), random forest classifier (RF), 
neural network classification, K-means clustering, and 
support vector machine (SVM) classification [13]. The 
present study utilizes SVM classification. SVM is a 
powerful supervised machine learning-based 
technique used for classification and regression work. 
The SVM is well-suited to find the best possible line 
to classify different classes [14]. In the present study, 
the supervised SVM technique was performed under 
the ArcGIS-10.8 environment to classify the images 
into different classes.  
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2.5 Calculation of land surface temperature (LST) 

This study used Landsat Satellites' thermal bands 
of Thermal Infrared Sensors (TIRS) to derive LST and 
Urban Therma Field Variance Index (UTFVI). The 
Landsat program uses different TIRS band 
combinations to derive surface temperature data 
[15]. In Landsat 5, band 6 (spatial resolution 60 
meters) and in Landsat 8, bands 10 and 11 (spatial 
resolution 100 meters) were collected. Each of these 
bands has been resembling a 30-meter spatial 
resolution. Although Landsat 8 has two thermal 
bands, band 10 and 11, in the present study, band 10 
is used to derive the LST because band 11 has 
calibration and stray light error, and researchers do 
not recommend this to retrieve LST [16]. In the 
present study, LST is calculated using the mono 
window technique. For the calculation of LST and 
UTFVI Landsat 5 (1990, 2001, and 2011) and Landsat 
8 (2022), 2 level 1 data were collected from the USGS 
Earth Explorer website. The following equations (1)-
(7) given in the USGS Handbook, step-by-step were 
followed to calculate LST [17]; 
Calculation of top of atmospheric radiance  
Ly =ML*Qcal +AL               (1) 
Where Ly stands for the top of the atmosphere (TOA) 
spectral radiance, ML stands for Band-Specific 
Multiplicative re-scaling factor, Qcal is quantised and 
calibrated standard product pixel value DN, and AL 
stands for Band-Specific additive re-scaling factor. 
Ly= ( )*(Qcal - Qcalmin) +Lminﾵ     (2) 

Where Ly=sensor radiance, Lmax ﾵ =maximum 

radiance of thermal band, Lminﾵ=minimum radiance 
of thermal band, Qcal=quantized calibrated pixel 
value in Digital Number (DN), Qcalmax=maximum 
quantised calibrated pixel value in DN, 
Qcalmin=minimum quantised calibrated pixel value in 
DN.  
Calculation of NDVI 
NDVI=              (3) 

NDVI stands for Normalised Difference Vegetation 
Index, and NIR stands for Near Infrared. 
Calculation of Fractional Vegetative Cover (FVC) Index 

FVC= ( )²            (4) 
Calculation of surface emissivity (Ԑ) 
Ԑ = 0.004*FVC + 0.986          (5)                                 
Calculation of Brightness Temperature (BT) 
BT= -273.15           (6) 

Where K1 and K2 are the calibration constants of 
thermal bands. 
Calculation of Land Surface Temperature (LST) 
LST= )         (7) 

In this study, for the calculation of LST from Landsat 5 
band 6, equations (2) and (6) were used to convert 
radiance into temperature. 

 
 For the retrieval of LST from Landsat 8 band 10, 
equations (1) and (3 – 7) have been used to convert 
the digital number (DN) value into temperature.   
 
2.6 Estimation of urban thermal field variance index 
(UTFVI)  

UTVFI is one of the most accepted indicators for 
characterizing a city's surface urban heat island effect 
[18]. UTFVI is a quantitative measure to assess the 
intensity and spatial variability of UHI effects in a city. 
It shows how hotter the zone is and how unevenly 
those hotspots are distributed within a city. Table 3 
shows the relationship between the UTFVI and UHI 
phenomena. 
 
Table 3: Relationship between UTFVI and UHI. 
UTFVI   UHI Phenomena 
-0.50 – 0.000  None 
0.00 – 0.100  Weak 
0.100 – 0.200  Moderate 
0.200 – 0.300  Strong 
0.300 – 0.500  Very strong 
 
For the present study, UTFVI is calculated using the 
following formula:  
UTFVI=          (8) 
Where Ts= LST at a particular point and Tmean= the 
mean LST of the study area. Based on the calculated 
value of UTFVI, the study area is divided into five 
different regions, as recommended by Zhou et al. 
(2014), as mentioned in the table. 
 
3. RESULTS 
3.1 Land use land cover (LULC) dynamics analysis  

The land use land cover (LULC) maps of Shimla 
City show the continuous growth in the built-up area 
from 1990 to 2022 (refer to Fig. 2). LULC change 
analysis was done in Shimla City for 42 years using 
Landsat satellite images for 1900, 2001, 2011, and 
2022. Landsat 5 and 8 multispectral cloud-free data 
for April and May were taken at 10-year intervals to 
classify LULC using SVM-supervised classification 
techniques under the ArcGIS 10.8 environment. The 
city was classified into four classes: built-up area, 
dense vegetation, sparse vegetation, and fallow land 
(refer to Fig. 2). Table 4 shows the temporal statistics 
of different classes of LULC for the study period. In 
terms of changes, the most substantial is the 
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increased built-up area, which was 15.6% in 1990 and 
increased to 41.4% by 2022, as well as the decrease 
in fallow land from 4.9% to 1.1%. In addition, dense 
vegetation cover decreased from 42.4% in 1990 to 
36.0% in 2022, while sparse vegetation cover 
decreased from 39.1% in 1990 to 21.6% in 2022.  

 
Table 4: Temporal statistics of different LULC classes 
Land use 1990 2001 2011 2022 
Class  (%)  (%)  (%)  (%) 
Built-up 15.6 25.1 35.6 41.4 
Dense Vᵃ  42.4 54.6 39.5 36.0  
Sparse V  39.1 14.1 17.6 21.6 
Fallow Lᵇ  4.9 5.7 7.3 1.1 
 ᵃ Vegetation                ᵇ Land 

 
Figure 2: LULC classification map for (a) 1990, (b) 2001, (c) 
2011, and (d) 2022 

3.2 Changes in land surface temperature (LST) 
LST was calculated using the mono window 

algorithm in the ArcGIS-10.8 environment from 1990 
to 2022. April and May months were taken for LST 
calculation. The description of the data and date are 
mentioned in Table 2. Figure 3 represents the LST 
maps of the study area for 1990, 2001, 2011, and 
2022. Table 5 shows that the minimum LST was 
recorded at -1.30 ˚C in 1990 and a maximum of 37.6 
˚C in 2011. This trend is also evident in mean LST; the 
mean LST increased from 16.3 ˚C in 1990 to 28.6 ˚C in 
2011. The most notable change in maximum LST can 
be seen from 27.6 ˚C in 1990 to 37.6 ˚C in 2011. 
Figure 3 shows that high LST zones were located in 
densely built-up areas. The period from 1990 to 2011 
was when built-up areas increased by 20%, indicating 
that the transformation of the natural landscape into 
a built-up landscape has increased LST.   

 

Table 5: Descriptive statistics of LST from 1990 to 2022. 
Year 1990 2001 2011 2022 
Min -1.30 6.5 19.7 10.9  
Max 27.6 32.6 37.6 30.4  
Mean 14.2 19.6 28.6 20.2 
 

 
Figure 3: LST maps of Shimla City for a. 1990, b. 2001, c. 
2011, and d. 2022. 
 
3.3 Urban thermal field variance index (UTFVI) 
calculation and urban heat island (UHI) phenomena 
In this study, the urban thermal field variance index 
(UTFVI) is used to quantify the status of urban heat 
islands (UHI) in the study area. UTFVI is calculated by 
using equation (8) in ArcGIS-10.8 software using a 
raster calculator. The UTFVI values of the selected 
years vary between -0.50 to 0.54. Figure 4 shows the 
UTFVI for 1990, 2001, 2011, and 2022. 
 

 

  
Figure 4: UTFVI maps of Shimla City for a. 1990, b. 2001, c. 
2011, and d. 2022. 
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According to this range, we have divided the UHI 
effect into weak, moderate, strong, and very strong 
(refer to Table 3). The impact of the UHI phenomenon 
is more prevalent during the summer season. Since 
Shimla City is a mountainous city, the winter is too 
cold, and the summer is hot, and these situations 
mask the actual result. In this study, we have 
preferred the April and May months for calculating 
LST and UTFVI because these two months are neither 
too cold nor too hot. 

 
Table 6: UTFVI and UHI phenomenon.  

Year 
None Weak Moderate Strong Very 

Strong 

KM² % KM² % KM² % KM² % KM² % 

1990 27.06 83 2.91 9 1.53 5 0.73 2 0.30 1 

2001 17.72 54 4.71 14 5.19 16 2.99 9 1.90 6 

2011 17.21 53 3.95 12 4.60 14 5.34 16 1.42 4 

2022 15.71 48 3.36 10 3.66 12 6.45 20 3.34 10 

 
Table 6 represents the categorization of Shimla 

City into five different classes, which determines the 
spatial distribution of UHI impacts inside the city. The 
result shows that the non-UHI area from 1990 to 
2022 reduced from 27.06 Km² to 15.71 Km². The very 
strong UHI area significantly increased from 0.30 Km² 
to 3.34 Km². In 1990, only 1% of the city's area was 
under a very strong UHI effect, which increased to 
10% in 2023. It can be observed from Table 5 that 
weak and moderate UHI areas showed fluctuation in 
terms of increase and decrease during the analysis 
period. In 2001, the weak UHI area increased by 4.71 
Km², but in 2022, it decreased to 3.36 Km². The 
strong UHI area increased from 0.73 Km² to 6.45 Km² 
from 1990 to 2022. The 2023 UTFVI map (refer to Fig. 
4) shows that 2022 has experienced high UHI effects 
in the densely built-up regions (refer to Fig. 2). The 
comparative analysis of Figures 2 and 4 shows that 
dense vegetation areas show none or weak UHI 
effects, whereas dense built-up areas experience very 
strong UHI effects. 

 
4. DISCUSSION 

In the present study, the spatiotemporal dynamics 
of LULC and its impact on LST were calculated and 
compared for the Himalayan mountainous city of 
Shimla. The study investigates the effect of LULC 
change and UHI dynamics in the city for 32 years 
between 1990 and 2022. This study focused on 
identifying the change in LULC for Shimla City and 
quantifying the UHI phenomena using UTFVI in 
remote sensing and ArcGIS environments. This paper 
aims to achieve two objectives: one, to monitor LULC 
change dynamics over Shimla City during the 
analyzed period, and second, to investigate spatial 
and temporal dynamics of UHI using UTFVI in the city.  

The analysis of LULC change was done using 
Landsat 5 and 8 images, using a machine learning-
based SVM algorithm in an ArcGIS-10.8 environment. 
The city was classified into four classes: built-up, 
dense vegetation, sparse vegetation, and fallow land. 
The findings of this paper show that there was a 
significant change in all LULC classes over the study 
area during the period 1990 to 2022. Built-up area 
increased from 15.6% in 1990 to 41.4% in 2022. A 
notable change in dense vegetation cover class can 
also be seen. It changed from 42.4% in 1990 to 36% in 
2022. Sparse vegetation cover reduced substantially 
from 39.1% in 1990 to 21.6% in 2022. Fallow land 
slightly decreased from 4.9% in 1990 to 1.1% in 2022 
(Table 4). A significant change in built-up cover 
between 1990 and 2011 was linked to high 
population growth in the city. From 1990 to 2011, the 
city's decadal population growth was 35%. During this 
period, the built-up cover doubled. 

The analysis of the April and May months shows a 
notable increase in LST of the study area. The 
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28.6 ˚C, and 27.6 ˚C to 37.6 ˚C from 1990 to 2022, 
respectively (Table 4). The result shows that the 
densely built-up areas experienced an increase in LST 
over the years. The reason behind the rise in LST in 
densely built-up areas is that the built-up cover 
increased from 15.6% in 1990 to 41.4% in 2022. As 
the built-up cover expanded, dense and sparse 
vegetation cover was replaced by roads, buildings, 
and impervious surfaces. These surfaces absorb and 
retain heat more than the natural land covers, 
leading to increased LST.  

 UTFVI was calculated using the LST of the April 
and May months of the selected years to quantify the 
UHI effect in the city. Table 3 shows that UTFVI is 
classified into five classes: none, weak, moderate, 
strong, and very strong. The result indicates that 
extreme UHI zones have increased. Table 6 shows 
that the strong region has risen from 1% to 10%, 
while the non-UHI region has reduced from 83% to 
48% from 1990 to 2022. The strong UHI region has 
also seen a notable change from 2% to 20% during 
the analyzed period. In accordance with the results 
indicated by the maps, there have been significant 
changes in LULC classes between 1990 and 2022, 
primarily the increase in built-up cover, including 
roads, buildings, and other infrastructure. The 
increase in built-up cover leads to an increase in the 
strong UHI zone.    
 
5. CONCLUSION 

This study aims to analyze the LULC and examine 
the temporal dynamics of LST and UHI in Shimla City 
using multi-temporal Landsat satellite images from 
1990 to 2022. Based on the results, it can be seen 
that built-up cover has increased significantly, with a 
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decrease in all other land cover classes. It is observed 
from the result that LST is rising in densely built-up 
zones and showing that the region is experiencing 
very strong effects of UHI. As a result of the 
conversion of natural landscape features into built-up 
cover, the city's weather conditions have been 
adversely affected, contributing to an increase in 
temperature. The dense vegetation covering part of 
the city is cooler than the other parts. It shows that 
vegetation cover can be adopted to mitigate the UHI 
effects within the city. It is also indicated that LULC 
plays a significant role in LST and UHI dynamics within 
the city. Based on the spatiotemporal analysis of the 
LULC and LST, it has been clearly demonstrated that 
the environmental and ecological conditions in the 
city are deteriorating and affecting the city's weather 
conditions. Therefore, the study indicates the 
necessity of sustainable urban planning strategies to 
mitigate UHI effects, especially in rapidly urbanizing 
mountainous cities. For future studies, it is 
recommended to evaluate the variability of UHI by 
considering other climatic factors such as wind speed, 
solar radiation, air and industrial pollutants. 
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ABSTRACT: The study evaluates thermal performance of wall envelopes of traditional timber houses, Bangladesh 
regarding rural thermal comfort. Field investigation integrated detailed observation and day-long environmental 
monitoring during hot-humid period. From the field data, a three-dimensional study model having three zones 
(front, middle and rear) has been prepared and validated for parametric study. Three major variables: i) 
material, ii) thickness and iii) cavity air gap have been considered for parametric studies. Simulations conducted 
for ten different external wall types and results have been interpreted statistically. It is observed that zone-wise 
fluctuation of AT has similar pattern where middle zone shows higher indoor temperature compared to outer 
zones. Wood with its high thermal inertia performs better compared to plain-sheet material. Increasing thickness 
has little influence on overall mean indoor AT and an increase in thickness by 6.25mm results in decrease in 
temperature by 0.4°C. For cavity wall construction fluctuation rate is higher when inner leaf is thin despite the 
size of cavity. An increase in inner leaf of 6.25mm results in a decrease in indoor temperature by 0.3-0.6°C. 
Linear regression analysis shows a positive correlation between AT and MRT and AT and OT for the values of 
0.98 and 0.99 respectively. 
KEYWORDS: Traditional timber house, Wall envelope, Parametric study, Thermal performance, Topics.  

1. INTRODUCTION
Comfortable indoor thermal environment is 

crucial to occupiers’ health and well-being. Building 
envelope, being exposed to direct sun and weather, 
thermally interacts with the constantly shifting 
outdoor, since, has direct bearing on indoor thermal 
performance. Regional tropical houses feature 
distinct physical traits that transformed in response 
to regional resource barriers, building techniques, 
and climatic conditions [1-2]. These ventilation-
intensive houses used a variety of passive techniques 
and design strategies to provide residents with the 
necessary comfort senses. In addition, residents have 
distinct lifestyles that may have led to the 
achievement of thermal comfort within the house [1-
3]. Knowledge of these traditional building methods is 
gained through experimentation and passed down 
through generations, which has been overlooked in a 
comprehensive understanding of humanity [4]. 
Traditional timber house of Bangladesh is one of such 
examples which are commonly found near Sothern 
coastlines areas of the country. These houses have 
wooden envelope system which is supposed to be 
comfortable which needs scientific justification in the 
changing climatic scenario. Field investigation reveals 
that indoor thermal environment have not remains 
within the comfort range the whole day. However, 
certain discrepancies may arise due to air leakage 

between the roof, floor and exterior walls which are 
currently out of scope of the study. Additionally, 
because of challenges such as industrialization and 
economic benefits brought about by advances in 
design, growing popularity of manufactured materials 
coupled with mass customization wooden envelope is 
gradually replacing by manufactured material locally 
known as plain sheet.  Moreover, a sense of worth 
and purchasing power contributes to the decline of 
traditional timber houses. In the changing 
construction and climatic scenario this traditional 
house envelope needs pragmatic and logical 
rationalization regarding indoor thermal comfort. 
Therefore, considering limited time and scope, the 
purpose of this study is to evaluate the thermal 
performance of the wall of this tropical house.   

2. METHODOLOGY
Fig. 1 illustrates the methodology of the study. 

Timber houses of Bangladesh lack necessary 
architectural documentation, hence, documentation 
is needed prior to study. Therefore, a reconnaissance 
is conducted to select the ideal case study houses. To 
understand the existing thermal condition of the 
house and comfort field investigation has been 
conducted. Prevailing indoor thermal condition and 
overview of external wall design criteria have been 
attained. Qualitative data regarding house form and 
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layout, occupants living pattern, construction 
materials, technique and passive design strategies 
has been collected to develop parametric model and 
interpret results. Day long qualitative data on indoor 
and outdoor thermal parameter i.e. air temperature 
(AT°C), mean radiant temperate (MRT°C), relative 
humidity (RH%) etc. has been done  with data loggers 
(HOBO ware Pro. U30) at the houses’ midpoint at two 
different heights: 750mm above the ground which is 
the minimum height of working plane used in 
residential living and near ceiling level.  

 
Figure 1: Research structure 
 

To carry out parametric study with EnergyPlus, 
initially using Google sketch-up with OpenStudio 
plug-in software, a three-dimensional model has 
been developed. Parametric studies have considered 
three major variables: i) material, ii) thickness and iii) 
cavity air gap. Through changing parameters a couple 
of experiments were performed to investigate 
efficient envelope approaches regarding local 
climate. There is no specific standard regarding 
thermal comfort for rural areas of Bangladesh. Hence, 
a literature survey has been conducted to clarify the 
rural thermal comfort range and to identify thermal 
properties of the materials. Table 1 [5-6] presents the 
specified standard comfort range for people wearing 
simple summer clothing and engaged with 
light/sedentary activities which have been identified 
as a basis for the validation and evaluation process.  

 
Table 1: Specified thermal comfort standard [5-6] 
 

Comfort range (ᵒC) RH (%) Wind speed (ms-1) 
Summer: 24–32 50–90 little or no air 

movement Winter: 17–32 
 
Finally results have been analyzed and 

synthesized on the basis of local comfort standard to 

expand correlation matrix and recommendation 
towards enhancing thermal comfort. 
 
3. FIELD OBSERVATION 

During reconnaissance survey two types of 
traditional timber house has been identified: single-
storied and double-storied. Emphasizing on the 
construction and residing periods necessary for 
occupants’ acclimatization, initially about 15 from 
each types have been surveyed and 6 typical cases 
from each type have been selected and considered 
for detailed survey. Again, one single and one double-
storied house have been considered for day long 
environmental monitoring during hot-humid period. 
Data collected provided basic details about current 
indoor thermal environment (Table 2) and overview 
of external envelope design strategies (Fig. 2).  

Field survey shows that both single and double-
storied houses follow a basic zoning and planning 
strategies. The only difference is: double–storied 
house has an upper story used for living and storage 
facilities.  Houses are rectangular in shape having 
three different zones: front socializing, middle living 
and back service zone. Settlement pattern is 
detached houses facing N-S direction. Construction is 
prefabricated in nature having earthen floor or 
cement concrete flooring and other parts are 
prepared elsewhere and assembled on site [7]. 
Hipped roof is placed over the structural frame at an 
angle of 30ᵒ with C.I. (corrugated iron) sheet 
covering. Roof is provided with a wooden false ceiling 
and ‘Chadoa’ (a piece of fabric) beneath it which 
creates an attic space of average 1.07m high at the 
centre position. Middle zone has an average height of 
3.2m and front and back zones it is 2.5m. Wall 
envelope is attached to a frame having average 
thickness of 100-125mm. Wall envelopes used teak 
with an average thickness of 12.5mm. Overall 
opening area takes up approximately 20-25% of the 
total wall area and swing system makes the opening 
100% effective on four sides. Openings are kept open 
all day and remain closed during night for security 
purposes, hence, requires mechanical support to 
ensure comfort at night. Occupancy mapping reveals 
that it remains empty most of the daytime when the 
house is hot and remains occupied during night while 
it becomes cool. Fig. 2 illustrates typical section and 
envelope details of the case study houses whereas 
Fig. 3 presents the summery of occupancy schedule 
inside the houses for a typical summer day [3-4]. 

 
Table 2: Surface temperature (mid-day:12:00 pm–4:00 pm) differences of timber house envelope. 
 

House/Level Floor (°C) (avg.) 
Wall (°C) (avg.) Roof/Ceiling (°C) (avg.) Outdoor 

Air Temp. (°C) Exterior Interior Exterior Interior  
Single-storied 35.3 42.2 37.7 58.1 42.0 35.42 

Double-storied Ground Floor 31.5 35.5 33.5 46.1 33.3 32.3 First Floor 37.0 38.2 37.8 41.6 
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Figure 2: typical section and envelope details: (a) single-storied house; (b) double-storied house; (c) prefabricated wall envelope 
and (d) exploded view of house components  
 

 
Figure 3: Occupancy mapping of the case study house 
 
4. PARAMETRIC MODEL & VALIDATION 

Several studies have validated the numeric 
outcomes of "EnergyPlus" software towards field 
data to demonstrate its efficacy [3, 8]. Hence, a 
three-dimensional model was created based on the 
findings using "EnergyPlus" and Open-studio Plug-in 
software to run a couple of simulations to investigate 
potential envelope techniques to optimize indoor 
thermal comfort. Table 3 illustrates the traditional 
timber house parameters considered for parametric 
study. Modifying variables and material properties 
enables an evaluation of strategies for reducing 

indoor temperature. Finally, outcomes are evaluated 
and synthesized in relation to the regional climate 
and comfort standards in order to guide future design 
advancement for improved indoor thermal comfort. 

For parametric study weather data file available at 
Energy-Plus official website is used. All simulated data 
has been validated with actual data (error ±0.3-5.5%). 
For parametric studies databases for material, 
construction, different schedules etc. have been 
prepared based on field result. A study model of 
43.64 sqm area has been prepared having three 
different zones: Z-1, Z-2 and Z-3 having an average 
height (h) of 3.2m, 2.65m and 2.65m respectively (Fig. 
4) same as case study house for easy comparison of 
the simulated result with the monitored field data. 
The site location represents rural fabric of Barisal and 
weather represents climate of southern coastal zone 
of Bangladesh. The occupancy load, lighting, electrical 
equipment, and door-window opening schedule are 
all like the house surveyed (Fig. 3). Construction 
considered for model is similar to case surveyed and 
material properties [11-14] are collected from 
literature survey (Table 4). As field survey was 
conducted during the month of August but to reflect 
most discomfort periods, simulation run period has 
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been scheduled for the high temperature and high 
humidity month of June [5-6, 9-10]. 

 
Table 3: Test model parameters for simulation study 
 

Parameter Description 
Location Barisal division 

Geographical Location: i) Longitude 21° 25'(North) 
ii) Latitude 91° 58' (East) 

Time Zone {GMT +6.0 Hours} 
Elevation above sea level 4m 

Simulation period  July-August, 2019 
Condition High AT & RH 

Sky Model  Clear sky 
ASHRAE Climate Zone 1A 

ASHRAE Description Very Hot-Humid 
Orientation  Front facing South 
Plan Shape Rectangular 

Roof shape & angle Hipped, 30ᵒ 
Number of storey 1 

Floor to Floor Height Z-1 Avg. 3.2m 
Z-2 & 3 Avg. 2.65m 

Z-1 (Middle zone) Gross wall: 14.89m2 
Gross window: 2.38m2 

Z-2 (Front zone) & Z-3 
(Back zone) 

Gross wall: 21.04m2 
Gross window: 4.77m2 

Floor Area 43.97 m2 

Construction materials 

Floor : Earthen 
Roof: C.I. sheet 
Wall: Timber (Teak) 
Door-window: Wooden 
swing, 100% operable 

Ventilation method Natural Ventilation Simple 
(Operable simple window) 

Occupancy schedule Residence occupancy 
Number of people 5 

Lighting Design level (W) 120 (Cal. method: W/Area) 
Equip. Design level (W) 450 (Cal. method: W/Area) 

 
A few cases of changing envelope materials, 

thickness and construction strategies have been 
considered (Table 5) and assessed regarding local 
thermal comfort standard for rural areas of 
Bangladesh. Timber houses are conventionally built 
with wooden (teak) walls which are now gradually 
replacing by plain iron sheet. Therefore, simulation 
studies considered these two materials: wood and 
plain iron sheet for performance evaluation. Again, 
from the field survey it has been observed that 
wooden wall thickness is 18.75mm whereas frame 
thickness is 37.5mm. Therefore, changing 
thickness@12.5mm within maximum value of 
37.5mm four different thicknesses between 
18.75mm- 37.5mm and cavity air gap of 6.25mm, 
12.5mm and 18.75mm have been considered for 
study. Other parameters i.e. economic impact, 
structural stability, night ventilation, air-leakage, 
impact of roof shading, energy related issues, fire 
safety, security, etc. is out of scope of the research. 
Finally, thermal performance data of thirteen walls is 
summarized statistically. 

Test timber house plan

Middle Zone
Bedroom

Back Zone
Service

Front zone
Living room

2.3m

3.5m

2.3m

5.5m

 

 wooden false ceiling
 with cotton fabric below

  (Wood shingle 25mm thick)

 wooden envelope

Swing window with
two wooden panels

(panel thickness 19mm)

 Earthen floor

1.09m high attic

 C.I. sheet roof covering

2'-9"

3'-6"

2'-6"

                       3'-7" (at mid point)

Zone 1

 

 
Figure 4: Simulation details of test house 
 
Table 4: Thermal properties of envelope materials [11-14] 
 

Name material Conductivity 
(W/m-K) 

Density 
(Kg/m3) 

Specific 
heat 

(J/kg-K) 
Floor Earthen 1.4 1460 879 

Window 
& door Sal 0.96 660 1880 

Ceiling Raintree 0.74 480 1880 
Chadoa Fabric 0.04 225 1380 

Roof CI sheet 65 7300 235 

Wall 
Teak 1.28 710 1880 

Plainsheet 237 2700 890 
Cavity  *Resistance 0.14-0.17 m2-K/ W 

 
5. FINDINGS AND CONCLUSION 

Table 6 outlined statistical summary of parametric 
study. Outdoor mean AT and RH were same for all the 
wall types studied which is 27.83ᵒC and 86.91% with a 
standard deviation (SD) of 2.03 and 7.84 respectively. 
It is found that changes in materials, thickness and 
configurations have significant impact on indoor 
environment. Simulation result reflects that wood 
with its high thermal inertia performs better 
compared to plain-sheet material. Plain sheet wall 
envelope exhibits low resisting capacity against 
outdoor temperature and maximum temperature of 
39.03ᵒC to 41.10ᵒC with a SD of 0.1 was observed for 
plain sheet envelope design. It has been observed 
that increase in thickness of wooden wall has little 
influence on overall mean indoor AT as insulating 
property of wood contributes towards low heat gain 
during day and low heat release during night. 
Statistical value reflects a decrease in temperature by 
0.4°C for an increasing in thickness by 6.25mm.

186



 

been scheduled for the high temperature and high 
humidity month of June [5-6, 9-10]. 

 
Table 3: Test model parameters for simulation study 
 

Parameter Description 
Location Barisal division 

Geographical Location: i) Longitude 21° 25'(North) 
ii) Latitude 91° 58' (East) 

Time Zone {GMT +6.0 Hours} 
Elevation above sea level 4m 

Simulation period  July-August, 2019 
Condition High AT & RH 

Sky Model  Clear sky 
ASHRAE Climate Zone 1A 

ASHRAE Description Very Hot-Humid 
Orientation  Front facing South 
Plan Shape Rectangular 

Roof shape & angle Hipped, 30ᵒ 
Number of storey 1 

Floor to Floor Height Z-1 Avg. 3.2m 
Z-2 & 3 Avg. 2.65m 

Z-1 (Middle zone) Gross wall: 14.89m2 
Gross window: 2.38m2 

Z-2 (Front zone) & Z-3 
(Back zone) 

Gross wall: 21.04m2 
Gross window: 4.77m2 

Floor Area 43.97 m2 

Construction materials 

Floor : Earthen 
Roof: C.I. sheet 
Wall: Timber (Teak) 
Door-window: Wooden 
swing, 100% operable 

Ventilation method Natural Ventilation Simple 
(Operable simple window) 

Occupancy schedule Residence occupancy 
Number of people 5 

Lighting Design level (W) 120 (Cal. method: W/Area) 
Equip. Design level (W) 450 (Cal. method: W/Area) 

 
A few cases of changing envelope materials, 

thickness and construction strategies have been 
considered (Table 5) and assessed regarding local 
thermal comfort standard for rural areas of 
Bangladesh. Timber houses are conventionally built 
with wooden (teak) walls which are now gradually 
replacing by plain iron sheet. Therefore, simulation 
studies considered these two materials: wood and 
plain iron sheet for performance evaluation. Again, 
from the field survey it has been observed that 
wooden wall thickness is 18.75mm whereas frame 
thickness is 37.5mm. Therefore, changing 
thickness@12.5mm within maximum value of 
37.5mm four different thicknesses between 
18.75mm- 37.5mm and cavity air gap of 6.25mm, 
12.5mm and 18.75mm have been considered for 
study. Other parameters i.e. economic impact, 
structural stability, night ventilation, air-leakage, 
impact of roof shading, energy related issues, fire 
safety, security, etc. is out of scope of the research. 
Finally, thermal performance data of thirteen walls is 
summarized statistically. 

Test timber house plan

Middle Zone
Bedroom

Back Zone
Service

Front zone
Living room

2.3m

3.5m

2.3m

5.5m

 

 wooden false ceiling
 with cotton fabric below

  (Wood shingle 25mm thick)

 wooden envelope

Swing window with
two wooden panels

(panel thickness 19mm)

 Earthen floor

1.09m high attic

 C.I. sheet roof covering

2'-9"

3'-6"

2'-6"

                       3'-7" (at mid point)

Zone 1

 

 
Figure 4: Simulation details of test house 
 
Table 4: Thermal properties of envelope materials [11-14] 
 

Name material Conductivity 
(W/m-K) 

Density 
(Kg/m3) 

Specific 
heat 

(J/kg-K) 
Floor Earthen 1.4 1460 879 

Window 
& door Sal 0.96 660 1880 

Ceiling Raintree 0.74 480 1880 
Chadoa Fabric 0.04 225 1380 

Roof CI sheet 65 7300 235 

Wall 
Teak 1.28 710 1880 

Plainsheet 237 2700 890 
Cavity  *Resistance 0.14-0.17 m2-K/ W 

 
5. FINDINGS AND CONCLUSION 

Table 6 outlined statistical summary of parametric 
study. Outdoor mean AT and RH were same for all the 
wall types studied which is 27.83ᵒC and 86.91% with a 
standard deviation (SD) of 2.03 and 7.84 respectively. 
It is found that changes in materials, thickness and 
configurations have significant impact on indoor 
environment. Simulation result reflects that wood 
with its high thermal inertia performs better 
compared to plain-sheet material. Plain sheet wall 
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Table 5: Wall types considered for parametric study 
 

Parameter Code Type/ Thickness Construction Graphical illustration 

Material (WM-
1) 

WM-1a 12.5 mm wooden wall 
 Wooden false ceiling

 with 'chadoa'
  (25mm thick)

Wooden envelope having two/ three
layers or two/three layers and

polythene sheet glued together
(each layer 12.5mm thick)

Swing window with two
wooden panel

(panel thickness 18.75mm)

 Earthen floor

Attic space

 C.I. sheet roof covering

2'-9"

3'-6"

2'-6"

                       3'-7" (at mid point)

 

WM-1b -- plain sheet wall 

Thickness (WT-
2) 

WT-2a 18.75 mm 
Traditional timber 

frame wooden 
wall: 12.5-37.5mm 

thick 

WT-2b 25 mm 

WT-2c 31.25 mm 

WT-2d 37.5 mm 

  Inner leaf cavity Outer leaf 

12.5-18.75mm two 
wooden leaf with 
cavity. Total wall 
thickness 37.5-

50mm 

 Wooden false ceiling
 with 'chadoa'

  (25mm thick)

Swing window with two
wooden panel

(panel thickness 18.75mm)

 Earthen floor

Attic space

 C.I. sheet roof covering

2'-9"

3'-6"

2'-6"

                       3'-7" (at mid point)

Wooden wall panel

Cavity air gap in between two
wooden wall panel

(cavity 6.25/12.5/18.75/25mm thick)

 

Cavity  
air-gap  
(WC-3) 

WC-3a 12.5 mm 6.25 mm 18.75 mm 
WC-3b 12.5 mm 12.5 mm 12.5 mm 
WC-3c 18.75 mm 12.5 mm 12.5 mm 
WC-3d 25 mm 12.5 mm 12.5 mm 
WC-3e 12.5 mm 18.75 mm 12.5 mm 
WC-3f 18.75 mm 18.75 mm 12.5 mm 
WC-3g 12.5 mm 25 mm 12.5 mm 

 
For cavity wall, fluctuation rate is higher when 

inner leaf is thin despite of the size of cavity. 
Maximum AT of Z-1 rises up to 38.91ᵒC-40.72ᵒC 
where at Z-2 and Z-3 AT is 0.5-1.5ᵒC lower compared 
to Z-1. W-3d results in lowest maximum temperature 
which ranges between 36.68°C-38.91°C in different 
zones whereas highest maximum temperature results 
for W-3c and W-3e (39.3°C-40.72°C). From the 
simulation data it is observed that an increase in 
inner leaf of 6.25mm results in a decrease in 
temperature by 0.3-0.6°C.  

Zone-wise fluctuation of AT has similar pattern 
where Z-1 shows higher temperature gradients 
compared to Z-2and Z-3 (Fig. 5). Z-1 AT and OT was 
nearly 0.5-0.8ᵒC higher than the upper limit of 
comfort temperature. Both mean MRT and OT is 
higher for Z-1 by 0.5-1.14ᵒC whereas decrease from Z-
2 to Z-3 by nearly 0.2-0.6ᵒC (Table 6). Zone 
temperature gradients remains 0.5-2.3ᵒC higher than 
the upper value of comfort where Z-1 shows higher 
and Z-3 shows comparatively lower temperature 
gradients compared to others.  

Fig. 6 (a) illustrates the overall probability density 
function (PDF) for different zones. Cumulative density 
function for different wall types defines frequency 
distribution of fluctuating variables (Fig. 6(b)). From 
the figure it is seen that cavity construction performs 
better compared to plain sheet and wooden wall but 
with the increase in temperature nearly above 34ᵒC 
performance of cavity wall decreases. Table 7 shows 
correlation matrix among temperature gradients. 
Linear regression analysis shows that a positive 
correlation among AT and MRT has been obtained for 
the value of 0.98 whereas for the correlation AT and 
OT the value is 0.99 (Table 7). 

 
Figure 5: Zone wise fluctuation of air temperature (ATᵒC) 
 

 
(a) 

 
(b) 

Figure 6: (a) Zone PDF and (b) CDF for simulated walls 
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Table 6: Statistical summary of thermal performance of walls considered for parametric study 
 

Wall Mean Air Temperature (ATᵒC) Mean Radiant Temp. (MRTᵒC) Operative Temperature (OTᵒC) 
Z-1 Z-2 Z-3 Z-1 Z-2 Z-3 Z-1 Z-2 Z-3 

WM-1a 32.46 31.80 31.36 31.73 31.37 31.04 32.10 31.58 31.20 
WM-1b 34.31 33.36 33.01 33.41 32.84 32.56 33.84 33.10 32.78 
WT-2a 32.50 31.81 31.38 31.75 31.37 31.04 32.12 31.59 31.21 
WT-2b 32.52 31.84 31.41 31.77 31.38 31.04 32.15 31.61 31.22 
WT-2c 32.51 31.81 31.41 31.75 31.35 31.02 32.13 31.58 31.21 
WT-2d 32.50 31.78 31.38 31.74 31.34 30.99 32.12 31.56 31.19 
WC-3a 32.69 31.91 31.38 31.96 31.47 30.94 32.33 31.69 31.16 
WC-3b 32.52 31.84 31.41 31.77 31.38 31.04 32.15 31.61 31.22 
WC-3c 32.73 31.95 31.35 32.01 31.49 30.90 32.37 31.72 31.12 
WC-3d 32.72 31.96 31.34 32.02 31.50 30.89 32.37 31.73 31.12 
WC-3e 32.52 31.84 31.41 31.77 31.38 31.04 32.15 31.61 31.22 
WC-3f 32.73 31.95 31.35 32.01 31.49 30.90 32.37 31.72 31.12 
WC-3g 32.77 31.97 31.34 32.06 31.51 30.88 32.42 31.74 31.11 

 
Table 7: Correlation matrix among AT, MRT and OT 
 

 Out. Temp AT MRT OT 
Out. temp. 1 0.88 0.90 0.90 

AT 0.88 1 0.97 0.99 
MRT 0.90 0.97 1 0.99 
OT 0.90 0.99 0.99 1 

 
6. CONCLUSION 

Study on traditional timber house of Bangladesh is 
still marginal.  Hence, the study evaluates thermal 
performance of wall envelopes of traditional timber 
house with limited design strategies. From the study 
the following conclusion can be made: 

i. Changes in materials, thickness and configurations 
have significant impact on zone indoor 
environment where middle zone shows higher 
temperature gradients compared to outer zones. 

ii. Wooden envelope performs better over plain 
sheet material. However, Increase in thickness of 
wooden wall has little influence on overall mean 
indoor AT and an increase in thickness by 6.25mm 
results in decrease in temperature by 0.4°C. 

iii. Fluctuation rate is higher when inner leaf is thin 
despite of the size of cavity. Increasing inner leaf 
by 6.25mm results in a decrease by 0.3-0.6°C. 

iv. Positive correlation exists among AT, MRT and OT. 
Best fitted model can be obtained for AT-MRT and 
AT-OT for the value of 0.98 and 0.99 respectively. 
This study presents insight into thermal 

performance of wall envelope design which will help 
built-environmental professionals and policymakers 
develop passive design strategies to improve 
occupants’ well-being in future. 
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ABSTRACT: In a winery energy demand is mostly due to temperature control. Energy flux exchange and thermal 
inertia of the envelope are crucial because of the constant need for stabilized temperatures. Underground cellars 
represent a resilient solution thinking in the future, as they can provide temperature peaks dampening and 
thermal wave phase shifting breaking down temperature variation. Sustainable wine production fills a research 
gap, identifying emerging trends for business model innovation. In this research, potential design improvements 
are simulated and discussed regarding the form and the materiality, with the objective to improve internal higro-
thermal conditions and energy efficiency. A case study is presented as an example. It includes a partially 
underground cellar, thermal asymmetries and green roofs. 5 alternatives to improve the envelope are presented. 
The first 4 modify the thermal resistance of the opaque envelope. Their combination leads to a reduction of 27% 
of the annual energy demand. The 5th strategy proposes the improvement of the transparent envelope. This 
strategy requires active management of the envelope during the operation of the winery. The reduction in 
energy demand reaches 37% (from 80 to 50 kWh/m2.year) of the initially estimated energy requirements. 
KEYWORDS: underground cellars, envelope, thermal resistance, energy efficiency. 
 
 

1. INTRODUCTION  
The industrial environment is one of the most 

intensive systems that humankind has created. It 
consumes substantial proportions of natural 
resources for its establishment and operation. It also 
contributes to a large extent to the waste that is 
deposited in the biosphere. By 2050 environmental 
challenges are expected to become even more critical 
and intense. [1] Industry should be conceived as a 
management of energy and material resources, as 
part of the continuous flows and exchanges of energy 
and materials within the biosphere. Industries are 
required to develop solutions either to address the 
negative impacts of consumption and production 
processes or generate positive spill overs [2]. 

The wine sector is highly vulnerable to climate 
change, especially due to the dependence of vine 
growing on specific climatic and environmental 
conditions. For this reason, adaptation and mitigation 
measures are important for the future of the wine 
industry. According to Lichy et al. [3], even though 
sustainable wine production aligns with the United 
Nation Sustainable Development Goals (UN-SDGs), no 
universally accepted approach exists to evaluate 
sustainable wine production attributes and variables.  

In a winery energy demand is mostly due to 
temperature control. Energy flux exchange and 
thermal inertia of the envelope are crucial because of 
the constant need for stabilized temperatures. As a 
consequence, energy consuming systems are 
frequently used. All wineries usually include 
serpentine pipes inside tanks to control temperature 

during fermentation; and air-conditioned equipment 
to maintain the appropriate microclimate (tempera-
ture & humidity) in oak breeding barrels rooms, wine 
stowage and bottle storage. In temperate continental 
climates with important daily and seasonal variations 
this includes both: heating and cooling. 

Recent research [4-7] demonstrate that tradition-
al underground wine cellars are good examples of 
bioclimatic construction, achieving optimum condi- 
tions with almost no energy consumption for cooling.  

Mendoza, a major regional wine-producer, needs 
to shift towards sustainable production to minimize 
environmental impact and ensure its continuity.  

The vernacular practice of underground cellars 
may represent a resilient solution when thinking in 
the future. They characterise by temperature peaks 
dampening and thermal wave phase shifting, 
breaking down temperature variation. 

Even though architects, engineers and investors 
are aware of the benefits of underground designs in 
this climate, recent investigations [8-11] have 
demonstrated that in most cases, if a part of the 
building is underground, these spaces are usually 
integrated to others that are highly glazed. Thermal 
asymmetries between elements of the envelope are 
frequent and as a result they do not perform as 
underground spaces. Also, some wineries integrate 
green roofs as a part of a sustainable image, but their 
materiality is poor and as a consequence, the desired 
thermal stability is not met. Even though there is a 
growing interest in achieving a bioclimatic 
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performance in wineries, the physical phenomena are 
not fully understood to work as expected.  

Project design is an opportunity to align on ideas, 
processes, and improve energy efficiency. Dynamic 
simulation has the advantage to explore design 
variables that will lead to wise decision-making. 

Ferri et al. [12] present resent research regarding 
internal drivers of eco-innovation in wineries. As a 
result: willingness to improve, consciousness about 
the importance of protecting natural resources, and 
personal responsibility towards the stakeholders and 
community; were the main impulses for the 
implementation of sustainable practices; which 
ranged from an initial product innovation (i.e., a 
switch to organic and/or biodynamic wine) to process 
innovation (i.e., adoption of passive and/or active 
solar energy technologies). 

Organic and/or biodynamic wine are more 
sensible to changes in higro-thermal conditions as 
they do not use chemicals or additives. They don't 
add yeast to the fermentation process, and they don't 
employ sulfites to stabilize the wines. This is a main 
reason form and materiality of the project become 
crucial to secure thermal stability in wineries.  

Sustainable wine production fills a research gap, 
identifying emerging trends for business model 
innovation. In this research, potential design improve 
-ments are simulated and discussed regarding the 
form and the materiality, with the objective to 
upgrade internal higro-thermal conditions and energy 
efficiency in wineries. A case study is presented as an 
example. It includes a partially underground cellar, 
thermal asymmetries and green roofs. 
 
2. METHODOLOGY  

  Better prediction, characterization and quality 
assurance of building energy performance is essential 
to realise the anticipated world-wide energy 
reductions in buildings and community systems. [13-
14] The way programs should be used to address a 
particular purpose has been termed a Performance 
Assessment Method (PAM). Well documented 
procedures for using programs need to be developed 
to fulfil a real need by increasing consistency of 
performance assessment, aiding in training, allowing 
improvement of procedures and promoting quality 
assurance. Documentation is essential so that, firstly, 
the assumptions in currently adopted methods can be 
made explicit and thus open to analysis, secondly, 
that quality assurance can be carried out, and thirdly, 
that portions of the assessment method for one 
application can be re-used for different applications. 

A PAM is a guide to evaluate the building 
performance through the energy simulation of a 
building, which requires: establishment of a basic 
design case, calibration of the model, evaluation of 
the boundary conditions, identification of problems, 
generation of possible solutions and their evaluation.  

Dynamic models consider the time variable and 
the effects of the thermal capacity of the materials 
involved through which the energy transfer takes 
place. Computational simulation methods require an 
exhaustive load of information and yield accurate 
information. The EnergyPlus software [15] was used 
for the analysis of this project. This is a thermal-
energy simulation software developed by the 
National Renewable Energy Laboratory (NREL) of the 
US Department of Energy (DOE). The EnergyPlus 
software is one of the most advanced programs in 
energy efficiency analysis and is the most widely used 
in the scientific community worldwide. 

The exogenous variables that affect the thermal 
performance of the project (outdoor temperature, 
solar radiation power in a given plane, wind speed, 
etc.) vary over time. A TMY3 climate file must be 
prepared on an hourly basis in order to incorporate 
them into the dynamic simulation. For this purpose, 
statistical data are used for the site location. 

At the same time, the effect of these variations on 
the interior space of the building is not immediate, 
but there is a time delay between cause and effect 
that varies for each building. Therefore, the energy 
exchange between a building and the external 
environment is considered a dynamic system. In 
order to study them, it is necessary to incorporate the 
form and materiality aspects of the project by 
generating a geometric physical model in Open 
Studio Application and the development of an ad hoc 
library of physical properties of materials. 

Thermal zones are a set of enclosures that are 
used as the basis or calculation unit for the energy 
simulation. The calculation is performed at "zone" 
level based on morphology, i.e. spaces that have the 
same morphological characteristics: the same height, 
the same envelope resolutions and the same 
interactions between spaces. Thermal zones are also 
defined, depending on the hygrothermal require-
ments associated with the use: thermal loads, interior 
temperatures and schedules. 

 
2.1. Case Study 

A project for a partially underground winery was 
selected as case study. It is located in de DOC wine 
zone of Luján de Cuyo, Mendoza. The first and only 
wine-zone of Argentina that has DOC for Malbec (-33° 
10´ 29.73 SL, -68° 52´ 55.54´´ WL, 958 masl). 

Mendoza has a continental temperate-cold desert 
climate with significant daily and annual variations. 
According to 1936 Koeppen’s classification adapted 
by Beck et al. [16], it corresponds to the climatic 
nomenclature “BWk”. The letter “B” defines a dry 
climate, the letter “W” refers to precipitation below 
250 mm per year, and the letter “k” is related to 
mean annual temperatures below 18 °C. Therefore, 
the nomenclature “BWk” refers to an arid temperate-
cold climate.  
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2.1.1 Form 
The winery is designed on a site characterized by a 

pronounced slope. This morphological feature is used 
to partially bury the winery on three of its facades 
(North, East & South). Figure 1 shows the step-
shaped layout of the project, following the natural 
slope of the land. Each step is related to the natural 
terrain through a north-south porticoed structure 
that gives place to the vertical exposed envelope. The 
staggered horizontal terraces that are then created 
have green roofs with local vegetation, giving visual 
continuity to the natural site morphology. This 
relative position was chosen to bring multiple 
thermal-energy benefits: stability in the interior 
environmental conditions and less exposure to the 
inclement weather outside. The winery is embraced 
by the natural terrain and opens up to the imposing 
views of the Andes Mountain to the West.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Geometric model showing the step-shaped layout. 
 

2.1.2 Materiality 
Table 1 shows the thermal transmittance of the 

main constructive systems of the winery project. 
 
Table 1. Thermal transmittance of main constructive 
systems. 
 

CONSTRUCTIVE SYSTEM 
THERMAL       

TRANSMITTANCE 
      [W/m²K] 

Interior partition walls and ceilings: 0.30 
m thick concrete. 

3.08 

Exterior ceilings: 0.20 m thick concrete + 
0.025 m ceiling insulation, expanded 
polystyrene 25kg/m3 + 0.20 m module 
of green roof. Reinforced concrete 
structure. 

0.80 

Walls in contact with the ground: 
Double wall of 0.30 m, air chamber, 
ground. 

1.23 

Exterior walls: 0.30 m thick concrete. 3.08 
Carpentry with aluminum frame, DVH: 
3+3/12/3+3. 3.30 

 
2.1.3 Form and Materiality  

The winery envelope is geometrically classified 
according to the following variables: 
- The position with respect to the natural ground 
plane, either vertical or horizontal. 

- The properties of its materiality with respect to the 
passage of visible light, whether opaque or 
transparent.  
- The contact with the outside air or with the natural 
terrain as exposed or buried respectively.  
- Whether it has a green roof. 

There are 4 possible combinations in the project: 
transparent vertical envelope, buried opaque vertical 
envelope, exposed opaque vertical envelope, 
horizontal envelope with green roof. Each possible 
combination is listed below, detailing the amount of 
envelope surface with these characteristics, the 
percentage it represents of the total envelope and 
the annual gains and losses involved in this type of 
envelope. 
- Transparent vertical envelope 
With an area of approximately 373.10 m2, it 
represents 14% of the total envelope. The annual 
heat gains through the transparent vertical envelope 
are 46%. Heat losses are 27%.   
- Buried opaque vertical envelope  
With an approximate area of 666.20 m2, it represents 
25% of the total envelope. The annual heat gains 
through the buried opaque vertical envelope are 3%. 
Heat losses are 37%.   
- Exposed opaque vertical envelope  
With an area of approximately 160.80 m2, it 
represents 6% of the total envelope. The annual heat 
gains through the exposed opaque vertical envelope 
are 7%. And the heat losses are 6%.   
- Horizontal envelope with green roof 
With an area of approximately 1,469.60 m2, it 
represents 55% of the total envelope. The annual 
heat gains through the horizontal envelope with 
green roof are 33%. And the heat losses are 30%. 
 
3. THERMAL AND ENERGY DYNAMIC SIMULATION 
3.1 Thermal Zones 

The complexity in this case is due to the presence 
on the 1st level and on the 2nd level of double and 
triple height spaces, which implies air movement 
between them and stratification within the same 
zone. This circumstance leads to the need to 
disaggregate spaces for analysis according to their 
interior height. 15 thermal zones were identified:  

- 10 thermal zones on the 1st level. 
- 3 thermal zones on the 2nd level. 
- 2 thermal zones on the 3rd level.  

For example, the barrel room was subdivided into 
three interrelated areas, in order to be able to work 
with three different ceiling heights. Also, this space is 
interrelated with the exterior and with other spaces 
of different shapes on each level. These 
morphological characteristics required a detailed 
three-dimensional relational analysis for each space. 

Figure 2 shows graphically the thermal zones 
identified for the project in terms of morphology and 
hygrothermal requirements. 
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First Level 
1 - Staff 6 - Ageing 2 (3 heights)  
2 - Press 7 - Ageing 1 (2 heights) 
3 - Fermentation 1 (2 heights) 8 - Cellaring 1 
4 - Fermentation 2 (1 height) 9 - Cellaring 2 
5 - Ageing 3 10 - Tourism 

Second Level 
11 - Offices and laboratory  13 - Tourism (VIP) (2 heights) 
12 - Crushing and Pressing  

Third Level 
14- Staff 15- Tourism 

Figure 2. Thermal zones. 
 
3.2 Thermostats 
The thermostats were set according to requirements:  
- Fermentation. Air temperature 10°C to 30°C. 
- Ageing and cellaring. Air temperature 16°C to 18°C. 
- Tourism, offices and staff rooms. Air temperature: 

20°C to 24°C. 
- 1 constant air change rate (ACH)  
 
3.3 Simulation procedure synthesis 
For each analysis case to be evaluated:  
- A library of physical properties of materials was 

developed.  
-  A general free run in Energy Plus software for 1 year 

(8760 hours). 
- The Ideal HVAC was determined to calculate the 

energy demand in each case: 
 Heating energy demand assessment 
 Evaluation of the energy demand for cooling 
 Evaluation of the annual energy demand for 

space conditioning. 
 
4. RESULTS AND DISCUSSION  
4.1 Project evaluation 

Figures 3 and 4 show the comparative annual 
energy gain and loss per envelope element.  

The highest losses occur in the horizontal 
envelope with green roof due to the large amount of 

surface area (55% of the total envelope) responsible 
for more than 30% of the energy exchanges in both 
heat loss and heat gain. However, the transparent 
envelope represents 15% of the exposed envelope 
and is responsible for approximately 45% of the 
energy gain and almost 30% of the heat losses. 

 

 
Figure 3 Heat gains annual breakdown. 
 

 
Figure 4 Heat loss annual breakdown. 
 
4.1. Definition of proposals for improvement 
4.1.1 Improvement in construction systems 

The horizontal envelope has the largest surface 
area of the total envelope (55%). These are the roofs 
in contact with the exterior and with a green roof. 
This element is already insulated and consists of a 
0.20 m reinforced concrete slab + 0.025 m expanded 
polystyrene 25kg/m3 + 0.50 m of green roof module. 

It is proposed to increase the thickness of the 
insulation to 0.075 m and replace the expanded 
polystyrene with polyurethane.  

The change in the material chosen for the 
insulation responds, on the one hand, to the 
properties of the insulating material. By using 
polyurethane, greater thermal resistance is obtained 
with less thickness.  

On the other hand, expanded polystyrene attracts 
various insects, which after some time undermine the 
material, eliminating it and thus leaving the 
architectural element without insulating material. 
Given the location of the warehouse, this is an 
important aspect to consider. Based on the analysis 
carried out, it was decided to evaluate the 
improvement in the different envelope systems 
identified in the winery project.  

Tables 2 to 4 show the details of the construction 
systems with the proposed improvements for each 
opaque element of the envelope: 
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Table 2. Horizontal opaque envelope. Thermal resistance: 4.37 m2K/W. Thermal transmittance: 0.23 W/m2K 

Construction System 
layers from inside to 

outside 

Thickness 
[m] 

Thermal Conductivity 
[W/mK] 

Thermal Resistance 
[mqK/W] 

Specific Heat 
[J/kg K] 

Density 
[kg /m3] 

Concrete wall 0.200 1.630  1000 2400 
Rigid polyurethane 0.075 0.019  1700 20 
Green Roof 0.200 1.200  800 1750 

 
Table 3. Buried vertical opaque envelope. Thermal resistance: 3.47 m2K/W. Thermal transmittance: 0.29 W/m2K 

Construction System 
layers from inside to 

outside 

Thickness 
[m] 

Thermal Conductivity 
[W/mK] 

Thermal Resistance 
[mqK/W] 

Specific Heat 
[J/kg K] 

Density 
[kg /m3] 

Concrete wall 0.300 1.630  1000 2400 
Rigid polyurethane 0.050 0.019  1700 20 
Air chamber 0.100  0.14 1 1225 
Concrete wall 0.300 1.630  1000 2400 
Natural ground 0.200 1.200  800 1750 

 
Table 4. Vertical opaque envelope. Thermal resistance: 2.96 m2K/W. Thermal transmittance: 0.33 W/m2K 

Construction System 
layers from inside to 

outside 

Thickness 
[m] 

Thermal Conductivity 
[W/mK] 

Thermal Resistance 
[mqK/W] 

Specific Heat 
[J/kg K] 

Density 
[kg /m3] 

Concrete wall 0.300 1.630  1000 2400 
Rigid polyurethane 0.050 0.019  1700 20 

 
Table 5 shows a summary of the thermal transmittance 
with the proposed improvements. 
ELEMENT OF THE 

ENVELOPE  
ORIGINAL THERMAL       

TRANSMITTANCE 
      [W/m²K] 

PROPOSED THERMAL     
TRANSMITTANCE 

      [W/m²K] 
Interior partition 
walls and ceilings 

3.08 3.08 

Exterior ceilings 0.80 0.23 
Walls in contact 
with the ground 

1.23 0.29 

Exterior walls 3.08 0.33 
Carpentry with 
aluminum frame 

3.30 2.90 

 
Given that the improvement in the thermal 

resistance of the opaque elements does not imply a 
change in the architectural aesthetics, 4 alternatives 
for intervention in the opaque envelope are 
evaluated. These are presented in cumulative 
variations, up to the point of intervening on the 
entire opaque envelope.  

It was also decided to include 1 alternative for 
intervention on the transparent envelope. The latter, 
in order to assess the reduction in energy 
requirements by intervening on the resistance of the 
entire envelope, including transparent and opaque 
elements. 
 
4.1.2 Proposals 
C1: Improvement in the insulation of the horizontal 
envelope.  
C2: Improvement in the insulation of the horizontal 
and vertical opaque buried envelope.  
C3: Improved insulation of buried and exposed 
opaque vertical envelope.  
C4: Improved insulation of the horizontal and vertical 
opaque buried and exposed envelope. 

In addition to the improvement of all the opaque 
elements of the enclosure (C4), mobile insulation is 
incorporated into the transparent enclosure. This 
insulation requires operation by the cellar staff or the 
incorporation of an automation system. 
Good results depend on the opening/closing accord-
ing to the recommended winter and summer use: 
In winter: the movable insulation should cover the 
openings at times of the day when there is no solar 
radiation. 
In summer: the movable insulation should cover the 
openings at times of the day when there is direct 
radiation on the opening. 

The analysis of the 5 proposal results gave 
investors and architects elements of judgement to 
define the balance point in the cost-benefit of the 
architectural project, related to the form and 
materiality of the envelope. 
 

 
 
 PROJECT 1 2 3 4 5 

WINTER 69.1 65.1 63.6 40.3 36.9 33.4 
SUMMER 11.0 10.5 11.0 22.8 21.9 17.2 
ANNUAL 
kWh/m2.year 80.1 75.6 74.7 63.1 58.8 50.6 

Figure 5. Comparative results. Project and 5 improvements. 
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The results obtained for alternatives C1, C2, C3, 
C4 and C5 are presented in Figure 5. The initial 
project is included as a reference. Final results show a 
reduction of 37 % (from 80 to 50 kWh/m2.year) of the 
initially estimated energy requirements. 
 
5. CONCLUSIONS 

In this paper, 5 possibilities for the application of 
passive strategies integrated into architecture are 
comparatively evaluated. The proposed alternatives 
present progressive improvements for the use of the 
natural energies available on site. This integration 
contributes to the energy efficiency of the complex 
and to the reduction of the use of auxiliary energy for 
the thermal conditioning of spaces in the winery. 

Cases C1, C2, C3 and C4 present different 
alternatives that modify the thermal resistance of the 
chosen construction systems, given the need to 
conserve the architectural form.  

In the first 3 cases some of the envelope elements 
are improved. In case C4 the result of combining all 
the proposed improvements in the opaque envelope 
is presented. In C4 the annual energy demand 
decreases by 27%. The improvements in the opaque 
building systems do not require any management 
during the operation of the building.  

In strategy C5 it is proposed to improve the 
transparent envelope, i.e. the windows. This will 
require night-time protection in winter to increase 
their thermal resistance and reduce energy 
exchanges, and daytime protection in summer to 
prevent the entry of solar radiation. By incorporating 
this strategy, which requires active management of 
the envelope during the operation of the winery, the 
reduction in energy demand reaches 37%. 

Finally, strategies that are positive in winter do 
not always have the same effect in summer. For this 
reason, reductions in winter energy consumption can 
increase summer energy consumption. In the case of 
this winery, by reducing the energy flow of the 
envelope, heat dispersion in summer is also avoided. 
As the reduction in winter is much more beneficial 
than the increment that occurs in summer because of 
the low annual mean temperature (-2.7 °C), it is 
recommended to move forward with the increase of 
thermal resistance in the building envelope 
construction systems. 

However, if it is desired to counteract this effect 
in summer, a night ventilation strategy could be 
incorporated. In this case it would be possible to 
reduce the annual energy requirements by 45%. 

It is worth mentioning that the latter strategy will 
depend on the architectural possibilities of having 
windows opening on opposite sides of the spaces to 
allow for cross ventilation. It is therefore possible that 
it can only be applied in some of the cellar spaces. In 
this case, it is also necessary to manage the opening 
and closing of windows when required. 
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ABSTRACT: In addition to the numerous positive properties of green façade surfaces for the local environmental 
conditions in the outdoor space, the effects of a combination with building services systems, for example 
decentralised façade ventilation (DFV) or the use of photovoltaic (PV) in the vertical plane, have hardly been known 
to date. Two research projects at the Nuremberg Institute of Technology have produced extensive results in 
experimental studies and accompanying building simulations. 
In the "EnOB: GreenFaBS" project the investigations with four different greening systems for the green façade and 
DFV interface demonstrate significant savings in cooling energy requirements and the influence of reduced surface 
temperatures on room conditioning. For this reason, the smaller "GreenPV" study carried out additional 
investigations into the combination of green façades (three different greening systems) with crystalline PV 
modules. Effects such as reduced surface temperatures on the back of the modules can be observed here; however, 
these hardly lead to additional yields from photovoltaics. The research forms an important basis for façade 
solutions for climate adaptation and climate neutrality. Important findings are also emerging that are highly 
relevant to the issue of competition for space, particularly in the façade sector. 
KEYWORDS: Façade greening; building technology; ventilation technology; photovoltaics 

1. INITIAL SITUATION
In concepts for future climate-neutral cities 

neighbourhoods and settlements are becoming ever 
greener. Roofs in particular are mutating into 
flowering meadows or even tree-covered park 
landscapes. But in recent years, green façades have 
also been increasingly used worldwide in the 
construction of modern, energy-efficient buildings 
because plants, as a multifunctional design element, 
are ideal for an ecological concept. Due to adiabatic 
cooling processes, green façades can be used as 
natural air conditioning systems in urban planning and 
counteract the effect of urban heat islands. (Fig. 1) 
They also fulfil a number of other functions such as 
natural air filtration of fine dust, absorption of carbon 
dioxide and improvement of the thermal insulation 
properties of external walls in winter. The 
temperatures on their surfaces can also be reduced. 

In addition to these numerous positive properties 
of green façade surfaces for the local environmental 
conditions in the outdoor space, the effects of a 
combination with building services systems, for 
example decentralised façade ventilation (DFV) and/or 
the use of photovoltaics (PV) in the vertical plane, have 
hardly been known to date. 

 In two research projects at the Nuremberg 
Institute of Technology under the direction of the 
Faculty of Architecture, extensive results were 
obtained in experimental studies on façade test stands 
and accompanying building simulations. 

Figure 1: Santiago de Chile- Bellavista, Façade greening 
(wall-mounted system) (11/2022)  

2. MULTIFUNCTIONALITY AND PLUS USES
In the context of sustainable and energy-efficient 

building concepts, the building envelope has gained 
enormously in importance over the last two decades. 
This is reinforced by the global growth of large cities 
and the resulting increasing relevance of vertical 
envelope surfaces. Increased surface sealing also has a 
direct influence on the urban microclimate and leads 
to urban heat islands - the rise in temperatures in 
urban centres. 

Against this background, the expansion of the 
protective and control functions of the façade and  
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Figure 2: Façade test stand. Reference office with 
decentralised façade ventilation (DFV) (left) and structure 
with façade greening "Variant 1" and DFV (right, 10/2019)  

 
the use of combinations, particularly with building 
services systems, offer great, previously untapped 
potential. In view of the requirements for energy 
generation close to the building, compact ventilation 
technology and effective climate adaptation 
strategies, three technologies have become 
increasingly relevant: decentralised ventilation [1], 
photovoltaics [2, 4] and greenery in the façade [3]. 

However, the potential uses of façades, especially 
in dense urban structures, are often severely limited 
and characterised by a multitude of additional (multi-
)functional requirements compared to roof surfaces. 
And as the most important structural subsystem with 
a wide range of protection and control tasks for energy 
efficiency and user comfort, there is often competition 
for space. This increasingly requires the investigation 
of possible combinations and synergies in order to 
realise the most effective and efficient façade 
solutions for buildings and neighbourhoods on limited 
building areas. 

The term "green façades plus" was introduced for 
this work in order to emphasise the additional 
performance potential of greening systems. 
 
 
2. ENOB: GREENFABS (02/2019 – 07/2021) 

Solution strategies were initially developed in the 
joint project [5]. The broad spectrum of greening 
typologies was to be utilised as far as possible. One of 
the main distinguishing criteria for façade greening is 
permeability. This means that the (sub)structure of 
wall-mounted systems can also be designed to be 
permeable to light and/or air. This is particularly 
important in the area of transparent and translucent 
façade surfaces. 

As part of the project, a (mobile) façade test stand 
was set up on an open area of the technical centre of 
the Nuremberg Institute of Technology (THN) in 
Rednitzhembach. [6] (Fig. 2) This provided the  

Figure 3: Façade test stand. Reference office with 
decentralised ventilation unit (DFV)/ room side (09/2019). 

 
 
structural facilities in conjunction with a small weather 
station and a high level of measurement equipment 
for experimental studies. 

This demonstrator with two identical (small) office 
rooms makes it possible to investigate new 
approaches to façade technologies on a 1:1 scale. 
While one room demonstrates the 'state of the art' as 
a reference size, various systems can be combined and 
installed in front of the neighbouring twin room. This 
makes it possible to directly compare their potential in 
terms of building physics and design under real 
weather conditions. 

The following variants were analysed: (Fig. 4 + 5): 
 two wall-mounted systems (Vertiko GmbH, 

Buchenbach and Verticalgreendesign (VGD) 
GmbH, Berlin) 

 Mixing/racking system (Kramer Gartenbau, 
Munich) 

 Ground-based system (Jakob Rope Systems, 
Ostfildern with climbing plants) 

During the tests, outside air for the DFV devices 
(Fig. 3) was drawn in once at the top and once at the 
bottom of the parapet (Fig. 6). Measurement periods 
in Rednitzhembach are from May to July 2020 and 
from June to July 2021. At the same time, detailed 
models were created in the thermal-energetic building 
simulation environment TRNSYS and the numerical 
flow simulation environment ANSYS/ FLUENT at the 
Institute for Energy and Building - ieg at THN. 

 
2.1 First Results 

Both the experimental studies with the four 
greening systems and the simulation calculations 
confirm a potential saving in cooling energy 
requirements and CO2 emissions of between 23 % and 
43 % for the model rooms of the test stand in the 
cooling period from May to September. (Fig. 7) 
Compared to the results for the façade test stand, 
however, the savings potential for a simulated  
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Figure 4: Greening systems: Variant 1 - Vertiko GmbH, 
Buchenbach (left / 08/2020) Variant 2 - 
Verticalgreendesign GmbH, Berlin (right / 06/2020) 

 

Figure 6: Façade test stand. Reference office with 
decentralised ventilation unit (DFV)/ room side (09/2019). 

 
individual office is lower (7 % to 25 %) due to deviating 
building design parameters. 

This means that the energy requirement and thus 
the savings potential compared to a façade without 
greenery also depends on the room behind it 
(geometry, proportion of window area, heat transfer 
coefficient, etc.) and its utilisation. For example, a 
better heat transfer coefficient of the façade behind 
the greening system leads to a lower savings potential. 

The different results of the individual greening 
systems are due to their geometric, biophysical and 
spectral properties as well as the plant species 
considered in each case. The surface resistance of the 
leaves and the degree of water saturation of the 
substrate play a particularly important role here. 
Therefore, the wall-mounted systems showed the 
greatest cooling potential in the test series and thus 
the highest savings. 

 
2.2 Further investigations 

Following these initial assessments of the façade 
combination based on measurement results and  

Figure 5: Greening systems: Variant 3 - Kramer 
Gartenbau, Munich (left / 07/2020) Variant 4 - Jakob 
GmbH, Ostfildern, with climbing plants (right / 06/2022) 

 

Figure 7: Relative savings of the greening systems in 
cooling energy (water-side) and auxiliary energy 
compared to the reference case during the respective 
series of measurements - results of the Rednitzhembach 
façade test stand. (Source: THN-ieg) 

 

Figure 8: Energy twin rooms at the test facility for energy 
and indoor climate investigations (VERU). Reference office 
(left) and structure with façade greening from Vertical-
greendesign (VGD) (09/2020) (right / source: IBP) 

 
simulation studies, further tests were carried out with 
a selected greening system at the Fraunhofer IBP's 
VERU test facility for energy and indoor climate 
analyses. (Fig. 8) On the south side of the 2nd floor of  
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Figure 9: Result of the measurements at the VERU test 
stand in Holzkirchen. Intake or fresh air and supply air 
temperature on 15 September 2020 (source: IBP). 

 
the building there are two identical test rooms of 20 
m² each, which are specially designed for comparative 
energy measurements. [7] 

The measurements were mainly carried out in 
September 2020 and between the beginning of August 
and mid-September 2021. 

These further investigations demonstrate two 
effects of the plants, among others. On the one hand, 
the greenery leads to a reduction in the intake air 
temperature of the DFL units (by up to 3 - 4 K lower 
than in the reference room). (Fig. 9) On the other 
hand, the shading contributes to a lower façade 
temperature, which reduces the solar input into the 
room. [8] 

 
3. GREENPV (04/2021 – 08/2022 

As part of a small project study [9], the test work 
was extended to include the combination of greening 
and PV. Semi-transparent PV modules from aleo solar 
GmbH in Prenzlau were used on the THN façade test 
stand. The frameless construction and the transparent 
rear side ensure sufficient solar radiation for the plants 
arranged behind them. 

Three variants (wall-mounted and ground-
mounted greening, mixed/racking system) were used 
for the project work. Two wall- mounted systems in 
particular, which have a higher cooling capacity than 
climbing plants: (see Fig. 4, left+5) 
 Wall-mounted system (Vertiko GmbH, 

Buchenbach) 
 Mixing/racking system (Kramer Gartenbau, 

Munich) 
 Ground-based system (Jakob Rope Systems, 

Ostfildern with climbing plants) 
The test series were carried out with two different 

distances between the PV modules and the greenery: 
first with 33 cm, then with 52 cm. (Fig. 10) 

The approach aims to achieve synergy effects by 
utilising the positive properties of both façade 
systems: Photovoltaics as a technical component and  

Figure 10: Façade test stand. Installation of centre vertical 
PV module in front of Kramer greening system / variant 1 
(06/2022). 

 
essential building block of a decentralised energy 
supply close to the building and vertical greening to 
improve the living environment with the potential for 
passive cooling. 

The aim of the experimental investigation of the 
combinations was to clarify the extent to which solar 
yields can be increased by reducing the module 
temperature through the cooling effects of wall-bound 
façade greening in particular. The effects of the façade 
cavity behind the PV module on the plants were also 
observed. 

 
3.1 Results 

The results show that the greening systems reduce 
the surface temperatures on the back of the PV 
modules by up to 4.0 K at maximum. It is also clear that 
the Kramer mixed system and the Vertiko wall-
mounted system achieve a slightly greater reduction in 
surface temperatures than the Jakob ground-mounted 
system with climbing plants. This is due to the 
additional cooling effect caused by the moist substrate 
(Kramer) or the moist geotextile (Vertiko). 

In all systems, an influence of the distance between 
the PV modules and the greening system on the 
surface temperature can be recognised. A greater 
distance results in at least a slightly greater reduction 
in the maximum surface temperatures. However, 
these temperatures are strongly dependent on the 
climatic conditions at the time of measurement; 
higher outside temperatures lead to a higher 
temperature difference in the maximum values. (Fig. 
11) 

The individual greening systems also lead to a 
reduction in the air temperatures between the PV 
modules and the greening systems compared to the 
ungreened reference case. Here too, it can be seen 
that the two wall-mounted systems Kramer and 
Vertiko achieve a slightly greater reduction than the 
Jakob system with climbing plants. This also confirms 
that the PV modules reduce the heat stress of the  
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As part of a small project study [9], the test work 
was extended to include the combination of greening 
and PV. Semi-transparent PV modules from aleo solar 
GmbH in Prenzlau were used on the THN façade test 
stand. The frameless construction and the transparent 
rear side ensure sufficient solar radiation for the plants 
arranged behind them. 

Three variants (wall-mounted and ground-
mounted greening, mixed/racking system) were used 
for the project work. Two wall- mounted systems in 
particular, which have a higher cooling capacity than 
climbing plants: (see Fig. 4, left+5) 
 Wall-mounted system (Vertiko GmbH, 

Buchenbach) 
 Mixing/racking system (Kramer Gartenbau, 

Munich) 
 Ground-based system (Jakob Rope Systems, 

Ostfildern with climbing plants) 
The test series were carried out with two different 

distances between the PV modules and the greenery: 
first with 33 cm, then with 52 cm. (Fig. 10) 

The approach aims to achieve synergy effects by 
utilising the positive properties of both façade 
systems: Photovoltaics as a technical component and  

Figure 10: Façade test stand. Installation of centre vertical 
PV module in front of Kramer greening system / variant 1 
(06/2022). 

 
essential building block of a decentralised energy 
supply close to the building and vertical greening to 
improve the living environment with the potential for 
passive cooling. 

The aim of the experimental investigation of the 
combinations was to clarify the extent to which solar 
yields can be increased by reducing the module 
temperature through the cooling effects of wall-bound 
façade greening in particular. The effects of the façade 
cavity behind the PV module on the plants were also 
observed. 

 
3.1 Results 

The results show that the greening systems reduce 
the surface temperatures on the back of the PV 
modules by up to 4.0 K at maximum. It is also clear that 
the Kramer mixed system and the Vertiko wall-
mounted system achieve a slightly greater reduction in 
surface temperatures than the Jakob ground-mounted 
system with climbing plants. This is due to the 
additional cooling effect caused by the moist substrate 
(Kramer) or the moist geotextile (Vertiko). 

In all systems, an influence of the distance between 
the PV modules and the greening system on the 
surface temperature can be recognised. A greater 
distance results in at least a slightly greater reduction 
in the maximum surface temperatures. However, 
these temperatures are strongly dependent on the 
climatic conditions at the time of measurement; 
higher outside temperatures lead to a higher 
temperature difference in the maximum values. (Fig. 
11) 

The individual greening systems also lead to a 
reduction in the air temperatures between the PV 
modules and the greening systems compared to the 
ungreened reference case. Here too, it can be seen 
that the two wall-mounted systems Kramer and 
Vertiko achieve a slightly greater reduction than the 
Jakob system with climbing plants. This also confirms 
that the PV modules reduce the heat stress of the  

 

Figure 11: Course of the average surface temperature on 
the back of the PV modules for the unplanted and planted 
case and their temperature difference - Kramer system / 
variant 1 (small distance between the PV modules and the 
greenery) (top right) (source: THN-ieg) 

 
plants. During the measurements in the summer of 
2022 and 2023, almost no negative effects on growth 
were observed in either test arrangement, despite the 
strong decoupling from the ambient climate. 

In addition, the greening (in all six variants 
analysed) also results in a reduction in the perceived 
room temperatures. On average, the room 
temperatures can be lowered by up to 1.1 K (Vertiko 
system). The distance between the PV modules and 
the greening system does not play a significant role 
here. 

Nevertheless, only slight additional PV yields can be 
determined by the respective greening systems. The 
Kramer system with a small distance between modules 
and façade greening provides the highest value with 
an increase of around 0.5 %. The measured values are 
so low that they are within the measurement error of 
the measurement sensors. This means that the 
respective greening systems can reduce the surface 
temperatures on the back of the PV modules to a 
certain extent, but this has no major influence on the 
achievable PV yields. 

 
3.2 The interface between green facades and PV 

With regard to the combination of greenery and 
photovoltaics in the façade, however, another aspect 
is of central importance: the effective evaporation 
capacity of the plants in the vertical plane in the urban 
space. 

If photovoltaic modules are installed densely and 
parallel to the wall in front of green façade surfaces, 
evapotranspiration is significantly restricted and thus 
the cooling capacity for reducing temperatures in the 
street space is greatly reduced. 

There are many options for the arrangement and 
design of the two façade systems. The distance 
between the PV modules and the greenery can be 
extended to create a façade with more space, and the 
inclination of the photovoltaics improves accessibility  

Figure 12: Façade test stand. Reference office with 
photovoltaic modules (PV) (left) and structure with 
Kramer greening system / variant 2 and inclined PV 
modules (30 °) (right) (09/2023) 

 
and evaporation performance, while the optimised 
exposure of the module to the sun should also 
increase yields. 

The design of the positional relationship between 
the photovoltaic system and the green façade could 
ultimately only be analysed in initial basic 
considerations as part of the project work. In addition, 
test set-ups with two different inclination angles of the 
PV modules with the Kramer greening system were 
analysed from various sample set-ups of the three 
greening systems. 

Regarding the changes to be documented in terms 
of appearance, a decision was made in favour of a 
more strongly flared variant (based on the optimum 
orientation for south-facing buildings in Central 
Europe) (Fig. 12) and a variant with a comparatively 
flat inclination, which extends the flat character of the 
original vertical arrangement in a nuanced way. 

The results confirm higher yields for the flatter 
angle of attack (around 11 % in the period under 
consideration) compared to the vertical arrangement. 
However, due to the specific installation conditions at 
the test site, the greater inclination with the 30° 
variant also led to self-shadowing of the PV modules 
and thus to significant yield losses. However, an 
optimised setup (module spacing and/or inclination) 
can be expected to produce significantly higher yields 
compared to vertical installation. 

 
4. CURRENT STATUS - OUTLOOK 

Many planners in the façade sector still shy away 
from the use of both greening (especially wall-
mounted systems) and photovoltaics, often due to 
their high degree of complexity and the sometimes 
difficult coordination of additional trades. However, in 
view of the social challenges of the energy transition 
and climate adaptation strategies, both technologies, 
possibly in conjunction with decentralised façade 
ventilation, are gaining enormous relevance. Their 
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diverse combination options also open up an 
additional spectrum of positive effects. 

The results of the thermal-energetic building 
simulation carried out in the GreenFaBS project show 
that a greening system installed over the entire 
surface (storey-high, one façade grid) has a greater 
effect than a system installed only in the parapet area. 
However, this effect is essentially low in terms of 
energy requirements. For example, a completely 
greened façade area 'only' leads to a 4.0 % lower 
cooling energy requirement. This opens up certain 
degrees of freedom when planning functional areas in 
the façade (under the given framework conditions 
such as the U-value of the construction). For example, 
reducing the greening area of a storey-high façade 
panel to the parapet area by around two thirds results 
in a comparatively low additional cooling energy 
requirement. 

These areas could also be used for the installation 
of photovoltaic modules. This is because in the case of 
an area-parallel arrangement, issues of accessibility 
for the regular care of plants and maintenance of the 
system technology must be taken into account. The 
positive influence of the cooling capacity of the 
greenery on the exterior of the building also decreases 
when photovoltaics are used on large areas of the 
façade. 

In view of the upcoming central tasks in the 
construction sector, both in new buildings and in the 
refurbishment of existing buildings, the issue of façade 
competition (e.g. greening in conjunction with 
photovoltaics) is significant: what areas do the various 
interfaces or plus uses require in order to optimise the 
proportion of the various façade technologies? 
Therefore, the development of multifunctional energy 
façades, especially on the basis of ventilated 
rainscreen façades (VHF), must be expanded to include 
greening techniques. The aim of initial concepts and 
collaborations is to create a kind of façade 
construction kit in order to be able to adapt the 
potential of future solutions more effectively to the 
respective site-specific characteristics. 
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ABSTRACT: The "Stuttgart 210" research project shows the need to reduce the ecological footprint in the construc-
tion industry by tackling the challenge of a circular economy. As the main consumer of resources and a significant 
source of emissions and waste, the project aims to achieve sustainable change through the reuse and upcycling of 
building components. The focus is on the innovative use of formwork elements from the new Stuttgart 21 main 
station, which are used in real labs as primary building materials for the construction of new buildings. These 
laboratories act as experimental platforms to test innovative approaches under real conditions and to further 
develop the legal framework. The project follows an integrative approach that combines architectural quality, 
ecological accounting and legal framework conditions and implements the principles of the circular economy in 
practice. In particular, the research project concentrates on the almost closest possible material cycle, the use of 
building components, and thus represents a pioneering model for sustainable construction that shows how circular 
and resource-efficient construction can emerge from a throwaway society. 
KEYWORDS: circular, real labs, reuse, sustainability, timber architecture  

1. INTRODUCTION
The construction sector is responsible for 40 % of pri-
mary energy demand and greenhouse gas emissions, 
50 % of materials extracted from the earth and 60 % of 
waste. [1] The transition to a closed-loop circular econ-
omy is therefore particularly relevant in the construc-
tion industry. The "Stuttgart 210" research project 
points the way to the future by planning the reuse and 
upcycling of the construction materials (formwork ele-
ments) originally intended for disposal at the new 
Stuttgart 21 (fig. 1) main station. This is because the 
multiple block-glued 8-axis milled formwork elements 
are of extremely high quality. 

Figure 1: New train station Stuttgart 210 
©ACHIM BIRNBAUM 

Therefore they are predestined for upcycling to use as 
primary components. The research project presents 
practical projects in which buildings are planned and 
constructed from the complex solid wood formwork 
elements. This does not only create special architec-
ture through the geometric uniqueness of the form-
work.  

The research project prepares practical projects in 
which buildings are planned and constructed from the 
complex solid wood formwork elements. This does not 
only create special architecture through the geometric 
uniqueness of the formwork, but also ads value in 
terms of sustainability. The combination of research 
and practice makes it possible to test the theoretical 
concepts of the circular economy directly in reality. 
This not only calls conventional design strategies and 
construction processes into question, but also the ex-
isting legal and economic framework conditions. 

2. GOAL OF THE RESEARCH PROJECT
The aim of the research project is to contribute to a 
sustainable transformation of the construction sector. 
The life cycle of timber components is to be extended 
by not treating components or - as in the case of the 
formwork elements for Stuttgart 21 main station - con-
struction materials as waste at the end of their first 
use, but rather as valuable resources for new buildings 
in real laboratories integrated into the research pro-
ject.  
In itself, timber is a recyclable and CO2-neutral building 
material (fig. 2). If it is thermally recycled or decom-
poses at the end of its useful life, the majority of the 
material substance is released as CO2. Trees can me-
tabolize this CO2 via photosynthesis back into wood, 
which can then be used again. In this way, the building 
material is also usually considered to be almost cli-
mate-neutral in the life cycle assessment.  
If noadditives (glues, varnishes, paints, wood preserv-
atives,…) are added to the timber as a material, it is 
fully recyclable. With regard to combating the climate 
crisis, however, it makes a lot of sense to keep the CO2 
stored in wood bound for as long as possible and to 
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prevent its release in order to relieve the climate over 
a long period of time. In principle, this can be done in 
three ways (fig. 2):  

1. Use of waste timber to produce new wood-
based materials (OSB boards, chipboard, etc.)

2. Re-Use of entire compounds (walls, ceilings,
roof constructions, ...)

3. Preservation of entire buildings through fur-
ther use or conversion

Figure 2: Different cycles in the circular economy of timber 
building products © HTWG Konstanz, Fachgebiet 
Baukonstruktion und Entwerfen (Prof. Stefan Krötsch).  

The approach according to 1) is appropriate and prac-
ticable, but usually leads to inferior use (downcycling) 
and the addition of additives (glues, etc.). Building in 
existing structures according to 3) is an important part 
of architecture and in Europe the most important com-
ponent of the resource turnaround in the construction 
industry. As it has an important and long tradition, 
there are clear framework conditions for dealing with 
old building components and materials. In Germany, 
the reuse of entire building components in new con-
texts according to 2) is largely unclear in terms of its 
technical and legal classification.  
At the same time, however, there is great potential 
here, as the use of building components usually allows 
the material to be used in an equivalent way - and in 
the case of timber, the stored CO2 can be completely 
preserved. In the case of construction aids such as 
highly complex formwork, significant upcycling is even 
possible if they are used in their second purpose as a 
primary supporting structure. This is the highest qual-
ity and most value-preserving reuse that is possible in 
this case. By following precisely this path, the 
“Stuttgart 210” research project is attempting to de-
velop generalizable findings on a reuse process in the 
sense of upcycling using the example of the wooden 
concrete formwork of the new Stuttgart 21 main sta-
tion. By preparing and carrying out 4 trial designs 
(“real labs”) in and near Stuttgart, the project exposes 

itself to the requirements of actual construction. The 
knowledge gained from this can in turn be transferred 
and generalized in a planning aid (roadmap re-use). 

3. DESIGN PROCESS
The use of complex, predetermined components re-
quires the design process in architecture to be re-
thought and restructured. Usually, the function of the 
building is the starting point of the design considera-
tions, followed at a later stage by a materialization that 
is as close as possible to the design. When using the 
formwork elements, this process is reversed: The re-
used components, as the primary supporting structure 
shape the possibilities of the spatial design from the 
outset. In order to be able to exploit the design poten-
tial of the elements, the unique geometry of the form-
work elements became the determining parameter. 
This is because potential clients were naturally unable 
to develop an idea of the type of buildings that could 
be constructed with them based solely on a catalog of 
the available components. The project team therefore 
developed various designs that could be created from 
the available elements, while the potential use was left 
largely open.  
On the one hand, use-neutral spaces were created that 
could be used by future clients in a variety of ways (real 
lab Mannheim). On the other hand, the shape of the 
formwork elements resulted in very plausible building 
geometries for which very specific users were found 
(real labs Stuttgart Vaihingen and Ingersheim). The 
search for building tasks must therefore precede the 
design of buildings without a specific use. 
After the development of potential designs, which 
were verified by drawings, 3D models, physical models 
and renderings, these were published and distributed 
via various local networks. The aim was to find clients 
from the public sector. Initially, the plan was to make 
the catalog of available elements available for finding 
construction tasks within the framework of competi-
tion procedures (architectural competitions). How-
ever, the lengthy nature of these procedures and the 
need for rapid removal from the construction site 
made this procedure impossible. 
As the further use of the formwork was only suggested 
later in the course of the research project, the pro-
cesses at the Stuttgart station construction site were 
not designed for this. Storage areas on the construc-
tion site or elsewhere were not available. The key de-
sign parameter was therefore the current availability 
of elements. Potential clients had to be found within a 
few months so that the formwork could be trans-
ported to the new site as quickly as possible. 
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Figure 4: 3D printed formwork elements in scale 1:50 
©Stuttgart210 

Precise 3D production drawings of the automated mill-
ing process were available for all formwork elements. 
On the one hand, this was an excellent and absolutely 
reliable basis for planning. On the other hand, these 
were highly complex drawings and huge amounts of 
data, which made it difficult to work intuitively, which 
is necessary for the design process. The initial plan was 
therefore to use artificial intelligence to generate ran-
dom geometric combinations of the amorphous form-
work elements, from which useful building designs 
could then be selected. However, preparing and pro-
gramming this AI would have taken far too long and 
during this time most of the formwork elements would 
have already been destroyed (see above). In order to 
be able to design quickly, effectively and intuitively, 
the design team therefore created one of the oldest 
tools in architectural design by printing out all form-
work elements as 3D models at a scale of 1:50 (fig. 3). 
This not only made it possible to design quickly and 
purposefully, but also to discuss projects with the cli-
ents. 
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The reuse of building components or construction aids 
affects a whole range of legal fields - from waste law 
and construction product law to building regulations 
law and various related legal fields such as contracts 
for work and services and public procurement law as 
well as questions of warranty and liability (fig. 4). 
With regard to waste legislation, the classification of 
formwork elements in the legal sense is a key issue, so 
that they are not understood as waste according to 
their original use/purpose. According to the German 
Circular Economy Act, this could be the case if materi-
als lose their first intended use (here specifically as 
formwork elements) and no further intended use is de-
fined. It is then difficult to reuse the elements as com-
ponents. This is because in order to be able to leave 
the area of waste legislation again and become a new 
construction product, a new definition of the compo-
nent as a construction product is required, including all 
product certificates (product data sheet, CE certifica-
tion, etc.). The person in whose possession the prod-
uct is at this point in time is therefore responsible for 
the performance comparable to a building material 
manufacturer. 
The strategy of the research project is therefore to 
prevent the formwork elements from becoming waste 

in the first place. Initially, they will be stored tempo-
rarily as construction aids, i.e. in accordance with their 
first purpose, for any necessary reworking at Stuttgart 
station, such as rectifying defects. They will then be 
used directly as load-bearing components in the real 
labs in accordance with their second purpose, so that 
they can never be regarded as waste. 
However, as the formwork was never intended by the 
manufacturer to be used as building components such 
as ceilings, roofs or walls, a technical review of its suit-
ability for this purpose is required. With regard to the 
load-bearing structure, a structural analysis for the 
new intended use was carried out as part of the re-
search project, which will form the basis for an ap-
proval in individual cases under building regulations by 
the local authorities. 
The verification was carried out based on the calcula-
tion of the first intended use as formwork - with corre-
sponding checks regarding the new use. The structural 
analysis should be carried out as purely mathemati-
cally as possible, as destructive examinations counter-
act the aim of reusing the elements. However, they 
may be necessary in some cases. In addition to the the-
oretical consideration of the load-bearing capacity, it 
is particularly important to check the current condition 
of the formwork elements. For this purpose, visual in-
spections and other tests should be carried out, as 
they are common and known from the renovation of 
old buildings. 

Figure 4: Roadmap - reuse of construction products © 
Hauptverband der Deutschen Bauindustrie e. V. 

Suitability in terms of fire protection, sound insulation 
and thermal insulation must also be guaranteed. Here, 
however, the requirements can be kept so low due to 
the type of use that the verification is relatively un-
problematic. 
The research project also addresses the challenges 
arising from the current legal framework, which is of-
ten geared towards the use of new materials and 
rarely takes into account the special features of recy-
cled building components. By overcoming legal hur-
dles in areas such as public procurement law, building 
regulations law and works contract law, but especially 
in construction products law, the possibility is created 
to use recycled materials in a legally secure manner 
and at the same time to guarantee the quality and 
safety of the buildings. 
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The legally compliant preparation of the real laborato-
ries forces all those involved in the test buildings to 
contribute their expertise and concerns to the discus-
sion in good time and to find a common approach that 
does not impose unacceptable risks on clients, plan-
ners or contractors. These findings and best practices 
will be collected, evaluated and generalized as part of 
the research project. 

5. LIFE CYCLE ASSESSMENT
Timber as a building material is the most important 
representative of the so-called "biogenic raw materi-
als". In contrast to all other building materials (miner-
als, metals, plastics, glass, etc.), these have a funda-
mentally different behavior, especially with regard to 
CO2 emissions: In the case of non-biogenic building 
materials, all CO2 emissions are generated directly dur-
ing the production process and are already in the at-
mosphere when the building is completed. With bio-
genic (renewable) building materials, on the other 
hand, CO2 is bound during growth and remains bound 
in the corresponding building component over the en-
tire period of use. If the focus is placed exclusively on 
the production of the building, the calculation for bio-
genic building materials results in negative CO2 emis-
sions, as their use as a building component prevents 
natural decomposition and the associated return of 
CO2 from growth into the atmosphere. The building 
acts as a CO2 reservoir, which is all the greater the 
more biogenic building materials are incorporated. [2] 
However, as the entire life cycle is usually considered 
in a life cycle assessment, a so-called "end-of-life sce-
nario" must be defined. For the end-of-life scenario, it 
is typically assumed that biogenic components are 
thermally recycled after dismantling. In this case, the 
CO2 bound in the material is completely returned to 
the atmosphere, which means that renewable building 
materials only have a neutral balance with regard to 
the bound CO2 in the overall characteristic value. Alt-
hough an energy credit can be calculated for thermal 
utilization via the recycling potential in Module D, this 
only compensates for part of the CO2 emissions. In ad-
dition, fossil energy sources are also used for harvest-
ing and processing in the production of biogenic mate-
rials, meaning that wood components also cause CO2 
emissions in the life cycle assessment. 
As mentioned above, the result of a life cycle assess-
ment with a high proportion of timber building mate-
rials is significantly influenced by which end-of-life sce-
nario is used. The standard scenario of thermal utiliza-
tion is the current basis for all LCA calculations accord-
ing to the auditing procedures (in Germany DGNB, BNB 
etc.). In general, this also corresponds to common 
building practice, but it does not necessarily make 
sense to use the status quo for scenario considerations 
that relate to an event in 50 years' time (this is the typ-
ical scope of a life cycle assessment). 

Applied to the research project, this means that stand-
ard calculations of the GWP (Global Warming Poten-
tial) come to the conclusion that reusing the wooden 
formwork elements as long-term components would 
be worse than thermal utilization. However, this result 
cannot be a true representation of the CO2 storage po-
tential. For this reason, the research project is devel-
oping a proposal for a balancing system that includes 
the time of emission or storage of CO2 by building ma-
terials in the balancing. This is because, on the one 
hand, it is definitely relevant whether the emissions 
are generated at the beginning of the balance and can 
then act in the atmosphere for 50 years, or whether 
they only enter the atmosphere at the end of the cycle. 
Above all, however, this difference causes a shift in re-
sponsibility: in the case of non-biogenic building mate-
rials, the emissions arise directly during production 
and are the responsibility of those involved in plan-
ning. In the case of biogenic building materials, those 
involved in planning organize the storage of CO2 and 
future generations have several options in the event of 
deconstruction as to whether and to what extent 
these bound emissions are released back into the at-
mosphere. 

Figure 5: Image: formwork elements from the main station 
Stuttgart building site ©DB AG 

6. PRESENTATION OF THE REAL LABS
The concept behind the real-world laboratories is 
based on the premise that sustainable building must 
be researched and promoted not only in theory, but 
above all in practice. By constructing real buildings 
from the reused formwork elements, the entire pro-
cess from planning to implementation and completion 
of the building is considered. This enables not only the 
technical and material aspects to be evaluated, but 
also the social, economic and legal framework condi-
tions to be enforced. 
"Real labs as test spaces for innovation and regulation 
make it possible to test innovative technologies, prod-
ucts, services or approaches under real conditions that 
are only partially compatible with the existing legal 
and regulatory framework. The results of such tempo-
rally and often spatially limited experimental spaces 
provide the basis for the evidence-based further de-
velopment of the legal framework." [3] 
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The concept behind the real-world laboratories is 
based on the premise that sustainable building must 
be researched and promoted not only in theory, but 
above all in practice. By constructing real buildings 
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cess from planning to implementation and completion 
of the building is considered. This enables not only the 
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The following three real labs designs for new buildings 
show the architectural potential associated with the 
shell elements of Stuttgart station. 

Figure 6: Image: Removal transportation of formwork ele-
ments from the main station Stuttgart building site ©DB AG 

6.1 REAL LAB MULTIFUNCTIONAL ROOM 
MANNHEIM 
The real lab Multifunctional Room Mannheim has a 
floor area of around 10 x 12 meters. The special fea-
ture of the building is its spatial structure, which con-
sists of 100% reused materials. The self-supporting 
building envelope made of HKT elements are edge 
shell elements from the new Stuttgart railroad station. 
These have strong ribs on their rear side, which resem-
ble a multi-planked rafter roof construction. 
This design feature makes it possible to position the 
elements in such a way that, from the outside, they re-
produce the geometry of an ordinary gable roof build-
ing, while inside, their curved shape creates the im-
pression of a textile-like tent, resulting in an extremely 
aesthetic and high-quality space 

Figure 7:  Axonometry Reallab Multifunction Room Mann-
heim  ©Stuttgart210 

This column-free space allows for a wide range of con-
versions for different user groups. These range from a 
canteen for schoolchildren to an exercise room for a 
kindergarten or a forest kindergarten to a warm-up 
room for the homeless or a rehearsal room for the 
Mannheim National Theatre. An office use for "Next 

Mannheim" on the edge of Herzogenriedpark in 
Mannheim is currently being planned. 

Figure 9: Rendering Reallab Multifunction Room Mannheim  
©Stuttgart210 

6.2 REAL LAB ROTUNDA CIRCULEUM VAIHINGEN 
The real lab Circuleum consists of two sets of lower 
formwork with which the iconic chalice columns of 
Stuttgart's new main railway station were concreted. 
By assembling and inverting the standard goblet form-
work, a self-contained roof structure is created which, 
thanks to the self-supporting formwork elements, re-
sults in a round, column-free space with a diameter of 
14 meters. The total diameter of the experimental 
building is 22 meters. The bulkheads of the rotunda re-
quired for the supporting structure create niches that 
can be used flexibly. 

Figure 8: Axonometry and Rendering Round Building Cir-
culeum Vaihingen ©Stuttgart210 

As part of the research project, a user was found for 
the rotunda who operates an arts center for citizens of 
the surrounding area on an area located at the train 
station in Stuttgart-Vaihingen. There is currently a 
temporary circus tent there in the summer. This is to 
be replaced by the real lab in the long term, so that the 
thermally closed shell of the rotunda can also be used 
in winter. In addition, the rotunda will not only be 
available for the artists' center, but also for a number 
of other clubs that offer sporting and cultural activities 
for their own community. Due to the multiple curved 
shell elements and the room geometry, the room will 
also be acoustically very interesting for possible cham-
ber music concerts. The shell elements required for 
this have already been transported to the site and will 
now be stored there until construction begins. 
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Figure 10: Rendering Round Building Circuleum Vaihingen 
©Stuttgart210 

6.3 REAL LAB YOUTH CENTER INGERSHEIM 
The real lab Youth Center Ingersheim with a floor area 
of 10 x 8 meters and a height of 6 meters, the Ingers-
heim Youth Center is very special in many respects.  
It consists of four large, multi-curved formwork ele-
ments that were required as special formwork for a pe-
destrian access tunnel for the new Stuttgart Main Sta-
tion. These are now set up in such a way that they form 
a star-like interior, which has a very special, textile ap-
pearance thanks to its organic shape. A new building 
envelope is placed over the elements, which resem-
bles a cube from the outside. As soon as one enters the 
cube, one experiences the fascinating space. The re-
sulting hollow spaces in the corners of the cube are 
converted into usable side rooms. 

 
Figure 12: Floor plan and section Youth Center Ingersheim 
Vaihingen ©Stuttgart210 

The elements for this are already in Ingersheim and 
will be erected in summer 2024 with the help of young 
people from Ingersheim, architecture students and 

the municipality of Ingersheim, so that the space will 
be built by young people and architecture students 
and will later be available as a meeting place for them. 

Figure 11: Rendering Youth Center Ingersheim Vaihingen 
©Stuttgart210 

7. CONCLUSION
The reuse of construction materials such as the form-
work for Stuttgart 21 station as building components 
is the optimal use from a sustainability perspective. 
The CO2 bound in the wood is thus stored for a long 
time and relieves the climate. A new method of life cy-
cle assessment is being developed in the Stuttgart 210 
research project in order to accurately map this effect. 
But beyond this, the designs of the research project 
are intended to demonstrate the architectural and de-
sign potential of using used components. The resulting 
interior spaces are reminiscent of textile architecture 
(tent constructions) due to the geometry of the re-use 
elements, but consist of solid wood elements, some of 
which are several meters thick. This transfer of a spe-
cific structural form into a new application not only 
makes the previous use of the formwork tangible, but 
also creates a unique, unrepeatable architectural iden-
tity that cannot be detached from the creation pro-
cess. An architectural expression that is detached from 
any free invention, but only follows the necessities and 
conditions of the existing building. 
Even for simple uses, geometrically complex rooms 
made of solid wood elements could be developed and 
implemented, which would be unaffordable as new 
buildings. 
The preparation of the practical projects also ensures 
that very concrete solutions are found for the prob-
lems of building with re-use elements - in terms of ar-
chitectural, technical and also legal issues. 
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ABSTRACT: Migration from small towns to city centres has exploded across India, creating high-density 
neighbourhoods that are known as urban villages. The inhabitants of these urban villages experience inhuman 
conditions, caused by extreme high density, lack of ventilation, little or no daylight, thermal discomfort and lack 
of space and privacy. This paper proposes a prototype for environmentally responsive urban villages in New 
Delhi.  The studies deal with air movement, solar protection, and inhabitant thermal comfort, concluding with 
design proposals. The fieldwork conducted as part of this project revealed positive microclimatic characteristics of 
the traditional compact form that contain peak temperatures. In-depth analytical work at urban and building level 
has shown that inhabitant thermal comfort can be ensured for some 60% of annual hours in the city’s sub-tropical 
climate. The paper highlights the analysis undertaken at urban masterplan level, with an indication of the key 
strategies derived for the building scale. The results show that acceptable living environments can be achieved. 
The results of the research can be used to develop a framework for the elaboration of context-specific, 
environmentally comfortable dense neighbourhoods for the warm regions of the world.  
KEYWORDS: Urban Village, Density, Passive Design, Ventilation, Thermal Comfort 

1 INTRODUCTION 
Migration due to urbanisation from 

neighbouring towns to city centres has exploded in the 
last few decades creating high-density 
neighbourhoods that exist between urban centres and 
villages, referred to as Urban villages [2,3]. In 
developing countries like India, such neighbourhoods 
are populated by people living in inhumane conditions 
created by high density and precarious built 
environment (lack of ventilation, little to no daylight, 
extreme thermal discomfort due to soaring 
temperatures and lack of space and privacy 
[3]. However, using traditional elements, these spaces 
also contain intuitive and close-knit architecture that 
creates potential for intervention. 

New Delhi is selected as the location due to its rapid 
surge in population (201 registered urban villages as of 
2021) and growing economic disparity, elevating the 
role and importance for better urban villages [1]. 
According to UN estimates, India will add 400 million 
urban residents by 2050. Between 1991 and 2011, 
Delhi's geographic area nearly doubled, with a 
doubling of urban families and a halving of rural 
housing. Therefore, it’s inevitable that the impact of 
this growth will be significant and is already raising 
concerns. It’s imperative to examine this urban growth 
with a critical lens and with importance on ensuring 
environmental comfort and energy efficiency in these 
buildings. This research proposes interventions at the 
urban level. The paper reports on the analysis of air 
movement and solar radiation conducted by literature 
review and quantitative analysis. 

2 CONTEXT 

2.1 Climate 
Delhi's climate is classified as humid sub-tropical. 

It sees a hot, rainless phase from April to June 
averaging 32°C with wide temperature swings. 
November to February experience cooler 
temperatures around 16.5°C. July to mid-September 
stays warm and humid, averaging just under 30°C. 
Temperatures swing from highs near 44°C in May and 
June to lows around 0°C in December and January can 
be observed. New Delhi gets significant horizontal 
radiation, 2,050 kWh/m2 yearly. Wind speed averages 
1.8 m/s, peaking at 3.9 m/s, mainly from the North-
West, and variable during the humid period. In 
addition, climate change is impacting Delhi, raising 
temperatures by 0.3°C per decade and worsening air 
quality due to increased temperatures, changed wind 
patterns, and more dust storms. Delhi's high urban 
density adds to humidity, requiring cooling solutions in 
architectural designs. To combat this climate, designs 
prioritize shading for radiation and ventilation for 
humidity control. [4] 

2.2 Social 
The main user group of these villages are migrants 
from rural areas who prefer close-knit, communal 
living in these neighbourhoods akin to their rural 
experiences. It suggests constructing densely packed, 
low-rise spaces with semiprivate and public areas for 
daily interactions, echoing cultural familiarity and 
promoting community bonds. This helps to suggest a 
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guideline for the analysis: low rise, densely packed 
urban villages.   

Figure 1: Typical urban village [Pictures by [Author 6] 

2.3 Vernacular Aspects 
Traditional elements from surrounding architecture 
hints at different possibilities for analysis including 1. 
Thresholds, 2. thermal buffer zones, 3. reed/bamboo 
screens with water sprinkled on them which help 
reduce temperature due to evaporative cooling etc. 

3 METHODOLOGY 
This research pro-design study is divided 

into 3 phases- preliminary research and base case 
analysis, detailed analysis to formulate a guide for 
future design and a final prototype proposal with 
proof of comfort achieved.  

Phase 1: This paper begins by examining existing 
conditions of urban villages in Delhi – exploring 
environmental and climate factors, living conditions of 
its inhabitants and vernacular aspects as explained 
above. 

Phase 2:  Based on this, the study then identifies key 
focus areas in terms of the climate and a typical urban 
village in Delhi: its environmental factors were 
explored by fieldwork (spot measurements and site 
survey) and wind and solar studies using CFD software 
[5] and Ladybug tools [6]. The study is focused on the 
urban masterplan level and helps identify the existing 
features that define the positives, negatives, and 
potential of such an urban hub. Potential passive 
design techniques have also been explored at the 
individual house level like potential of increasing 
indoor ventilation through Optivent studies [7]; 
decreasing temperature in indoor spaces through 
evaporative cooling on locally sourced materials (like 
reed, bamboo); the potential of thermal buffer zones 
during high summer months – on a site etc. 

Phase 3: A chosen site aims to serve as a model for a 
newly developed urban village, potentially replicable 
in diverse contexts. The form of the new village is 
driven from a study of the vernacular elements and the 
analysis conducted. This section utilizes findings from 
prior research to outline guidelines for creating an 
environmentally adaptive prototype of an urban 
village in India.  

4 ENVIRONMENTAL ANALYSIS 
Keeping these aspects in mind, Jia Sarai, a typical 

urban village out of the 200+ neighbourhoods in Delhi 
was chosen. Studies on wind, outdoor comfort and 
solar analysis were conducted. This would help inform 
the guideline for the prototype of similar comfortable 
neighbourhoods. 

4.1 Fieldwork 
Field work, which included taking spot 

measurements and interviews, was carried out to 
understand the difference in the air temperature 
inside the urban village and its peripheral areas and 
correlation with wind, if any. Spot measurements were 
taken between 27th – 31st October 2022 at 9am, 
12pm, 3pm, 8pm using instruments to test dry bulb 
temperature and wind speeds. 
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Figure 1: Typical urban village [Pictures by [Author 6] 
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The two points at which the measurements were 
taken are shown in the Fig. 2 & 3.  
Wind speed obtained on these spots through the 
device varied from 0.8m/s to 1.5m/s. The latter was 
only observed inside the village at night which can be 
attributed to the wind tunnelling effect due to the 
narrow streets.  

Figure 4: Temperature graph obtained through spot 
measurements. 

Figure 5: Comfort percentage in and around dense 
neighbourhoods. [Ladybug Tools [6]] 

There is a 4–5° C difference in temperatures at peak 
hours during the day and 1 -2° C difference at night 
between the two spots. Therefore, it can be concluded 
that there is an advantage to the density as the entire 
village acts as a single built mass which helps facilitate 
a better micro-climate overall.  
This hypothesis is further confirmed by UTCI studies 
done using Ladybug tools (Fig. 5). This shows that the 
comfort percentage on the spot measurement day to 
be higher inside the village than outside it. 
However, upon site visit and while interviewing the 
people inside the village – disadvantages also emerge. 
Some streets are too narrow for any wind or light to 
pass through and thereby are dark with very low air 
speeds. 

4.2 Air Movement 
       As highlighted in section 1.1, ventilation is a major 
problem inside urban villages. Therefore, air 
movement was studied in detail. Givoni [8] 
demonstrated that air speed has a significant impact 
on comfort both inside and outside a building. He 
stated that to allow for wind flow between and around 
structures, open spaces between building blocks 
should take regional wind directions into account. It is 
concluded that with an increase of 1 m/s wind a 
cooling effect that is equivalent to a 2°C drop in 

temperature is generated. [8] Hence, wind plays a vital 
role in not only improving ventilation but also reducing 
temperature. 

Figure 6: Concept sketch to optimise wind pacing through the 
built mass.  

Predominant wind direction on site: Northwest and 
West 
Wind simulation studies were done using Autodesk 
CFD software for the existing urban canyons of Jia 
Sarai.  
The three typical streets: 3m, 6m and 10m are chosen 
– with two different building heights of 10m and 15m.
The same is also analysed for when wind is not 
perpendicular to the built mass.  

The conclusion of the study is as follows: - 
a) Wind funnels are observed in the 3m streets.

Maximum wind can be observed in urban
canyon: 1:1 (Fig.7). Maintaining minimum 3-
4m is optimum.

Figure 7: Wind movement through different urban canyons 
[CFD software] 

b) When wind is perpendicular to the façade –
the speed is higher and volume between the
two groups of buildings is filled with a
significant amount of turbulence. When
compared to pressure coefficients on parallel
faces, a face that is perpendicular to the wind
direction will have larger pressure
coefficients. As a result, it is determined that
adding voids and openings can help facilitate
wind flow, even if the urban canyons are
narrow.

c) Wind speed inside the canyons is higher when
the built mass is at a 15–30° angle to the
wind.
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Figure 8: Optimised wind movement through a dense 
neighbourhood [CFD software [5]] 

Wind Chimney/Ventilation Towers 
Ventilation towers or wind chimneys can further help 
create ventilation inside the individual houses. This 
study determines optimum heights for these low to 
mid rise developments. 
After conducting multiple iterations using Optivent 
tool [5] for different heights and number of floors, an 
optimum height of 20m and 24m for the wind chimney 
for a G+3 house and G+4 was respectively determined 
(Fig. 9). A wind analysis was also run on these wind 
chimneys to see the effect inside the space (Fig. 10). It 
was also observed that the windows should be placed 
parallel to the wind chimneys.  

Figure 9: Optimising wind chimney dimensions [Optivent [7]] 

It is concluded that there would be an approximate 
2.5°C temperature difference in comparison to outside 
on the street near the window of the wind chimney –
because of stack effect. The indoor spaces are 
expected to cool down further during windy days.   

Figure 10: Wind movement through the voids to reach 
ventilation towers [CFD] 

4.3 Solar Study 
The density of these urban villages also 

contributes to reduction in solar radiation on the 
facades of the buildings due to the self-shading. The 
rest of the radiation can be combatted by optimising 
the dimension of shading devices. Otherwise, 
radiation (which is caused by the high angle summer 
sun) could lead to overheating. Therefore, different 
shading options are explored. Based on the wind 
direction and sun, the ideal orientation of the streets 
is facing Northwest. Hence the radiation studies are 
run on buildings facing NW and SE for the smaller 
urban canyons and SW and NE for the larger urban 
canyons in the existing village. South façades generally 
require horizontal shading and the east west facade, 
vertical fins. Both these strategies are explored in the 
studies. The study is done for hot periods of the year 
i.e., the summer months of April to June.
The result is as follows: 
a) Higher radiation - SW façade > SE> NW > NE.
b) The buildings with height 15m have unbearably

high radiation on top 2 floors, and same can be
observed for the houses on the periphery of the
street due to lack of self-shading. (Fig. 11).
Therefore, it is best to recess the top floors for any 
façades facing south.

c) For North facing façades: 1.5m overhang on top
floor, 1.2m on rest of the floors cuts down the
radiation adequately.

d) An analysis of vertical fins was also carried out and 
in the taller buildings, the south facades ideally
require both horizontal and vertical shade. The
vertical fins here can also be substituted with reed 
screens at alternate intervals to make a workable
adaptive strategy.

Figure 11: Solar radiation across different urban canyons and 
shading options [Climate Studio [9]] 

Figure 12: Solar radiation across optimised urban canyons 
and shading options [Climate Studio [9]] 
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vertical fins. Both these strategies are explored in the 
studies. The study is done for hot periods of the year 
i.e., the summer months of April to June.
The result is as follows: 
a) Higher radiation - SW façade > SE> NW > NE.
b) The buildings with height 15m have unbearably

high radiation on top 2 floors, and same can be
observed for the houses on the periphery of the
street due to lack of self-shading. (Fig. 11).
Therefore, it is best to recess the top floors for any 
façades facing south.

c) For North facing façades: 1.5m overhang on top
floor, 1.2m on rest of the floors cuts down the
radiation adequately.

d) An analysis of vertical fins was also carried out and 
in the taller buildings, the south facades ideally
require both horizontal and vertical shade. The
vertical fins here can also be substituted with reed 
screens at alternate intervals to make a workable
adaptive strategy.
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e) For the shorter buildings, 1.2m overhang and
1.5m overhang on the top floor is suggested. The
optimized result can be seen in the Fig. 12.

5 BUILDING DESIGN: PASSIVE STRATEGIES 
Increasing indoor thermal comfort: 

The main passive techniques that can be utilised based 
on the vernacular aspects in and around the site are as 
follows: i) Evaporative cooling through sprinkling 
water on reed and bamboo screens during hot 
summer hours; ii) Adding thermal buffer zones 
through thresholds, balconies and roofs that act as 
rest stops for pedestrians and alternative sleeping 
areas during hot summer nights respectively since 
temperatures reduce during winter nights (Fig. 13).  
As a collective result of all interventions, a significant 
difference in temperature in the interior spaces can be 
expected in comparison to the outside street during 
peak summer hours.  

Figure 13: Concept sketches highlighting final design and 
passive techniques. [Sketches by Author] 

6 DESIGN PROPOSAL: MASTERPLAN AND 
BUILDING FORM 
The chosen site on which the prototype has been 

designed is a rectangle shaped flat plot. It has an 
approximate area of 4.26 acres (115 m x 150 m).  

By translating the previously explored strategies into 
an overall urban neighbourhood design, a building 
mass is devised that has less solar gains. It also has, 
better ventilation due to the facilitation of wind which 
helps make outdoor spaces walkable and ensure 
reduced temperatures in the indoor spaces. Overall, 
this results in a more comfortable urban village. 

Figure 14: Exploded plans of selected site 
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Figure 15: Wind movement through the voids based on the 
analysis conducted during phase 2 [5] 

Key features of the design based on the analysis: 
• Incorporation of an amalgamation of

contemporary and vernacular elements on the
outside and in the indoor spaces respectively.

• Organic public space design that can enhance
social interaction as well as wind and
microclimate control through thresholds, voids
and calculated urban canyon ratios. The wind
direction is NW which is the orientation in which
the houses were placed. Due to their staggered
position (ground floor – is oriented in a way to
allow maximum wind to pass to the next few
blocks) a typical wind speed of minimum 1.5m/s
and going up to 4.5m/s is observed throughout
the site (Fig 15). The wind chimneys are oriented
in the direction of these voids inside the houses,
decreasing temperatures by a further 2-3°C due to 
stack effect.

• Transient zones are created which act as climate
modifiers from the street to inside.

• Through adjustable reed screens, self-shading and
extended chajjas (sunshades) - the apartments
are well shaded throughout summer. On the
periphery and top floors of the buildings, where
this shading is not adequate, the apartments are
recessed, and balconies are added. This also
allows for more flexible shared spaces to be
created.

• Utilising density of the villages as a tool to
enhance user comfort and enable future
expansion. The difference in temperature on the
streets inside the dense urban village is 4-5°Cs
lower as compared to that on the streets outside
during peak summer days. This helps establish
that density can enable an increase in comfort.

Overall, an estimated 7°C drop can be obtained inside 
the houses if these guidelines are followed, ensuring 
comfort for at least 60% of the year [1]. 

7 CONCLUSIONS 
Catering to site and environmental 

conditions, this study realises the creation of a 
prototype methodology and design that can provide 
user comfort for approximately 60% of the year. 

Figure15: Illustration of final proposal 
The result stems from solar and wind studies, 
fieldwork, passive design for evaporative cooling, 
night ventilation and buffer zones. This study 
showcases that even with a high population density, 
soaring temperatures and large diurnal swings, a 
comfortable living environment can be achieved. This 
prototype caters to future population expansion and 
increase in temperature due to climate change. 
This research can further be used to analyse the 
passive design techniques of the individual houses and 
then develop a framework for creating context-
specific, environmentally comfortable dense 
neighbourhoods around the world.  
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ABSTRACT: In Bangladesh, a large group of people live in coastal rural areas and are below the poverty level. It is 
critical to fulfil their household energy needs, e.g. electricity, gas, or other utilities altogether, with their limited 
income. In addition, due to natural calamities, many people are losing their homes and are displaced from their 
original homes. Khurushkul in Cox's Bazar district, Bangladesh, is one of the examples where coastal people are 
displaced for a better life and provided housing facilities. However, a portion of their income is spent on bearing 
the energy cost, which is fuelling the poverty loop. The objective of this research is to demonstrate the result of 
integration of some key features of sustainable housing approach in place of existing practices to manage 
energy and poverty issues. Field surveys, questionnaire surveys, building simulation and optimisation, and 
calculation methods were used to propose effective solutions to the existing problem. The result shows that 
technological innovation, both in terms of building materials and systems, can be used to advance the level of 
energy efficiency and resiliency in homes' design and built form to put an end to an uncertain life. 

KEYWORDS: Energy poverty, coastal area, rehabilitation program, energy use, climate displaced. 

1. INTRODUCTION
Energy poverty has become a pressing issue in 

developing countries, such as Bangladesh. Fuller [1] 
says, "There is no energy crisis, only a crisis of 
ignorance." Therefore, the energy problem must be 
solved from different angles as it is connected to 
various aspects, such as the availability and 
management of resources, as well as income and 
quality of life of the households. Taking initiative at 
present can actively shape the future instead of being 
passively dictated by it. Affordability becomes a great 
concern for low-income groups. On top of that, the 
income versus the expenditure for energy 
consumption should be compared to understand the 
actual scenario. For example, 58 per cent of rural 
households are energy poor, whereas 45 per cent are 
income poor in Bangladesh [2]. 

Energy poverty happens when energy bills 
become a high percentage of consumers' income, 
which affects their capacity to cover other 
expenditures. If consumers are forced to reduce their 
household energy consumption, that is also termed 
poverty, which affects their physical and mental 
health and well-being. Under the "10% Boardman 
rule," energy poverty occurs when a household is 
"unable to get an adequate amount of energy 
services for 10% of disposable income" [3]. The rule 
recognises that not all households need to make the 
same effort to pay for their energy needs, which has a 
more severe effect on lower income households. 

Considering Bangladesh's geographical location 
and climate, where heating costs are negligible, and 

cooling costs can be minimised with effective natural 
ventilation, energy poverty can be redefined as a 
household being "unable to secure sufficient energy 
services within 7% (excluding 30% of heating costs) of 
disposable income" [3]. Factors contributing to the 
escalating poverty of some rural families include 
unemployment, large family size, low and unstable 
income, and poor planning of natural resources. 
Notably, these issues stem from economic conditions, 
exacerbating their financial struggles. To address this 
situation, controlling expenditure on essential 
energy-related bills (e.g. electricity and water) 
becomes a crucial step. 

2. BACKGROUND
     With a population of 160 million, Bangladesh is 

highly vulnerable to climate change and rising sea 
levels, particularly in its coastal regions, where 28% of 
the population resides. Future projections indicate a 
growing number of climate refugees, with a World 
Bank (WB) report estimating over 19 million people in 
Bangladesh becoming climate refugees by 2050 [4]. 

Bangladesh, a low-lying, disaster-prone river 
delta, annually experiences the displacement of 
around one million people, resulting in losses of 
approximately 1% of its GDP due to cyclones, floods, 
and riverbank erosion [5]. While the government 
implements rehabilitation programs, the poverty 
issue persists due to the energy expenditure in daily 
life. To address energy poverty, rehabilitation housing 
should prioritise energy preservation, efficiency, and 
renewable features, such as passive design, provision 
for natural light and ventilation, rainwater harvesting, 
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and use of energy-saving equipment and photovoltaic 
panels. Unfortunately, these considerations are often 
overlooked while implementing housing projects, 
necessitating comprehensive attention from policy to 
construction levels for effective relief. 
     

3. CASE STUDY FOR BASE CASE MODELLING 
    Khurushkul Ashrayan Prokolpo, in the Cox's Bazar 
district, Bangladesh, was selected for the 
investigation. Climate refugees are shifting and will 
shift to Khurushkul or towards other refugee projects, 
and they are facing or will face some difficulties. The 
accommodation in the project is a sharp contrast to 
their previous house at Kutubdia Para, Cox's Bazar. At 
present, they are living in an apartment in a five-story 
building (Figure 1) with two rooms, one kitchen 
space, and one toilet and bathroom. A few basic 
problems for the community are unemployment, 
drinking water, transportation, and, finally, the need 
to pay energy bills. 
 

 
Figure 1:  Khurushkul Housing Area 
 

4. METHODOLOGY 
    The objective of the study is to bring attention to 
the impoverished conditions in the coastal 
rehabilitation zones of Bangladesh and their 
correlation with energy-related challenges. The issues 
faced by the chosen community were discerned 
through an exploration of background information, 
relevant definitions, and associated theories. A field 
survey was conducted to gain insights into the actual 
challenges faced in everyday life. The analysis of data 
from both the literature review and questionnaire 
survey was utilised to formulate practical and 
efficient solutions for the identified problem. 

Various improvements to enhance energy 
efficiency in the existing layout were assessed using 
different software and plugins. The wind simulation 
tool in Autodesk Flow was utilised to determine the 
optimal arrangement for placing buildings on the site. 
ClimateStudio was employed to quantify radiation 
levels on each side of the buildings. Ladybug, a 
Grasshopper plugin, conducted a comprehensive 
simulation to achieve a balanced approach between 
maximising natural light and minimising radiation 
exposure across different seasons. The effective 
window to wall ratio (WWR) for the site was 
determined through multi-objective optimisation 
using the Galapagos plugin in conjunction with 

ClimateStudio. Calculation methods assessed the 
feasibility of the integration of renewable energy. 
 
5. FINDINGS 
5.1 Energy consumption 
    The purpose of the survey was to identify the 
imbalance between income and energy bill expenses. 
Forty-four families from four different income ranges 
(profession) were questioned about their income, 
expenditure and appliances to identify the reason 
behind their poverty. The result is in Table 1. 
 

Table 1: Monthly Energy consumption based on four 
categories of family units. 
 

Surveyed items Family 1 Family 2 Family 3 Family 4 

Occupation  Business  Day 
labour Business Business 

Family member (nos.) 05 09 08 06 

Monthly income ($) 91.23 182.42 255.38 145.93 

Monthly expenditure ($) 91.23 164.17 228.02 145.93 

Bills 
($) 

Electricity  2.74 6.38 10.95 7.30 

Gas  11.86 13.68 16.87 13.68 

Water  0.55 0.91 2.74 1.83 

Bills to income ratio (%) 16.6 11.5 11.96 15.63 
* 1 $ = 109.64 Bangladeshi Taka 
 
The survey results show that the percentage of 
energy bills the families are paying against their 
monthly income are 16.6%, 11.5%, 11.96% and 
15.63%, respectively, which means an average of 
13.9%. In the case of a tropical climate, this cost 
should be less than 5% [3]. That is why these climate 
displaced people are not getting out of the endless 
poverty loop. The energy consumption data from the 
questionnaire survey is shown in Table 2. 
     
Table 2: Energy consumption based on equipment types and 
operation hours in a day.  

Family  Equipm
ent  

Unit 
usage 

(W) 

No of 
Equip
ment 

Operat
ion 

hours 

Total 
usage 
(kW) 

Lightin
g cost 

% 

Family 
type 1 

Fan  45 2 13 

2.9 83.3 
Light  23 4 19 
TV - - - 

Fridge  - - - 
Others - - - 

Family 
type 2 

Fan  45 2 16 

4.7 82.8 

Light  23 6 23 
TV 

(CRT) 80  1  

Fridge  - - - 
Others - - - 

Family 
type 3 

Fan  45 2 17 

6.8 43.3 

Light  23 5 20 
TV 

(LED) 45  1 2 

Fridge  120 1 24 
Others - 2 4 

Family 
type 4 

Fan  45 2 15 

6.9 65 

Light  23 5 22 
TV 

(CRT) 80  1 2 

Fridge  120 1 24 
Others - 1 2 

 
    From the survey, it was noticed that some of the 
houses use energy-efficient bulbs, i.e., light-emitting 
diode (LED) bulbs. In most families, the highest 
energy consumption occurred due to lighting 
equipment. In some cases, the Incandescent bulbs 
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and use of energy-saving equipment and photovoltaic 
panels. Unfortunately, these considerations are often 
overlooked while implementing housing projects, 
necessitating comprehensive attention from policy to 
construction levels for effective relief. 
     

3. CASE STUDY FOR BASE CASE MODELLING 
    Khurushkul Ashrayan Prokolpo, in the Cox's Bazar 
district, Bangladesh, was selected for the 
investigation. Climate refugees are shifting and will 
shift to Khurushkul or towards other refugee projects, 
and they are facing or will face some difficulties. The 
accommodation in the project is a sharp contrast to 
their previous house at Kutubdia Para, Cox's Bazar. At 
present, they are living in an apartment in a five-story 
building (Figure 1) with two rooms, one kitchen 
space, and one toilet and bathroom. A few basic 
problems for the community are unemployment, 
drinking water, transportation, and, finally, the need 
to pay energy bills. 
 

 
Figure 1:  Khurushkul Housing Area 
 

4. METHODOLOGY 
    The objective of the study is to bring attention to 
the impoverished conditions in the coastal 
rehabilitation zones of Bangladesh and their 
correlation with energy-related challenges. The issues 
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through an exploration of background information, 
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challenges faced in everyday life. The analysis of data 
from both the literature review and questionnaire 
survey was utilised to formulate practical and 
efficient solutions for the identified problem. 
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efficiency in the existing layout were assessed using 
different software and plugins. The wind simulation 
tool in Autodesk Flow was utilised to determine the 
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ClimateStudio was employed to quantify radiation 
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window to wall ratio (WWR) for the site was 
determined through multi-objective optimisation 
using the Galapagos plugin in conjunction with 

ClimateStudio. Calculation methods assessed the 
feasibility of the integration of renewable energy. 
 
5. FINDINGS 
5.1 Energy consumption 
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Table 1: Monthly Energy consumption based on four 
categories of family units. 
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Family member (nos.) 05 09 08 06 

Monthly income ($) 91.23 182.42 255.38 145.93 
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($) 
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Gas  11.86 13.68 16.87 13.68 

Water  0.55 0.91 2.74 1.83 

Bills to income ratio (%) 16.6 11.5 11.96 15.63 
* 1 $ = 109.64 Bangladeshi Taka 
 
The survey results show that the percentage of 
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monthly income are 16.6%, 11.5%, 11.96% and 
15.63%, respectively, which means an average of 
13.9%. In the case of a tropical climate, this cost 
should be less than 5% [3]. That is why these climate 
displaced people are not getting out of the endless 
poverty loop. The energy consumption data from the 
questionnaire survey is shown in Table 2. 
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    From the survey, it was noticed that some of the 
houses use energy-efficient bulbs, i.e., light-emitting 
diode (LED) bulbs. In most families, the highest 
energy consumption occurred due to lighting 
equipment. In some cases, the Incandescent bulbs 

 

that consume 100W per luminary are used. For 
calculation, the equipment's energy consumption is 
made average. The fan takes 45W, the fridge 120W, 
TV (CRT) 80W, TV (LED) 45W, LED lights 23W, and 
incandescent bulbs 100W [6]. The operation hours 
are calculated from the survey report. The four 
families are selected from different floors to get the 
diversified data and averaged.  

           Figure 2 shows the comparison between the 
expenditure on equipment. In this process, the total 
cost of energy from different sources is calculated, 
and then the percentage of cost for a particular 
equipment is calculated from the total energy cost. 
The per unit cost is $ 0.05 [7]. One unit of energy is 
equivalent to one kilowatt-hour (kWh). In every case, 
the amount of energy consumed by fans and lights is 
more than that of other equipment. Some common 
problems identified for high energy consumption are 
related to building orientation, window location, 
window size and window use. 

 
 

 
 
Figure 2: Comparison of expenditure from different 
equipment. 
 

 
 5.2 Building material  

 Traditional houses, built with vernacular 
architecture, local materials, and construction 
techniques, were more energy efficient. In contrast, 
the new government-provided housing (Figure 1) is 
costly to maintain, leading to higher energy bills. 
 
Local materials were abundantly available, with mud 
plinths and bamboo-woven facades allowing air 
circulation. Tin was commonly used for roofs, and 
wood served as columns and lintels in most cases. As 
the project is low-cost housing, the material should 
be provided from locally available resources. A 
prototype design was created from wood, bamboo, 
tin, and concrete (Figure 3). The structure was made 
of concrete, and the other façade and fenestration 
were made using the local material. Thus, they can 
create their own house, which will reduce the cost of 
making it and create a sense of identity. 
 

Figure 3: Rethinking fenestration with local material sources 
 
5.3 Building placement 

Existing building placement analysis was 
conducted (Figure 4) to address the site's 
vulnerability near the confluence of the River 
Bakkhali and the Bay of Bengal. Autodesk Flow's wind 
simulation tool was employed, incorporating local 
weather data and precise geographical coordinates 
from Google. The simulation results played a crucial 
role in identifying issues in the current layout and 
determining the optimal arrangement for such 
conditions (Figure 5). This strategic approach 
emphasises not only mitigating potential hazards and 
ensuring community safety during adverse weather 
but also guaranteeing sufficient wind access. 

 

 
Figure 4: Existing site plan of Khurushkul Housing Area [8] 
(left) and restricted wind passage during a cyclone (right).  
 

 
Figure 5: Autodesk Flow – optimal layout determination. 
 

If building placements are done in an iron grid, not 
all buildings receive sufficient airflow, and during a 
cyclone, wind passage is restricted (Figure 4). The 
alternative pattern shown in Figure 5 allows cyclone 
force to pass through and provides air to most of the 
building masses. 
 
5.4 Building orientation 
    In the case of solar radiation, the city of Cox's 
Bazaar gets usable radiation for solar panels almost 
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throughout the year and almost 1.1 KW/m2 during 
the daytime (Figure 6). Leveraging local weather data, 
a simulation was conducted using ClimateStudio to 
quantify radiation levels on each side of the buildings 
situated at the site precisely. To optimise energy 
efficiency, the orientations of the buildings were 
adjusted to minimise heat gain from radiation to 
enhance overall thermal performance. 
 

  
Figure 6: Radiation analysis of the buildings at the site. 
 
 

Ladybug, a Grasshopper plugin, was employed to 
conduct an extensive simulation aimed at striking a 
harmonious balance between maximising natural 
light and minimising radiation exposure throughout 
different seasons. The script, which is shown in Figure 
7, is designed to evaluate various orientations for the 
site. Out of numerous possibilities, the top 60 results 
were chosen, considering radiation levels and light 
availability. 

 
 

 
Figure 7: Grasshopper script to evaluate various 
orientations for the site 
 
Energy usage for lighting and cooling loads was 
calculated to prioritise the orientation with the most 
favourable performance, emphasising sustainable 
design that minimises energy consumption and 
environmental impact. An anticlockwise rotation of 
18 degrees from the existing orientation was 
performed effectively (Figure 8). 
 

 
Figure 8: Radiation analysis to prioritise the orientation with 
the most favourable performance 
 
5.5 Window to wall ratio (WWR)  
    Inadequate window placement forces constant use 
of artificial lighting, leading to high energy 
consumption. Some rooms lack windows (Figure 9).  

  
Figure 9: An example of the existing unit plan showing 
window locations (left) and views (right) 
 
    Bangladesh National Building Code (BNBC, 2020) 
Chapter 8 (Section 8.1.5) presents guidelines for the 
standard illumination requirement in bedrooms, 
which is ambient 50 lux and, at bedhead, 150 lux. The 
illumination measured from the field was in the living 
room, 3 lux; in the kitchen, 12 lux; at the toilet, 1 lux; 
and in the bedroom with a window, 87 lux. 
Introducing alternative fenestration and connecting 
rooms to the corridor may ensure ample light while 
preserving privacy and reducing energy usage. 

     To determine the effective WWR for the site, 
multi-object optimisation was done through a plugin 
named Galapagos through ClimateStudio. Galapagos 
genomes are north, south, east, and west WWR and 
shading depths. The fitness value is to minimise 
energy use intensity (EUI) with a maximum stagnant 
value of 50, population 20, and an initial boost of 02. 
 
 
 
 
 
 
 
 
 
 

Figure 10: Grasshopper script for optimal WWR  
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Figure 10: Grasshopper script for optimal WWR  
 

 

 

Figure 11: Optimal WWR by Galapagos 
 

Figure 12 shows the Design Explorer analysis. The 
results were: WWR for North 38%, East 30%, South 
25%, and West 10%. In the case of shading, the depth 
of north shading was 0.11m, east shading was 0.57m, 
south shading was 1.54m, and west shading was 
0.86m. 

 

 
Figure 12: Design Explorer analysis for optimal WWR and 
shading depth  
 
5.6 Renewable energy production feasibility 
The feasibility of using wind turbines, PV panels, 
biogas, and rainwater is checked from the site's wind 
characteristics, radiation intensity, amount of 
required waste, and annual precipitation, 
respectively. 
 
5.6.1 Wind turbine  
      In the case of aero leaf, the minimum velocity 
needed is 2m/s. Figure 12 shows that the site gets the 
required velocity only a few times or more, except 
during cyclones or disaster periods [9]. The 
installation cost of the aero leaf is also huge, which is 
not feasible for low-cost housing. Finally, the altitude 
cannot be achieved to get high-velocity wind as the 
area is prone to cyclones, and high structures are 
vulnerable here. So, wind turbines were not feasible 
in these housing areas. 
 

 

Figure 13: Average monthly mean wind speed [9] 
 

5.6.2 PV panels 
     The average daily energy consumption per person 
is 0.775 kWh/day. The total probable roof area used 
for PV panels is 2725 m² (Figure 14). The size of one 
panel is 1.5 m2. So, the total number of panels 
required was 1800. Panel energy productivity is 300 
watts/h, peak sunlight hour is 6, and the unit area is 
1.5m x 1m. Total daily productivity 1800×1.8=3240 
units. Considering the population of 3360 (current), 
total energy requirements are 3360×0.775 =2604 
units, and extra electricity is 3240-2604 = 636 units. 
Extra income 636×0.05 = $35.8 per day [10] 

 
Figure 14: Highest and lowest intensity of direct radiation in 
W/m2 (left) and use of PV panels on facing south roof (right) 
 
5.6.3 Biogas plant  
The amount of waste needed to generate enough 
biogas is not feasible in urban areas. Table 3 shows 
that the most efficient source of biogas is cow dung, 
which is easily available in Khurushkul. 1 m³ biogas is 
equivalent to 0.46 kg liquid petroleum gas (LPG). 
Daily gas production is 135.47 kg/day [11]. So 
monthly production is 4064.1 kg. The price of 1 kg 
LPG is $0.09. So, the price of biogas from monthly 
production is $3627.02. 
 
 

Table 3: Gas production from different organic waste  

  
     The average per capita monthly gas bill is $2 (from 
the survey). As the overall population is 3360, the 
total monthly gas bill is $6720. So, by using biogas, 
the gas bill can be reduced by up to 46.02%. Figure 15 
presents a schematic diagram showing the collection 
layout of waste for biogas. 

 
Figure 15. Schematic diagram showing the collection layout 
of waste for biogas 
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5.6.4 Rainwater tower  
There is enough rain in the site from May to October, 
and it is highest in the monsoon season (Figure 16). 
However, the storage problem needs to be solved by 
design [Figure 3]. 

 
Figure 16: Average monthly rainfall (mm) 
 
Considering the population of 3360 (current), with an 
average daily drinking water consumption of 3.5L per 
person. The total water need is 11,760 L/day. Each 
net shown in Figure 17 can produce an average of 
400L daily, so approximately 30 nets of 40 m² size can 
fulfil the daily drinking water needs [12]. 
 

 
Figure 17: Placement of water tower on the dam 
 
      The total cost for 30 nets is $9545.5. The average 
per capita water bill is $0.007/day, resulting in a total 
daily water bill of $24.4. In 10 years, the total amount 
will be $21,993. With 30 nets, a saving of 
$1244.7/year can be achieved. [13] 
 
6. CONCLUSION 
    The rising number of climate refugees due to global 
warming demands careful consideration in 
rehabilitation programs. Addressing energy poverty is 
crucial, not only for improving the quality of life in 
poor coastal communities but also for preventing 
negative impacts on the national economy by 
conserving valuable energy resources. While the 
focus of this research is on the Khurushkul project, it 
is essential to recognise that other factors may affect 
poverty in different rehabilitation initiatives. The 
utilisation of renewable energy is widely ignored due 
to the rural population's lack of awareness, even 
though it can be a cost-effective and primary energy 
source for them.  
The outcome of this research shows that careful 
selection of building materials, placement, 
orientation and WWR with the incorporation of 
renewable energy sources, e.g. PV panels, biogas, and 
rainwater harvesting, holds the potential to elevate 

the energy efficiency and resilience of homes' design 
and construction. By increasing people's 
consciousness and promoting mass awareness, 
existing conditions can be improved. Comprehensive 
planning, regular inspections, and environmental 
considerations are key to making these effective 
solutions to the climate refugee problem without 
exacerbating issues. 
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ABSTRACT: Cities are at the center of the discussion about the global climate emergency, since they comprise 
more than half of the world's population, making urgent plans for mitigation and adaptation to climate change, 
under the current and future urban and climate scenarios. To this end, our objective is to link some of the 
spectral indices obtained by remote sensing, mainly Land Surface Temperature (LST) and Enhanced Vegetation 
Index (EVI), with city life, focusing on the high and medium-capacity public transportation mobility axes of the 
city of São Paulo - Brazil, in this paper starting with the demarcated areas along the subway system, used by 
2.61 million people daily. The methodological procedures encompass the Landsat 8 dataset and Google Earth 
Engine to retrieve the spectral indices. We observed that the subway stations located in high-rise building areas 
or surrounded by green areas presented lower LST. Also, the green areas are distributed in a fragmented way in 
this urban fabric, more concentrated farther from the city center. Thus, it is expected to support adaptation 
actions at the scale of urban design based on the different climatic responses of the urban space, including the 
effects of urban heating concerning life in the city. 
KEYWORDS: Climate adaptation, Urban planning, Land surface temperature, Enhanced Vegetation Index, 
Sustainable mobility 
 

 
1. INTRODUCTION  

As urban temperatures continually increase, 
people will be at greater risk of adverse heat health 
impacts and other consequences to cities, like loss of 
economic activity [1, 2]. Since urban areas interact 
with large-scale weather systems and associated 
extremes, including storms, droughts, and heat 
waves, it is urgent to support adaptation plans to 
climate change, in the current and future scenarios 
[3, 4]. 

Typically, the urban area produces a thermal 
pattern with high and low Land Surface Temperature 
(LST) zones, corresponding to low and high reflectivity 
surfaces, green coverage, and water bodies. A high 
reflective impervious surfaces and green areas absorb 
less solar radiation bringing a lower LST. Locally, 
those surfaces can contribute to cool urban 
environments and reduce building heat gains [1, 3, 4].  

In this ongoing study, we focus on the Axes of 
Structuring Urban Transformation of the city of São 
Paulo, demarcated by the municipality. The axes are 
areas along the public transportation systems of high 
and medium capacity, such as subway, train, and bus 
corridors.  

According to the Strategic Master Plan of the 
Municipality of São Paulo, published in 2014, and 
recently revised in 2023, these areas should be 
organized to increase land use, based on Transit 
Oriented Development – TOD principles. The 
strategies include qualification of public spaces, 
incentives for mixed-uses, and fostering 
demographic, housing, and urban activities 

densification along the public transportation system 
[5]. 

In 2023, a new version of the Master Plan was 
released, as a mid-term review, reflecting an 
ambition of the Real Estate Market, and supported by 
the current municipal administration to intensify the 
built density, not necessarily perceived in practice as 
housing density. An increase in the area of influence 
around the transport axes from 400 meters to 700 
meters was approved in a time of intense land-use 
speculation.  

This discussion also fits into the importance of 
public spaces, where users, whether pedestrians, 
tourists, or outdoor workers, are exposed to different 
conditions in a thermal environment. Public spaces 
are functioning as social spaces in urban areas, where 
people experience city life while shopping, traveling 
to transit stops, or walking around [6]. On that 
account, changes in microclimate conditions due to 
urban warming have emerged as a factor of interest 
in determining the attractiveness of public urban 
spaces. 

Therefore, the objective of this work is to link the 
spectral indices of vegetation and surface 
temperature obtained by remote sensing over the 
areas following the mobility axes of the city of São 
Paulo. We highlight the axes of the subway stations, 
used by 2.61 million people daily [7], for a first sight 
reading of the urban experience under a climate and 
green bias for subway users.  
2. METHODS 

The use of remote sensing has proven to be a 
useful method for monitoring urban surface 
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parameters [1, 3, 4, 8].  Those data are provided by 
reflective and thermal signals of the urban texture. In 
this work, the methods consist of the identification of 
the study area and the estimation of the 
correspondent satellite indices. The Landsat 8 data 
was used to retrieve the Enhanced Vegetation Index 
(EVI) and daytime LST. Each step is presented in the 
following sections. 
 
2.1 São Paulo background  

The city of São Paulo is located in the 
southeastern region of Brazil, at latitude 23° and 
longitude 46°, with altitude ranging between 720 and 
850 meters above sea level, approximately 50 km far 
from the coast, and is crossed by the Tropic of 
Capricorn (Fig. 1). According to the KOPPEN 
classification, the city falls under the humid 
subtropical climate - Cfa, with a rainy period in 
summer and a dry period in winter [9]. 

 

Figure 1: Location of the City of São Paulo and São Paulo 
Metropolitan Region. 

 
In addition to being the most populous city in 

Brazil, São Paulo is also the richest city, with a GDP 
(Gross Domestic Product) per capita of R$60,750.09 
(circa US$ 12,364.76) and around 11 million 
inhabitants inserted in a metropolitan area of 22 
million inhabitants [10]. However, from the 
perspective of urban warming, climate change and 
extreme events, the rich city emerges as the most 
unequal, presenting the greatest risk to its population 
[2]. 

In São Paulo, periods of extreme heat did not 
reach 15 days per year during the 1960s and 1970s 
but reached about 40 days in 2010 and 50 days in 
2014 [11]. In 2023, the city experienced extreme heat 
during the spring season, breaking many local high-
temperature records, reaching 37,7° C in November 
[12]. Another interesting fact is that of the 90 days of 

last spring, 43 of them recorded temperatures above 
average, equal to or greater than 30° C [12]. São 
Paulo was under alert of great danger for a strong 
heat wave with an estimated increase of 5º C to the 
average temperature in the period [12].  

Also, for future scenarios from 2030-2040, an 
increase in the average temperature, an increase in 
the number of hot nights, a decrease in the number 
of cold nights, and an increase in heatwave events 
are expected [11]. These forecasts of temperature 
increase overlap, on the local scale, to the urban heat 
island effects, caused by urbanization. 

Concerning the urban form, previous remote 
sensing studies developed for the city of São Paulo 
and the Metropolitan Region of São Paulo [3, 13, 14] 
indicated a lack of urban vegetation and high values 
of LST (with 1 Km² spatial resolution, corresponding 
to a MODIS sensor pixel). The city center 
encompasses the highest built and population 
densities transformed by the intense real estate 
market developments [14].  

Thus, the urban fabric is not only short on 
vegetation and public open spaces but also presents a 
challenge for sustainable transportation comprising 
active modes of transport such as walking and 
cycling. In addition, the presence of highly valuable 
historical sites in the city center reinforces the 
importance of improving the thermal environment 
for people alongside the conservation of their 
heritage. 
 
2.2 Satellite indices 

The second step employs the Google Earth Engine 
(GEE) to run two open codes to retrieve the mean LST 
and EVI indices for the years 2014 and 2022, 
corresponding to the time frame of the Master Plan´s 
mid-term review. The Landsat 8 imagery was masked 
by clouds covering up to 10% of the scene (Table 1). 
The observation time of each Landsat 8 scene for São 
Paulo was close to 13:00 UTC. 

 
Table 1: Landsat-8 images adopted in this study. 

Date Season Date Season 
23/01/2014 Summer 02/03/2022 Summer 
08/02/2014 Summer 19/04/2022 Fall 
28/03/2014 Fall 21/05/2022 Fall 
02/07/2014 Winter 22/06/2022 Winter 
03/08/2014 Winter 10/09/2022 Winter 

Note: Path/row of all images: 220/072. 
 
To obtain the LST, data from the visible, infrared, 

and thermal bands are required. The Operational 
Land Imager (OLI) sensor acquires data in the visible 
(band 4) and shortwave infrared (band 5) range, and 
the Thermal Infrared Sensor (TIRS) provides the 
thermal data (band 10). 

The code developed in JavaScript was based on 
the Radiative Transfer Equation (RTE) method (code 
available at: https://github.com/LissesCastro/LST-
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and thermal bands are required. The Operational 
Land Imager (OLI) sensor acquires data in the visible 
(band 4) and shortwave infrared (band 5) range, and 
the Thermal Infrared Sensor (TIRS) provides the 
thermal data (band 10). 

The code developed in JavaScript was based on 
the Radiative Transfer Equation (RTE) method (code 
available at: https://github.com/LissesCastro/LST-

 

from-Landsat8-
TOA/blob/de93b265a3b2e93155da750e9b6f9dfa978
9dbb5/LST-L8-TOA-Calculation.js). The RTE method 
retrieves the LST from the emitted radiation by the 
surfaces and is widely used in climate studies [1, 3, 8, 
13]. 

The EVI index is similar to the Normalized 
Difference Vegetation Index (NDVI), frequently used 
in urban climate research to quantify vegetation 
greenness. However, EVI corrects for some 
atmospheric conditions and canopy background noise 
is more sensitive in areas with dense vegetation [15].  

The estimation of EVI requires the bands that 
correspond to the blue, red, and near-infrared 
intervals. The formula used in the code for EVI 
calculation was implemented according to Landsat 
Surface Reflectance-derived Enhanced Vegetation 
Index Specifications [15] (code available at: 
https://github.com/danielawerneck/EVI). 

 It incorporates coefficients to adjust for canopy 
background, atmospheric resistance, and values from 
the blue, red, and near infrared bands. These 
enhancements allow for index calculation as a ratio 
between the red and NIR values (Equation 1) 

EVI = 2.5 * ((Band 5 – Band 4) / (Band 5 + 6 * Band 
4 – 7.5 * Band 2 + 1))                     (1) 

where  EVI - Enhanced Vegetation Index;  
             Band 5 - near infrared band;  
             Band 4 – red band;              
             Band 2 – blue band. 

 
3. RESULTS 

Figures 2 and 3 present the LST results with mean 
images of the years 2014 and 2022, respectively. 
Urbanized areas presented higher daytime surface 
temperatures compared to less urbanized regions. 
The mean images are useful to inform the intra-urban 
distribution of LST, where it is possible to point out 
that the urbanized area thermal pattern is not 
homogeneous. This finding was observed in other 
studies for São Paulo with different sensors and 
spatial resolution for several years of observation [3, 
13, 16].  

The predominance of higher surface temperature 
along the subway axes (above 24.5°C) was observed 
in more densely populated areas, such as the city 
center, East and South axes. Those areas are occupied 
by compact morphologies, few or no trees, and land 
cover mostly paved. Lower temperatures (below 
<22°C) were identified in the west axis of the subway 
and dense vegetation areas. Comparing Figure 2 and 
Figure 3, an increase in LST is presented in the 
peripheral areas of the city, mainly the South area. 
 
 
 
 
 

Figure 3: São Paulo - LST image of the urban area for 2022. 
 
 

Figure 2: São Paulo - LST image of the urban area for 2014 
 
The subway stations surrounded by green and 

shaded areas presented lower LST. The Trianon-MASP 
Station (Fig.4) shows one of the coolest performances 
from the pixel perspective. Another example is the 
open arrangement of the Clínicas Station which is 
surrounded by a cemetery, a Faculty of Medicine, and 
gardens (Fig. 5). The São Lucas Station and the Belém 
Station are examples of warm areas (Fig. 4).  

Linking LST and urban form, compact typologies 
such as midrise or low-rise building types with few 
open spaces and sparse or absence of vegetation 
have a higher surface temperature (Fig. 6 and Fig. 7). 
During the day, the areas with compact high-rise 
buildings have a lower surface temperature than the 
low-rise building types, indicating the influence of the 
shade of tall buildings which can reduce the LST 
viewed by sensors (Fig. 8). 

However, other studies conducted for São Paulo 
based on night-time satellite images pointed out that 
those areas have a higher nocturnal surface 
temperature that tends to intensify surface urban 
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heat island [3, 11, 13]. It can provide an implication 
for the current urban policy promoting verticalization 
around the stations.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: LST of the area of influence of 700 meters around 
the subway stations – examples of daytime cool and warm 
areas from the pixel perspective. 

 
 

Figure 5: Street view image of Clínicas Station. Source: 
Google Street View, accessed online on the 14th of 
November 2023. 
 

 
Figure 6: Street view image of São Lucas Station. Source: 
Google Street View, accessed online on the 14th of 
November 2023. 
 

Figure 7: Street view image of Belém Station. Source: 
Google Street View, accessed online on the 14th of 
November 2023. 

 

Figure 8: Street view image of Trianon Station. Source: 
Google Street View, accessed online on the 14th of January 
2024. 

 
Noticing other aspects such as urban connections 

and social interactions, the highlighted areas need a 
design approach to integrate climate resilience co-
benefits for the pedestrian level. Many local streets in 
the city are not friendly to pedestrians, as on-street 
parking is ubiquitous, and sidewalks are often 
occupied by signage, and other permanent obstacles. 
With globally and locally rising temperatures, active 
modes of transport such as walking and cycling may 
become less favorable, particularly on hot days 
during spring and summer [17, 18]. 

Analysing the presence of vegetation, Figure 9 
presents the results for the vegetation index – EVI. As 
expected, the urbanized area presents lower values 
of vegetation index EVI, both in 2014 and 2022 
(Fig.4). The green areas are distributed in a 
fragmented way in this urban fabric, more 
concentrated in the wealthy neighborhoods and 
preserved green areas, farther from the city center. 
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of vegetation index EVI, both in 2014 and 2022 
(Fig.4). The green areas are distributed in a 
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Likewise, the LST image informs lower values in green 
areas (Fig.2 and Fig.3).  

The cooling effect of vegetation on urban 
environments was pointed out in several studies [1, 2, 
3, 4, 6]. Once vegetation can lower surface and air 
temperatures by providing shade and increasing 
evaporation, tree coverage is an effective way to 
mitigate the exposure of the urban population to 
heat stress.  

However, the examples present several challenges 
regarding the available space in the streets and 
within blocks for urban vegetation and other types of 
nature based-solutions implementations (Fig. 6, 7, 
and Fig.8). Despite considerable differences in its 
heterogeneous urban fabric, the city of São Paulo 
shares global and local challenges to tackle 
inequalities for climate change adaptation due 
landscape fragmentation caused by rapid growth, 
urban sprawl, and unsustainable development.  
 

Figure 9: São Paulo - EVI image of the city. 
 

Thus, the need for local warming information is 
considered crucial to localize vulnerable areas to 
develop an urban redesign plan, considering the 
particularities of each zone and the climate 
consequences. 
 
4. CONCLUSION 

Urban areas and their climate impacts have been 
the focus of studies in several fields, sharing climate 
data and methodology. Thus, to study the urban 
climate in the field of social sciences, remote sensing 
presents new possibilities for reading the urban 
fabric, going beyond the visible spectrum, and 
providing indicators to analyse the urban ecosystem. 
In this study, surface temperature and a vegetation 
index were used to investigate the diurnal variations 

of the thermal environment on the areas of influence 
of the São Paulo subway stations. 

It was observed that the green areas are 
fragmented in the urban fabric, including in the axes 
of urban transformation. By establishing the climate 
dimension for the Strategic Master Plan, actions must 
also dialogue with the inequalities related to the most 
sensitive populations. Thus, the EVI and LST can help 
in the planning of strategies, especially those 
involving the increase of urban green and aimed at 
reducing temperature.  

We highlight the issues that limit and require 
additional studies. The variability of the indices also 
results from the selection of satellite images, since 
the available sensors do not fully meet the needs of 
research in urban areas.  
 

For future studies, the indices will be evaluated 
according to the different months of the year to 
identify the aspects related to seasonality. Other 

studies would encompass air temperature data, wind 
speed, and mean radiant temperature to link the 
public space more directly to an indicator connected 
to thermal comfort at microscale. 

Considering the ongoing climate emergency, there 
is a demand for urgent responses from the agents 
involved in the planning, design, and construction of 
urban spaces and buildings to adapt to the present 
and warmer future to the extreme events that 
climate change has potentiated. 
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ABSTRACT: As global warming worsens, understanding the vulnerability of urban areas to extreme heat becomes 
crucial. Social housing districts, due to their urban form and demographic composition, are identified as high-risk 
areas for heat stress. This study investigates the impact of trees on mitigating outdoor heat stress in social 
housing districts, focusing on the Mediterranean region, particularly the metropolitan area of Barcelona. Using 
mean radiant temperature (MRT) as a key parameter, we use simulations to assess the influence of trees on heat 
stress in two districts differing in building types: linear blocks vs towers. Our results point out that, in the absence 
of trees, the latter is more vulnerable to heat stress, since it lacks long-term shaded spaces, such as the corridors 
generated by the linear blocks. In contrast, when trees are considered, tree-induced shading significantly 
decreases MRT and shifts its distribution pattern so that both fabrics exhibit similar performances, achieving the 
same percentage of open space with moderate heat stress (22%). Our findings underscore the importance of a 
performance-based design approach, emphasizing the need to consider both urban form and tree cover for 
effective heat stress mitigation in social housing districts. 
KEYWORDS: Urban Heat Stress, Thermal Comfort, Mean Radiant Temperature, Urban Vegetation, Urban 
Overheating. 
 
 

1. INTRODUCTION 
Human-induced global warming is causing climate 

change, which is resulting in an increased frequency 
of extreme weather events across the globe [1]. This 
trend is predicted to intensify over the coming years, 
leading to severe impacts on people and ecosystems 
[2]. In this context, the mitigation of the effects of 
extreme heat events in urban areas has become a 
growing concern due to their significant negative 
impacts on public health and well-being [3].  

Among the various factors that affect thermal 
comfort, the mean radiant temperature (MRT) has 
been identified as the most influential parameter in 
heat stress in outdoor environments [4]. Some of the 
causes of a high MRT in urban environments are the 
absorption and re-radiation of heat from urban 
components made of concrete, asphalt, and metal, 
among others, as well as the lack of green and blue 
infrastructure [5]. A highly effective strategy to 
reduce MRT is shading. At an urban level, this goal is 
achieved mainly through the urban form itself or 
through the presence of trees. The former usually 
remains stable through time, whereas the latter is 
sensitive to diverse factors: climate, water 
availability, and maintenance, among others.  

Identifying the most vulnerable areas in cities 
becomes crucial for counteracting heat stress in open 
spaces and prioritising climate-sensitive urban 
regeneration. Social housing districts, usually 
adopting open urban forms, have been spotted as 
areas especially prone to heat stress due to limited 

protection against excessive solar radiation during 
the warm season compared to the historic city and 
the XIX century city textures [2]. Additionally, social 
housing districts are usually home to marginalized 
and fragile communities, making them even higher-
risk areas. In these cases, using trees can be an 
effective solution as they can create shaded areas in 
open spaces, providing more comfortable spaces for 
occupants. In addition, trees promote a cooling effect 
through evapotranspiration, making the environment 
more pleasant.  

Our study aims to assess analytically and spatially 
the impact of trees on heat stress in the open space 
of social housing districts depending on their urban 
form. For this purpose, we compare the role of trees 
in two neighbourhoods with different urban forms, 
using MRT as the key parameter. The results would 
be useful to guide performance-based design 
solutions. 
 
2. CASE STUDY 

Most climate projections foresee an amplified 
warming and drying in the Mediterranean compared 
to the large-scale climate behaviour [6]. As climate 
change progresses, heat-related problems in the 
Mediterranean region are expected to worsen, 
making this location a hotspot and an interesting case 
study. To conduct our research, we selected two case 
studies in L’Hospitalet de Llobregat, the second 
biggest city within the Barcelona metropolitan area. 
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L’Hospitalet has a hot summer Mediterranean 
climate (Csa, Köppen climate classification), with an 
annual mean temperature of 16.1°C and a mean 
relative humidity of 69%. The city presents hot 
summers and mild winters, with monthly 
temperatures ranging 9°C and 24.5°C. However, 
during the summer months, the average maximum 
temperatures can reach up to 28.5°C (Table 1), and 
episodes with daily maximums over 30°C are 
becoming recurring. Moreover, recent studies have 
confirmed an increment in the occurrence, severity 
and length of heatwaves in the region since 1970 [7]. 
 
Table 1: L’Hospitalet de Llobregat monthly data of average 
maximum temperature (AMT), mean temperature (MT), 
average minimum temperature (AmT), relative humidity (%) 
and daily global horizontal radiation (kWh/m²) [8] 
Month AMT  MT  AmT  RH Gh  

JAN 13.6 9.2 4.7 70 2.2 
FEB 14.3 9.9 5.4 70 3.1 

MAR 16.1 11.8 7.4 70 4.3 
APR 18.0 13.7 9.4 69 5.7 
MAY 21.1 16.9 12.8 70 6.5 
JUN 24.9 20.9 16.8 68 7.1 
JUL 28.0 23.9 19.8 67 7.3 

AUG 28.5 24.4 20.2 68 6.1 
SEP 26 21.7 17.4 70 4.8 
OCT 22.1 17.8 13.5 73 3.3 
NOV 17.3 13.0 8.6 71 2.3 
DEC 14.3 10.0 5.7 69 1.9 

 
Our work focuses on Bellvitge (1964) and Gornal 

(1972), two contiguous social housing districts (Fig. 1) 
considered as socio-economically vulnerable and 
listed in the Spanish Catalogue of Vulnerable 
Neighbourhoods [9]. These two settlements are 
examples of the implementation of modern-city 
experimental master plans across Europe. Like many 
others, Bellvitge and Gornal follow an urban form 
model based on zoning principles, high-rise (↑L) and 
low compactness (↓GSI), as described by the plot in 
Fig. 2.  
Even though urban metrics are alike (Table 2), the 
selected cases differ in building types and urban 
layout. Bellvitge has mainly linear blocks that define 
street-like outdoor spaces, whereas Gornal has a 
higher presence of towers, generating open spaces 
with large squares. 
Another preeminent feature of such social districts is 
over-dimensioned and undefined in terms of land use 
and ownership of public spaces. In the case of 
Bellvitge and Gornal, both have a high open space 
ratio (↑OSR), relevant green areas and similar tree 
density. However, the pervious/impervious area ratio 
is higher in the former.  

 
 Figure 1: Location of studied cases (a). Aerial view of 
Gornal (b) and Bellvitge (c). (Source: Google Earth). 
 

      
Figure 2. Urban form metrics for case studies (red dots) 
compared with other European social housing districts 
(black dots), compact urban textures (white dots) and 
historical urban textures (triangles). 
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Table 2: Urban form metrics of case studies (B: Bellvitge; G: 
Gornal). For definitions see [10, 11].     

 A (m2) C (m2) F (m2) V (m3) 
B 40232 8282 62753 191213 
G 40232 7573 65639 203267 
 L GSI FSI OSR 
B 7.58 0.21 1.56 1.96 
G 8.67 0.19 1.63 2.01 

 Tree density 
(unit/ha) 

Green space 
index 

Pervious surface 
fraction 

B 67 0.076 0.192 
0.013 G 83 0.103 

 
3. METHOD 

Urban heat stress in both neighbourhoods is 
analysed through simulations of MRT in UMEP 
(version 3.20.9), an open-source QGis plugin [12]. 
MRT calculations in UMEP are based on the SOLWEIG 
model v2022a, able to compute spatial variations of 
solar (K) and longwave (L) radiation fluxes from six 
directions in complex 3D environments, considering 
the sky, buildings, ground, and vegetation 
components separately (Fig. 3). 

 

 
 
Figure 3: Overview of the SOLWEIG model [12]. 
 

UMEP requires several kinds of raster files as 
input to compute MRT. In this work, those 
corresponding to the terrain (DEM, Digital Elevation 
Model) were downloaded from the Barcelona 
Metropolitan Area (AMB) database [13]. The rasters 
containing information about buildings, vegetation, 
and surface covers were developed by the authors: 
DSM (Digital Surface Model) terrain elevation, 
building footprints, and height; CDSM and TDSM 
(Canopy Digital Surface Model and Trunk Digital 
Surface Model) tree data; Land Cover (lawn, water, 
buildings, paved surfaces, among others). Utilising 
the UMEP SVF calculator tool, we calculated the Sky 
View Factor (SVF) to produce the two last rasters 
required for MRT calculations, one without trees 
(using the DSM file) and another with them (using the 
DSM, CDSM, and TDSM files). 

We run pixel-by-pixel simulations to generate 
high-resolution (1px= 1m²) MRT maps of the open 
spaces under study in two scenarios: with and 
without trees. Our simulations focus on a 500 x 500m 

study area containing a morphologically uniform 
urban fabric. Our analysis centres on the most critical 
time of the year: the central hours of the day of the 
warmest week of the summer in the epw file used for 
simulations (August 3 to 9, from 10 a.m. to 4 p.m.). 
The MRT is calculated for each of the indicated hours, 
and finally, an average is obtained.  

We set the emissivity and albedo values of the 
model as follows: walls 0.90 and 0.5, asphalt 0.95 and 
0.18, grass 0.94 and 0.16, bare soil 0.94 and 0.25. The 
wind speed used was 3.0 m/s, and a light 
transmissivity through vegetation of 3%. 

Within the study area, we selected a 4-ha region 
of interest (black square in Fig. 4) for deeper 
quantitative analysis of MRT data, relying on the 
zonal statistics and raster layer histograms tools of 
QGIS. Finally, we used the UTCI index to calculate the 
stress category utilizing our results data. 

 
4. RESULTS  

The simulation results show that, in the absence 
of trees, MRTs range between similar values in both 
areas (Table 3). However, the range was slightly wider 
in Bellvitge (41-72°C) compared to Gornal (43-71°C). 
On average, the MRT values were also similar, but 
slightly higher in Gornal (58°C) than in Bellvitge 
(57°C). 

If the effect of trees is accounted for, there is a 
decrease in MRT due to an expansion of the shaded 
area in both neighbourhoods. Trees cause the 
average MRTs of the studied areas to decline by 6°C 
in Bellvitge and 8°C in Gornal compared to the no-
trees scenario. Additionally, minimum MRT values 
decrease by 5°C and 8°C, respectively (Table 3). In 
quantitative terms, the two neighbourhoods seem to 
behave similarly if trees are accounted for, though 
Gornal would be slightly cooler (-1°C in MRTmax, 
MRTmin, and MRTave).  

 
Table 3: Summary of key MRT values of the study area. 

MRT 
range 

Bellvitge Gornal  
Without 

trees 
With 
trees 

Without 
trees 

With 
trees 

Max. 72 72 71 71 
Ave. 57 51 58 50 
Min. 41 36 43 35 

 
Much more significant differences arise between 

the two neighbourhoods when analysing the spatial 
distribution of MRTs using the maps in Fig.5.  

The no-trees scenario (Fig. 5a) evidences that the 
differences in the urban form itself lead to uneven 
MRT patterns between studied cases. In Bellvitge, the 
presence of linear blocks creates shaded corridors 
close to the north side of buildings, which remain 
significantly colder (MRTs around 41°C).  
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Figure 5: Maps of the average MRT values obtained for Bellvitge and Gornal districts during the simulation 
period (August 3 to 9, 10:00-16:00 h) with and without trees. 

Figure 6: Percentage of open space according to its MRT for Bellvitge and Gornal districts during the 
simulation period (August 3 to 9, 10:00-16:00 h) with and without trees.  
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Figure 6: Percentage of open space according to its MRT for Bellvitge and Gornal districts during the 
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These areas contrast with the zones close to the 
south side of buildings, much warmer (MRTs up to 
72°C) due to both the high levels of direct radiation 
and the effect of reflections from buildings. In Gornal, 
tower buildings create a less defined shadow pattern, 
which results in open spaces with higher and more 
uniform MRTs compared to Bellvitge. Moreover, the 
coolest areas are located on the northwest side of the 
tower blocks and present MRTs that generally do not 
go below 46°C. 

Simulations with trees show significant changes in 
the MRT map distribution pattern in both 
neighbourhoods (Fig. 5b). The tree shadows generate 
cool areas along the park avenues and between 
buildings with MRT values that remain between 35 
and 45°C. The benefits of vegetation are more 
noticeable in the tower-type district (Gornal) than in 
the linear-block type one (Bellvitge), where the urban 
form itself creates cool shaded zones. The inclusion of 
trees in urban fabric like Gornal allows for generating 
new shaded corridors between the towers, spaces 
scarcely sheltered by the buildings’ shadow.  

To better quantify the impact of trees on the 
radiant environment of each neighbourhood, we 
created histograms describing the percentage of 
open space by MRT, with and without trees (Fig. 6). 
Without trees, data show a non-symmetric bimodal 
distribution in Bellvitge, indicating the presence of 
two different behaviours. The smaller cluster, with 
mean radiant temperatures (MRTs) between 41 and 
46°C, is associated with shaded areas that make up 
15% of the open space in this neighbourhood. The 
larger cluster is associated with sunlit zones, which 
make up 85% of the open space and have MRTs 
ranging from 46 to 72°C. This cluster peaks at the 62-
64°C bin, indicating that nearly a quarter of the open 
space area (22%) has MRTs within this range.  

However, considering the effect of trees, the data 
distribution becomes quite right-skewed, suggesting 
that trees help to keep most of the open space 
cooler, with fewer areas having extreme MRT values. 

Regarding Gornal, MRT data for the no-trees 
scenario present a symmetric unimodal distribution, 
with most of the values concentrated between 46 
and 68°C. Results show that 70% of the open space 
presents MRT over 54°C, and almost a quarter (22%) 
has MRTs between 58-60°C (higher peak). The chart 
shape and its range evidence that sun-drenched open 
spaces are predominant and there are no long-term 
shaded areas. In contrast, considering the trees, the 
dataset shifts toward lower MRTs: 68% of the open 
space presents MRT below 54°C, and almost a third of 
them have MRT below 46°C, a value associated with 
long-term shaded spaces. 
 

5. DISCUSSION  
To further discuss the impact of MRT on heat 

stress, we examined the correlation between this 
parameter and the comfort levels using the Universal 
Thermal Climate Index (UTCI [14]), considering the 
average thermal conditions of simulations 
(Tair=28.7°C, RH=65%, and Vair=3 m/s). 

Based on our findings (Fig. 7), we observed that 
the range of MRTs in our study areas is associated 
with equivalent temperatures that always fall out of 
the comfort range, being associated with moderate 
or strong heat stress levels. We also determined that 
a critical MRT of 45°C exists, beyond which the 
perception of heat stress shifts from moderate to 
strong (marked as a dashed line in Fig.6). Our 
simulations indicated that only shaded areas (by trees 
or buildings) had MRTs below 45°C, suggesting that 
direct solar radiation is the dominant variable. 

 
Figure 7: Correlation between MRT and UTCI values. 

 
Using this MRT threshold, we calculated the 

percentage of open space under moderate and very 
strong heat stress levels in the two cases (Fig. 8). 
Results show that, without trees, most of the open 
space in both neighbourhoods (88.8% for Bellvitge vs 
99.9% in Gornal) falls within the category of strong 
heat stress. In contrast, when trees are considered, 
there is an expansion of the shaded area in both 
neighbourhoods that significantly decreases in MRT 
and, consequently, in heat stress. Thanks to trees, 
both cases achieve virtually the same percentage of 
open spaces classified as having moderate heat stress 
(≈22%), showing the compensatory role of vegetation 
in mitigating heat stress. 

 
Figure 8: Comfort perception UTCI values. 
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Results show that trees allow for a more 
noticeable improvement in comfort in Gornal than in 
Bellvitge, taking the no-tree scenario as a baseline. 
Even though tree density in Gornal is higher than in 
Bellvitge (83 vs 67 trees/ha), this difference does not 
explain the relatively small benefits obtained from 
trees in Bellvitge (+11,1%) compared to Gornal 
(+22,7%). 

This divergence can be associated with the 
smaller size of trees in Bellvitge and the location of 
some of them in areas already shaded by buildings. 
These findings highlight the importance of shadow-
related design factors to maximize the cooling 
potential of vegetation. In this regard, it is worth 
noting that our simulations consider tree height and 
canopy height and diameter for the trees existing in 
the studied area individually. However, due to 
software limitations, we assumed the light 
transmissivity to remain constant among species.   

 
6. CONCLUSION 

Introducing a performance-based design approach 
to counteract open space heat stress is of paramount 
importance in social housing districts, where the 
urban form has a limited effect in obstructing solar 
radiation in the hot season. Trees are powerful tools 
for this purpose. 

Results in this work demonstrated the 
effectiveness of trees in improving outdoor thermal 
comfort and a workflow for analysing it from a double 
perspective. On the one hand, MRT maps allow for a 
qualitative discussion on how urban form and the use 
of trees affects the spatial distribution of this 
parameter. On the other, numerical charts support a 
deeper analysis of the simulation results from a 
quantitative perspective.  

Our study indicates that low-density/high-rise 
urban forms with tower-block morphologies are more 
dependent on the availability of an appropriate tree 
cover to achieve more comfortable outdoor spaces 
than neighbourhoods made up of linear blocks. 
Nevertheless, thanks to the complementary role of 
trees, both neighbourhoods can achieve similar 
outdoor comfort levels, even though the starting 
conditions in the no-tree scenario were different 
among them.  

As shown in our work, achieving full thermal 
comfort through the use of trees is not always 
possible. However, creating spaces with milder 
conditions, which act as urban havens, should be a 
priority for urban designers in the context of extreme 
heat periods.  

The findings in this paper show the interest in 
conducting a two-phase assessment in the study of 
tree-related cooling effectiveness. In the early stage 
of design, the analysis of the no-trees scenario helps 
to investigate how urban form itself affects the heat 

stress of open spaces and detect hotspots where tree 
use can be most beneficial. This also allows for 
establishing a baseline to understand and quantify 
the additional benefits provided by trees depending 
on the pre-existing urban form, investigated in a 
second phase. 
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Results show that trees allow for a more 
noticeable improvement in comfort in Gornal than in 
Bellvitge, taking the no-tree scenario as a baseline. 
Even though tree density in Gornal is higher than in 
Bellvitge (83 vs 67 trees/ha), this difference does not 
explain the relatively small benefits obtained from 
trees in Bellvitge (+11,1%) compared to Gornal 
(+22,7%). 

This divergence can be associated with the 
smaller size of trees in Bellvitge and the location of 
some of them in areas already shaded by buildings. 
These findings highlight the importance of shadow-
related design factors to maximize the cooling 
potential of vegetation. In this regard, it is worth 
noting that our simulations consider tree height and 
canopy height and diameter for the trees existing in 
the studied area individually. However, due to 
software limitations, we assumed the light 
transmissivity to remain constant among species.   

 
6. CONCLUSION 

Introducing a performance-based design approach 
to counteract open space heat stress is of paramount 
importance in social housing districts, where the 
urban form has a limited effect in obstructing solar 
radiation in the hot season. Trees are powerful tools 
for this purpose. 

Results in this work demonstrated the 
effectiveness of trees in improving outdoor thermal 
comfort and a workflow for analysing it from a double 
perspective. On the one hand, MRT maps allow for a 
qualitative discussion on how urban form and the use 
of trees affects the spatial distribution of this 
parameter. On the other, numerical charts support a 
deeper analysis of the simulation results from a 
quantitative perspective.  

Our study indicates that low-density/high-rise 
urban forms with tower-block morphologies are more 
dependent on the availability of an appropriate tree 
cover to achieve more comfortable outdoor spaces 
than neighbourhoods made up of linear blocks. 
Nevertheless, thanks to the complementary role of 
trees, both neighbourhoods can achieve similar 
outdoor comfort levels, even though the starting 
conditions in the no-tree scenario were different 
among them.  

As shown in our work, achieving full thermal 
comfort through the use of trees is not always 
possible. However, creating spaces with milder 
conditions, which act as urban havens, should be a 
priority for urban designers in the context of extreme 
heat periods.  

The findings in this paper show the interest in 
conducting a two-phase assessment in the study of 
tree-related cooling effectiveness. In the early stage 
of design, the analysis of the no-trees scenario helps 
to investigate how urban form itself affects the heat 

stress of open spaces and detect hotspots where tree 
use can be most beneficial. This also allows for 
establishing a baseline to understand and quantify 
the additional benefits provided by trees depending 
on the pre-existing urban form, investigated in a 
second phase. 
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ABSTRACT: Urban parks represent important solutions for resilience against the threats from climate change and 
urban expansion. In this context, the main goal is to compare the urban thermal situations of a 30-year historical 
series. The method used is remote sensing analysis, using images from Landsat satellites and data of Normalized 
Difference Built-Up Index (NDBI), Normalized Difference Vegetation Index (NDVI) and Land Surface Temperature 
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1. INTRODUCTION
The urban growth, boosted in the 20th century, 

resulted in the formation of large urban centers. The 
World Cities Report 2022, published by UN-Habitat, 
points out that 68% of the population in 2050 will live 
in urban areas [1]. In addition, the Sixth Assessment 
Report (AR6) of the Intergovernmental Panel on 
Climate Change (IPCC) predicts that climate changes 
will result in a transformation in the climate regime, 
such as an increase in extreme events and 
temperatures [2]. 

The high population concentration combined with 
climate changes can amplify the socio-environmental 
vulnerabilities, resulting in fragmentation of 
landscapes and environmental degradation [3]. 

In this context, urban green spaces represent 
important solutions for resilience against the threats 
from climate change and urban expansion [4]. The 
presence of vegetation and bodies of water reduces 
the air and surface temperatures and improves the 
air humidity [5]. 

The development and maintenance of urban 
parks improve the population’s quality of life, while 
protecting the biodiversity of local fauna and flora [6]. 

Based on the scenario presented above, the 
object of study is parks and immediate surroundings 
located in São Paulo - SP, Brazil. 

The main objective is to compare urban thermal 
situations over a 30-year historical series. The 
method used is remote sensing analysis, using images 
from Landsat satellites and data of vegetation quality, 
density of built-up areas and surface temperatures. 

2. METHOD
The remote sensing data have been obtained 

from the Landsat 8-9 OLI/TIRS and Landsat 4-5 TM 
satellites. The images are provided free of charge in 
the United States Geological Survey (USGS) site [8]. 

The initial selection criterion is usage of cloudless 
atmosphere images, obtained between 1992 to 2022 
years, a time frame of 30 years. 

After the initial analysis, it was observed that 
most of cloudless atmosphere images were from 
winter season (June to September in the southern 
hemisphere). The analyzed area, during winter 
season, has a dry climate and lower rainfall rates. 
Therefore, the second selection criterion was limiting 
the image selection in the winter season. It provided 
a consistent time basis and minimized seasonal 
variability, leading to a better comparison and 
interpretation of the results. 

The final selection criterion was the exclusion of 
images with Normalized Difference Vegetation Index 
(NDVI) and Normalized Difference Built-Up Index 
(NDBI) values higher than 1 or lower than -1. Such 
interference, potentially caused by the presence of 
bodies of water or metallic surfaces, could 
compromise the accuracy of the results. 

After applying the selection criteria, 20 images 
were obtained and processed in QGIS software 
v.3.28.4 for geospatial analysis (Table 1).

The urban parks were delimited and a buffer of 
500 meters was applied around their boundaries. 
After this delimitation, the NDVI, NDBI and Land 
Surface Temperature (LST) values were analyzed. 
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Table 1: Selected days based on the established criteria. 
 

Year Date 
1992 07/05 | 07/21 | 09/23 
1993 06/22 
1999 08/26 | 09/27 
2001 06/12 | 08/15 
2003 08/05 | 08/21 | 09/06 
2004 09/08 
2006 09/14 
2007 08/16 
2008 07/17 | 08/18 
2009 08/05 
2010 08/24 
2017 08/27 
2022 09/02  

 
The NDVI corresponds to changes in vegetation 

cover, and can be used to measure the urbanization 
process. It is calculated using the near-infrared band 
and the red band [9]. The Band 5 Near-Infrared (0.85 
- 0.88 µm) and Band 4 Red (0.64 - 0.67 µm) of Landsat 
8-9 (Equation 1) and the Band 4 Near-Infrared (0.76 - 
0.90 µm) and Band 3 Visible Red (0.63 - 0.69 µm) of 
Landsat 4-5 TM have been used (Equation 2) [10, 11]. 
 

NDVI = (Band 5 - Band 4) / (Band 5 + Band 4)     (1) 
 

NDVI = (Band 4 - Band 3) / (Band 4 + Band 3)     (2) 
 

The NDBI is necessary to understand the 
urbanization process and it corresponds to the 
density of the built-up area in the urban site. It is 
calculated using the shortwave infrared (SWIR) and 
near-infrared band (NIR) [9], obtained from Band 6 
SWIR 1 (1.57 - 1.65 µm) and Band 5 Near-Infrared 
(0.85 - 0.88 µm) of Landsat 8-9 (Equation 3), and from 
Band 5 Near-Infrared (1.55 - 1.75 µm) and Band 4 
Near-Infrared (0.76 - 0.90 µm) of Landsat 4-5 TM 
(Equation 4) [10, 11]. 

 
NDBI = (Band 6 - Band 5) / (Band 6 + Band 5)     (3) 

 
NDBI = (Band 5 - Band 4) / (Band 5 + Band 4)     (4) 

 
The LST refers to the radiative changes in surfaces 

and allows measuring differences in surface 
temperatures in the analyzed areas [12]. The result is 
obtained from the analysis of the thermal infrared 
band. The Band 10 TIRS 1 (10.6 - 11.19 µm) of Landsat 
8-9 and Band 6 Thermal (10.40 - 12.50 µm) of Landsat 
4-5 [11] have been used. 

 
3. OBJECT OF STUDY 

The object of study is parks and immediate 
surroundings located in São Paulo - SP, Brazil (Fig. 1). 
The city coordinates are latitude 23.5º S and 
longitude 46.6º W, approximately 750 meters above 
sea level. The climate is humid subtropical, classified 

as Cwa in the Köppen-Geiger system, with hot and 
rainy summers and moderately cold and dry winters. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Location of São Paulo city. Data collected from 
Landsat 8, on 09/12/2017, composition performed in Qgis 
software v.3.28.4. 
 
The selected parks are: 
 Carmo Olavo Egidio Setubal Park: The Carmo 

Olavo Egidio Setubal Park was inaugurated in 
1976, and later Carmo Farm was included in the 
park perimeter. The total area is 68,527.1 km² and 
it is located in the eastern region of São Paulo [7] 
(Fig. 2). 
 

 
        Park        Surrounding 

 
Figure 2: Carmo Olavo Egidio Setubal Park. Data collected 
from Landsat 8, on 09/12/2017, composition performed 
in Qgis software v.3.28.4. 

 
 Anhanguera Park: Inaugurated in 1979 the park's 

total area is 18,116.2 km². It is located in the 
northern region of the city and it is considered as 
a wildlife refuge area [7] (Fig. 3). 

 

 
        Park        Surrounding 

 
Figure 3: Anhanguera Park. Data collected from Landsat 
8, on 09/12/2017, composition performed in Qgis 
software v.3.28.4. 
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Figure 1: Location of São Paulo city. Data collected from 
Landsat 8, on 09/12/2017, composition performed in Qgis 
software v.3.28.4. 
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 Carmo Olavo Egidio Setubal Park: The Carmo 

Olavo Egidio Setubal Park was inaugurated in 
1976, and later Carmo Farm was included in the 
park perimeter. The total area is 68,527.1 km² and 
it is located in the eastern region of São Paulo [7] 
(Fig. 2). 
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Figure 2: Carmo Olavo Egidio Setubal Park. Data collected 
from Landsat 8, on 09/12/2017, composition performed 
in Qgis software v.3.28.4. 

 
 Anhanguera Park: Inaugurated in 1979 the park's 

total area is 18,116.2 km². It is located in the 
northern region of the city and it is considered as 
a wildlife refuge area [7] (Fig. 3). 

 

 
        Park        Surrounding 

 
Figure 3: Anhanguera Park. Data collected from Landsat 
8, on 09/12/2017, composition performed in Qgis 
software v.3.28.4. 
 

 

 Ibirapuera Park: The park has an area of 12,418.5 
km² and it was founded in 1954. It is located in 
the central region of the city and it is an important 
tourist attraction of São Paulo city [7] (Fig. 4). 

 

 
        Park        Surrounding 

 
Figure 4: Ibirapuera Park. Data collected from Landsat 8, 
on 09/12/2017, composition performed in Qgis software 
v.3.28.4. 

 
4. RESULTS 

Each park was individually assessed and the data 
was used to create graphs of the NDVI, NDBI and LST 
values. The graphs provide a comprehensive view of 
changes in vegetation, density of built-up areas and 
surface temperature over time. 

In order to demonstrate the evolution in the last 
three decades, the maps on 07/05/1992 and 
09/02/2022 were created, corresponding to the first 
and last images analyzed. 

 
4.1. Carmo Olavo Egidio Setubal Park 

Carmo Olavo Egidio Setubal Park stands out as the 
largest of the three parks analyzed. The NDVI analysis 
revealed similar values throughout the period 
studied, as shown in Graph 1. However, a more 
detailed observation using satellite images reveals a 
progression in the quality of the vegetation at the 
same period. 

The maps indicate an average difference of 0.25 in 
NDVI values between the park and its surroundings 
(Figs. 4 and 5). The park area has high NDVI values, 
indicating a denser and healthier vegetation cover 
compared to the surrounding areas. 
 

 
Graph 1: NDVI statistical values of Carmo Olavo Egidio 
Setubal Park. 
 

07/05/1992 09/02/2022 

        Park        Surrounding 
 

NDVI Values: 

 
 
Figures 5 and 6: NDVI maps corresponding to Carmo Olavo 
Egidio Setubal Park in 1992 and 2022, respectively. 
Composition performed in Qgis software v.3.28.4. 

 
The NDBI values have a similar indication of the 

NDVI values (Graph 2). The satellite images 
demonstrate an increase in building density in the 
surrounding area over the years, whereas, for the 
park area, there is a decrease in NDBI values (Figs. 7 
and 8). 

 

 
 
Graph 2: NDBI statistical values of Carmo Olavo Egidio 
Setubal Park. 
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        Park        Surrounding 
 

NDBI Values: 

 
 
Figures 7 and 8: NDBI maps corresponding to Carmo Olavo 
Egidio Setubal Park in 1992 and 2022, respectively. 
Composition performed in Qgis software v.3.28.4. 
 

The LST values have significant variation. The 
trend line of the average indicates a slight increase in 
temperature over the analyzed period (Graph 3). 

In addition, the temperature difference between 
Carmo Olavo Egidio Setubal Park and its surroundings 
is up to 9ºC (Figs. 9 and 10). 
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Graph 3: LST statistical values of Carmo Olavo Egidio 
Setubal Park. 
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        Park        Surrounding 
 

LST Values ºC: 

Figures 9 and 10: LST maps corresponding to Carmo Olavo 
Egidio Setubal Park in 1992 and 2022, respectively. 
Composition performed in Qgis software v.3.28.4. 
 
4.2. Anhanguera Park 

Anhanguera Park is the most isolated from the 
urban center of the three analyzed parks. The NDVI 
analysis shows both park and its surroundings have 
high vegetation quality and density values (Figs. 11 
and 12 and Graph 4). 

 

Graph 4: NDVI statistical values for Anhanguera Park. 
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Figures 11 and 12: NDVI maps corresponding to 
Anhanguera Park in 1992 and 2022, respectively.  

The NDBI values have a similar indication of the 
NDVI values, with slight variation over the years 
(Graph 5). 

However, the analysis of the maps of Figures 13 
and 14, indicates an increase in the NDBI values at 
the far east park area. 

 

 
Graph 5: NDBI statistical values of Anhanguera Park. 
 

07/05/1992 09/02/2022 

  
        Park        Surrounding 

 
NDBI Values: 

 
 
Figures 13 and 14: NDBI maps corresponding to 
Anhanguera Park in 1992 and 2022, respectively. 
Composition performed in Qgis software v.3.28.4. 

 

The LST values reflect a clear difference in 
temperature between the park and its surroundings 
(Figs. 15 and 16), with a difference up to 9ºC, similar 
to the results of Carmo Olavo Egidio Setubal Park. 

Graph 6 reveals a tendency to temperature 
increase in the park and its surroundings. 

 

 
 

Graph 6: LST statistical values of Anhanguera Park. 
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Figures 9 and 10: LST maps corresponding to Carmo Olavo 
Egidio Setubal Park in 1992 and 2022, respectively. 
Composition performed in Qgis software v.3.28.4. 
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Graph 4: NDVI statistical values for Anhanguera Park. 
 

07/05/1992 09/02/2022 

  
        Park        Surrounding 

 
NDVI Values: 

 
Figures 11 and 12: NDVI maps corresponding to 
Anhanguera Park in 1992 and 2022, respectively.  

The NDBI values have a similar indication of the 
NDVI values, with slight variation over the years 
(Graph 5). 

However, the analysis of the maps of Figures 13 
and 14, indicates an increase in the NDBI values at 
the far east park area. 
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Figures 13 and 14: NDBI maps corresponding to 
Anhanguera Park in 1992 and 2022, respectively. 
Composition performed in Qgis software v.3.28.4. 

 

The LST values reflect a clear difference in 
temperature between the park and its surroundings 
(Figs. 15 and 16), with a difference up to 9ºC, similar 
to the results of Carmo Olavo Egidio Setubal Park. 

Graph 6 reveals a tendency to temperature 
increase in the park and its surroundings. 

 

 
 

Graph 6: LST statistical values of Anhanguera Park. 
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Figures 15 and 16: LST maps corresponding to Anhanguera 
Park in 1992 and 2022, respectively. Composition performed 
in Qgis software v.3.28.4. 
 
4.3. Ibirapuera Park 

Ibirapuera Park is the smallest of the three parks 
and the one with the most tourist attractions. 
Therefore, it is possible to observe a similarity in the 
built-up density of the park area and its surroundings. 

Analyzing the statistical data (Graph 7), there is an 
increasing tendency of NDVI values of both the park 
and its surroundings. The increase in vegetation 
density is also shown in the 1992 and 2022 maps 
(Figs. 17 and 18). 

 

 
Graph 7: NDVI statistical values of Ibirapuera Park. 
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Figures 17 and 18: NDVI maps corresponding to Ibirapuera 
Park in 1992 and 2022, respectively.  

 
The similarity between the park and its 

surroundings is corroborated by the similarity of 
maximum and average NDBI values (Figs. 19 and 20). 
However, there are divergences in the minimum NDBI 
values, indicating discrepancies in specific areas 
(Graph 8). 

Graph 8: NDBI statistical values for Ibirapuera Park. 
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Figures 19 and 20: NDBI maps corresponding to Ibirapuera 
Park in 1992 and 2022, respectively. Composition performed 
in Qgis software v.3.28.4. 
 

Ibirapuera Park has the lowest surface 
temperature attenuation and temperature 
amplitudes up to 6ºC (Figs 21 and 22). The 
attenuation of surface temperature is up to 6ºC and 
the LST average values indicate an upward trend line 
for both areas (Graph 9). 

 

 

Graph 9: LST statistical values of Ibirapuera Park. 
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Figures 21 and 22: LST maps corresponding to Ibirapuera 
Park in 1992 and 2022, respectively. 
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5. CONCLUSION 
In order to compare the urban situation of parks 

and their immediate surroundings, a 30-year 
historical series of Landsat satellite images has been 
evaluated. The values of Normalized Difference 
Vegetation Index (NDVI), Normalized Difference Built-
Up Index (NDBI) and Land Surface Temperature (LST) 
were computed and analyzed for both areas. 

The overall analysis of the objects of the study 
demonstrated the importance of parks in increasing 
the environmental quality of urban sites. In addition, 
it was also possible to identify a significant reduction 
in surface temperature of the park areas compared to 
their immediate surroundings. 

The analysis of Carmo Olavo Egidio Setubal Park 
revealed an increase in building density of the 
surrounding area over the years, including a 
downward trend in the NDBI values for the park and 
an increase in the NDBI for the surrounding area. The 
temperature difference between the park and its 
surroundings is up to 9ºC. 

The Anhanguera Park has the highest NDVI values, 
indicating a high density and quality of the vegetation 
both in the park and in its surroundings. The LST 
values were similar to Carmo Olavo Egidio Setubal 
Park, and the temperature difference between the 
areas is also up to 9ºC. 

Finally, Ibirapuera Park has similarities in the built-
up density of the park area and its surroundings. The 
attenuation of surface temperature is up to 6ºC and 
the LST average values indicate an upward trend line. 

The presented results corroborate to point out 
the importance of parks and their benefit in reducing 
the surface temperature in urban sites. 

Future work will advance in the investigation of 
the park surroundings, subdividing the nearby areas 
into different proximities. The results will corroborate 
a deep understanding of the impact of the green 
spaces in the urban sites. 
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5. CONCLUSION 
In order to compare the urban situation of parks 

and their immediate surroundings, a 30-year 
historical series of Landsat satellite images has been 
evaluated. The values of Normalized Difference 
Vegetation Index (NDVI), Normalized Difference Built-
Up Index (NDBI) and Land Surface Temperature (LST) 
were computed and analyzed for both areas. 

The overall analysis of the objects of the study 
demonstrated the importance of parks in increasing 
the environmental quality of urban sites. In addition, 
it was also possible to identify a significant reduction 
in surface temperature of the park areas compared to 
their immediate surroundings. 

The analysis of Carmo Olavo Egidio Setubal Park 
revealed an increase in building density of the 
surrounding area over the years, including a 
downward trend in the NDBI values for the park and 
an increase in the NDBI for the surrounding area. The 
temperature difference between the park and its 
surroundings is up to 9ºC. 

The Anhanguera Park has the highest NDVI values, 
indicating a high density and quality of the vegetation 
both in the park and in its surroundings. The LST 
values were similar to Carmo Olavo Egidio Setubal 
Park, and the temperature difference between the 
areas is also up to 9ºC. 

Finally, Ibirapuera Park has similarities in the built-
up density of the park area and its surroundings. The 
attenuation of surface temperature is up to 6ºC and 
the LST average values indicate an upward trend line. 

The presented results corroborate to point out 
the importance of parks and their benefit in reducing 
the surface temperature in urban sites. 

Future work will advance in the investigation of 
the park surroundings, subdividing the nearby areas 
into different proximities. The results will corroborate 
a deep understanding of the impact of the green 
spaces in the urban sites. 
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ABSTRACT: As buildings become more energy-efficient in cold climates, the unintended consequence of increased 
overheating risk during warmer seasons necessitates urgent attention. In this context, there is a significant 
absence of research addressing the assessment of overheating risks in residential buildings in Ireland. This study 
examines overheating risk in 1100 social housing units in Dublin, Ireland, considering indoor temperature data 
and outdoor climate reports for 2022. Evaluating static and adaptive criteria, alongside Building Energy Ratings 
(BER), the research identifies dwellings at risk and assesses correlations between BER and overheating. The 
findings reveal that 4% and 42% of dwellings face overheating based on static criteria (CIBSE Guide A and 
Passivhaus, respectively). Analysis using adaptive criteria (CIBSE TM59) demonstrates minimal overheating 
instances. Notably, a correlation emerges between poorer BER ratings and higher overheating risks. This study 
demonstrates that the conclusions one might draw vary depending on the criteria applied for assessing 
overheating. 
KEYWORDS: Overheating Risk, Residential Buildings, Adaptive Criteria, Building Energy Rating, Retrofit 
Interventions 

1. INTRODUCTION
The trend toward airtight and well-insulated 

buildings, primarily designed to reduce heat loss in 
colder climates, has inadvertently amplified the risk 
of overheating during warmer seasons. This elevation 
in temperatures can significantly impact indoor 
comfort, occupant health, and overall building energy 
efficiency. 

The International Panel on Climate Change (IPCC) 
foresees a rise in global temperatures and solar 
radiation in the upcoming decades [1]. Moreover, the 
currently sporadic occurrence of unusually high 
summer temperatures is predicted to become more 
common, potentially becoming the standard by 2060, 
based on a medium emissions scenario [2]. As a 
result, Ireland's climate is anticipated to experience 
elevated temperatures, especially during the summer 
months [3]. Consequently, this increase in 
temperature is expected to raise the internal 
temperatures of residential buildings. On the other 
hand, the residential buildings are intensively 
subjected to reduce greenhouse gas emission in the 
climate action plans of many countries, particularly 
Ireland by 2030 and 2050 [4]. In this regard, 
performance evaluation of residential building in 
Ireland has been attracted extensive attention. 

In this context, it is Important to identify and 
mitigate the risk of overheating in the residential 
buildings. To address this gap, this paper assesses 
overheating risk in a large simplest of dwellings on 
the east coast of Ireland. Specifically, indoor 
temperature data for 2022 from 1100 social housing 
units in Dun Laoghaire Rathdown (DLR), within Dublin 

City’s County in Ireland, were obtained. Concurrently, 
monthly, daily, and hourly outdoor temperature 
reports for 2022 in Ireland were analysed. The 
overheating risk of the dwelling is evaluated through 
both static and adaptive criteria [5-7]. In addition, this 
work evaluates the correlation between the Building 
Energy Rating (BER) and the overheating risk. The 
number of dwellings that face the risk of overheating 
in different BER rating (A-G) are determined. This 
evaluation will be used for selecting the dwellings for 
retrofit procedures to improve energy efficiency. This 
approach offers a methodology to evaluate the 
potential for overheating in residential dwellings in 
the Irish context. 

2. LITRATURE REVIEW
This section involves a review of the method used 

to analyse overheating and the criteria for 
overheating referenced in the existing literature. 
Prior studies have employed a range of dynamic 
simulation tools, empirical methods, and meta-
analyses to examine this matter. Despite the 
considerable research on housing in the UK, there is a 
notable lack of literature concerning the evaluation of 
overheating risks in residential buildings in Ireland. 
The most commonly employed methods for 
evaluating overheating are static and adaptive 
approaches. Several studies conducted the adaptive 
approach to assessing overheating and considered 
both the outdoor conditions and human adaptation 
based on a running mean of external temperature 
and the quality of the thermal comfort required [8-
14]. In the case of the static approach, fixed 
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temperature thresholds are considered for defining 
overheating in a building. McGill et al. analysed the 
indoor temperatures in  60 selected low-energy 
housing based on the Chartered Institution of 
Building Services Engineers (CIBSE) approach [7,8]. 
Moreover, it has been reported to comprehensively 
understand the occurrence of overheating in the 
monitored dwellings, it is essential to utilize both 
fixed and adaptable methods [12-14]. 
 
3. METHODOLOGY 

This section outline the assessment methodology 
employed in this study, where a previous paper [16] 
presented a details methodologies for assessing 
overheating in three specific Irish dwellings. The 
primary focus of this research is the analysis and 
assessment of overheating risk within a large sample 
set. The procedure of methodology is presented in 
Fig. 1. 
 

 
Figure 1: Flowchart of the research methodology. 
 
3.1. Data collection 

An extensive collection of 1100 pre-retrofits and 
retrofit housing in Dublin is provided by DLR. As listed 
in Table 1, these data consist of the Indoor 
temperature profile in 8 different zones over 2022 
(e.g., bedroom, living room), BER Rating of dwellings, 
and Geographic Information System data (latitude 
and longitude) of the buildings. The location of the 
building is shown in Fig. 2. Indoor temperature 
measurements within the different zones of the 
dwellings were captured using temperature sensors 
developed by the Climote smart technology company 
[17]. 
  

 
Figure 2: The geographical arrangement of the dwelling 
sample set in Dublin, Ireland. 
 

The assessment of overheating risk utilized indoor 
temperature data from 1100 dwellings, consistently 
recorded over the full year of 2022. Following data 
filtration for the summer period (May 1 to September 
30, 2022), analysis was conducted on 943 dwellings, 
comprising a total of 949 zones—898 living rooms, 3 
bedrooms, 43 heating areas, and individual zones for 
living rooms 1 and 2, kitchen, Herve, and house. In 
this study, living rooms, bedrooms, kitchen, and 
Herve met criteria as occupancy rooms for evaluating 
overheating risk and occupants' thermal comfort, 
while heating and house zones were excluded due to 
their heat transfer functions. It should be noted that 
the 'Herve' zone refers to the guest room and it is a 
kind of occupancy room. Therefore, this study 
considered as a separate bedroom. The details of 
different zones are presented in Table 1. 

 
Table 1: Name and number of zones after filtration data for 
the summer period (May 1 to September), over 2022. 
 
No Name of zones Number of zones 
1 Bedroom 3 
2 Heating 43 
3 Livingroom 898 
4 Livingroom 1 1 
5 Livingroom 2 1 
6 kitchen 1 
7 Herve 1 
8 House 1 
Total number of zones 949 
   

As depicted in Table 1, the number of zones in this 
study exceeds the number of dwellings, indicating 
that some dwellings have multiple zones. 

The assessment involved determining the 
percentage of homes within each BER rating range 
facing overheating risk, alongside an evaluation of the 
overall percentage of homes out of the total 943 
dwellings that demonstrated overheating. All data 
analysis was conducted using Microsoft Excel, 
PowerBI, and Python. 
 
3.2 Outdoor temperature pattern 

Meteorological data related to outdoor 
temperatures was obtained from weather Dublin 
airport stations on Met Éireann's monthly, daily, and 
hourly weather reports in Ireland throughout the year 
2022. The results of this section will be presented in 
section 4.2. 
 
3.3 Assessment of overheating risk 

The overheating risks in standard residential 
buildings were evaluated through the criteria 
provided by the CIBSE. The overheating risk of the 
dwelling is evaluated through both static (CIBSE 
Guide A [7] and Passivhaus [6]) and adaptive criteria 
(TM59) [5]. Both CIBSE Guide A and Passivhaus 
analyse the overheating by considering fixed 
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thresholds for various zones and occupancy 
percentages. The Passivhaus Institute defines 
overheating in homes as operative temperatures 
exceeding 25°C for more than 10% of the year [6]. 
CIBSE Guide A  refers to a fixed definition of 
overheating where ‘the internal operative 
temperature should not exceed 25°C for more than 
5% of occupied hours and 28°C for more than 1% of 
occupied hours.  

CIBSE TM 59 presents criteria and calculation 
methods for evaluating the overheating of naturally 
and mechanically ventilated residential buildings 
during summertime [18]. The CIBSE TM 59 adaptive 
criterion is based on CIBSE TM 52 [5] and CIBSE Guide 
A [7]. This applies to homes that are predominantly 
naturally ventilated, a condition met by all the homes 
in our sample. TM52 criteria are evaluated as follows: 

∆T = TOP - TMAX (1) 

To calculate the value of ∆T required to evaluate 
overheating risk, the hourly indoor operative 
temperature (℃), TOP, and the upper limit 
temperature for Category III for existing buildings 
from EN16798-1 (℃), TMAX,  are used [19]. The upper 
limit temperature represents the absolute maximum 
daily temperature for a room. Operative temperature 
(TOP ) is the average of indoor air temperature (TA), 
and the mean radiant temperature (TMRT) [5,12], as 
follows:  

TOP = (TA + TMRT)/2 (2) 

It should be noted that the above equation is valid 
where the air velocity is less than 0.1m/s, as is typical 
in buildings [20]. TMRT  is a measure of the average 
temperature of the surfaces that surround a 
particular point, with which it will exchange thermal 
radiation. In many spaces, with low air velocity and 
where air temperature and mean radiant 
temperature may be similar, air temperature alone 
can be a reasonable indicator of thermal comfort 
[12,20]. Consequently, data in this study only include 
the TA.  

TMAX  is calculated using the exponentially 
weighted running mean of the daily mean outdoor 
temperature (℃), TRM, via the following formula:  

TMAX = 0.33TRM + 22.4 (3) 

TRM = (TOD-1 + (0.8*TOD-2) + (0.6 * TOD-3) + (0.5 * TOD-

4) + (0.4 * TOD-5) + (0.3* TOD-6) + (0.2 * TOD-7)) / 3.8
 (4) 

where TOD-nth days (℃) is the daily mean outdoor 
temperature of the n-th day before. where Tod−1 is the 
daily mean external temperature for the previous 
day; TOD-2 is the daily mean external temperature for 
the day before, and so on. 

TM59 uses the first criterion for overheating from 
TM52, which defines the Hours of Exceedance (He), 
representing the duration of overheating, as follows:  

He=∑h∀∆T≥1℃  (5) 

The summation is performed over all occupied 
hours (h) as defined for the type of building. TM59 
refines this criterion for domestic application, as 
shown in Table 2. He should not exceed 3% of 
occupied hours for the months of May to September 
inclusive based in criterion 1A. 

Table 2: CIBSE TM 59 criteria for assessing overheating risk.  

Criterion 1A Criterion 1B 

For living rooms and 
bedrooms: 
- Occupied hours are set 
from 9 a.m. to 10 p.m. for 
living rooms, living rooms1, 
living rooms2 and kitchens. 
- Occupied hours are set 24 
h per day for bedrooms and 
herve. 

For bedrooms and herves: 
- During sleeping hours 
from 10 p.m. to 7 a.m. shall 
not exceed 26℃ for more 
than 1% of occupied hours 

 
4. RESULT  
4.1 BER Rating of dwellings 

The result of the BER Rating of dwellings is shown 
in Fig. 3. The distributions of the dwelling’s BER show 
that 0.1%, 3%, 41%, 11%, 4%, 1%, 0.3%, and 40% of 
dwellings possess the BER ratings of A, B, C, D, E, F, G 
and nocodelisted, respectively. Nocodelisted refers to 
dwellings without a BER rating. Notably, a significant 
majority of dwellings hold a nocodelisted and C 
rating. This underscores the need for retrofitting to 
reach at least a B rating or higher.  

 

 
Figure 3: The BER distributions (percentage %) of 943 
dwellings within the DLR sample set. 
 
4.2 Outdoor temperature pattern 

Fig. 4 illustrates the daily outdoor temperatures 
recorded from May to September 2022. During this 
period, August and July registered the highest 
temperatures. The maximum outdoor temperature 
recorded at the weather station was 29.1℃ on July 
18th at 12:00 pm, while the minimum temperature of 
2.7℃ occurred on May 29th at 04:00 am. The average 
outdoor temperature over the five months stood at 
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approximately 14.3℃, with a standard deviation of 
approximately 6.6℃. Temperatures exceeded 20℃ 
for 246 hours (7%) and 22℃ for 115 hours (3%). The 
observed outdoor temperatures suggest a mild 
climate, despite it being summer. Most of these 
temperatures aligned closely with the average, with 
slightly higher readings observed in July and August 
compared to the other months. 

 

Figure4: Daily Max, average and Min outdoor air 
temperatures during the summers from 2022 in Ireland. 
Summers are evaluated between May and September. 

 
4.3 Evaluation of overheating risk in the sample set 

Aligned with the definitions used in static criteria 
for overheating analysis such as CIBSE Guide A and 
Passivhaus, occupied hours were specified as 07:00 
am to 23:00 pm in the living room, living room 1, a 
living room 2, while for bedrooms and Herve zones, it 
was defined as 23:00 pm to 7:00 am. It should be 
note that ddetermining occupied hours for bedrooms 
and living rooms based on occupant sleep and activity 
patterns is challenging due to limitations in direct 
occupant assessment and the scale of dwellings 
under study. However, an approximation of 8 
sleeping hours for bedrooms and 16 activity hours for 
living rooms is an acceptable occupied hours for 
overheating analysis that was utilized in this research. 
This approach is consistent with similar 
methodologies found in related studies (e.g., [8]) and 
reflects common residential patterns of night-time 
rest and daytime activity. The occupied hours in 
TM59 criterion1A and 1B are shown in Table 2. 

 
4.3.1 Evaluation of overheating risk based on static 
criteria 

The analysis determined the number and 
percentage of dwellings facing the risk of overheating 
based on CIBSE Guide A and Passivhaus criteria within 
the dataset of 943 dwellings. Out of these, 40 
dwellings (4%) were identified as facing overheating 
risk based on the CIBSE Guide A criteria, while 394 
dwellings (42%) met the criteria for overheating risk 
according to the Passivhaus standards, during the 5 
non-heating months of 2022 (1st of May to 30th Sep). 
The differing approaches between CIBSE Guide A and 
Passivhaus criteria in assessing overheating risks in 
residential buildings revolve around their evaluation 
scopes. CIBSE focuses on specific room temperatures, 

especially bedrooms, while Passivhaus assesses the 
entire building's compliance with a fixed internal 
temperature limit. This difference led to a significant 
contrast in identified risks. This underscores the 
necessity of balancing overall building performance, 
emphasized by Passivhaus, with the consideration of 
room-specific comfort and adaptive approach, crucial 
for a comprehensive overheating risk assessment. 

According to CIBSE Guide A's criteria, 58% of 
hours in bedrooms and 91% of hours in Herve 
exceeded 24°C (5%). Additionally, 1.2% of hours 
occupied in bedrooms surpassed 26°C (1%). In living 
rooms, 34% of hours and 12.5% of hours in living 
room 2 exceeded 25°C (5%), while 5% of living room 
hours exceeded 28°C (1%). In Passivhaus criteria, 52% 
of hours in bedrooms, 59% in Herve, 48% in living 
rooms, and 13.5% in living room 2 exceeded 25°C 
(10%). Despite living rooms being more numerous 
compared to other zones, higher proportions of hours 
in bedrooms exceeded static overheating thresholds. 
The determined number of each dwelling zone based 
on static criteria is illustrated in Table 3. Among the 
sample set, the total percentage of living rooms is 
95%, with 39% facing overheating based on 
Passivhaus and 4% facing overheating based on CIBSE 
Guide A. 

 
Table 3: The number of each zone of dwellings are facing 
the risk of overheating in both CIBSE Guide A and 
Passivhaus criteria throughout the 5 non- heating months 
(1st of May -30th Sep) of 2022. 
 

Name of 
zones 

Number 
of zones 

Passivehous 
criteria 

CIBSE Guide 
A criteria 

Bedroom 3 2 1 
Heating 43 19 2 
Livingroom 898 372 36 
Livingroom 1 1 - - 
Livingroom 2 1 1 - 
kitchen 1 - - 
Herve 1 1 1 
House 1 1 - 
Total no 949 396 40 
 

The correlation of dwelling percentage faced 
overheating risk under both CIBSE Guide A and 
Passivhaus criteria and BER is depicted in Fig. 5. The 
results demonstrate that dwellings with worse BER 
(C, D, E) shows more overheating risk. 19% of 
overheating risk happens in 40% of dwellings with no 
BER. In this regard, the determination of BER for 
these dwellings can change the distribution and 
correlation of overheating risk with other BER ratings.  
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residential buildings revolve around their evaluation 
scopes. CIBSE focuses on specific room temperatures, 

especially bedrooms, while Passivhaus assesses the 
entire building's compliance with a fixed internal 
temperature limit. This difference led to a significant 
contrast in identified risks. This underscores the 
necessity of balancing overall building performance, 
emphasized by Passivhaus, with the consideration of 
room-specific comfort and adaptive approach, crucial 
for a comprehensive overheating risk assessment. 

According to CIBSE Guide A's criteria, 58% of 
hours in bedrooms and 91% of hours in Herve 
exceeded 24°C (5%). Additionally, 1.2% of hours 
occupied in bedrooms surpassed 26°C (1%). In living 
rooms, 34% of hours and 12.5% of hours in living 
room 2 exceeded 25°C (5%), while 5% of living room 
hours exceeded 28°C (1%). In Passivhaus criteria, 52% 
of hours in bedrooms, 59% in Herve, 48% in living 
rooms, and 13.5% in living room 2 exceeded 25°C 
(10%). Despite living rooms being more numerous 
compared to other zones, higher proportions of hours 
in bedrooms exceeded static overheating thresholds. 
The determined number of each dwelling zone based 
on static criteria is illustrated in Table 3. Among the 
sample set, the total percentage of living rooms is 
95%, with 39% facing overheating based on 
Passivhaus and 4% facing overheating based on CIBSE 
Guide A. 

 
Table 3: The number of each zone of dwellings are facing 
the risk of overheating in both CIBSE Guide A and 
Passivhaus criteria throughout the 5 non- heating months 
(1st of May -30th Sep) of 2022. 
 

Name of 
zones 

Number 
of zones 

Passivehous 
criteria 

CIBSE Guide 
A criteria 

Bedroom 3 2 1 
Heating 43 19 2 
Livingroom 898 372 36 
Livingroom 1 1 - - 
Livingroom 2 1 1 - 
kitchen 1 - - 
Herve 1 1 1 
House 1 1 - 
Total no 949 396 40 
 

The correlation of dwelling percentage faced 
overheating risk under both CIBSE Guide A and 
Passivhaus criteria and BER is depicted in Fig. 5. The 
results demonstrate that dwellings with worse BER 
(C, D, E) shows more overheating risk. 19% of 
overheating risk happens in 40% of dwellings with no 
BER. In this regard, the determination of BER for 
these dwellings can change the distribution and 
correlation of overheating risk with other BER ratings.  

 

 

Figure 5: The percentage of dwellings, BER, and overheating 
risk in both CIBSE Guide A and Passivhaus criteria 
throughout May to September 2022. 
 
4.3.2 Evaluation of overheating risk based on 
adaptive comfort CIBSE TM59 

In this section, the overheating risk of existing 
dwellings are assessed using TM 59 criteria. In the 
overheating calculation results for Criterion 1A, the 
living room, living room 1, living room 2, and kitchen 
zones were evaluated over 14 activity hours based on 
CIBSE TM 59. The results indicated no ∆T greater than 
or equal to 1 ℃ in living room 1, living room 2, and 
kitchen zones, signifying the absence of overheating 
in these areas. Among 898 cases in living rooms, 26 
exceeded or equal ∆T by 1 ℃, yet only 1 case 
exceeded criterion of 3% of occupied hours. The 
average percentage of overheating across all cases 
was approximately 0.4%. The distribution of BER for 
living rooms with ∆T ≥ 1 ℃ evaluated and found 54% 
as C, 15% as D, 4% as F, 4% as G, and 15% as 
nocodelisted. Regarding bedrooms and herve zones, 
evaluated across the entire day (24 hours), no ∆T 
greater than or equal to the specified criterion was 
observed, indicating no overheating in these zones. 

Fig. 6(a) and (b) illustrate the frequency of hours 
where ∆T satisfies the threshold of ≥1℃ and the 
percentage of overheating, respectively. The results 
indicate that most exceedance hours are below 10 
hours, as shown in Fig. 6(a). Additionally, only one 
dwelling exhibited an overheating percentage of 
3.25%, surpassing the 3% threshold of Criterion 1A in 
TM59's adaptive approach. Fig. 6(b) displays those 26 
dwellings had overheating percentages below 1%. 

 

 
Figure 6: The frequency of hours that the ΔT satisfy the 
threshold of ≥1 and the percentage of overheating for living 
rooms using Criterion 1A. 

Criterion 1B in CIBSE TM 59 employs a more 
stringent assessment, focusing on indoor 
temperatures observed in bedrooms for 9 hours 
sleeping hours. Overheating is identified if the indoor 
bedroom temperature exceeds 26°C for more than 
1% of the observed period. In total, 1 out of 3 

bedroom cases exceeded 26°C, accounting for a 
percentage of 0.5%. Thus, no instances surpassed 
26°C for more than 1% of occupied hours. The 
distribution of BER in bedrooms indicates 2 
nocodelisted and 1 C rating. In the herve zone with a 
C BER, 3 hours exceeded 26°C during sleeping hours, 
constituting 0.3% of the observed period, which does 
not exceed the 1% threshold for overheating in this 
zone. Consequently, all 4 bedrooms and herve zones 
could not satisfy the criterion 1B. 
 
5. DISCUSSION 

The discussion section delves into the insights 
collected from the examination of residential 
buildings in Ireland, focusing on overheating risks and 
energy performance. The analysis of BER ratings 
revealed a striking prevalence: 40% of dwellings 
lacked a BER rating (nocodelisted), while 41% held a C 
rating. This emphasizes an urgent need for 
retrofitting to elevate ratings to at least a B or higher. 
Outdoor temperature patterns demonstrated a 
generally mild climate during the summer months, 
with 7% of the time exceeding 20℃ and 3% 
surpassing 22℃. July and August had slightly higher 
temperatures, potentially posing challenges in 
maintaining thermal comfort during these periods. 

Assessment through static criteria such as CIBSE 
Guide A and Passivhaus revealed varying perspectives 
on overheating risks. CIBSE Guide A identified 4% of 
dwellings at risk, whereas Passivhaus indicated a 
higher percentage of 42%. This disparity highlights 
the importance of balancing overall building 
performance with room-specific comfort for a 
comprehensive overheating risk assessment. 

The correlation analysis between overheating 
risks and BER ratings showed a clear association: 
lower BER-rated dwellings faced higher risks of 
overheating. Notably, 19% of overheating risk 
occurred in dwellings without a BER rating, indicating 
the potential impact of improving BER ratings in 
mitigating overheating concerns. Further evaluation 
through adaptive comfort criteria like CIBSE TM59 
unveiled nuanced insights. While sporadic instances 
of potential overheating were observed in living 
rooms (with ∆T ≥ 1 ℃ in 26 cases), minimal 
occurrences were noted in bedrooms and other 
zones, emphasizing the importance of adaptive 
strategies in addressing overheating risks. 

In the realm of overheating analysis, existing 
literature showcases a broad spectrum of 
overheating occurrences, influenced significantly by 
factors such as the criteria employed for analysis, the 
characteristics of the buildings under study, the 
density of occupants, and the duration of the 
research period [8,9,11-14,21]. In our case, the 
causes of overheating remain less clear. There are a 
range of possible causes which could be attributed to 
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various potential factors including building 
characteristics, design, insulation, ventilation, and 
occupancy patterns. This underscores the need for a 
comprehensive approach to address overheating 
issues in building design and management. 

 
6. CONCLUSION 

In conclusion, the examination of a sample of 
residential buildings in Ireland has shown the 
challenges and opportunities for enhancing energy 
efficiency and occupant comfort. Outdoor 
temperature patterns, although generally mild during 
the summer, reveal specific challenges during peak 
months like July and August. The evaluation of 
overheating risks using static criteria (CIBSE Guide A 
and Passivhaus) and adaptive comfort criteria (CIBSE 
TM59), highlights the importance of a balanced 
approach in assessing overall building performance 
and room-specific comfort. In addressing the 
multifaceted causes of poor performance (such as 
building characteristics and etc,. ) a holistic approach 
to building design and management is crucial.  

The evidence emphasizing the need for a nuanced 
approach to address temperature concerns in specific 
zones within homes, particularly bedrooms, and living 
spaces. For retrofitting Irish residential properties, 
the evidence calls for a tailored approach. It 
highlights the importance of considering room-
specific comfort alongside overall building 
performance to effectively mitigate overheating risks 
during retrofit procedures. Regarding future climate 
change impacts, the evidence underscores the 
urgency of adapting residential properties. It 
emphasizes the necessity of designing buildings that 
can withstand increasingly extreme temperatures 
while ensuring occupants' comfort and well-being 
amidst changing environmental conditions.  
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ABSTRACT: Mass timber construction is gaining momentum every year, driven by the urgency to reduce carbon 
emissions in the construction industry. Some of the advantages of this material include remarkable structural 
performance with low weight, ease of construction and a variety of options to suit different applications. One of 
the most critical aspects of conducting a whole life carbon analysis of a timber building is the confusion 
surrounding the inclusion of biogenic carbon in the calculations. In addition, previous studies show how the low 
weight of wood can lead to higher heating and cooling demand due to a scarce thermal mass capacity of this 
material. A literature review was conducted on these issues and a case study of a community building was 
analysed. Life Cycle Analyses and thermal simulations were carried out to compare alternative scenarios 
focusing on material substitutions: changing the materials of the structural frame, slabs, external walls and core 
to certain mass timber solutions led to significant embodied and operational carbon reductions. The results show 
how careful mass timber design can lead to significant whole life carbon savings. 
KEYWORDS: Mass Timber, Whole Life Carbon, Embodied Carbon, Carbon emissions, Thermal Mass 
 
 

1. INTRODUCTION  
The current climate emergency is arguably the 

greatest challenge the whole humanity ever faced. 
According to the latest IPCC report [1], keeping the 
temperature of the Earth's atmosphere below 1.5 °C 
above pre-industrial levels is still pragmatically 
possible, although it requires a strong and 
coordinated effort by all of humanity. The carbon 
footprint of building construction and operation is 
extremely high, accounting for around 37% of global 
greenhouse gases emissions, while emissions from 
the production of cement, steel, and aluminium alone 
account for 13% [2]. The potential for reducing 
materials-related greenhouse gases (GHG) emissions 
is growing every day, thanks to a remarkably fervent 
research activity and an increasing awareness of 
environmental issues that is driving both the industry 
and its clients to reduce the impact of the built 
environment. Together with other viable actions in 
the architecture and construction sector, a reduction 
in the amounts and the embodied carbon (EC) of 
materials will facilitate the achievement of our global 
environmental goals. 

The aim of this paper is to assess the 
environmental performance of mass timber 
construction (MTC), with the specific focus of 
understanding its contribution to a non-domestic 
building’s whole-life carbon (WLC) emissions. As a 
case study, a community building in King’s Cross, 
London, is analysed by assessing the emissions 
related to the embodied and operational stages. In 
the current scenario, the building makes use of MTC 

for the structural frame and the slabs, while 
alternative construction scenarios were evaluated, 
exploring the consequences of different engineered 
wood product (EWP) choices and the addition of a 
mass timber (MT) layer to the external walls. 
Moreover, the study explores the relationship 
between embodied and operational carbon to 
understand the holistic environmental implications of 
MTC, considering possible implications on all life 
stages.  
 
2. METHODOLOGY 

This paper aims to get to an understanding of how 
employing MTC techniques into a design affects the 
WLC emissions of the building. A community building 
in London is going to be analysed as case study: 
firstly, its building elements will be examined and 
LCAs will be conducted, focused on the global 
warming potential (GWP) linkable to MTC. In 
addition, operational energy will also be considered: 
by performing thermal simulations, its heating and 
cooling loads (and the resulting carbon emissions) will 
be estimated. A climate model based on the IPCC RCP 
8.5 [1] for 2100 will be used to test a future-proof 
scenario and at the same time to heighten the risk of 
overheating. Several scenarios will be selected to 
represent designs with different approaches to MTC 
and will be compared with the base case through 
LCAs and thermal simulations. By analysing the 
heating and cooling loads with different construction 
scenarios, the contribution of MTC to the building's 
operational energy will be identified. 
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Through a series of thermal simulations in free 
running mode, the passive operational temperatures 
of the building will also be analysed to understand if 
some slab constructions can bring operational carbon 
savings thanks to their thermal mass. 

Finally, the data gathered from the literature 
review, LCAs and thermal simulations will be 
considered to propose a cumulative “environmental 
best case” scenario, combining different MTC 
techniques to achieve the most carbon emission 
reductions. 

W3, a community building recently completed in 
London, was chosen as a case study for this work, in 
collaboration with Haptic Architects, to test the 
findings of the literature review and to better 
understand the environmental impact of this building 
and its components. This is a 13.50 metres high 
building with three floors above the ground and a 
lower ground with basement shared with the rest of 
the development area. 

 
3 THEORETICAL BACKGROUND 

Comparing different MT types and products is an 
essential step for selecting the right EWP for each 
application: two of the main distinguishing factors are 
structural characteristics and environmental impact. 
The literature shows how materials such as glued 
laminated timber (glulam or GLT) and laminated 
veneer lumber (LVL) are particularly suitable for 
structural elements such as beams and columns, as 
they are made of parallel strands of wood, giving the 
product high strength in the grain direction. On the 
other hand, in cross-laminated timber (CLT) each 
layer is laid crosswise, perpendicular to the adjacent 
ones, giving the product isotropy and making it ideal 
for surfaces such as walls and slabs. 

A MT manufacturer can carry out LCAs for their 
products to disclose their specific environmental 
impacts: these assessments are then third-party 
reviewed and published in a standardised 
Environmental Product Declaration (EPD). 

For this study, several EPDs have been selected 
for glulam, CLT and LVL products to compare them 
and find average emissions (expressed as Global 
Warming Potential, GWP) values for each typology in 
the 2024 MT market. The calculated average upfront 
carbon (UC, stages A1-A3) emissions of CLT is of 
121.75 kgCO2e/m3, while glulam and LVL have 
average GWPs of 172.18 and 210.22 kgCO2e/m3 
respectively. Nonetheless, it was found that the 
actual EC of each product can be far from these 
numbers: for example, a third of the glulam products 
have GWPs lower than 65 kgCO2e/m3, while a tenth 
of them is above 350 kgCO2e/m3, without relevant 
differences in the manufacturing processes or final 
product. The same also happens in CLT (from 34 to 
330 kgCO2e/m3) and LVL (91 to 361 kgCO2e/m3). 

Comparing LVL and glulam, though, requires deeper, 
case-specific analyses, as the first is much stronger 
than the latter, allowing for smaller cross sections to 
be used [6]. 

 
4 LITERATURE REVIEW 

As MT is a relatively lightweight construction 
material, the literature shows that a building with MT 
internal walls and slabs, without the addition of 
heavier materials, could result in higher energy 
requirements for heating and cooling compared to RC 
or clay bricks. Although these materials have a much 
higher embodied carbon, they are able to store heat 
through their thermal mass in a way that reduces the 
need for active heating and cooling systems more 
effectively than wood [4]. 

As Diaz suggested in 1995, in lightweight buildings 
“most of the long term storage of heat (one day or 
more) will occur through the envelope while the 
internal mass will store heat for a few hours only. This 
may not always be desirable as heat storage in 
internal elements can be significant for the overall 
thermal performance of the building”. In MTC, this 
can be especially relevant with CLT panelised 
construction, where the internal elements do not 
have a strong thermal mass performance. Some 
literature review context is now proposed. 

In 2020, Jensen, Norford and Grinham conducted 
a study which found that in their case studies, the 
thermal mass performance of mass timber in the 
summer season was very poor compared to their 
concrete equivalents. Regarding overheating risk 
mitigation, “when comparing decrement in peak 
temperature, the mass timber design provided about 
44% of the decrement of an equivalently scaled 
concrete case across the cooling season, and about 
42% of the decrement on peak days. When 
comparing cooling energy, the mass timber design 
provided about half the savings in cooling energy (45-
56%) from thermal mass compared to an equivalently 
proportioned (volume and surface area) concrete 
case, depending on operational strategy”. Yet, the 
WLC carbon of their MTC scenarios was still less than 
the RC equivalents – “60% reduction in Los Angeles, 
and a 27% reduction in Seattle” [3]. Through post-
occupancy evaluation surveys and simulations, 
another study also revealed how lightweight MTC can 
lead to higher risks of extreme summertime 
overheating in the UK compared to heavyweight 
materials, although the occupants satisfaction rate 
generally stays at a high level [4]. 

Some studies proposed solutions for this problem: 
Tonelli and Grimaudo in 2014 conducted an 
experiment inspired by how the houses in warm 
climates such as the Mediterranean area traditionally 
use heavy construction in their fabric. During the 
2012 Solar Decathlon event in Madrid, they proposed 
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and its components. This is a 13.50 metres high 
building with three floors above the ground and a 
lower ground with basement shared with the rest of 
the development area. 

 
3 THEORETICAL BACKGROUND 
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Warming Potential, GWP) values for each typology in 
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4 LITERATURE REVIEW 
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a wall stratigraphy with not only insulation, but also 
heavy materials, achieving a “mass value that is 
nearly double the value of a normal framed wall, and 
therefore very close to a traditional masonry wall”. 
High-density fibreboard, PCM boards or concrete can 
be used to add thermal mass to a MT structure to 
help mitigate overheating issues. With the same 
thickness, “the mass of concrete is 75% higher than 
the mass of” the high-density fibreboard, while 
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of ways to enhance the summertime thermal 
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wood wool thermal insulation, PCM, etc.) and 
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These cited studies were focused on the energy 
consumption of buildings during the use phase, but if 
the reason for reducing energy demand is sought is to 
cut CO2e emissions, the proposed solutions should 
also take into account the embodied carbon, both in 
the upfront and EOL phases. In many cases, the 
higher upfront emissions of layers added for thermal 
performance improvement are balanced out in a few 
years with the operational carbon savings (Hacker et 
al., 2008). However, in other scenarios, the products 
used to reduce heating or cooling loads are found to 
have such a high embodied carbon profile that their 
use becomes pointless, if not detrimental, to reducing 
WLC carbon emissions (De Toldi, Craig, Sushama, 
2022; Ferreira et al., 2023). 
 
5 ANALYTICAL WORK 
5.1 Analysis of the existing building  

The structural frame of the W3 building is mostly 
made of glulam columns and beams, manufactured 
by the Austrian company Wiehag. This EWP has an UC 
of 54 kgCO2e/m3, well below the average glulam UC 

of 172.18 kgCO2e/m3. The glulam elements in W3 
have a total UC of 11.8 tCO2e. 

36 columns and 37 beams between the ground 
and first floor are made of steel due to a structural 
constraint: some recessions in the plan at the ground 
floor only cause a misalignment between a set of 
columns on the ground floor and the upper. This 
creates horizontal loads that, in an all-glulam 
scenario, would have required large sections of the 
affected beams and columns, deemed too wide for 
the architectural design. Indeed, too large frame 
sections can lead to difficulties in the layout and 
systems and services runs. Therefore, steel was 
chosen for these elements, with sections that are 
much smaller than the glulam equivalent. Despite 
them being just 1.60 m3 or slightly more than 1% of 
the frame, the steel parts have a total UC of 15 tCO2e. 
The reason for this wide difference is the 6,100 
kgCO2e/m3 UC of steel, more than 100 times higher 
than the Wiehag timber. The UC of the entire frame 
of W3 is therefore 26.8 tCO2e. 

Figure 1: Steel columns and beams in the hybrid mass 
timber structure of W3 

 
The sections of the upper floors and the roof are 

based on a 220 mm-thick cross-laminated (CLT) slab, 
made by the German company Derix. This EWP is also 
a very carbon efficient material compared to the rest 
of the market. Moreover, the production centre of 
this EWP is located 520 km south-east from London, a 
relatively close location compared to other European 
MT manufacturers, making the transport emissions 
low as well. In both the internal slabs and the roof, 
the design involves the MT slab as the main structural 
element, while different layers are laid above it to 
improve the acoustic and fire performance, together 
with providing a stable and walkable finishing. On top 
of the 220 mm CLT slab, 270 mm are available for 
services and finishes, depending on the occupant's 
preference. The standard predicted floor construction 
consists, top to bottom, of a timber flooring, screed, 
plywood, fibre cement boards, a floating floor system 
and the CLT. The total UC of the internal floors is 36.9 
tCO2e: the CLT slabs contribute with 17 tCO2e, but the 
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role of the plywood and fibre cement boards layers 
was found to be important as well, with respective 
GWPs of 6.7 and 12 tCO2e, while the wood flooring 
adds 1.2 tCO2e to the total. 

Figure 2: View from the second floor of W3 
 
The external walls are made of cassettes where 

the layers are (outside to inside) cladding with 
decorative fins, a breather membrane, a sheathing 
layer of OSB, 230 mm of mineral wool insulation, 
another layer of OSB, a vapour control membrane, a 
high thermal performance plasterboard and a 
finishing to be chosen by the tenants. The cladding 
and fins on the west, south and a southern part of the 
east façade, are made of treated radiata pine. On the 
north and the northern part of the east façade, 
aluminium was used for the cladding and fins, while a 
ventilated cavity and an additional plasterboard 
acting as a sound and fire barrier are added on the 
inside of the wall. 

The foundations, basement, ground floor slab and 
core of W3 are made with reinforced concrete (RC) - 
the first two are parts of a substructure shared with 
the surrounding buildings. The original design 
featured a CLT core, but a structural analysis showed 
how its uncentered position in the plan would have 
required extensive shear occupying a larger part of 
the plan, reducing the area available for the 
community functions. Since using RC allowed for a 
smaller core, this became the preferred choice. 

 
5.2 Analysis of the proposed scenarios 

The existing structural frame of W3, consisting of 
glulam and steel elements, can be compared to 
alternative scenarios where one or both materials are 
replaced with different EWPs. While different UC 
results are expected by the alternatives, an impact on 
the building’s operational energy demand is not 
anticipated since the frame is on the inside of the 
walls and does not have a relevant thermal mass 
capacity. The existing steel beams and columns were 
considered first. Using the comparison table made by 
Pollmeier for BauBuche [6], an equivalent volume of 
MT beams and pillars can be estimated: 1.60 m3 of 

steel corresponds to 40 m3 of glulam, 23.40 m3 of 
softwood LVL or 16 m3 of hardwood LVL. The first 
scenario tested was a structural frame made entirely 
of Wiehag glulam: the amount of material required to 
replace the steel columns and beams with glulam is 
approximately 25 times higher, while the sections 
would be 2.5 times larger. Another solution, satisfying 
an architectural desire for smaller structural elements 
and emissions savings was hardwood LVL: BauBuche 
by Pollmeier is the only hardwood (beech) EWP found 
with enough structural and environmental data to 
elaborate a scenario. Finally, a third scenario with 
softwood LVL, less strong than hardwood but more 
available on the market, was also evaluated. 

A strategy that has been evaluated to improve the 
thermal mass performance of W3 while at the same 
time keeping a low UC is designing alternative slab 
constructions. Different scenarios and materials were 
considered for this possibility, using a simple CLT slab 
with a thin and lightweight flooring system (such as a 
suspended timber flooring system), or the same slab 
with a layer of compressed earth above it. Lastly, a 
slab entirely made of concrete was tested to compare 
these solutions to a more diffused, “business-as-
usual” industry standard. It needs to be noted that 
although the specific weight of each solution was 
calculated, structural feasibility was not considered 
for this study: some solutions, being heavier than 
others, might require a stronger structural support, 
leading to an increase in material use and consequent 
UC. For this reason, the final environmental impacts 
of these scenarios would require deeper and larger-
scale structural analyses to be properly unveiled. 

The composite CLT and concrete solution was 
inspired by the SOM “Timber Tower” concept [7]. In 
this research project, a 70 mm thick concrete layer 
was placed on top of the CLT slabs to improve the 
poor sound insulation performance of CLT [8]. 
Earthen floors are made with a mixture of sand, clay 
soil and fibre. One or more of these elements are 
normally obtained on site or in the close proximities. 
The finishing sealing is usually made with linseed oil, 
tung oil, pine rosin, beeswax and dipentene, making 
the final surface durable and washable. The final 
colour is influenced both by the materials used and 
possible pigmentations that can be added during the 
process. Although an EPD of this kind of product was 
not found, clay and rammed earth (RE), being 
materials similar to earth flooring, were used as 
substitutes in the LCAs and thermal simulations. 
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Figure 3: Scheme of slab alternative 

 
An alternative scenario for the construction of the 

external walls was considered: while the current case 
involves a cassette system attached to the frame, the 
considered alternative was a load-bearing CLT wall 
substituting the external glulam columns. This could 
bring relevant UC reductions due to the removal of 
the outer 20 glulam columns of each floor, 
corresponding to 29.57 m3. Moreover, the 
plasterboard can be discarded since visual grade CLT 
can be used as a finishing material and a fire 
protection layer if adequately sized. At the same 
time, its thermal insulation contribution to the wall 
allows for a reduction of the thickness of the mineral 
wool layer. With a 140 mm thick CLT layer and the 
mineral wool insulation thickness reduced from 200 
to 155 mm, the U-value of the external wall was kept 
unchanged (0.20 W/m2K). 

Figure 4: Scheme of wall alternative 
 
5. RESULTS AND DISCUSSION 

The environmentally weakest point of the 
structure consists in the steel elements: although the 
amount of material required to fulfil the function is 
almost 15 times higher for LVL and 25 times higher 
for glulam, in both cases the UC of the structure is 
lower. If Wiehag glulam was chosen instead of steel, 
the resulting GWP would be 3.5 tCO2e, 76% less than 
the GWP of the base case scenario with steel, saving 
11.5 tCO2e. 

If BauBuche LVL was chosen instead, the UC of it 
would be approximately 4.5 tCO2e, with a reduction 
from the base case of 10.5 tCO2e. Using BauBuche for 
the entire frame, instead, brings to an increase in 
WLC emissions due to the higher EC of LVL: instead of 
the current 11.8 tCO2e of the GLT structure, the UC 

would rise to 14.5 tCO2e. A sensible reduction in size 
of the columns and beam would therefore cost 2.7 
tCO2e. So, a compromise can be to keep the Wiehag 
glulam beams and columns as they are while 
choosing beech LVL as substitution for the steel parts, 
obtaining small sections with one added tonne of EC 
as a trade-off compared to the all-glulam solution. 
The final UC of such frame would be 16.3 tCO2e, 40% 
less than the base case, with a saving of 10.5 tCO2e. 

Regarding the new walls, the solution of reducing 
the mineral wool layer and removing the 
plasterboard, the finishing and the outer glulam 
columns in favour of a CLT layer would bring an 
estimated EC saving of 12.63 tCO2e, while not having 
an impact on operational energy due to the U-value 
being unchanged. However, despite the removal of 
several columns, the augmented thickness of the 
external walls would cause a reduction of surface 
area of 2.46 m2 per floor (7.39 m2 in total). 
Considering how this solution can be generally 
applied to different projects, a specific value of 
kgCO2e/m2 was estimated. The removal of a part of 
mineral wool insulation, an OSB sheet and the 
plasterboard brings a reduction of 22.7 kgCO2e/m2, 
while the addition of the CLT layer adds 12 
kgCO2e/m2. Therefore, the saving is of 10.7 kgCO2e 
per m2 of wall - without considering the narrowing of 
the frame elements consequent to the CLT structural 
contribution. 

The slab scenarios were subsequently tested. The 
simpler one only includes a CLT slab and wood 
flooring (essential for practical use but not relevant to 
the thermal analysis): this solution led to higher 
thermal energy demand in all seasons than the base 
case, but halving its EC (from 36.90 to 18.20 tCO2e), 
with a WLC saving of 15.06 tCO2e. Adding an earthen 
layer onto the CLT increments the heating demand 
but lowers the cooling of a higher amount, bringing 
reductions in both operational (-4.41 tCO2e/year ) 
and embodied carbon (-16 tCO2e/year), for a total of 
18.66 less tCO2e. The “SOM-type” CLT+concrete 
scenario still brought a slight EC reduction due to the 
narrow thickness of the concrete layer and a 
reduction in the cooling load, but an almost equal 
increase in heating load as well, with a WLC reduction 
of 7.83 tCO2e. Lastly, the full concrete slab scenario 
tested as a comparison caused the most extreme 
heating load increase (+88.31 kgCO2e/year) and 
cooling load decrease (-180.28 kgCO2e/year) due to 
its high thermal mass, but as expected, it also had the 
highest EC, resulting in the smaller WLC emissions 
reduction of just 6.10 tCO2e. 
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Figure 5: Graphs showing the WLC emissions of the 
proposed solutions (GWP, tonnes of CO2e). In the top graph, 
embodied carbon, and the operational carbon due to 
heating and cooling loads for 100 years are separated to 
show the differences, while in the bottom one they are 
summed to highlight the WLC aspect. 
 

By combining the best performing scenarios (an 
all-glulam structure, the CLT+earthen slabs, together 
with the walls and core proposals), the final carbon 
emissions reduction from the base case is of 62.90 
tCO2e, or 4.70 kgCO2e/m2. 

 
6. CONCLUSIONS 

As seen in the analysis, an efficient design of 
building elements with MT and a thorough product 
selection can lead to CO2e emissions reductions 
throughout all life cycle stages. Variables that make a 
sensible difference in the environmental performance 
of the building include the specific choice of EWPs, 
where to use them, how the building and its structure 
are designed, and how to couple timber with other 
materials to compensate possible weaknesses. 

Therefore, designers should take a good amount 
of care in such choices if a high sustainability level is 
desired. Literature shows that glulam and LVL are 
more indicated for structural frame elements, both 
from an EC and a structural point of view – although 
it is essential to conduct precise analyses of the 

specific considered EWPs to understand which one 
would bring the biggest CO2 reduction. For surface 
elements, CLT is demonstrated to be a very carbon-
efficient and structurally sound material with great 
versatility. 

The results show how replacing steel and concrete 
with mass timber elements results in a significant 
reduction in EC. Adding earthen flooring to CLT slabs 
proves to be a successful strategy, improving the 
thermal mass performance with a low carbon profile. 
Regarding the external walls, replacing the outer 
columns and the inner layers of a lightweight cassette 
wall construction (plasterboard and part of the 
insulation) with a load bearing CLT layer can bring 
significant EC reductions, around 10.5 kgCO2e/m2, 
while maintaining the same U-value. All in all, the 
carbon emission reduction opportunities with MTC 
are mostly located in the upfront stage more than in 
the operational carbon one. 
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Ireland’s 
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 Jan Feb Mar April May June July Aug Sept Oct Nov Dec Total 
DEAP 8587 7669 7018 5506 3629 2262 1619 1547 2205 4709 7108 8883 60,742 
PH (res) 3363 2941 2327 1730 1293 1186 1167 1166 1185 1609 2704 3584 24,257 

PV 
(225m2) 

844 1251 2417 3476 4406 4242 4197 3763 2812 1814 1007 590 30,816 

NEAP 9624 8752 8279 6813 4833 3248 2463 2350 3076 5705 8092 9855 73,089 
PH. (non 
res) 

3830 3422 2821 2255 1830 1728 1712 1711 1726 2089 3155 4051 30,328 
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ABSTRACT: This study addresses the urgent need for high-resolution carbon dioxide (CO2) emission inventories in 
China to tackle climate change. By integrating "top-down" methods, night-time light data (NTL), population 
aggregation, and urban form indicators, a high-resolution CO2 inventory for 2020 at a 1km*1km scale was 
developed. Utilizing geographically weighted regression (GWR), the model indicates that the CO2 emission 
variation can be explained by urban form, population aggregation, and NTL. The model's enhanced accuracy was 
evident in regions with higher urbanization. The resulting high-resolution emissions mapping offers detailed 
insights into emission hotspots and distribution patterns, providing crucial support for precise emission analyses 
at a small scale. The study's findings underscore the importance of considering urban form and population 
aggregation data alongside NTL in estimating CO2 emissions. This enhanced CO2 grid estimation model not only 
surpasses traditional NTL-based methods but also offers valuable insights for formulating effective emission 
reduction strategies. 
KEYWORDS: CO2 emissions, Urban form, Geographically weighted regression model, Emission inventory, China 
 
 

1. INTRODUCTION 
Climate refers to the long-term weather patterns 

of a specific region, while “climate change” denotes 
shifts in these long-term average temperatures and 
weather cycles. Human activities are the primary 
cause of recent climate changes. If greenhouse gas 
emissions continue, temperatures will keep rising, 
leading to persistent changes in the climate system. 
This increases the likelihood of severe, widespread, 
and irreversible impacts on both humans and natural 
systems. As the world’s largest emitter of carbon 
dioxide (CO2), China faces significant challenges in 
addressing climate change [1]. The substantial 
variations in economic and social development, as 
well as the diversity in energy consumption structures 
among different cities in China, contribute to 
significant disparities in the patterns and trends of 
CO2 emissions across these cities [2]. Developing 
high-resolution CO2 emission inventories for China 
can provide essential data, which is crucial for 
formulating effective mitigation strategies and 
evaluating the effectiveness of mitigation policies. 

Currently, high-resolution gridded CO2 emissions 
are generally compiled by two viable urban carbon 
emissions modeling methods: the "bottom-up" and 
"top-down" methods. "Bottom-up" methods are 
suitable for modeling urban carbon emissions in 
situations where detailed data on individual 
emissions sources are available, typically used on a 
small scale [3-5]. In contrast, "top-down" methods 
rely on proxy data to allocate emissions from a large 
geographic area to a more specific resolution, which 

are often used in regional or national greenhouse gas 
inventories [2]. 

In addition, existing studies usually estimate 
gridded CO2 emissions based on spatial night-time 
light data (NTL) [6-7]. As NTL intensity plays an 
important role in detecting artificial lights related to 
human activities, it can exhibit a robust correlation 
with socioeconomic variables and reflect CO2 
emissions to some extent [8]. However, there are 
certain limitations when using NTL, such as 
underestimating transport and industrial emissions 
during the daytime, meaning estimation methods 
that rely solely on NTL may introduce uncertainties 
and inaccuracies in quantifying emissions [9]. 

As cities produce over 70% of the global CO2 

emission that results from energy use, it's crucial to 
understand the relationship between cities and CO2 
emissions. Recent studies have shown that urban 
form is an important factor influencing carbon 
emissions. Land use, building environment, 
development patterns, urban compactness, and other 
factors related to urban form are commonly regarded 
as key indicators influencing CO2 emission [10-13], all 
of which can be a potential data source for 
developing high-resolution inventories. 

Furthermore, global models, such as the ordinary 
least squares (OLS), are the most used in the top-
down modeling that associates the predictors with 
carbon emissions. However, as the impact of urban 
form and NTL on carbon emissions can vary spatially, 
it is essential to consider the spatial heterogeneity in 
the effects. Geographically weighted regression 
(GWR) is a local linear regression method based on 
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modeling spatially varying relationships in each part 
of the study area. It produces a regression model that 
describes the local relationships and thus can well 
model the local spatial relationships and spatial 
heterogeneity of the variables [15].  

On the basis of previous research, this study aims 
to model and predict CO2 emissions in China and 
develop a high-resolution CO2 inventory (1km*1km) 
in 2020 through "top-down" modeling based on GWR 
regression, and the combination of NTL, population, 
and urban form indicators, where carbon emissions 
will be allocated from a city-level scale to grid scale. 
 
2. STUDY AREAS AND DATA SOURCES 
2.1 Study area 

This study chose the cities in mainland China 
(without Hong Kong, Macao, and Taiwan) as the study 
area. In examining mainland China, this study 
recognizes the substantial economic achievements 
following the country's reform and opening-up, which 
is a testament to the country's rapid industrialization 
and urbanization efforts. However, this progress has 
been accompanied by increased energy demands and 
CO2 emissions, positioning China as a major 
contributor to global emission figures. Despite these 
challenges, the varied urban development patterns 
across China's cities present an opportunity to 
investigate the complex dynamics between 
urbanization and environmental impact. 

The study area shown in Fig. 1 covered a total of 30 
provinces and 371 cities, which represent a spectrum 
of urban sizes and administrative classifications, from 
megacities to smaller cities, allowing for an extensive 
analysis of how different urban forms relate to CO2 
emissions.  

 
Figure 1: The study area (30 provinces and 371 cities) 
 

2.2 Data sources 
Data used in this study include China city CO2 

emissions data, China’s national land use and cover 
change (CNLUCC), population statistics, and VIIRS 
nighttime light data in 2020. Details of the data are 
given in Table 1. 

The city-level CO2 emissions data draw on the more 
mature and widely used international methods of 
accounting for urban CO2 emissions, and at the same 
time combine them with the actual situation of 
Chinese cities, combining on-site surveys, interviews, 
telephone consultations, and letters to the relevant 
parts of the data, but this method only provides CO2 
emission data on the city scale as opposed to a finer 
spatial scale. This data is used as a reference for 
modeling CO2 emissions at the city level of 
calculation. 

The other three types of data have been resampled 
to a 1 km*1 km grid in this study, which helps 
construct a CO2 emission inventory with a resolution 
of 1 km*1 km. CNLUCC would be transformed in 
Fragstats 4.2 to obtain urban form data at 1 km*1 km 
resolution. 
 
Table 1: Data source for estimating CO2 emissions 
 

Name Description Year Source 

China city 
CO2 

emissions 
data 

Annual city-
level data 
for total 

CO2 

emissions in 
China 

2020 

China City 
Greenhouse 
Gas Working 
Group, CCG 

China’s 
national 
land use 

and cover 
change 

(CNLUCC) 

1km*1km 
land use 

raster data 
in China 

2020 

Data Center for 
Resources and 
Environmental 

Sciences 
(RESDC), 
Chinese 

Academy of 
Sciences 

Populatio
n statistics 

1km*1km 
population 
raster data 

in China 

2020 

VIIRS 
nighttime 
light data 

Average 
annual 

nighttime 
light on a 

global scale  

2020 

Earth 
Observation 
Group, NCEI, 

NOAA 

 
3. METHODOLOGY 
3.1 Quantification of urban form 

Landscape metrics play an essential role in 
quantifying diverse characteristics of spatial 
landscapes, which are intrinsically linked to both 
ecological integrity and socioeconomic dynamics and 
are frequently employed to encapsulate the 
processes and outcomes associated with the spatial 
configurations of urban environments [14]. 
Therefore, this study selects the following commonly 
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3. METHODOLOGY 
3.1 Quantification of urban form 

Landscape metrics play an essential role in 
quantifying diverse characteristics of spatial 
landscapes, which are intrinsically linked to both 
ecological integrity and socioeconomic dynamics and 
are frequently employed to encapsulate the 
processes and outcomes associated with the spatial 
configurations of urban environments [14]. 
Therefore, this study selects the following commonly 

 

used landscape metrics to quantify urban form in 
China: total area (TA), percentage of landscape 
(PLAND), largest patch index (LPI), number of patches 
(NP), contagion (CONTAG), aggregation index (AI), 
and patch cohesion index (COHENSION). Details of 
the landscape metrics are given in Table 2. 

These seven metrics describe the fundamental 
dimensions of urban form. TA, PLAND, and LIP were 
to three land use types: urban land, rural residential 
areas, and other built-up land. In other words, there 
were finally 13 kinds of landscape metrics. These 

indicators were measured with Fragstats 4.2 based on 
the 1km*1km CNLUCC for 2020, where we could 
identify and extract the urban land-use regions. 

 The obtained values served as the independent 
variables in the spatial modeling of CO2 emissions. 
However, while improving the model accuracy, 
certain variables were removed as not all factors 
were strongly correlated with the dependent 
variable. Stepwise regression was used to remove 
insignificant independent variables to avoid biased 
results. 

 
Table 2: Description of urban form indicators used in the analysis 
 

Category Indicator Abbreviation Description 

Area and Edge 
metrics 

Total Area TA TA equals the area (m2) of the landscape, divided by 
10,000 (to convert to hectares).  

Percentage of Landscape PLAND PLAND equals the percent of the landscape comprised of 
the corresponding patch type. 

Largest Patch Index LPI LPI equals the percentage of the landscape comprised by 
the largest patch. 

Aggregation 
metrics 

Number of Patches NP NP equals the number of patches of the corresponding 
patch type(class). 

Contagion CONTAG 
CONTAG equals the observed contagion over the 
maximum possible contagion for the given number of 
patch types. 

Aggregation Index AI  AI equals the degree to which habitat patches are 
clumped or aggregated on the landscape. 

Patch Cohesion Index COHENSION COHENSION is used to quantify the degree of spatial 
connectedness within a landscape patch. 

 
3.2 Geographically weighted regression (GWR) 

In this study, CO2 emission statistics of 371 cities 
in China were selected as the dependent variable, 
while landscape metrics, population aggregation 
data, and NTL selected from the stepwise regression 
were selected as independent variables, to create an 
optimal city-level model based on R2 and 
noncollinearity of variables, further apply to high-
resolution CO2 inventory predictions. The optimal city 
level model is then applied to the grid scale using 
GWR and adjusted with national aggregates to obtain 
the final predictions. 
 
3.3 Spatial autocorrelation 

This study adopted spatial autocorrelation to 
describe the spatial correlation of 1km*1km CO2 

emission data obtained from the forecast. Spatial 
autocorrelation refers to the degree to which a set of 
spatial features or their associated values tend to be 
clustered or dispersed across a geographic space, and 
it has since become an essential concept in spatial 
analysis, geography, and related fields. Moran's I is 
one of the most common statistical methods for 
measuring spatial autocorrelation. The global 

Moran's I index [16] represents the spatial 
autocorrelation in the whole area, while the local 
Moran's I index [17] represents the local 
dissimilarities between neighboring cities.  

To further explain the types of spatial clusters in 
local Moran's I, four cluster types are used to reflect a 
central tendency demonstrated by the regression 
model: High-High (HH), Low-Low (LL), High-Low (HL), 
and Low-High (LH). 

 
3. RESULT 
3.1 Variable selection 

Ten independent variables with significant 
correlation with the model were finally selected, 
including eight spatial pattern indicators namely TA 
(urban land), TA (rural residential areas), TA (other 
built-up land), LPI (urban land), LPI (rural residential 
areas), LPI (other built-up land), AI, and NP, as well as 
population aggregation data and NTL data. 

In addition, to ensure the absence of 
multicollinearity and redundant independent 
variables in the regression model, the VIF values of 
the regression variables should not surpass 10 (VIF≤
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10) The results, presented in Table 3, demonstrate 
the absence of multicollinearity among the variables. 

 
Table 3: Assessment of collinearity statistics 
 

Indicator Tolerance VIF 
TA (urban land) 0.208 4.808 

TA (rural residential areas) 0.648 1.543 
TA (other built-up land) 0.688 1.453 

AI 0.134 7.458 
NP 0.348 2.873 

population aggregation  0.271 3.694 
NTL 0.118 8.447 

 
3.2 CO2 estimation model by using GWR 

After the above steps, the most important 
independent variables have been identified. 
Considering the characteristics of the data with 
repeated attempts, this study chose adaptive 
bandwidth and optimized it according to the 
bandwidth parameter. For the entire study area, the 
R2 value of the model (R2=0.928, Adjusted R2=0.837) 
shows that 83.7% of the variation can be explained by 
urban form, population aggregation, and NTL. The 
results show that the accuracy of the model is 
improved after improving the model by integrating 
urban form-related data and population aggregation 
data. 

 
Figure 2: Local R2 of the GWR model 
 

Fig. 2 reveals that this model is more explanatory 
in estimating CO2 emissions in highly urbanized areas 
like the southeast coast, the region around Sichuan 
and Chongqing, and the western part of Inner 
Mongolia. In contrast, rural or less developed areas 
might not exhibit such strong spatial patterns in 
relation to CO2 emissions due to a lack of variability in 
urban form or other influencing factors not captured 

by the model. The independent variables of the 
model influence this, in this study, when selecting the 
factors related to urban form as independent 
variables, only the landscape metrics of built-up areas 
were selected, so that the explanatory degree of the 
model was commonly higher in areas with higher 
urbanization. 
 
3.3 High-resolution emissions mapping at the grid 
scale of 1km*1km 

The improved model was used to calculate CO2 
emissions with a resolution of 1 km *1 km in 2020. By 
utilizing GWR, which accounts for spatial 
heterogeneity, and building 1km*1km grids, the 
model provides a more accurate representation of 
emissions across the grids and a detailed 
understanding of emission hotspots and distribution 
patterns, leading to support in China’s accurate 
emission analyses at the small scale. 

 
Figure 3: CO2 emission distribution at 1 km*1 km grid scale 
nationwide, 2020 

 
 Fig. 3 shows spatial CO2 emissions in China in 

2020 CO2 emissions are unevenly distributed, with 
high-emission grids mainly located in the central and 
south-eastern coastal areas of China, especially in 
developed cities such as Beijing-Tianjin-Hebei, the 
Yangtze River Delta, and the Chengdu-Chongqing 
urban agglomeration. In contrast, CO2 emissions grids 
in northeastern and western China generally have low 
CO2 emissions and few high-emission networks, due 
in part to their sparsely populated areas, low 
population densities, and low urbanization rates. 

In addition, the spatial autocorrelation between 
multiple grids was considered in this study to 
measure the effect of city-related data on CO2 used 
for prediction as described above. As shown in Fig. 4, 
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the global Moran's I index is about 0.620 (p-value = 
0.000), indicating that spatial CO2 emissions show 
clustering patterns. 

 
Figure 4: Result of global Moran's I  
 

 
Figure 5: Result of local Moran's I  

 
As it has been shown that spatial correlation 

exists, the localized Moran's index is further used to 
help illustrate exactly where spatial clustering exists. 
Fig. 5 reveals five kinds of clusters. According to Fig. 5, 

there is significant heterogeneity in spatial patterns 
of CO2 emissions. The first-tier cities along the 
southeast coast are High-High (HH), which means 
high-emission areas are clustered together. In 
contrast, the non-first-tier cities in the northwest, 
southwest, northeast, and central regions are Low-
Low, meaning low-emission areas are clustered 
together. Areas where high carbon emissions are 
surrounded by low carbon emissions always appear 
to be surrounded by HH areas. In contrast, areas 
where low carbon emissions are surrounded by high 
carbon emissions are more sporadically distributed, 
mostly scattered among non-first-tier cities in the 
southeast coast and central China. High-High areas 
need to be given special attention because they emit 
large amounts of carbon dioxide and may provide 
new insights into reducing carbon emissions. 
 
3.4 Comparison with ODIAC emission inventories 

To enhance the validation of the emission 
inventory utilized in this research, we compared the 
CO2 emission inventory for 2020 with the Open-Data 
Inventory for Anthropogenic Carbon dioxide (ODIAC) 
with a resolution of 1 degree, which focuses on CO2 
emissions from fossil fuel combustion, cement 
production, and gas flaring.  

As shown in Fig. 6, this study selected the Beijing-
Tianjin wing region (A), the Yangtze River Delta (YRD) 
region (B), and the Pearl River Delta (PRD) region (C), 
whose CO2 emissions areas are more clustered, to 
make a comparison of the spatial distribution of 
CO2emissions between the high-resolution inventory 
predicted in this study and ODIAC inventory. 

Apparently, this study's 1km*1km resolution 
inventory demonstrates a more accurate spatial 
pattern of CO2 emissions than the ODIAC inventory. 
This new inventory has greater spatial variation in the 
predicted values of CO2 emissions and more spatial 
detail, not only in resolution but also in spatial detail. 
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Figure 6: Spatial distribution of CO2 emissions at the grid scale for predicted inventory in this study and ODIAC 
4. CONCLUSION 

This study introduced an enhanced CO2 grid 
estimation model based on CO2 energy statistics, NTL, 
population aggregation, and urban form indicators. 
The results show that the R2 of the CO2 model 
proposed in this study exceeds 0.90. The improved 
model assigns higher CO2 emissions to the grids 
where urbanization is advanced than to the 
surrounding grids, compared with the results of 
spatial assignment using only NTL. 

In summary, the high-resolution CO2 inventory 
estimated by the model enables a more 
comprehensive representation of CO2 emission 
characteristics, which can further provide support for 
formulating effective emission reduction strategies. 
However, there are still some limitations in this study. 
This inventory cannot accurately estimate CO2 
emissions in areas with little urban built-up land and 
a lack of human activities. 
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Figure 6: Spatial distribution of CO2 emissions at the grid scale for predicted inventory in this study and ODIAC 
4. CONCLUSION 

This study introduced an enhanced CO2 grid 
estimation model based on CO2 energy statistics, NTL, 
population aggregation, and urban form indicators. 
The results show that the R2 of the CO2 model 
proposed in this study exceeds 0.90. The improved 
model assigns higher CO2 emissions to the grids 
where urbanization is advanced than to the 
surrounding grids, compared with the results of 
spatial assignment using only NTL. 

In summary, the high-resolution CO2 inventory 
estimated by the model enables a more 
comprehensive representation of CO2 emission 
characteristics, which can further provide support for 
formulating effective emission reduction strategies. 
However, there are still some limitations in this study. 
This inventory cannot accurately estimate CO2 
emissions in areas with little urban built-up land and 
a lack of human activities. 
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ABSTRACT:This work develops a comparative study of the incorporated carbon footprint in three cases of rural 
housing in three different states of Mexico. The three homes located in Chiapas, Colima and Guanajuato, 
have an area between 45 and 65 sqm and are self-produced dwellings. The incorporated carbon 
footprint analysis was developed with the OneClick software. The biggest difference between the construction 
systems is found in the Guanajuato house, which has a concrete slab roofing, and clay brick walls. These 
differences make it have 2.6 times more Kg CO2 eq/m2 than the cases of Chiapas and Colima. This work 
analyzes the performance of rural homes with the materials currently used in housing programs, and from 
this analysis seeks to improve their environmental performance, reducing their incorporated carbon footprint. 
KEYWORDS: Carbon footprint, social housing, LCA, building materials, self-built dwellings. 

1. INTRODUCTION
This paper is part of the work carried out in the 

National Research and Incidence Project (PRONAII, 
for its name in Spanish, number 321260), called 
Development of a Model of replicable social 
production of dwelling and habitat.  

The project objective is to develop a model with a 
transdisciplinary systemic approach built with the 
actors involved in the process of social production of 
Housing and habitat, seeking to strengthen and join 
efforts in the actions carried out by the National 
Housing Commission (CONAVI for its name in 
Spanish) and the Secretariat of Agrarian, Territorial, 
and Urban Development (SEDATU for its name in 
Spanish). 

 Groups from different places of the Mexican 
Republic collaborate in the project, where the case 
studies presented in this paper are located, and are 
part of the different teams: academics, non-
governmental organisations, and community groups, 
among others. 

The project PRONAII 321260 is configured with six 
subsystems: public and legal policy, risks, 
construction technique, services and resource 
management, community development, and 
habitability, the latter being the one in which this 
work is carried out. 

In the last century, there has been a use of 
conventional construction technologies in the rural 
context that has transformed the way these 
constructions interact with the environment. These 
changes, in addition to reducing the climate 
adaptability of the houses, increase their carbon 

footprint by modifying the life cycle of the materials 
[1-5].  

This work seeks to answer two main questions: 
What is the current carbon footprint of a sample of 
Mexican rural housing? And based on this analysis in 
a later stage, how can the footprint of industrial 
materials be reduced, re-incorporating traditional 
materials that have been lost? The study cases are 
located in the states of Chiapas (16.41°N, -93.75°W), 
Colima (19.5°N, -103.5°W), and Guanajuato (21.15°N, 
-101.75°W). 

2. METHOD
Each working group in its region previously 

analyzed 10 cases of rural housing, from among 
these, a house of between 45 to 60 m2 was selected, 
representative of the materials and construction 
systems used by region. 

This section describes in general terms the case 
studies considered for the project. 

The study case in Chiapas is a 48.34sqm house 
(figure 1), constructed within the CONAVI social 
housing program, carried out in the rural community 
of Monte Sinaí El Fénix II, located in the Sierra Madre 
of Chiapas, bordering the state of Oaxaca, in the 
municipality of Cintalapa, which has an altitude of 
1300 masl. 
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Figure 1: Distribution of Chiapas’ case. 
 
About the construction elements in this case, here 

are shortly named and described: 
Foundation: concrete slab; Exterior walls: solid 

concrete block and mortar mix for masonry; Vertical 
structures: Reinforced concrete columns 15 x 15 cm 
and 15 x 20 cm; Interior walls: solid concrete block 
and mortar mix for masonry; Horizontal structures: 
connecting beam; Floor: concrete slab; Roof: 
galvanized (zintroalum) roofing sheet; Interior doors: 
galvanized (zintroalum) steel sheet; Exterior doors: 
galvanized (zintroalum) steel sheet; Windows:  3mm 
glass and metal window frame. 

 
In the Colima state study case, the house is self-

produced in the rural area to the north of Colima, in 
the community of El Jaboncillo, Comala (Figure 2). It 
is located about 800 masl, with a sub-humid tropical 
climate (Aws); it has an average annual temperature 
of 25°C, average relative humidity of 65%, and annual 
rainfall of 900 mm. This house has 61.8 m2 built. 

 

 
Figure 2: Distribution of Colima’s case. 

 
About the construction elements in this case, here 

are shortly named and described: 
Foundation: stone masonry footing; Exterior 

walls: solid concrete block and mortar mix for 
masonry; Vertical structures: Reinforced concrete 
columns 15 x 15 cm and 15 x 20 cm; Interior walls: 
solid concrete block and mortar mix for masonry; 
Horizontal structures: connecting beam; Floor: 
concrete slab; Roof: fiber-cement roofing sheet; 
Interior doors: galvanized steel sheet; Exterior doors: 
galvanized steel sheet; Windows:  3mm glass and 
metal window frame. 

In the case of Leon, Guanajuato, the house is self-
produced. It is located in the suburban area of the 
community of Lomas del Suspiro (Figure 3), with an 
approximate altitude of 1815 masl. The climate is 
temperate with the sub-humid subtropical variant 
with summer rains (Cwa). The average temperature is 
18.9°C, and the approximate annual precipitation is 
621 mm. This house has 64.8 m2 built. 

 

 
Figure 3: Distribution of Leon’s case. 

 
About the construction elements in this case, here 

are shortly named and described: 
Foundation: Isolated Spread Footing; Exterior 

walls: Clay brick, mortar mix for masonry and cement-
sand mortar; Vertical structures: Reinforced concrete 
columns 15 x 15 cm; Clay brick, mortar mix for 
masonry and cement-sand mortar; Horizontal 
structures: connecting beam; Floor: concrete slab; 
Roof: concrete slab; Interior doors: wooden doors; 
Exterior doors: wooden doors; Windows:  3mm glass 
and aluminium window frame. 

 
Cases of Chiapas and Colima share the same 

material characteristics, except for the roof, which is 
made of metal for Chiapas and asbestos for Colima. 

Leon’s house is different from the others in the 
base material of the walls, with a clay brick partitions 
and a concrete slab. Likewise, this house has wooden 
doors, and windows with an aluminium frame. 
 

To quantify the incorporated carbon footprint of 
the analysed cases, the Life Cycle Assessment (LCA) 
methodology followed the calculation procedure 
described by the European standard EN 15978 [6]. 
The study was limited to the Production phase, which 
considers the extraction of raw material (A1), its 
transportation (A2), and the production of materials 
(A3). 

The functional unit used is the square meter of 
construction of a dwelling. The One Click LCA 
software was used, taking the production processes 
of México as the main point of reference. In addition 
to conducting a comparative analysis between the 
different case studies, the base cases (baseline) of 
each type of housing have been established to 
establish a reference point for each particular case. 

Because the One Click LCA software does not have 
a construction typology for a reference building for 
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Foundation: Isolated Spread Footing; Exterior 

walls: Clay brick, mortar mix for masonry and cement-
sand mortar; Vertical structures: Reinforced concrete 
columns 15 x 15 cm; Clay brick, mortar mix for 
masonry and cement-sand mortar; Horizontal 
structures: connecting beam; Floor: concrete slab; 
Roof: concrete slab; Interior doors: wooden doors; 
Exterior doors: wooden doors; Windows:  3mm glass 
and aluminium window frame. 

 
Cases of Chiapas and Colima share the same 

material characteristics, except for the roof, which is 
made of metal for Chiapas and asbestos for Colima. 

Leon’s house is different from the others in the 
base material of the walls, with a clay brick partitions 
and a concrete slab. Likewise, this house has wooden 
doors, and windows with an aluminium frame. 
 

To quantify the incorporated carbon footprint of 
the analysed cases, the Life Cycle Assessment (LCA) 
methodology followed the calculation procedure 
described by the European standard EN 15978 [6]. 
The study was limited to the Production phase, which 
considers the extraction of raw material (A1), its 
transportation (A2), and the production of materials 
(A3). 

The functional unit used is the square meter of 
construction of a dwelling. The One Click LCA 
software was used, taking the production processes 
of México as the main point of reference. In addition 
to conducting a comparative analysis between the 
different case studies, the base cases (baseline) of 
each type of housing have been established to 
establish a reference point for each particular case. 

Because the One Click LCA software does not have 
a construction typology for a reference building for 

 

the Mexican context, a reference building from the 
south of the USA was used (due to its proximity and 
climatic similarity), considering the ASHRAE 90.1 
climatic zones 2 and 3. These climatic zones cover the 
regions of the case studies analysed in this work: 
zone 3C for Chiapas (Comitán), zone 3A for 
Guanajuato (León), and zone 3A for Guadalajara (less 
than 200 km from Colima). 

A ‘single-family house’ typology was used to 
generate the baseline for each case. The foundation, 
envelope, structure and finishes were considered. 
Electrical, hydraulic or any other installations were 
not considered. The structural criteria considered for 
each baseline is a cast-in-place concrete construction, 
with columns no more than 7.5 m apart. These 
baseline cases imply compliance with basic standards 
in terms of structural criteria. 

A comparative analysis of each case with the 
benchmark of a global home has been carried out. 
For this, the One Click LCA classification has been 
used. This benchmark accounts for embodied impacts 
relating to all building parts, except building 
technology and external areas. Data are included into 
the benchmarks based on mechanical and manual 
screening that considers consistency, completeness 
and plausibility. 

The databases used for construction materials are 
mainly based on Environmental Product Declarations 
(EPD) with a geographical scope to Mexico. However, 
data sources from other regions were used when 
they were not available for the Mexican context. 
 
3. ANALYSIS 

In Chiapas housing, the vertical structure, the 
exterior walls and the roof are the three main 
construction elements that contribute to the carbon 
footprint, with 26.0%, 17.8% and 12.9% respectively, 
concentrating 56.7% of the total. The reinforcing steel 
and concrete (of columns, beams and floor), the 
cement block pieces (of the interior and exterior 
walls) and the sheet metal (of the roof), are the 
materials that concentrate the largest amount of 
carbon footprint, with 33.1%, 19.5%, 11.7% and 
11.6% respectively. These materials concentrate 
75.9% of the total equivalent CO2 emissions (See 
figure 4). 

 

 
Figure 4: Sankey diagram, incorporated Carbon footprint of 
Chiapas’ case. 

 
In the Colima Housing, the floor, the exterior walls 

and the vertical structure are the three main 
construction elements that contribute to the carbon 
footprint, with 52.5%, 18.5% and 15.2% respectively, 
concentrating 86.1% of the total. As in the Chiapas 
case, reinforcing steel and concrete (for columns and 
floor), pieces of cement block (for interior and 
exterior walls) and metal sheet (for the roof) are the 
materials that concentrate the greatest carbon 
footprint, with 40.6%, 20.6%, 9.9% and 9.9% 
respectively. These materials concentrate 80.9% of 
the equivalent CO2 emissions (See figure 5). 

 

 
Figure 5: Sankey diagram, incorporated Carbon footprint of 
Colima’s case. 

 
In the Leon House, the floor, the exterior walls 

and the roof are the three main construction 
elements that contribute to the carbon footprint, 
with 30.4%, 27.2% and 22.5% respectively, 
concentrating 80.0% of the total. Similar to the 
previous cases, the reinforcing steel (of the floor and 
roof), the brick pieces (of the interior and exterior 
walls) and the concrete (of the floor and roof), are 
the materials that concentrate the largest carbon 
footprint, with 35.9%, 28.7% and 18.0% respectively. 
These materials concentrate 82.5% of the equivalent 
CO2 emissions (See figure 6). 

 

 
Figure 6: Sankey diagram, incorporated Carbon footprint of 
Leon case 

 
4. RESULTS 

The home in Leon city is the one with the largest 
incorporated carbon footprint, with 28.2 Ton CO2 eq. 
In second place is the house in Colima, with 10.2 Ton 
CO2 eq, and in third place is the house in Chiapas, 
with 8 Ton CO2 eq. Considering that the home located 
in León is the one with the highest incorporated 
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carbon footprint (100%), the home in Colima 
represents 36.2% of that Carbon footprint, while that 
in Chiapas represents only 28.4%. However, to 
effectively compare the cases analyzed, it is 
necessary to take the functional unit established in 
the study, the square meter of construction. The 
order of the results varies slightly with positions 2 
and 3: Leon with 435.2 kg CO2 eq/m2, Chiapas with 
165.5 kg CO2 eq/m2, and Colima with 164.9 kg CO2 
eq/m2. Carrying out the same comparative analysis, 
and the case of León being the highest (100%), the 
cases of Chiapas and Colima represent 38% and 
37.9% respectively (See figure 7). 

 

 
Figure 7: Carbon footprint incorporated into materials in the 
case studies. Column 1 Leon, 2 Chiapas and 3 Colima. 

 
In order to visualize the impact that these results 

would have, it is advisable to transform them into 
something more tangible. The following table shows 
the forest area that would be necessary for one year 
to mitigate the CO2 emitted by each home. An 
absorption of 0.84 Ton CO2 eq is considered for each 
acre of forest for one year (0.40 Has), according to 
data from the United States Environmental 
Protection Agency [7] 

 
Table 1: Forest area needed per year to mitigate 

CO2 for each case study (Has) 
Chiapas Case Colima Case Leon Case 

3.9 Has 4.9 Has 13.6 Has 

 
In the comparative analysis of each real case (RC) 

with its respective baseline (BL), the house in León 
has a carbon footprint slightly higher than that of the 
real case (401.23 ton CO2/m2 of the baseline and 
435.19 ton CO2/m2 of the real case). On the other 
hand, the real cases of Chiapas and Colima represent 
a much smaller impact than their respective 
baselines. For Chiapas, the real case represents 41.4% 
of its baseline, while for Colima, the real case 
represents 38.2% of its respective baseline. A possible 
explanation for this may be that these houses do not 
necessarily involve a structural design and calculation 
that would possibly lead to the incorporation of more 
materials that guarantee their structural resistance 
and probably promote better thermal performance. 
Once the results of all the cases considered are 
available, it is expected to know the influence of the 

different local materials on the respective carbon 
footprints and their performance concerning their 
respective base cases. 

 
Figure 8 shows the comparative analysis of all 

cases, by construction elements. It can be seen that 
the floor is the construction element with the 
greatest environmental impact in the real cases of 
Colima and Leon, while the columns are in the real 
case of Chiapas. In the real case of Leon, the exterior 
walls and the roof are the elements that also 
represent a considerable embodied carbon footprint 
(see section 3). In the baseline of each case, the roofs, 
beams and exterior walls are the elements with the 
largest carbon footprint. The real case of Leon stands 
out due to the large amount of reinforced concrete 
used, since both the roof and the floor are built with 
concrete, as is considered in the baseline. It is worth 
mentioning that the concrete used in the analysis of 
all real cases has been considered concrete and steel 
with virgin raw materials. That is, the use of recycled 
raw materials has not been considered. In this sense, 
it is possible that by considering a certain percentage 
of recycled raw materials, the carbon footprint of real 
cases could decrease. 

 

 
Figure 8: Incorporated Carbon footprint by construction 
elements in Real and Baseline cases. 

 
The case of the exterior walls also stands out, 

where in the real case of Leon they are built with 
mud brick, and in the case of Colima and Chiapas, 
they are built with cement blocks, which provide a 
lower embodied carbon footprint. However, even 
though 70% of the materials used in the analysis 
correspond to Mexico, it is necessary to mention that 
for the cement block, a dataset from the United Arab 
Emirates has been used, since the database available 
in the software One Click LCA did not have one from 
Mexico (fig. 9). 
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with its respective baseline (BL), the house in León 
has a carbon footprint slightly higher than that of the 
real case (401.23 ton CO2/m2 of the baseline and 
435.19 ton CO2/m2 of the real case). On the other 
hand, the real cases of Chiapas and Colima represent 
a much smaller impact than their respective 
baselines. For Chiapas, the real case represents 41.4% 
of its baseline, while for Colima, the real case 
represents 38.2% of its respective baseline. A possible 
explanation for this may be that these houses do not 
necessarily involve a structural design and calculation 
that would possibly lead to the incorporation of more 
materials that guarantee their structural resistance 
and probably promote better thermal performance. 
Once the results of all the cases considered are 
available, it is expected to know the influence of the 

different local materials on the respective carbon 
footprints and their performance concerning their 
respective base cases. 

 
Figure 8 shows the comparative analysis of all 

cases, by construction elements. It can be seen that 
the floor is the construction element with the 
greatest environmental impact in the real cases of 
Colima and Leon, while the columns are in the real 
case of Chiapas. In the real case of Leon, the exterior 
walls and the roof are the elements that also 
represent a considerable embodied carbon footprint 
(see section 3). In the baseline of each case, the roofs, 
beams and exterior walls are the elements with the 
largest carbon footprint. The real case of Leon stands 
out due to the large amount of reinforced concrete 
used, since both the roof and the floor are built with 
concrete, as is considered in the baseline. It is worth 
mentioning that the concrete used in the analysis of 
all real cases has been considered concrete and steel 
with virgin raw materials. That is, the use of recycled 
raw materials has not been considered. In this sense, 
it is possible that by considering a certain percentage 
of recycled raw materials, the carbon footprint of real 
cases could decrease. 

 

 
Figure 8: Incorporated Carbon footprint by construction 
elements in Real and Baseline cases. 

 
The case of the exterior walls also stands out, 

where in the real case of Leon they are built with 
mud brick, and in the case of Colima and Chiapas, 
they are built with cement blocks, which provide a 
lower embodied carbon footprint. However, even 
though 70% of the materials used in the analysis 
correspond to Mexico, it is necessary to mention that 
for the cement block, a dataset from the United Arab 
Emirates has been used, since the database available 
in the software One Click LCA did not have one from 
Mexico (fig. 9). 
 

 

 
Figure 9: Incorporated Carbon footprint by construction 
elements in real cases. Column 1 Chiapas, 2 Colima, and 3 
Guanajuato. 

 
The benchmark analysis shows that the Leon real 

case house belongs to category E, as it has an 
incorporated carbon footprint of 435.2 kg CO2 eq /m2, 
while the cases of Chiapas and Colima belong to 
category A, with 165 kg CO2 eq/m2 (fig. 10). 

 

 
Figure 10: Benchmark analysis of real cases, considering a 
global home typology. 
 
5. CONCLUSIONS 

The building sector represents the main 
contributor of CO2 worldwide, and is expected to 
continue growing as the world population does, 
mainly in developing countries such as Mexico. 
Although strategies and policies have been 
implemented aimed at ensuring a more sustainable 
and energy efficient housing sector, these actions 
have focused on the operational phase, leaving aside 
the rest of its life cycle, even more so, in informal 
housing. In this work, a diagnosis has been made of 
the carbon footprint incorporated in the construction 
materials of peri-urban housing, designed and built 
informally, that is, without the guidance or support of 
building specialists. 

Although the carbon footprint incorporated in the 
production phase of the cases presented has been 
calculated, it is necessary to complete the analysis 
and cover the complete life cycle of each home. This 
is necessary to know the implications of the materials 
in the operational phase of the homes, especially 
those related to thermal comfort in warm climates 
such as those found in these cities (Guanajuato, 

Colima and Chiapas). It will also be important to know 
the implications that these materials would have in 
the construction, replacement and maintenance 
phases. 

On the other hand, even though a wide-ranging 
software at an international level has been used (One 
Click LCA), which has data on materials in the 
Mexican context, it has not been possible to know in 
detail the characteristics of the information on these 
materials. due to the software configuration itself. 
Above all, with respect to those materials whose 
information source comes directly from the “internal 
database” of the software. Not so when the EPDs are 
used as a source of information, since these 
documents specify with sufficient clarity and 
transparency, the technical and geographical scope 
aspects that were considered when carrying out the 
respective LCA studies for those materials. 

Likewise, of the 55 construction 
materials/systems used in the three case studies, 70% 
have a geographical scope limited to Mexico, while 
the rest belong to the region of Europe, the United 
States, or United Arab Emirates. Even though these 
materials are, essentially, the same as those used in 
Mexico, the production processes of each one can 
vary significantly with the processes in Mexico, and 
with this, its carbon footprint.  

Thus, the need to have databases and LCA 
software for buildings, adapted to the Mexican 
reality, has to be a highlight of Mexico's construction 
materials research. This is precisely one of the main 
barriers that have been pointed out by various 
authors for the application of LCA in the Latin 
American region [8-11]. 

Conventional construction technologies in 
Mexico, adopted by rural and peri-urban 
communities in different parts of the country, make it 
difficult to adapt to each particular context, 
increasing the carbon footprint generated by one of 
them, and sometimes the ecological footprint by 
transferring from one to another. 

Solutions adapted to the local context, including 
materials, technology, and user practices, can move 
into improved habitat systems appropriate to where 
they are settled. 

This analysis of the carbon footprint on a micro 
scale, in the national context, will also allow the 
generation of a macro database in the future, in the 
construction sector, in which there is a lack of 
information. Globally, according to the Scopus 
publication base, a total of 1833 journal articles are 
revealed with focus on carbon footprint in the field of 
construction in general, of which only 115 (6% of the 
total) studies have a macro -level analysis of the 
construction sector (Cihat, and Kucukvar, 2020), 
which shows that there is a need to generate a 
greater amount of data that allows decisions to be 
made in popular housing policies, particularly in 
Mexico. 
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ABSTRACT: Restoring natural ecosystems and reconnecting natural and built environments might be our best ally in 
managing the impact and unpredictable effects of a changing climate. Designing a new urban paradigm, with mitigation 
and adaptation strategies in harmony with living systems at the forefront, will improve urban climate adaptation, 
resilience, and liveability and help reconnect humans with natural systems. In this context, the paper presents the 
investigation developed in the Hunter River and its Estuary (Australia), which serves as a model for medium-sized 
urbanised estuary cities in Australia, to identify critical threats and to propose spatial practices that reconnect natural 
and built environments at three scales of planning: catchment, urban, and precinct scales. Methodologically, the 
research is organised into two differentiated phases (i) the spatiotemporal analytical phase, which identifies 
vulnerabilities, challenges, and opportunities, synthesising key findings through mapping, and (ii) the projective phase, 
which formulates speculative adaptative design. The results present adaptation and mitigation strategies to respond 
systemically to areas under threat in a medium-long time frame adapting to sea level rise, preparing for extreme 
weather events, promoting climate-wise typologies, improving water and energy performance in buildings, and 
restoring and expanding ecological connectivity. 
KEYWORDS: Urbanised Estuary, Climate Change, Adaptation and Mitigation, WSUD. 
 
 

1. INTRODUCTION  
Urbanised estuaries are complex and highly 

dynamic systems, strongly modified by an intensive 
history of urbanisation, industrial and agricultural 
activity, and cultural exchange. Nevertheless, 
estuaries are a wealth of biodiversity, where fresh 
and saltwater converge, with invaluable ecosystem 
and natural values [1]. The consequences of the rapid 
industrial revolution and urbanisation are responsible 
for transforming or destroying natural habitats and 
the rich hydrological systems. Such ecosystems are 
critical in balancing the territory's sustainability, 
maintaining ecosystem services, and providing 
climate buffers [1, 2], amongst other benefits for 
humans and other species.  

The vulnerability in estuaries increases 
exponentially with the drastic intensification of 
climate-related events [3]. In Australia, since 1950, 
the climate patterns have evolved, increasing the 
frequency, intensity, and unpredictability of droughts 
and rain episodes, heatwaves, and bushfires, 
representing additional risks by affecting population 
health, safety, and lifestyle; the natural environment, 
and local and regional economies [4]. Moreover, 
rapid urban expansion means that major storms and 
floods now affect many more people and threaten 
the coastal infrastructure – particularly water, waste 
management, roads, and recreational facilities [5].  

Critical climate adaptation challenges include 
water security and quality issues in human and 
natural ecosystems [6], evidencing the magnitude of 
the problem and the vulnerability of estuaries and 

coastal cities, identified by the Intergovernmental 
Panel for Climate Change (IPCC) as the most exposed 
to potential climate change impact. The former 
situates climate and water issues, flood and drought, 
at the front of estuary sustainability and resilience 
debates, bringing attention to the importance of 
moving toward mitigation and adaptation measures 
in the built environment while supporting and 
enhancing nature to recover [7].  

The destruction of coastal and riverine 
ecosystems and climate threats compromise urban 
security and liveability [2, 8]. The problem is 
exacerbated in coastal communities oriented towards 
natural amenities and lifestyle since their 
“ecosystems have limited capacity to adapt and 
enhanced climate change impacts, threatened by 
habitats isolation, fragmentation, and intrusion of 
invasive species” [5]. Restoring natural ecosystems 
and reconnecting natural and built environments 
might be our best defence to manage climate 
change's impact and unpredictable effects. Designing 
a new urban and built environment paradigm, with 
mitigation and adaptation strategies in harmony with 
living systems at the forefront, will improve urban 
climate adaptation. Moreover, such strategies will 
enhance liveability, maintain the provision of other 
coastal services, including food [2], help reconnect 
humans with nature and natural systems, improve 
health and well-being, and ultimately support 
ecosystems and biodiversity.  

Drawing on these critical aspects, this paper 
presents the investigation developed in the Hunter 
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Estuary, New South Wales (NSW), Australia, where 
the City of Newcastle sits. The estuary is threatened 
by the severe modification of its hydrological and 
geomorphological systems, urbanisation pressures, 
air, water, and land contamination due to industrial 
and port activities, cultural and social challenges, and 
severe climate extremes. The scenarios under study 
include low-lying and reclaimed lands, eroded 
beaches and coastal areas threatened by extreme 
weather events, stormwater run-off, sea level rise 
and the risk of a potential tsunami, impacting the 
natural environment and man-made infrastructures, 
properties, and facilities. This research aims to 
identify critical threats and propose climate 
adaptation and mitigation practices that reconnect 
the natural and built environment, improve 
sustainability, and promote climate urban security. 

 
2. METHODS AND LITERATURE REVIEW 

The methodology integrates analytic research 
methods (identification, analysis, and synthesis) and 
projective-explorative methods (testing scenarios, 
strategies, and spatial design) [9]. The analytic-
research phase promotes a site-specific approach 
with a long-time span, working across scales to 
understand the estuary as part of a larger catchment. 
It incorporates mapping and geospatial data to 
synthesise and visualise geomorphological and 
hydrological changes and identify at-risk areas. 
Subsequently, it moves into a synthesis phase that 
helps identify spatial and planning challenges and 
areas of opportunity and, finally, a projective-
explorative phase that utilises design as a driver of 
knowledge. The research methods involved:  

(i) Primary archival, cartographic and data 
documentation – To analyse scientific, environmental 
and geomorphological studies at catchments and 
estuary scale [10-12]; and traversed with 
historiographic surveys and chronicles (The University 
of Newcastle Cultural Collection, the NSW State 
Library, and the National Library of Australia); and, 
geodata [13] and hazard and risk reports and 
database [14, 15]. Data compilation is translated into 
mapping to generate cartography that (a) unfolds the 
estuary evolution starting in early colonial surveys, 
and (b) interpolates data to identify areas at risk and 
areas of opportunity for climate adaptation. 

(ii) Australian, New South Wales and Local 
Government climate-related and hazard-related 
policies and legislation – To discern the national, 
state, and local statutory planning instruments 
containing climate change preparedness and 
mitigation provisions [5, 16-18]. 

(iii) Australian and international literature on 
climate change adaptation – To identify best or 
leading planning and design climate-related theories 
and practices. It targets practices that counteract 

inhabitation threats, improving built environments' 
climate resilience and liveability from technical and 
engineering approaches [19, 20], environmental and 
Nature-based Solutions (NbS) [21-23], and 
speculative adaptative design and planning [20, 24-
26]. 

 
3. CLIMATE MITIGATION AND ADAPTATION AS 
PLANNING DRIVERS. 

The IPCC alerts that even if mitigation measures 
were applied systemically and globally to reduce 
fossil fuel dependency and emissions, “anthropogenic 
warming and sea level rise would continue for 
centuries due to the timescales associated with 
climate processes” [25, 27]. Consequently, adaptation 
measures – to accommodate humans, built 
environment and natural systems to the impacts of 
climate change, and mitigation efforts – to reduce net 
carbon emissions and to limit climate change over 
time [5], are complementary for dealing with the 
impacts of climate change. However, they are not 
necessarily integrated or do not always work in the 
same direction and often depend on the scale of 
planning, as argued by Howard [28, 29].  

Despite the efforts of local governments in 
Australia and internationally to develop and 
implement innovative planning approaches that 
indirectly improve resilience to climate change [5], 
‘business as usual’ design and planning models are 
still in place. Standard practices in NSW are land 
clearing, instead of re-densification and infill, in 
existing precincts and new development. Often, 
developments occur in reclaimed and lowlands, such 
as the Broadmeadow Precinct in Newcastle, adopting 
minimal and questionable climate adaptation 
measures. Even though policies are changing rapidly, 
building codes and guidelines make 
recommendations for mitigation measures that are 
not compulsory yet, leaving essential building 
sustainability performance decisions to developers or 
individuals [4]. Moreover, urban adaptation 
strategies, such as water-sensitive urban design 
(WSUD) or nature-based solutions (NbS), are 
accepted and validated as efficient methods to 
increase resilience and are incorporated into policies 
and practices. However, they are not necessarily 
implemented systemically and interconnected. 

New or existing developments potentially 
impacted by adverse climate-related effects must be 
reconsidered at all planning levels, from territorial 
strategic planning to the master plan, precinct, and 
architecture policies and guidelines. Moreover, 
transitioning into a climate-resilient urban and 
suburban model demands a trans-governmental, 
trans-disciplinary, trans-agent, and multi-action 
adaptation and mitigation approach, considering 
short, medium, and long timeframes and adjusting 

280



 

Estuary, New South Wales (NSW), Australia, where 
the City of Newcastle sits. The estuary is threatened 
by the severe modification of its hydrological and 
geomorphological systems, urbanisation pressures, 
air, water, and land contamination due to industrial 
and port activities, cultural and social challenges, and 
severe climate extremes. The scenarios under study 
include low-lying and reclaimed lands, eroded 
beaches and coastal areas threatened by extreme 
weather events, stormwater run-off, sea level rise 
and the risk of a potential tsunami, impacting the 
natural environment and man-made infrastructures, 
properties, and facilities. This research aims to 
identify critical threats and propose climate 
adaptation and mitigation practices that reconnect 
the natural and built environment, improve 
sustainability, and promote climate urban security. 

 
2. METHODS AND LITERATURE REVIEW 

The methodology integrates analytic research 
methods (identification, analysis, and synthesis) and 
projective-explorative methods (testing scenarios, 
strategies, and spatial design) [9]. The analytic-
research phase promotes a site-specific approach 
with a long-time span, working across scales to 
understand the estuary as part of a larger catchment. 
It incorporates mapping and geospatial data to 
synthesise and visualise geomorphological and 
hydrological changes and identify at-risk areas. 
Subsequently, it moves into a synthesis phase that 
helps identify spatial and planning challenges and 
areas of opportunity and, finally, a projective-
explorative phase that utilises design as a driver of 
knowledge. The research methods involved:  

(i) Primary archival, cartographic and data 
documentation – To analyse scientific, environmental 
and geomorphological studies at catchments and 
estuary scale [10-12]; and traversed with 
historiographic surveys and chronicles (The University 
of Newcastle Cultural Collection, the NSW State 
Library, and the National Library of Australia); and, 
geodata [13] and hazard and risk reports and 
database [14, 15]. Data compilation is translated into 
mapping to generate cartography that (a) unfolds the 
estuary evolution starting in early colonial surveys, 
and (b) interpolates data to identify areas at risk and 
areas of opportunity for climate adaptation. 

(ii) Australian, New South Wales and Local 
Government climate-related and hazard-related 
policies and legislation – To discern the national, 
state, and local statutory planning instruments 
containing climate change preparedness and 
mitigation provisions [5, 16-18]. 

(iii) Australian and international literature on 
climate change adaptation – To identify best or 
leading planning and design climate-related theories 
and practices. It targets practices that counteract 

inhabitation threats, improving built environments' 
climate resilience and liveability from technical and 
engineering approaches [19, 20], environmental and 
Nature-based Solutions (NbS) [21-23], and 
speculative adaptative design and planning [20, 24-
26]. 

 
3. CLIMATE MITIGATION AND ADAPTATION AS 
PLANNING DRIVERS. 

The IPCC alerts that even if mitigation measures 
were applied systemically and globally to reduce 
fossil fuel dependency and emissions, “anthropogenic 
warming and sea level rise would continue for 
centuries due to the timescales associated with 
climate processes” [25, 27]. Consequently, adaptation 
measures – to accommodate humans, built 
environment and natural systems to the impacts of 
climate change, and mitigation efforts – to reduce net 
carbon emissions and to limit climate change over 
time [5], are complementary for dealing with the 
impacts of climate change. However, they are not 
necessarily integrated or do not always work in the 
same direction and often depend on the scale of 
planning, as argued by Howard [28, 29].  

Despite the efforts of local governments in 
Australia and internationally to develop and 
implement innovative planning approaches that 
indirectly improve resilience to climate change [5], 
‘business as usual’ design and planning models are 
still in place. Standard practices in NSW are land 
clearing, instead of re-densification and infill, in 
existing precincts and new development. Often, 
developments occur in reclaimed and lowlands, such 
as the Broadmeadow Precinct in Newcastle, adopting 
minimal and questionable climate adaptation 
measures. Even though policies are changing rapidly, 
building codes and guidelines make 
recommendations for mitigation measures that are 
not compulsory yet, leaving essential building 
sustainability performance decisions to developers or 
individuals [4]. Moreover, urban adaptation 
strategies, such as water-sensitive urban design 
(WSUD) or nature-based solutions (NbS), are 
accepted and validated as efficient methods to 
increase resilience and are incorporated into policies 
and practices. However, they are not necessarily 
implemented systemically and interconnected. 

New or existing developments potentially 
impacted by adverse climate-related effects must be 
reconsidered at all planning levels, from territorial 
strategic planning to the master plan, precinct, and 
architecture policies and guidelines. Moreover, 
transitioning into a climate-resilient urban and 
suburban model demands a trans-governmental, 
trans-disciplinary, trans-agent, and multi-action 
adaptation and mitigation approach, considering 
short, medium, and long timeframes and adjusting 

 

flexibly and dynamically to climate change. The 
research presented here operates at three scales: (i) 
the upstream Hunter River Basin (NSW, Australia) or 
catchment scale; (ii) Newcastle Local Governments 
Area (LGA) or Hunter Estuary scale; (iii) precinct/s and 
built environment scale. This approach helps to 
identify non-anticipated areas at risk and, building on 
these, propose site-specific and tailored mitigation 
and adaptation measures. 

 
3.1 Catchment scale 

For planning and spatial disciplines, it is critical to 
understand estuaries as part of a larger catchment, 
informed by their geomorphology, hydrology, and 
ecology. Devastating floods impacted the Hunter 
River and its Estuary in 1855, 1955, and 2022. The 
intensification of oceanic surges and storm events, 
such as the 2007 NSW Central Coast floods, are an 
increasing menace. Critical changes in the Hunter are 
the result of the engineering of the river after the 
Maitland floods (1955), the impact of deforestation 
for agriculture, stockbreeding and mining upstream, 
and land reclamation for port and industrial 
operations at the estuary. The colonial and capitalist 
growth destroyed and disconnected terrestrial and 
hydrologic habitats, depriving the river of new layers 
of alluvial soil and riparian vegetation [56][10], with 
severe implications for catchment and settlements' 
resilience to climate change.  

Decisions taken upstream, such as clearing, 
mining, and agricultural operations, and their 
countereffects, such as water discharge and 
contamination, threaten the Hunter Wetland 
National Park, listed under the Ramstad Convention, 
Hexham and other unprotected riverine and estuary 
ecosystems [11]. At the estuary, the Port of 
Newcastle exports coal responsible for 359.90 Mt of 
global carbon emissions yearly [42]. The Hunter 
energy and economy transition is discussed at all 
levels of governance, and it has international, 
national, regional, and local implications. 
Nevertheless, measures to mitigate industrial and 
agricultural intrusive practices are still under 
discussion without clear timeframes. The 
collaboration of local governments, organisations, 
and community in implementing mitigation and 
adaptation measures is critical to achieving: (i) The 
transition of the Hunter from a fossil fuel economy 
into a sustainable economic system, taking advantage 
of technological advances such as hydropower, wind, 
solar power, and biomass; (ii) The restoration of the 
biodiversity through reforestation, habitat protection, 
habitat connectivity, and the development of non-
polluting and localised industrial and agriculture 
models, including incentives for carbon capture or 
storage [5]; (iii) Adaptation and preparedness for 
extreme weather events like droughts and floods, sea 

level rise or tsunami, by restoring and expanding 
riverine ecological corridors and habitats that will act 
as flood defence and buffers of climate intensification 
and dramatic drought periods [23].  

 
3.2 LGA or Hunter Estuary scale  

The Hunter Estuary is part of the Newcastle’s 
Local Government Area. Critical zones at risk in the 
estuary result from man-made transformation over 
200 years of colonisation and industrialisation. The 
extraction of coal and the construction of the world’s 
largest coal port generated substantial changes in its 
hydrology and geomorphology. At this scale, 
mitigation and adaptation strategies are strongly 
conditioned by land reclamation, the urbanisation of 
lowlands, and the changes in flow dynamics and 
bathymetry. Numerical modelling associated with the 
Floodplain Risk Management Studies Field [20] 
assesses vulnerability and potential floodplain risks, 
measuring the intensity and probability of flood 
hazards influenced by flash flooding episodes due to 
rainfalls in the catchment, upstream river flood 
episodes, and oceanic inundation from high ocean 
tides and storm surges [72]. These hazards exclude 
SLR projections [22] and Tsunami projections [21], 
which have been interpolated in this study and 
crossed over with Probable Maximum Flood and Risk 
to Life predictions, as presented in Figure 1. The 
counterpart of drastic flooding and storm episodes 
are very intense drought periods, heat islands, and 
seasonal bushfires. 

 
Figure 1: Flooding Hazard Assessment maps including PMF 
Floodway, PMF Fringe, and PMF Storage [14]; 2100 Sea 
Level Rise (AHD +0.84 m); and Tsunami Predictions. 
Attribution: Irene Perez Lopez, licensed under CC BY-NC-ND 
4.0. 

To improve climate security, a range of 
sustainable and safety measures must be addressed 
locally. The unpredictability of climate evolution and 
the cost associated with implementing adaptation 
and mitigation measures make adaptation at the local 
scale a real challenge. Actions beyond the local 
government's legislative and financial capacity often 
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require a partnership with the state or national 
government [6] and community engagement through 
educational programs and incentives.  

In the Newcastle LGA, business-as-usual land use 
regulations promote car dependency, large 
transportation distances, investment in the 
infrastructure network, and urban expansion based 
on clearing and sprawl into forested and/or 
agricultural land. Changes in land use toward a 
climate mitigation strategy demand re-densification 
and infill in consolidated neighbourhoods, the 
implementation of the 15-minute neighbourhoods, 
the provision of reasonable alternatives to private 
mobility, and the increase of vegetation and forest 
coverage supporting carbon sequestration in peri-
urban areas. Such measures are discussed but have 
not been implemented in Newcastle or outside major 
capital cities in Australia. 

Site-specific adaptation strategies presented in 
this paper are the result of identifying critical areas at 
risk in the estuary and the lowlands over a long-time 
span, recognising the capacity of existing systems to 
adapt, and proposing new adaptation strategies 
based on the principles of: 

 (i) Treating water and natural systems as leverage 
[28]. The public domain offers opportunities to 
develop a blue-green public water-sensitive network 
reconnecting disconnected habitat. The strategy, 
presented in Figure 2, connects the urban fabric 
through a network of re-naturalised storm channels 
with urban public spaces, water bodies, and Nature 
Reserves. Such actions align well with flood 
adaptative development strategies to mitigate post-
emergency events, acting as buffer zones to protect 
the urban environment and enhance natural water 
systems [30, 31]. Measures help control runoff, 
alleviate urban heat island effects, increase 
infiltration by re-naturalising, using soft surfaces, and 
guarantee urban ecological connectivity [11]. 

(ii) Rethinking water as the ground of settlement 
[24] by providing a ‘Room to the River’ [25] instead of 
fighting against it. Community, public and vacant 
land, such as BHP's former industrial site, can 
accommodate room for the river’s flash flooding 
episodes and the predicted SLR footprint, as 
illustrated in Figure 2. Transformative actions will 
prepare the LGA for the impact and increase of storm 
events, coastal flooding, and sea level rise. This buffer 
provides opportunities to rethink hard edges and 
infrastructures, construct green embankments and 
levees, terraced floodable wetlands, and revegetate 
shores of creeks and floodable parks planted with 
riverine plants and mangroves that sequester carbon.  

More drastic approaches propose that urban 
hydrology must mimic the pre-urbanised or natural 
hydrological flows or manage retreat if other 
adaptation measures cannot protect a precinct.  
 

 
Figure 2: Green and Blue Infrastructure network addressing 
flood-related hazards and riverine connectivity. Attribution: 
Irene Perez Lopez, licensed under CC-BY-NC-ND 4.0. 
 
2.3 Precinct and dwelling scale  

Reclaim and lowlands, identified in Figure 1a, are 
at imminent risk of flooding and impacted 
periodically by ocean storm surges, tidal influences or 
threats by sea level rise projections that anticipate 
areas of the estuary permanently below sea level by 
2100 [73]. Reclaim lands at Carrington, Maryville, or 
Stockton, and floodplains such as Hamilton or 
National Park must address climate issues to reduce 
the hazards to life and potential future retreats.  

At this scale, mitigation measures must consider 
(i) the implementation of environmental standards, 
building codes and certification, already in practice in 
Australia but not compulsory yet; (ii) the optimisation 
of energy and water consumption through design and 
better usage; (iii) waste and wastewater regulation; 
and,(iv) the provision of renewable energy incentives, 
still below effective mitigation standards [5]. 

Adaptation requires a multiple-action approach, 
including responses to weather variability to cope 
with alternative dry and wet periods. At the precinct 
scale, areas at risk need to evolve into climate-
resilient suburb models through ‘water-wise’ dwelling 
typologies integrated within ‘water-sensitive’ 
precincts that incorporate WSUD strategies, 
stormwater, and wastewater management [23, 32, 
33]. Such measures increase safety by reducing runoff 
and peak flow in intense rain periods, decreasing 
drainage infrastructure costs, and, combined, 
consolidating a network of urban spaces connected 
through blue-green corridors to other green areas 
and local nature reserves that offer amenities and  
recreational opportunities.  

Due to the lowlands and reclaimed lands’ strategic 
location in the estuary, re-densification and infill 
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33]. Such measures increase safety by reducing runoff 
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developments are under construction, not necessarily 
responding to sustainable water and climate-related 
challenges. Innovative architectural design 
approaches (i.e., “water-wise” dwelling typologies) 
can help address urban water challenges such as 
flooding, water security, and urban heat islands. 
Dwelling and commercial must integrate water 
servicing technologies to minimise demand, reduce 
reliance on imported water [31, 34], promote a 
decentralised urban water system, harvest 
stormwater for reuse, mitigate the effects of changed 
hydrology, integrate technology such as water 
servicing technologies, and connect with a network of 
blue-green infrastructures [30]. Additional climate 
resilient measures include raising floor levels, 
waterproofing openings [35], removing fences, 
facilitating post-event water storage flows, reducing 
flood hazards, and incorporating solar energy, 
amongst other mitigation measures. 
 

 
Figure 3: Water Sensitive Urban Design. Attribution: Irene 
Perez Lopez, licensed under CC BY-NC-ND 4.0. 

 
4. DISCUSSION AND FUTURE RESEARCH 

The research prompts critical transformations in 
the urban realm and built environment by integrating 
adaptation and mitigation strategies to respond 
systemically to areas under threat at multiple scales, 
from catchment to urban and precinct scales, and in a 
medium-long time frame. The climate evolution and 
the exacerbation of climate-related events claim an 
urgent need for action incorporating mitigation and 
adaptation measures in the urban realms and the 
built environments to resolve climate-related urban 
security. The alternative to adaptation and mitigation 
is investing in post-disaster or ‘holding the line’ 
through hard edges and infrastructures that have 
probed negatively to solve climate-related hazards. 
More drastically, the alternative will be a retreat for 
many coastal and riverine cities in Australia. 

One of the key drivers of this research is to probe 
the importance of understanding estuaries as part of 
a larger catchment in planning and spatial disciplines. 
Estuaries are dynamic and complex systems 
dominated by socioeconomic, spatial, and cultural 
processes, as well as hydrological and ecological 
systems. Incorporating such complexity over time and 

space is fundamental in preparing and adapting cities 
in the climate century. In this sense, design and 
spatial disciplines can strongly contribute to climate 
adaptation by generating site-specific climate-
responsive projects while re-establishing the 
connection between built and natural environments 
and promoting well-being and cultural values. 

The challenge at the river basin scale is 
understanding the estuary as part of a larger 
catchment and integrating adaptation and mitigation 
measures as part of a medium-long-term territorial 
logic and vision. At the urban scale, the aim is to 
promote a new urban paradigm connecting 
hydrological and ecological systems with the built 
environment through a network of blue-green 
infrastructure. Finally, at the precinct and built 
environment scale, the research highlights the 
importance of reformulating residential/commercial 
areas into ‘climate-wise’ neighbourhoods 
harmoniously with a ‘water-sensitive’ urban realm, 
connecting the built environment with living systems.  

All these require investment in adaptation 
projects to implement and test the effectiveness of 
speculative and experimental models. Moreover, new 
interdisciplinary and multi-agent alliances involving 
the scientific community, policymakers, local and 
state government, and civil society are needed. it is 
critical a shift in governance, policies, and planning 
priorities, working towards spatial adaptation 
strategies instead of investing in emergency and post-
disaster. The approach demands flexibility to adapt to 
unpredictable and dynamic systems, including 
reforming planning policies toward flexible tools able 
to adapt and evolve with climate.  

Further research and implementation are 
essential to promote a new paradigm in the urban 
realm and architecture in the Anthropocene. In this 
sense, the study contributes to critical theories of 
urbanism and climate adaptation, working radically 
with natural systems and establishing water as a 
ground of settlement. The final aim is to translate this 
research and prototyping into guidelines and 
recommendations, establishing a planning framework 
for new developments.  
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ABSTRACT: In hot, arid countries like Oman, the climate reduces physical activity of residents and increases 
dependency on car transportation. Improving walkability requires studying outdoor thermal comfort and its 
relationship with microclimate. This study investigates the effects of alleyway geometry and water bodies on 
thermal microclimate. Evaporative cooling is a mechanism that can help in achieving a comfortable outdoor 
environment. This research focuses on the combined effect of evaporative cooling from a water body and the 
aspect ratio of an alleyway on the temperature at the pedestrian level. For simulation, computational fluid 
dynamics (CFD) was used, and the results were compared with the base case: an alleyway without a water body. 
The results showed that water features combined with a high height-to-width ratio can reduce temperature by up 
to 2.3°C.  
KEYWORDS: Outdoor thermal comfort, Alleyways, Evaporative cooling, Shading, Microclimate. 

1. INTRODUCTION
Oman is in the southeastern quarter of the Arabian 

Peninsula and has a hot, dry climate most of the year. 
The growing densities of urban cities are intensifying 
global climate change, affecting the microclimatic 
conditions of cities. The hotter conditions are 
discouraging people from spending time outdoors. 
Thermally comfortable pathways are necessary to 
encourage residents to walk and reduce their 
dependency on automated transportation. This is 
essential to achieving a sustainable city, but we are 
missing the required information to achieve this goal. 
Traditional Omani villages use passive design 
strategies like high aspect ratio, overhangs for shading, 
and water bodies such as Falaj (Figure 1) within the 
settlements that provide a microclimate with 
relatively comfortable conditions. The Falaj system is 
an irrigation infrastructure used in Oman. It consists of 
a small canal that transports water from one source to 
another by gravity.  

Figure 1: Falaj Al Khatmain, Birkat Al Mouz Village 
(source: authors) 

The thermal microclimate is affected by several 
environmental parameters like incident solar 
radiation, air temperature, humidity, and air velocity 
[1]. One of the passive strategies used to minimize 
incident solar radiation is shading. The amount of 
shading in an alleyway is affected by its aspect ratio 
(height-to-width ratio). A study conducted in a hot-
arid city in Algeria compared the urban environment 
of traditional alleyways and modern urban canyons. 
The aspect ratios of the alleyways and urban canyons 
were 2 and 0.6, respectively. Traditional alleyways 
managed to reduce the air temperature by up to 3 °C, 
whereas urban canyons resulted in increased air 
temperature by up to 4 °C [2]. Another research 
indicated that traditional structures provided better 
outdoor thermal comfort due to the shading and 
natural ventilation strategies integrated with their 
urban forms [3]. These studies validate the role of the 
high aspect ratio of buildings in protecting from 
radiation and reducing air temperature. 

A study was conducted by Oke (1988), a pioneer 
researcher in thermal microclimate, on airflow of 
different aspect ratios. The findings suggested that if 
the aspect ratio of a canyon is low, the air flows in and 
out with minimum disturbance. The airflow changes 
for narrower canyons, and a vortex is created, 
preventing air from flowing in or out [4].  
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Figure 2: Flow regimes associated with airflow over building 
arrays of increasing H/W: (a) Isolated roughness flow, (b) 
wake interference, and (c) skimming flow [4]. 

Based on the aspect ratio value, flow regimes are 
divided into three categories [4]: 

a. Isolated roughness flow (Figure 2. (a))
occurs when the height and spacing 
between buildings cause disturbance in 
airflow. 

b. Wake interference (Figure 2. (b)) occurs
when flows are disturbed, and secondary 
flows are deflected to the canyon.  

c. Skimming flow (Figure 2. (c)) occurs in a
high aspect ratio where a stable 
circulatory vortex is formed in the 
canyon. 

Therefore, when considering the aspect ratio, it is 
important to consider how it affects the airflow in an 
alleyway. Apart from shading, passive cooling 
strategies are also found in the traditional settlements 
of Oman. These strategies depend on the evaporation 
of water from a source, like trees or water features, 
creating a cooling effect and reducing the air 
temperature. An investigation of the effect of 
evaporative cooling from water bodies in an urban 
environment was conducted in Japan [5]. An 
experimental simulation was done to mimic the effect 
of the vapour transport mechanism from a water 
surface within an array of buildings. A reduction in 
temperature to a maximum of 2 °C was induced at the 
pedestrian level. It was concluded that at a wind 
velocity of 3 m/s and a height of 10 m, the effect of 
evaporative cooling could extend to an unobstructed 
distance of 100 m. Potential cooling of water features 
depends on solar radiation and evaporative cooling. 
Cooling drops with an increase in solar radiation or 
humidity.  

One of the methods of investigating the effect of 
these parameters is using a simulation model, such as 
computational fluid dynamics (CFD). CFD is a 
numerical simulation method that resolves the 
interaction of air, mass, and heat transmission with 
specific impediments, such as buildings. This approach 
is often used in urban microclimatic studies as it saves 
time and optimizes and fine-tunes the design. 

To the authors' knowledge, no research studies 
have examined the combined impact of evaporative 
cooling and aspect ratio at a pedestrian level on urban 
canyons under a hot and arid climate.  

This paper investigates the effect of shading from 
aspect ratio and evaporative cooling resulting from the 
existence of a water body. The optimum aspect ratio 
can be determined through investigation and 
numerical modelling using CFD. In this study, Star 
CCM+ software is used to analyse the parameters 
affecting outdoor urban microclimates.  

2. SITE
Oman has many different traditional settlements 

that have been preserved over the years. For this 
study, the model dimensions were chosen mainly 
based on a survey of the average aspect ratio in 
various villages in Oman (Table 1).   The aspect ratios 
are computed by averaging the sum of all individual 
measurements of height-to-width ratio.  

Table 1: Comparison of the aspect ratio of different 
traditional settlements in Oman. 

3. METHODOLOGY
This research used CFD to evaluate the effect of 

evaporative cooling from water bodies on improving 
thermal comfort at pedestrian levels’ alleyways. Two 
main scenarios were modelled: an alleyway with Falaj 
and another without Falaj. Several aspect ratios were 
modelled within each of these scenarios. 

An air domain of dimensions (192 m by 160 m by 
48 m) was modelled using STAR CCM+ (Figure 3) based 
on recommendations from a guidebook on CFD 
simulations [6]. In the case of a single wind direction, 
the border should be 5H between the inflow boundary 
and the investigated area and 10H between the 
outflow along with other boundaries and the 
investigated area, where H is the characteristic height 
of the buildings. The investigation was based on 
steady, incompressible turbulent flow. Reynolds-
Averaged Navier-Stokes equations (RANS) and 
realizable k- epsilon turbulence model were used as a 
closure for conversion equations [7]. 

In hot and arid regions, the primary heat source is 
solar radiation. Gray thermal and surface-to-surface 
radiation models were used to simulate radiant heat 
transmission. The solar radiation was computed using 
the solar calculator within the software by assigning a 
specific date, time, and geographic location. 

SETTLEMENT ASPECT RATIO 
Harat Al Khabt 1.17 

Misfat Al Abriyeen 1.76 
Harat Al Qasra 1.4 

Harat Al Msalamat 1.67 
Harat Al Saybani 1.5 

Harat Saija 1.5 
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Harat Al Qasra 1.4 
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Harat Al Saybani 1.5 
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For the domain of the air, the left, right, and top 
boundaries were modelled as slip walls. The inlet was 
set as velocity inlet, and the outlet was set as pressure 
outlet. The bottom of the domain was treated as 
ground soil with a thickness of 0.5 m. To simulate the 
atmospheric processes at the inflow boundary, the 
atmospheric boundary layer (ABL) flow of Richard and 
Hoxey was imposed [8]. 

Figure 3: Domain of computational model. 

An 80 m-long alleyway was modelled with different 
widths to vary the aspect ratios. The aspect ratios used 
were 1.45, 1.6, 1.8, 2, 2.3, and 2.6. Falaj size of 80 m 
by 0.5 m was used based on the typical geometry of 
Falaj found in Oman. It was positioned at the centre of 
the alleyway. 

For the domain, blocks, and water body, meshes of 
cell size 2 m, 0.5 m, and 0.3 m were used, respectively 
(Figure 4). The edges were applied with further finer 
mesh sizes. Surface remesher, polyhedral mesher, and 
prism layer mesher were used to refine the simulation 
mode. Results from the wind tunnel experiment by 
Hall are used to validate the mesh size through 
sensitivity analysis [9]. This was executed by modelling 
the experiment, running a simulation in CFD, and 
comparing the velocity profiles with the practical 
results. This analysis is done to establish a well-defined 
mesh that facilitates accurate flow simulations and 
ensures convergence.  

(a) 

(b) 
Figure 4: Grid mesh applied on (a) air domain, (b) alleyway. 

The falaj was treated as a 0.5 m deep body below 
ground level. The evaporative cooling was treated the 
heat exchange of water from the top surface of the 
falaj. It was evaluated as a source term. This process 
was divided into three parts: radiant heat transfer to 
surroundings, evaporative heat dissipation, and 
convective heat transfer with the air. The total heat 
exchange of the water surface (ϕ�) was calculated by 
[10]: 

ϕ� = ϕ� + ϕ� − ϕ� − ϕ� − ϕ�(1) 
ϕ� = 𝑙𝑙𝑙𝑙 − 𝑙𝑙 (2) 
ϕ� = 𝑙𝑙 − 𝑙𝑙ε��σ𝑙273 + 𝑡𝑡�𝑙 (3) 
ϕ� =  σε�𝑙273 + 𝑡𝑡�𝑙 (4) 
ϕ� =  ƒ𝑙𝑤𝑤�𝑙𝑙𝑒𝑒� − 𝑒𝑒�𝑙 (5) 
ϕ� =  0.47ƒ𝑙𝑤𝑤�𝑙𝑙𝑡𝑡� − 𝑡𝑡�𝑙 (6) 
e� =  𝑒𝑒�.����[ ���

����
+ c] (7) 

e� =  𝑒𝑒�.����[ ���
����

+ c] (8) 

ϕ�- incoming solar radiation, [W/m2]; 
ϕ� – incoming longwave radiation, [W/m2]; 
ϕ� – longwave radiation, [W/m2]; 
ϕ�- evaporative heat dissipation, (W/m2]; 
ϕ�- heat convection quantity, [W/m2]; 
𝑙𝑙- average solar radiation, [W/m2]; 
𝑙- reflectivity of water, shortwave; 
𝑙�- reflectivity of water, longwave; 
𝑤𝑤�- wind speed, [m/s]; 
ƒ𝑙𝑤𝑤�𝑙- function of wind, 9.2 + 0.46wz2; 
𝑒𝑒�- evaporative pressure of water; 
𝑒𝑒�- evaporative pressure of air, [mmHg]; 
σ- Stefan-Boltzmann constant, [W/m2.K4]; 
𝑡𝑡�- air temperature 2 m above the water surface, 

[°C]; 
𝑡𝑡�- temperature of water surface, [°C]; 
𝑇𝑇�- dewpoint temperature, [°C]; 
𝑇𝑇�- dewpoint temperature, [°C]; 
a, b and c are constants. 

Ground (soil) 

Air domain 

Water (Falaj) 

Building block 
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Table 1: Values used in numerical simulation. 
Parameter Value 

WIND VELOCITY 1 to 10m/s 
ROUGHNESS HEIGHT 0.05 

OUTDOOR AIR TEMPERATURE 45°C6 
INLET TEMPERATURE 43°C 

SURFACE TEMPERATURE 43°C 
SOLAR RADIATION 823.6 W/m2 with 

solar diffusion of 
0.4 

TRADITIONAL ALLEYWAY ALBEDO 0.5 
Z 10 
Σ 5.67 x 10-8 

W/m2.K4 

𝑻𝑻𝒔𝒔 20°C 
𝑻𝑻𝒅𝒅 9°C 
A 7.5 
C 0.6609 

BUILDING WALL THICKNESS 0.4m 
WALL MATERIAL (BRICK) THERMAL 

CONDUCTIVITY 
1.0 W/m-K 

ROOF THICKNESS 0.2m 
ROOF MATERIAL THERMAL 

CONDUCTIVITY 
1.0 W/m-K 

GROUND (SOIL) THERMAL 
CONDUCTIVITY 

2.7 W/m-K 

4. RESULTS

Table 3: Measurements obtained from fieldwork. 
Parameter Value 

Air temperature  45°C 
Water surface temperature 43°C 

Relative humidity  20% 
Wind speed  1 m/s 

Water temperature 46°C 

(a) 

(b)  
Figure 5: Temperature reductions in alleyway (a) with 
Falaj, and (b) without Falaj. 

Figure 6: Temperature within alleyway (a) without water (b) 
with water. 

(a) (b) 
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(a) (b) (a)  

(b) 
Figure 8: Plot of temperature measurement across the 
alleyway (a)without water, and (b) with water. 

The analytic results from Figure 5 show the 
temperature reductions for the two scenarios. The 
presence of the water body has a positive impact on 
the thermal condition of the alleyway. The reductions 
are highest at a wind speed of 1 m/s. Adding the water 
body to the model gave further temperature 
reductions up to 0.8 °C. At higher wind speeds, the 
effect of evaporative cooling on the temperature 
defuses. Besides, increasing the aspect ratio improves 

the thermal conditions due to minimum incoming 
solar radiation. For example, at an air speed of 1 m/s, 
the aspect ratio of 1.45 reduced the air temperature 
by 0.6 °C, whereas the reduction was 2.3°C for an 
aspect ratio of 2.6. It can be established that a higher 
aspect ratio of alleyways provides better protection 
against solar radiation. This effect is enhanced with an 
increase in wind speed. Figure 6 shows the 
temperature changes within the alleyway, with and 
without Falaj. The presence of water cooled the 
surroundings as the temperature around the building 
surface reduced due to evaporative cooling. This 
validates that water bodies provide a cooling effect 
depending on the proximity of the surroundings.  

The effect of different aspect ratios on airflow is 
shown in Figure at a wind speed of 5 m/s. When the 
air entered the alleyway, its speed reduced until a 
vortex was formed. The vortex was larger in narrow 
alleyways. This prevents the air from flowing in and 
out, reducing the ventilation rate and airflow at the 
pedestrian level, which can lower the walkability.  

Figure 8 displays the temperature changes across 
the alleyway measured using a line probe setup within 
the simulation. The temperature reduction 
throughout the canyon ranged from 0.5 °C to 1.3 °C. 
The lengthy shape of the Falaj provided an extended 
cooling effect across the street.  

5. CONCLUSION
The study was conducted to assess the effect of 

evaporative cooling and shading on the thermal 
microclimate of an alleyway to improve walkability. 
The following observations were taken: 

 Narrow canyons protect the street against
solar radiation, which can reduce the air
temperature within the street.

 Depending on the proximity, water features
provide a cooling effect to its surroundings.
This implies that the closer the water is to the
ground, the better effect it has at the
pedestrian level.

 Narrow alleyways are also associated with
interrupted airflow. This forms a vortex
within the canyon, which can cause
ventilation issues.

 Numerical simulations provide better and
faster insights into the thermal conditions of
urban environments.

Overall, combining the effect of shading from 
aspect ratio and evaporative cooling from water 
features optimally can help regulate the thermal 
microclimate for pedestrians. Investigations with 
further values of aspect ratios and different sizes of 
water bodies can provide clearer solutions for 
improving outdoor thermal comfort. After selecting 
the suitable pathway sizes, the cases can be applied to 
an urban model for a better and more realistic 

(a) (b) 

(c) 

Figure 7: Airflow and velocity in alleyway of aspect  

ratio (a) 2.6, (b) 1.8. (c) 0.5 
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understanding of the effects on microclimate.  These 
findings can be used to generate design guidelines for 
modern urban pathways.   
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ABSTRACT: This paper analyzes a series of studies and proposals for the municipality of Tepotzotlán in the outskirts of 
Mexico City, that have been developed using a geodesign methodology and bioclimatic design principles. The area is in 
the north west entrance to the Valley of Mexico where all major land routes from the north and center of the country 
are located. For this reason, uncontrolled industrial growth has happened next to the Mexico-Queretaro Highway, 
producing a major impact in the area of study. Industry has expanded on farmland, isolating the housing area and the 
historic core from their main communication roads and affecting environmental systems, particularly on its hydrology. A 
newly developed industrial zone (2015) that borders with the state park is a major concern, as it starts a trend for 
uncontrolled industrial development in both sides of the highway. 
KEYWORDS: Geodesign, Bioclimatic Architecture, Climate Change, Green Corridors, Tepotzotlán  
 
 

1. INTRODUCTION  
Mexico City’s Metropolitan Area is one of the 

largest in the world with a population of 21.8 million 
[1]. Tepotzotlan´s municipality is located in its north-
west edge. From 2005 to 2007, a group of academics 
and students from the Universidad Autonoma 
Metropolitana in Mexico City (UAM) developed a 
joint project with Harvard University´s Graduate 
School of Design called “Alternative Futures for 
Tepotzotlan”[2] that foresee three different scenarios 
for the territory in the future: adopting immediately 
corrective measures, a late adopting scenario and 
non-adoptive scenario of continuing development as 
it was. 

Given the fifteen years interval between scenarios 
of the study, the previous work is a valuable tool that 
allow us to evaluate past, present and future 
conditions (2005, 2020, 2035, 2050). Some of the 
proposals of this early study have been implemented, 
but others that were fundamental for environmental 
quality and sustainability of the area were ignored. 

Using this work as a base, the UAM team has 
continued to work in the area of Tepotzotlan for the 
last 18 years. Academic studies and proposals have 
slowly turned into environmentally conscious 
buildings such as a hospital, hotels and hostels, sports 
facilities and  housing; public spaces in the form of 
linear parks for rivers and ravines’ recovery projects; 
and regional planning official documents such as the 
land use allocation ordinance  that promotes Passive 
and Low Energy Architecture and GeoDesign as 
principles to develop climate resilience in the 
particularly complex and diverse urban environment 
of the growing edge of Mexico City´s Metropolitan 
Area. 

 
Figure 1: Location of Tepotzotlan, Mexico City’s 
Metropolitan Area parks and main highways 
 
2. GEODESIGN METHODOLOGY AND BIOCLIMATIC 
ARCHITECTURE PRINCIPLES 

In the north west area of Mexico City´s growing 
rim, some of the biggest challenges for twenty-first 
century’s design are present. Tepotzotlán´s urban 
zone and buildings need to adapt to social, political 
and economic challenges, while climate change 
creates harsh environmental conditions in 
temperature and rainfall that produce draught some 
years and landslides and flooding on others. It is 
important to develop the necessary resilience in the 
infrastructure and build spaces.  

Our approach is based on a design process that 
takes into account the physical and climatic 
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conditions of a place and considers the contributions 
of various professional and social groups, with the 
support of a methodology originally proposed by Carl 
Stenitz from Harvard University [3] and geo-
referenced information that takes advantage of new 
calculation and mathematical modeling programs.  

The geodesign methodology proposes the analysis 
and iteration of six models: representation, process, 
evaluation, change, impact and decision. They are 
associated to key questions, beginning with How 
should the study area be described? and ending on 
questions such as How should the area be changed?  

Using this methodology it is possible to identify 
trends in industrial activity, commercial areas and 
housing development needs; define a water 
management plan for rain water, drainage, the 
aquifer and water treatment plants; a solid waste 
strategy for recycling; the roll of protected natural 
areas and parks at a metropolitan level; the creation 
of “green corridors” that keep alive the natural 
hydrologic system in the form of linear parks; a 
comprehensive landscape management plan to 
preserve the desirability and beauty of the area 
including a sierra park with low impact activities; 
reforestation policies for eroded zones, etc.. 

Geodesign methodology has also been used to 
promote a participatory process that includes 
government at all levels, private initiative associated 
with industry and services, Non-Government 
Organizations, schools and universities. Several tools 
have been applied to fine tune the proposals process: 
workshops and analysis meetings with local groups, 
public expositions of proposals, site visits, printed 
material and even an elementary school children’s 
drawing contest called “How Tepotzotlan should be in 
20 years”, among others.   

On specific buildings that belong to the local 
government and the private sector, bioclimatic 
architecture principles have been proposed to 
provide natural ventilation, use local materials with 
appropriate U values such as a volcanic stone called 
“tepetate”, increase daylighting, reduce energy for 
climate control and install rainwater harvest systems. 
 
3. POPULATION GROWTH 

The accelerated growth of the population is 
already posing great challenges. Urban development 
and buildings need to adapt to a massive 
phenomenon of migration, population aging and new 
social behaviors. Vehicle traffic is intense and chaotic. 

In Tepotzotlán, population growth has increased 
the inequality of urban development, causing more 
than 25% of all housing units to be overcrowded. 
According to the Population and Housing Census of 
Mexico´s National Institute of Statistics and 
Geography, in the last 50 years the population 
increased from 13,000 inhabitants in 1960 to 104,000 
in 2020 equivalent to 8 times more inhabitants in just 

60 years [4]. This very fast population growth 
generates increased demand for services, education, 
employment and infrastructure, which will need to be 
effectively established to meet current and future 
needs, and sets an increasing pressure on its 
territory. That is why it is required an urban 
development plan using principles of geodesign and 
passive architecture [5] that can sustain the well-
being of its present and future inhabitants.  

 
Figure 2: Natural Protected Areas in the municipality of 
Tepotzotlan 
 

For this reason, Tepotzotlán presents enormous 
challenges to conserve and protect on its territory the 
important natural and historical assets of the 
Municipality. Nearly 50% of the municipality are state 
parks and productive farmland [6].  

At the same time, it houses precious historical 
buildings from the XVI and XVII centuries including 
one of the best-preserved baroque churches in the 
Jesuits College of Tepotzotlán that is now the 
National Museum of the Viceroy Period.  
 

 
Figure 3: Baroque Church of the National Museum of the 
Viceroy Period (XVII and XVIII centuries) 

 
There is enormous economic and political 

pressure to transform natural areas into urban and 
industrial uses and modify and sometimes destroy 
historical elements to give space to new buildings. 
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4. CLIMATE AND CLIMATE CHANGE  
 
4.1 Normal Weather Conditions 

In normal terms climate in the area varies from a 
lower east side (2220 meters above sea level) to a 
higher west portion (2880 m). As altitude increases, 
temperature falls and rainwater increase. In general, 
climate tends to be temperate in the daytime and 
cold at night year around, with the highest 
temperatures in spring months and lower 
temperatures in dryer and colder winter. There is a 
clear summer raining season from May to September 
with an average of 705 mm per year. [7] 

 
Figure 4: Psychometric Chart of Tepotzotlan (1991-2020), 

using Andrew Marsh tools 
 

 
Figure 5: Climate differences in Tepotzotlan’s territory 
 
4.2. Climate Change 

Climate change is a reality that is increasingly 
affecting life quality of life in Tepotzotlán. Its short-
term consequences can affect large areas of the 
municipality making some neighborhoods and 
buildings uninhabitable. 

Although temperature increase in the region has 
been moderate (0.8°C), there is a clear trend on 
annual rainfall increment. It the last 60 years, there is 
tendency for 28% more rain water. None the less, 
yearly variations are very significant: from a severe 

draught (less than 100 mm) in 1995 to intense rain 
above 1000 mm in 2002-2003 and from 2013 to 2016. 

 
Figure 6: Annual total rainfall 1961-2017  
 
5. FOOD 

The municipality has an important reserve of rich 
agricultural land that produces local food and two 
Natural Protected Areas that are fundamental for a 
healthier environment required for agriculture and 
urban development. None the less, land speculation, 
illegal invasions and wood extraction are major 
dangers for them. 

Some of the most important consequences of 
UAM team involvement from 2020 to 2023 are the 
new urban guidelines for the Municipality Land Use 
Allocation (Plan de Desarrollo Urbano Municipal 
2023) that have been approved as official law to 
provide protection of farmland in the western part of 
the municipality. They also mark and define 
development limits for state parks, woodland and 
natural areas.  

 
Figure 7: Urban Areas, Farmland and Parks in Tepotzotlan 
 
6. WATER AND ENERGY 

Water supply for a fast-growing population is one 
of the most important local issues as the water 
consumption approaches the limits of supply [8].  
New low-cost water technologies as rainwater 
harvesting, water reuse systems and water treatment 
have been tested.  

Although energy consumption per capita in the 
analysed territory (1,140 KWh/person year) is much 
less that in other parts of the country or Mexico´s City 
Metropolitan Area (average 2,186 KWh/person year) 
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[9] , the impact of increasing cost of energy in a low 
income population is reviewed from the perspective 
of affordability, life quality, efficiency, consumption 
and micro generation. 

Since 2021 another program to promote site 
sensitive passive energy housing designs in under way 
with construction guidelines and build demonstration 
examples of correct orientation, local materials, 
greenhouses, rain water harvesting, solar water 
heaters and other sustainable well know 
technologies. The main purpose is to generate 
architectural samples that will guide new 
urbanization and construction processes applying 
sustainable principles. This program is associated 
with the project “A Model of Social Production of 
Housing and Habitat” financed by the Mexico´s 
National Council for Science and Technology 
(CONAHCYT 2021-2024). The goal is not to produce 
“ideal prototypes” of new housing but to improve 
and adapt existing constructions and technologies to 
the local building traditions. At the same time 
develop in local inhabitants a hands-on experience of 
the benefits, cost and limitations of a sustainable 
approach to architecture.  

 
Figure 8: Self build housing units in Flores Magon 
Neighborhood, Tepotzotlan 
 

This program goals are to test solutions to today's 
problems in real examples and prevent the necessary 
adjustments for the immediate future.  
6. HEALTH 

 
In relation to respiratory infection deceases (such 

as SARS-COV-19) that are the main reason for death 
in the population, the project includes a new hospital, 
now under construction, to attend basic medical 
services. Its design has been developed by the UAM 
team. In this and other build examples air quality, 
indoor temperature and ventilation rates are top 
priorities 

 
Figure 9: Tepotzotlan Local Public Hospital under 
construction (2023) 
7. RESULTS 

None the less, through the last 18 years with the 
support of local governments and NGO´s, articles, 
official documents, divulgation materials and build 
projects have been produced. Among them the most 
important are: 
 
7.1 Development Plan 1994-1996.  

This plan was one of the first UAM supported 
works for Tepotzotlan. It was set as an official guiding 
document for a three years administration. 
Thoughtfully used by the local government produced 
good results in public works particularly basic 
infrastructure (water supply, pavement, electricity). It 
was awarded a price as one of the three best 
municipal plans of the State of Mexico. 
 
7.2. Development Plan 2004-2006.  

A second Municipal Plan was developed ten years 
later. Precisely during this administration, the 
Harvard-UAM project was started and a different 
approach was taken by local government, commercial 
activities and housing developers. Local problems 
associated with fast grow of population and industrial 
activity were evident and the plan considered a 
priority to limit the number of industries, improve 
public services and housing quality.  
 
7.3 Alternative Futures for Tepotzotlan 2005-2010 

The Harvard-UAM project had many relevant 
products. First in 2006 with a large 500 square meters 
exhibit at the National Museum of the Viceroy Period 
open for six months to the general public and visited 
by more than 20,000 people, particularly local 
inhabitants, primary and secondary local students. It 
was complemented by guided visits to the Sierra de 
Tepotzotlan and many of the historic constructions. 
Its main goal was to create consciousness in local 
population of their role on the actual problems and 
the future development.  

Later, in 2010, was published “Alternative Futures 
for Tepotzotlán”[2] with 2,000 copies that were 
distributed throughout the municipality. This 
document contains the data that supported the study 
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and a series of maps that illustrate it on the local 
territory.  
 
7.4. Municipal Urban Development Plan 2023 

Starting in 2019, the UAM team supported urban 
planning and development ordinances that were 
finally presented to the public in 2023 and approved 
by the State of Mexico´s deputies chamber in October 
of the same year [10 ]. 

This extensive document, has to comply with 
several laws and regulations on its development. 
However, it is a fundamental instrument for land 
allocation, as it specifies and limits the type of 
buildings, height and density of any new construction. 
It also defines urban and non-urban limits of the 
20,907 Hectares of municipal land. 

In order to accommodate the future population 
growth, a moderate increase in density has been 
proposed for specific parts of the urban area: 
reducing the minimum lot and increasing 
construction height from four to six meters. At the 
same time central historic cores have been defined 
for the three urban centres, identifying buildings with 
historic value, limiting height and activities and 
defining pedestrian areas among other measures to 
protect their historical character.  
 
7.5. Urban Projects 

At a large scale there are some important projects 
on the guidelines. A series of overpasses on the main 
highway to facilitate access of automobiles and trucks 
Others include water ways turned into pedestrian 
and bicycle roads. Water treatment plants that are 
required to keep water clean and visitors safe. 

A new highway access overpass was developed by 
the Federal Government with local government 
support. The overpass facilitates traffic to and from 
Mexico City, as well as the incoming flow of traffic 
from the region. 

A second highway over pass is now under 
construction to allow for a direct access from the 
Queretaro highway to the industrial zone. This 
element will remove traffic from the downtown area, 
separating trucks from cars. 
 
7.6. Green Corridors 

One of the key elements of the urban and regional 
proposals was the “green corridor” system. It has 
been difficult to implement them. However, the one 
kilometer first stage of “Rio Chiquito” green corridor 
has recently been finished and two other stages (2.5 
km) are currently under of construction. The fourteen 
kilometer “Zanja Real” linear park project is 
programed for 2024-2025. 

 
Figure 10: Rio Chiquito Linear Park (2023) 
 
7.7. Architectural Projects 

Several architectonic projects have been 
originated on the guidelines and concepts developed 
by the Harvard-UAM team. Specific projects were 
conceptually developed such as the municipal 
handicrafts market, small scale boutique hotels, a 
regional chain hotel at the entrance of the 
municipality from the Mexico Queretaro highway, a 
new regional bus terminal. All of them have been 
build. 

 

 
Figure 11: Polideportivo Tepotzotlan under construction 
(2023) 
 

The hospital and the multi-sports complex are 
currently under construction. The architectonic 
project and field supervision was developed by the 
UAM team. 

  
8. CONCLUSION  

Changing urban trends and architectonic elements 
is a slow process. Although it is clear, by the data 
available, that Tepotzotlan needs to adapt to a series 
of important changes and protect its natural and 
historic patrimony, the “late adaptive scenario” has 
been the best possible option.  

In some areas the “non-adaptive approach” 
seems to dominate, particularly in industrial 
development areas with their large economic and 
political power and the argument that industry brings 
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jobs and economic development, underestimating 
the large environmental impact and diminishing of 
local residents’ quality of life. 

None-the-less, as a result of this research, it has 
been possible to have a direct and indirect effect on 
the development of large industrial, urban and rural 
areas, particularly those with environmental and 
cultural value.  

Geodesign and sustainable low-energy 
architecture approaches are complementary, since it 
is impossible to talk about bioclimatic architecture 
without applying these same principles at the 
neighborhood, city and a regional scale in order to 
develop resilient places.  

There is a lot that has been achieved in the last 
twenty years. Normative instruments for sustainable 
development have been approved and are 
mandatory. The Municipal Urban Development Plan 
(2023), is now the basis for official normativity and 
regulation. However, it requires sensitive, well 
informed and intelligent officials to implement it 
correctly and sustain it in the mid and long term. 

On the other hand, strategic projects have been 
designed and built, such as the highway overpass, a 
large highway hotel, the regional bus central, a 
central market; and more recently, linear parks for 
the protection and use of natural water sources, a 
hospital and a multi-sports center.  

None-the-less, there are strategic projects that 
remain in their concept stage, such as the Zanja Real 
linear park; a large biological water treatment plant; 
the Rio Hondo pedestrian, bicycle and recreational 
project; a cycling street system and a truck and heavy 
traffic independent mobility plan, among others. 

There is still a lot of work to do. 
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ABSTRACT: In the next decade, London's planning authorities are aiming to build over half a million new 
households to meet the UK's surging housing demand. This future scenario poses a significant challenge to urban 
water security, exacerbated by new development pressures, the climate emergency, and the city's expanding 
population. Water Neutrality (WN) has emerged as a promising concept for assessing crucial urban water 
security indicators. However, while various studies have explored WN, there remains limited literature on its 
practical application across diverse urban scales and how it can inform decisions for the allocation of new urban 
development and retrofit solutions. This work introduces an innovative, data-driven approach to evaluate water-
neutral design options across different urban scales. The Water Neutrality Decision Support Tool (WaNetDST) 
prototype is presented as a pioneering solution capable of transitioning from city-wide assessments to individual 
urban development sites. Combining GIS spatial datasets and an aggregated scoring system, WaNetDST 
facilitates a comparative analysis for water-neutral development. It compares urban planners' preference with 
the potential for WN retrofit strategies to mitigate new development impacts. The outcomes generated by 
WaNetDST will reshape decision-making processes for Local Planning Authorities and housing developers, 
fostering new dialogues among city boroughs. 
KEYWORDS: Water Neutrality, Urban Planning, Decision-Support, Evaluation Tool, Spatial Allocation 

 
 
1. INTRODUCTION  

Integrating social and environmental dimensions 
with urban infrastructure systems is crucial for 
achieving sustainable urban development [1,2]. 
Within the decision-making process of the urban 
planning system, data is a compilation of information 
collected either in-situ or remotely, which is then 
transformed into evidence by key decision-makers 
[3,4]. However, this transformation process is heavily 
influenced by the governance and policy context that 
shapes strategic decisions in systemic design [5]. 

Systemic design is a developing approach that has 
advanced in recent years [6,7], which combines 
traditional design principles and systems thinking by 
encompassing a holistic and exhaustive analysis of 
the urban form elements. Systemic design sees the 
planning process as a whole and considers different 
planning aspects such as urban water management as 
one of the layers in the design of cities. 

With the advent of the digital era, there is a 
constant increase in the availability of raw spatial 
datasets in the UK from various sources (e.g., UK and 
London census, Central Government and local urban 
planning departments, British Geological Survey, 
etc.). However, most of these datasets are 
disaggregated and challenging to comprehend for key 
urban stakeholders [8]. In the context of urban water 

security, the available data often cannot be directly 
used for decision-making purposes as they do not 
provide direct information about changes in the 
urban water system, and most infrastructure 
solutions are based on specific urban scales [9]. 
Although the Greater London Authority (GLA) and 
Local Planning Authorities (LPAs) in several boroughs 
in the capital currently require evidence-based policy-
making for water-neutral strategies [8], there is a lack 
of knowledge on how to realistically implement WN 
across different urban scales [10,11]. 

Spatial allocation is a complex problem that 
involves multiple stakeholders and whole-system 
uncertainties [12]. Multi-Criteria Decision-Making 
(MCDM) methods are tools used in infrastructure 
planning to evaluate the balance between urban 
planning purposes and systemic design options [13]. 
While examples in the literature offer valuable 
indicators for different stakeholders, there is still 
limited evidence of a tool that integrates strategic 
decisions of systemic design and evaluates urban 
planners' preferences for new urban development 
and potential retrofit opportunities with water-neural 
design options [14].  

Combining the systemic design concept with the 
decision-making process for urban water neutrality 
will require integrated evaluation of often conflicting 
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criteria in a data-driven tool. In this work, a novel 
prototype of a Water Neutrality Decision-Support 
Tool (WaNetDST) is developed to inform diverse 
urban stakeholders about systemic design options 
and facilitate evaluation for water-neutral 
development. By assigning aggregated scoring values 
to selected spatial units, WaNetDST offers a 
quantitative and spatial approach to allocate new and 
retrofitting design options across different urban 
scales in London. Ultimately, the results from 
WaNetDST have the potential to transform the 
decision-making process for Local Planning 
Authorities (LPAs) and housing developers, fostering 
new dialogues among boroughs within the same city. 
 
2. CASE STUDY AREAS ACROSS SCALES 

The novel WaNetDST is intended to operate 
across different urban scales. From larger to smaller 
scales, the main areas of study in this work will be 
city, borough, and urban development site. At the city 
scale, the focus is on London, which is divided into 32 
boroughs, further sub-divided into smaller zones 
known as Lower Layer Super Output Areas (LSOAs) 
for statistical purposes. At the proof-of-concept stage 
of WaNetDST, all the information was collected and 
processed at the LSOA and borough levels. 
At the borough scale, the main case study area is the 
London Borough of Enfield (LBE) located in North 
London (Figure 1). Covering approximately 83 km2, 
the borough is composed of one-third residential 
houses, another third mainly consisting of Green Belt 
areas, and the remaining portion including 
commerce, industry, shops, transport, and other 
amenities [15]. LBE is known for its abundance of 
green spaces, particularly surrounding the Green Belt 
in the North, as well as water reservoirs in the East 
side [16]. 

 
Figure 1: Case study areas in WaNetDST from city to 
borough to urban development site scale focusing on the 
London Borough of Enfield (LBE) and Meridian Water 
Development Plan (MWDP). 
 

Within the LBE, several urban development 
projects are already underway, with the Meridian 
Water Development Plan (MWDP) being particularly 
notable. Spanning across an 85-ha site, this 
development aims to accommodate a total of 10,000 
homes and a railway station. The project is expected 

to take 20-25 years to complete, divided into four 
stages, with construction on the first stage already 
initiated in 2021. The majority of the MWDP site 
consists of brownfield land that was previously used 
for industrial purposes.  
 
3. MULTI-CRITERIA INTEGRATED EVALUATION 

The main objective of WaNetDST is to optimise 
the allocation of water-neutral developments. 
Initially, Local Planning Authorities (LPAs) may utilise 
the tool to generate scoring maps based on their 
preferences for new development areas and WN 
retrofitting opportunities. These quantitative maps 
then could serve as informative instruments for 
urban developers, who might initiate the systemic 
design process at early stages of development [17]. 
 
3.1 Water Neutrality Decision-Support Tool  

The prototype of WaNetDST includes two types of 
ruling categories: one based on urban planners' 
preference for allocating new urban development, 
and the other based on Water Neutrality (WN) 
retrofit opportunities (green boxes in Fig. 2). The 
rules for scoring the WN retrofit opportunity category 
are derived from literature and expert advice, while 
the rules for urban planners' preference scoring are 
based on feedback obtained from participatory 
workshops conducted as part of two large research 
programmes (i.e., CAMELLIA and VENTURA). The 
activities in these participatory workshops followed 
group model building principles [18]. 

Figure 2: Diagram of the Multi-Criteria Decision-Support 
Tool (MCDST) based on the urban planning purpose of 
Water Neutrality (WN). 
 

The functionality of WaNetDST is divided into 
three main phases, as illustrated in Fig. 2. In the first 
phase, a series of spatial datasets related to water-
neutral urban planning are selected and processed, 
and scoring rules are defined. These datasets are 
chosen based on the participatory workshops and 
meetings with water and geological experts 
conducted prior to the full development of the tool as 
part of CAMELLIA and VENTURA research 
programmes. Among publicly available options, three 
datasets for each WN indicator were identified as the 
most relevant (Table 1). Urban consumer demand is 
linked to population density, device efficiency, and 
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irrigation levels, while flood risk is linked to elevation, 
land permeability (represented by runoff coefficient), 
and surface water flooding. River water quality is 
linked to traffic density, sewage spills, and green area 
density.  
Table 1: Datasets introduced in WaNetDST, differentiating 
the type of data, if raw or processed, and its original source. 
The rows shaded in blue are the datasets that need to be 
processed from their raw sources. 

In the second phase, after processing the selected 
datasets (Table 1) and defining the general rules, logic 
statements and scores are assigned to each dataset in 
each ruling category. The scores for urban planners' 
preference in allocating new urban development are 
based on the physical and environmental properties 
of the land. On the other hand, the scores for WN 
retrofit opportunities are based on the potential of a 
specific site to mitigate urban water security impacts 
through WN design options implementation [14]. 

Finally, the third phase involves aggregating the 
scores obtained previously. This aggregation process 
results in a series of GIS location maps that will be 
utilised by housing developers during the early stages 
of the planning application process. Step 3 is sub-
divided in two sub-steps for spatial and numerical 
assessment (Fig. 2). In Step 3.1, individual maps are 
generated for each dataset, representing the scores 
for both the urban planners' preference and WN 
retrofit opportunity categories. In this first prototype, 
a total of eighteen individual maps are produced 
(nine for each ruling category), although this number 
may vary depending on the selected datasets. 
Subsequently, in Step 3.2, the scores from each 
dataset are averaged and combined to generate a 
single location map for each ruling category. In the  
proof-of-concept version of the tool, the weights 
assigned to each dataset are equal. The process for 

obtaining the aggregated scoring value within each 
ruling category follows Equation 1: 

Rul. Cat. SV = (Ʃ Dataset 1 SV x Weight 1 + Dataset [X] 
SV x Weight [X] + ...) / (Total Num. of Datasets [X])   

(1) 

where Rul. Cat. - Ruling Category; 
             SV - Scoring Value;  
             W(x) - Weight.  

In this first prototype of WaNetDST, a total of nine 
datasets linked to urban water security are used, and 
each dataset is assigned an equal weight of one. 
Upon completion of the process, users of WaNetDST 
will have the ability to assess multiple strategic areas 
or urban development sites within the city. 
 
3.2 Ruling categories visualisation 

In Step 2 of WaNetDST process (Fig. 2), after 
assigning the scoring values, the visualisation of 
location maps and their corresponding numerical 
values becomes crucial for the development of 
WaNetDST. Consistency and clarity are important 
aspects to ensure coherence across all the maps in 
WaNetDST. The information from the datasets is 
divided into five intervals, evenly distributed based 
on equal counts quantile. This approach, facilitated 
by the QGIS tool, organises groups with an equal 
quantity, resulting in evenly distributed shading on 
quantile-based maps. 
Table 2: Colour-coding used in WaNetDST for the Urban 
Planners Preference and Water Neutrality (WN) Retrofit 
Opportunity scoring following 5 rating intervals and scoring 
levels based on equal counts quantile distribution. 

To maintain consistency and facilitate 
interpretation of the scores across all location maps, 
a color-coding scheme is employed (Table 2). For the 
urban planners' preference scoring, a range of 
oranges and reds is utilised, with darker red 
indicating lower preference and lighter shades 
representing higher preference. Conversely, for the 
WN Retrofit Opportunity scoring, different shades of 
blue are used, with lighter blue indicating lower 
opportunity and darker shades indicating higher 
opportunity.  
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4. RESULTS 
4.1 Visualisation of processed datasets 

The processing of datasets in Step 1 of WaNetDST 
(Fig. 2) involves generating nine individual 
visualisation maps for each dataset before assigning 
any scoring value. These maps are considered crucial 
for understanding the water neutrality (WN) urban 
form properties. As an example, see the processed 
datasets for irrigation levels, traffic density and green 
area density are visually presented in the next Fig. 3. 

Figure 3: Example of three WaNetDST processed 
datasets visualisation maps informing about key WN urban 
form properties for urban water security evaluation and 
their average values of area index.  

4.2 Decision-support aggregated maps  
Upon processing the nine maps for each dataset 

(Section 4.1), scoring values are assigned to each 
dataset according to the logic statements in the 
second phase (Fig. 2). Their values are then 
aggregated using Eq. 1 and two overall aggregated 
maps are obtained at the city scale (one for urban 
planners' preference, and one for WN retrofit 
opportunity; Fig. 4).  

 
Figure 4: WaNetDST aggregated urban planners’ preference 
scoring map (a) and aggregated Water Neutrality (WN) 
retrofit opportunity scoring map (b) at London city scale 
following the aggregation of the nine datasets with London 
Borough of Enfield (LBE) boundaries marked in green. 
 
While establishing a clear pattern for WN purposes 
across the entire city is challenging (as each LSOA has 
its own properties derived from the datasets and 
rules integrated into the tool), a reduced preference 
for new urban development in numerous peri-urban 
zones is observed. These areas typically feature larger 
green spaces and existing houses (Fig. 4a). 
Conversely, the opportunities to implement new WN 
design options receive higher scores in the city centre 
and densely populated neighbourhoods characterised 
by paved, impervious areas and ageing infrastructure 
(Fig. 4b). The overall aggregated maps, like the ones 
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shown in Fig. 4, are intended to be included in the 
Local Plans by LPAs in subsequent stages of the work. 
They are aimed to serve as guidance for urban 
planners and housing developers in formulating 
various WN urban planning scenarios.  

 
5. DISCUSSION 

WaNetDST offers the capability for cross-scale 
evaluation, presenting significant potential to inform 
various urban stakeholders. Once the scoring maps 
for urban planners' preference and WN retrofit 
opportunity are obtained at the city scale, a 
conceptual virtual platform will be developed to 
seamlessly integrate the aggregated results from 
both scoring categories. This innovative virtual 
platform can take the form of a web-based interface 
or a plugin within QGIS, providing insights into WN 
synergies resulting from future urban development 
within a borough and its proposed new urban 
developments. 

WaNetDST serves as an informative decision-
support tool, offering both quantitative (numerical 
scoring results) and qualitative (visualisation maps) 
information. The results highlight the significance of 
urban distribution and design parameters in achieving 
WN targets within and outside development 
boundaries.  

The first prototype of WaNetDST presents, 
however, a series of limitations. Currently, the 
datasets used are open-source and publicly available, 
with manageable data sizes. However, in certain 
cases, the datasets might need special permission 
(licence) to be downloaded, be difficult to be shared 
with the public, or require special software to be 
processed. Datasets may also differ in resolution, 
with some boroughs having more detailed data on 
flood risk while others rely on national studies with 
larger resolutions.  

In the first prototype of WaNetDST, nine datasets 
are processed grouped by the three UWS indicators, 
but this number can be expanded in future iterations. 
Some examples of datasets that could influence the 
UWS indicators, and therefore WN levels, are 
orientation (linked to solar radiation and surface 
reflectance, which influence water quality and 
nutrients in micro-habitats); amount of rain (linked to 
the amount of water naturally received, therefore 
influencing the amount of water consumed from 
rainwater harvesting systems, and to the level of 
flood risk); climate (warm temperatures being linked 
to the amount of water consumed and water supply 
availability); level of income (linked to the amount of 
water consumed); or wastewater treatment plant 
technology (linked to the quality of the water 
released to the rivers and other natural water 
bodies); among others.  

Another limitation of WaNetDST is the subjectivity 
of input related to logic statements from experts and 
urban planners involved in its development. For 
instance, while most experts in participatory 
workshops agreed on the logic statement for 
population density (preferring high-density urban 
areas due to developed infrastructure and supply 
networks), some members believed the opposite 
could be argued, preferring to avoid additional 
pressure on already stressed areas. Furthermore, the 
primary users of WaNetDST at this stage are top-level 
decision-makers like LPAs and housing developers. 
However, future stages aim to incorporate a more 
inclusive bottom-up approach involving community 
groups and non-profit environmental organisations as 
part of the advisory board. 

One direction for future work in WaNetDST 
involves scoring aggregation at the borough level and 
the development of a trading system among 
boroughs within the same city. This would allow LPAs 
from different departments and governance bodies 
to trade based on their specific housing targets and 
current environmental properties. In the context of 
London, certain boroughs may face challenges in fully 
achieving their WN targets, such as having high 
housing targets but low WN retrofit opportunities. By 
implementing this trading system, boroughs might be 
able to trade with other planning authorities to 
implement required WN design options outside their 
boundaries. This trading system could potentially be 
transformed into a credit system, similar to nitrogen 
pollution credits, where boroughs will exchange WN 
credits based on their WN retrofit opportunity 
situation.  
Table 3: Capacity for water-neutral urban development 
table comparing the land-use types with the three tactical 
decision categories, where green tick means developable 
and red cross means non-developable. 

 
Furthermore, while the information in this proof-

of-concept stage was collected and processed at the 
LSOA and borough levels, future stages are expected 
to employ finer resolution maps and smaller spatial 
units. This would allow for more accurate opportunity 
scoring in WaNetDST, which can be linked to different 
types of land, such as greenfield, brownfield, or 
existing buildings. Connecting design options with 
land-use types will provide insights into the 
development capacity within each spatial unit. For 
example, implementing WN options in new homes 
would be feasible in greenfield and brownfield areas 
(new developable land), while retrofitting would only 
be possible in existing buildings (see Table 3). This 
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additional level of complexity and accuracy in the 
Decision-Support Tool (DST) results would enhance 
the understanding of the capacity for development in 
each specific spatial unit.  
 
6. CONCLUSION 

This work introduces an integrated evaluation 
toolkit called WaNetDST. The application of 
WaNetDST enables the optimal allocation of new 
urban developments while identifying environmental 
synergies across various urban scales. Its spatial 
allocation component has the potential to 
significantly reduce the environmental impacts of 
urban development in cities and foster public 
acceptance of transformative infrastructure 
interventions [17]. 

In its initial prototype, WaNetDST incorporates 
nine datasets linked to the three urban water security 
indicators (i.e., consumer demand, flood risk, and 
river water quality) and provides informative 
visualisations and numerical assessments of systemic 
conditions for achieving water neutrality in London.  

Future stages of the work will involve expanding 
the DST to include a larger number of more accurate 
datasets and incorporating input from additional 
stakeholders, such as Statutory Consultees and 
community groups, to benefit from their expert 
advice. Ultimately, the integration of WaNetDST with 
existing water-neutral infrastructure frameworks [14] 
will enhance participatory and systemic design 
approaches for sustainable urban planning. 
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In its initial prototype, WaNetDST incorporates 
nine datasets linked to the three urban water security 
indicators (i.e., consumer demand, flood risk, and 
river water quality) and provides informative 
visualisations and numerical assessments of systemic 
conditions for achieving water neutrality in London.  

Future stages of the work will involve expanding 
the DST to include a larger number of more accurate 
datasets and incorporating input from additional 
stakeholders, such as Statutory Consultees and 
community groups, to benefit from their expert 
advice. Ultimately, the integration of WaNetDST with 
existing water-neutral infrastructure frameworks [14] 
will enhance participatory and systemic design 
approaches for sustainable urban planning. 
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1. INTRODUCTION 
One of the most documented phenomena of 

urban climate change caused by urbanization is 
known as the “urban heat island” (UHI), which 
conventionally refers to the difference between the 
urban temperature and corresponding rural or 
suburban areas [1]. Today, UHI effects are a global 
concern and have been observed in cities regardless 
of their locations and size; Chicago, IL [2], Phoenix, AZ 
[3], Houston, TX [4] in the U.S., Beijing [5] and Xian [6] 
in China, Sydney [7] and Melbourne [8] in Australia, 
Stuttgart [9] Germany, and Dublin [10] Ireland to 
name a few. A number of factors contribute to the 
formation of the UHI; however, it is largely caused by 
low evapotranspiration, high solar radiation 
absorption, air flow blockage, and high anthropogenic 
heat release in cities [11]. The UHI effects threaten 
the health and productivity of urban populations and 
cause general discomfort, respiratory difficulties, and 
heat-related mortality in climatically diverse cities 
[12-15]. In addition, the rise in urban temperatures 
has a significant effect on building energy usage, 
leading to an increase in cooling energy needs by 10% 
to 120%, and a reduction in heating energy demands 
by 3% to 45% depending on location [16]. 

To measure the UHI intensity in different urban 
contexts, the conventional approach is to compare air 
temperature data gathered at one to two meters 

above ground for “urban” and “rural” conditions at 
two or more fixed sites and/or from mobile 
temperature surveys [1]. Utilizing this methodology, 
[17] examined a decade of air temperature data from 
five Berlin sites, finding pronounced night-time 
warmth in the city during summer and slight warmth 
throughout winter days compared to a reference site 
scattered with trees. Using urban and suburban 
weather data collected, [18] reported that UHI effects 
can double cooling loads and triple peak electricity 
loads for cooling in urban buildings in Athens, Greece. 
[19] studied the effect of the London Heat Island on 
heating and cooling energy in an office building 
across 24 locations, finding a 25% increase in cooling 
and a 22% decrease in heating needs in urban versus 
rural areas. [20] discovered that relocating buildings 
from suburban to urban areas in Manchester, UK, 
with average summer UHI, raised chiller energy 
demands by 9.4% to 12.2%, influenced by building 
design and glazing ratio. The study used data from 
iButton temperature sensors.  

A major challenge caused by the conventional 
approach of comparing air temperatures in urban and 
rural areas to analyse the UHI effects is the 
substantial variation in urban areas in terms of 
building density, surface types, and green spaces. To 
address this, the Local Climate Zones (LCZ) 
classification system [21] offers a standardized 
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method to categorize urban areas based on their 
physical and climatic attributes. The LCZ classification 
scheme recognizes 17 standard classes, 10 built types 
ranging from LCZ 1 to LCZ 10 and 7 land cover types 
ranging from LCZ A to LCZ G. Each LCZ type is 
associated with a typical range of parameter values 
that describe surface cover, building heights and 
street aspect ratio, etc. 

Another challenge in studying urban heat islands 
is the need for extensive measuring equipment and 
effort. To overcome this, modelling tools have been 
developed, such as the Urban Weather Generator 
(UWG) [22]. Utilizing the EnergyPlus building energy 
simulation engine [23] and incorporating the 
principles of the Town Energy Balance (TEB) model 
[24], the UWG considers urban characteristics, 
building properties, and anthropogenic heat for 
detailed urban temperature simulations. The model 
calculates hourly air temperature and humidity in 
urban canyons from measured weather data outside 
of urban areas. However, determining the ideal 
model size for accurate urban area simulations and 
the need for specific data inputs, especially when 
field data are unavailable, limits the use of the model. 
This can be particularly challenging for architects and 
building engineers in the early design phases, where 
time and resources are limited. To bridge these gaps, 
a novel methodology was proposed by [25], that 
couples the LCZ classification with the UWG. This 
approach generates modified weather data reflecting 
the unique thermal and morphological characteristics 
of each LCZ. Using the aforementioned methodology, 
this study aids in estimating UHI intensity at a 
neighbourhood scale, thereby enhancing the 
comprehension of UHI effects on building energy use. 
The modified weather data, suitable for use in 
standard energy simulation tools, were generated 
over a year of simulation at the LCZ scale with UWG 
providing urban-specific weather data. The data was 
then combined with Future Typical Meteorological 
weather data developed by [26]. Subsequently, this 
UHI-induced weather data, were incorporated into 
the Urban Modelling Interface (umi) developed by 
[27] to conduct an in-depth energy simulation of 
urban buildings.  
 
2. METHODOLOGY AND CASE STUDY 

Elevated temperatures in urban locales affect 
building energy performance through significantly 
increase in cooling loads and to some extent decrease 
building heating loads. In this context, understanding 
the intricate relationship between UHI and urban 
energy consumption is of paramount importance. 
This study provides a comprehensive understanding 
of UHI effects on urban building energy consumption, 
in a scale of urban neighbourhood focusing on the 
Capitol East, a low-income neighbourhood in the US 

Midwest city of Des Moines, IA. This neighbourhood 
was chosen as the pilot study area because of its 
unique socio-economic characteristics that 
potentially limit residents' adaptive capacity to 
regulate indoor temperatures, making it a 
representative case for many urban areas with similar 
challenges. The study utilizes both existing Typical 
Meteorological Year 3 (TMY3) [28] and future 
projected TMY climate data at the canopy level of the 
neighbourhood. Fig. 1 depicts the proposed workflow 
employed in this study, encompassing three 
fundamental stages: 

 
2.1 Step 1: Weather Data Simulation 

The initial phase was centred around hourly 
simulations of UHI intensities using both current 
TMY3 and future weather data. This was achieved by 
coupling the LCZ classification system with the UWG 
tool. According to the description provided by the LCZ 
classification dataset, the Capitol East neighbourhood 
is categorized as Open Low-Rise, LCZ 6 (Fig. 2) in 
which buildings are small, detached to attached in 
row, with 1 to 3 stories. Also, scattered trees and 
abundant plant coverage exist in LCZ 6. After 
extracting the urban characteristics data such as 
anthropogenic heat flux, surface albedo, and terrain 
roughness class from the LCZ dataset sheet, the 
neighbourhood 3D model [29, 30] was incorporated 
into the UWG. The UWG was initially developed in 
MATLAB, with later versions created in Python.  

 

 
Figure 1. Workflow to study UHI impacts on building energy 
consumption utilizing both TMY3 and projected Future TMY. 
 

Additionally, the Ladybug tools [31] introduced a 
user-friendly version of the UWG through Dragonfly, 
a Grasshopper 3D plugin, enabling urban designers to 
conduct climate and UHI modelling within the Rhino 
3D interface. To ensure a holistic representation of 
both buildings and trees, spatially explicit data from a 
complete inventory of 340 existing buildings and 

305



 

1142 trees (both yard and street trees) and buildings 
were added into the model. 

 
Figure 2. Images, 3-D illustration, and properties of LCZ6 - 
Open low-rise, for the Capitol East neighborhood, Des 
Moines, IA. 
 

Fig. 3 illustrates levels of data that the 
neighbourhood 3-D model includes. According to the 
assessor’s data collected for 340 buildings in the 
neighbourhood, 259 buildings had active air 
conditioning systems and 81 were naturally 
ventilated. In the UWG model, construction 
information detailing the material properties and 
performance of the entire structure was incorporated 
to represent conditioned buildings and their 
associated waste heat. Buildings without active air 
conditioning were treated as shading devices.  

 

 
Figure 3. Layers added into the neighborhood 3-D model. 
 

Consequently, 21 building templates, 13 for 
buildings with active AC and 8 for non-AC buildings, 
were generated in the UWG model to represent both 
commercial and residential buildings in the 
neighbourhood. After integrating required data, the 
UHI simulation were run for two scenarios of weather 
data; existing TMY 3 data recorded at the Des Moines 

airport and future TMY created by combining existing 
TMY data with model-projected changes in climate. 

The calendar-year-long simulation showed that 
the average annual UHI intensity was at 0.54° with 
the current weather data and 0.56°C for the future 
weather scenario. Moreover, the maximum UHI 
peaked at 12.4°C for the current scenario and 13.6°C 
for the future scenario, both occurring on February 
1st in the afternoon post-sunset. This pattern 
indicates a potential rise in urban heat effects in 
future conditions due to the changing climate. The 
generated weather data in this step, tagged as 
TMY3+UHI and FTMY+UHI formatted in EnergyPlus 
Weather (EPW), serve as the major input for the 
subsequent phase of this study. 
 
2.2 Step 2: Urban Building Energy Modelling (UBEM) 

To conduct the building energy simulation at the 
neighbourhood scale, the urban modelling interface 
(umi), a Rhinoceros-based urban modelling design 
tool, was employed. umi utilizes EnergyPlus as a 
simulation engine for buildings thermal simulation. 
umi is based on the Shoeboxer algorithm, a fully 
automated, reliable, abstracted, and rapid multizone 
urban simulation workflow to decrease the geometric 
complexity of thermal models and facilitate large-
scale urban simulations [32, 33]. Several recent 
studies [34-36] have employed umi to simulate 
energy usage within urban environments including 
the Grove Park neighbourhood of Atlanta, two 
neighbourhoods in Boston, MA, USA, and an area in 
Dublin city centre. 

Four main scenarios were designed for this study 
using four weather files: the current TMY3, 
TMY3+UHI, align with future projections FTMY and 
FTMY+UHI. The building construction materials and 
trees geometry were added in umi model based on 
the data gathered from the Assessor's office of the 
County.  

The city of Des Moines, IA falls under climate zone 
5A based on the International Energy Conservation 
Code (IECC), classifying it as a cold climate. The 
neighbourhood is characterized predominantly by 
single-family housing [37], has emerged as a focal 
point for revitalization efforts, led collaboratively by 
residents and city planners. Covering an area of 
282,778 square meters, the area's housing stock, 
dating back to the early 1900s, underscores an urgent 
need for enhancements [38-39]. 
 
2.3. Step 3: Comparative Data Analysis  

In order to examine the UHI impacts on the 
energy needs for heating, cooling, and their 
cumulative demand, an energy simulation framework 
was developed. This framework utilized four distinct 
weather data files: the current TMY3 and TMY3+UHI, 
in conjunction with future projections FTMY and 
FTMY+UHI. These were instrumental in performing 
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energy simulations using the umi software and the 
findings from this step are detailed in the following 
sections.  

Fig. 4 demonstrates that the UHI effects resulted 
in an increase of consumption for cooling by 7.31% in 
the current weather scenario and 2.77% for future 
projections for all buildings in the neighbourhood. 
The most significant rise in cooling energy 
requirements for all buildings occurred in April and 
May, a pattern consistent in both the current and 
future scenarios. In contrast, the heating demand 
exhibits a decline of 3.17% in the current scenario 
and 3.23% in the future scenario. This decrease was 
most pronounced in September and October for both 
the current and future scenarios. When the impacts 
of UHI are taken into account, the overall energy 
consumption (cooling + heating) shows a decrease of 
2.23% and 2.29% in the current and future scenarios, 
respectively. This translates to a fall from 4881 MWh 
to 4772 MWh in the current, and from 4405 MWh to 
4304 MWh in future scenario. The UHI effect 
consistently caused a decrease in heating 
requirements while simultaneously increasing the 
demand for cooling in both scenarios. Additionally, 
the overall energy consumption, when considering 
the UHI, is on a downward trend, with the decrease 
being nearly identical for both the current and future 
scenarios. 

Moreover, a sector-specific analysis of the UHI 
effect indicates subtle differences in energy 
consumption for both scenarios. In the residential 
sector, there was a decline in energy usage for 
combined heating and cooling purposes from 4094 
MWh to 3993 MWh, marking a 2.46% reduction for 
the current scenario, and from 3649 MWh to 3551 
MWh, showing a 2.71% decrease for the future 
scenario. Conversely, the commercial sector exhibited 
a modest downturn from 787 MWh to 778 MWh, 
amounting to a 1.11% decrease in the current 
scenario, and a marginal decline from 755 MWh to 
754 MWh, or 0.18%, in the future scenario. 

 

 
Figure 4. Actual and percentage change in cooling, heating, 
and combined energy consumption under four weather 
scenarios 

Delving into a comparative analysis between 
current and future energy scenarios, Fig. 5 depicts 
patterns of energy consumption for cooling, heating, 
and their cumulative effect across the four noted 

scenarios. These scenarios are arranged from the 
highest to the lowest total energy consumption, 
considering both the presence and absence of UHI 
effects. 

The initial scenario, using current TMY3 weather 
data without the UHI effect, shows the highest 
energy consumption. Simulations suggest a notable 
reduction of 9.75% in annual energy use when 
transitioning to the future scenario, with figures 
dropping from 4881 MWh to 4405 MWh. This change 
is marked by a 56% increase in cooling load and a 
16.27% decrease in heating load for neighbourhood 
buildings. 

Incorporating the UHI effect into both the current 
TMY3 and future TMY scenarios leads to a decline in 
total energy consumption, primarily due to a 
reduction in heating load, which is more significant 
than the increase in cooling load. By comparing 
current TMY3 with UHI effects to future TMY with 
UHI, an estimated 9.81% decrease in overall energy 
use, a 16.32% reduction in heating loads, and a 
49.79% increase in cooling loads are observed. 
Among these scenarios, the future weather data with 
the added UHI effect shows the lowest energy use for 
combined heating and cooling. 
 

 
Figure 5. Energy consumption comparison for cooling, 
heating, and combined energy under current and future 
weather scenarios with and without the UHI effect. 

 
The analysis between residential and commercial 

buildings indicates different impacts of projected 
changes. Under the future TMY scenario, residential 
buildings' cooling load is anticipated to rise by 75% 
compared to the current TMY3 scenario. However, 
this increase is reduced to 62% when the UHI effect is 
taken into account, comparing the current TMY3 with 
UHI against the FTMY with UHI. This reduction can be 
attributed to the fact that the difference between the 
future TMY and the current TMY3 already accounts 
for a significant temperature increase, which is 
further amplified in the scenarios with UHI. 
Commercial buildings, in contrast, exhibit a 36.4% 
increase in cooling load when comparing current and 
future data, with a slight increase to 36.6% when 
including the UHI effect. For heating, residential 
buildings are anticipated to have a 15.80% increase in 
demand from the current TMY3 to the future TMY, 
and a similar increase from the UHI-influenced 
current TMY3 to the future TMY. 
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3. DISCUSSION AND CONCLUSION 

This paper offers significant insights into UHI 
effects and their implications on building energy 
consumption at an urban scale. It described a three-
step methodology that involves simulating UHI 
intensity using standard TMY data and projected 
weather data, followed by integrating this modified 
weather data into urban building energy simulations. 
This architect-friendly approach highlights the 
importance of considering UHI effects in studies of 
building energy.  

The Capitol East neighbourhood, characterized as 
an Open Low-rise area, was modelled in detail, 
integrating both built and vegetative elements such 
as trees and grass areas to accurately represent the 
urban landscape. This detailed modelling, in 
conjunction with the method of integrating the LCZ 
classification system with the UWG model, allowed 
for the creation of weather data that not only 
reflected present conditions but also anticipated 
future shifts in UHI intensity. 

The following phase of urban building energy 
modelling provided crucial findings, specifically 
regarding the UHI's influence on energy consumption 
within the modelled buildings and the differential 
impacts on residential and commercial sectors. 
Specifically, the simulations estimated a 9.81% 
decrease in overall energy use, a 16.32% reduction in 
heating loads, and a 49.79% rise in cooling loads 
when comparing the UHI-influenced current weather 
data to future projections. Moreover, the UHI effect 
on the residential sector was particularly notable, as 
evidenced by an increase in cooling load of 75% in 
future scenarios, which decreased to 62% with the 
inclusion of UHI effects. The commercial sector, while 
also impacted, showed a consistent increase in 
cooling load of approximately 36% across both 
current and future scenarios, with and without UHI. 

The findings highlight significant challenges that 
urban planners and policymakers must navigate due 
to evolving climate conditions, underlining the 
importance of sustainable design practices that 
address both heating and cooling requirements. 
Future research should aim to apply this 
methodology across diverse climatic regions to 
uncover the different impacts of UHI in varying 
settings. Moreover, this study's focus was limited to a 
selected neighbourhood characterized as LC6-Open 
Low Rise. Broadening the scope of this research to 
include other LCZ built types, particularly downtown 
areas typically comprising compact high or mid-rise 
buildings, would offer deeper insights into the UHI 
effect on a range of building typologies, including 
mixed-use and office buildings. 
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1. INTRODUCTION  

Mainstream theory on urban sustainability has 
concluded that models based on concentration, 
diversity and high density are the most effective to 
reduce our carbon footprint [1]. They argue that 
concentration offers environmental, social and 
economic advantages. Moreover, the conventional 
approach mixes rural and suburban areas as if they 
followed similar patterns thus penalizing rural 
household’s energy consumption [2]. However, when 
we look into strictly rural lifestyles, the trend is 
reversed and rural regions are revealed and less 
dependent on fossil fuels [3], [4]. 

Despite the overwhelming attention to urban 
issues and progressive abandonment (Figure 1), the 
fact remains that nearly one third of the European 
population do not live in cities but in rural areas [5]. 
The Rural realm has its own challenges as it is 
currently experiencing radical transformations, not 
least rising energy prices and low income increase 
vulnerability and fuel poverty.  The research focuses 
on the potential of rural areas as energy generators 
to introduce a novel community-based service 
provision method that enables the environmental 
and social regeneration of rural settlements, 
delivering inclusive and self-sufficient habitats with a 
low carbon footprint.  
 
2. METHODOLOGY 

We apply an interdisciplinary approach that 
combines urban metabolism and a social perspective 
to investigate, plan and design alternative 
community-based service delivery. The investigation 
evaluates the viability of decentralized basic service 
provision (energy, water and social support) based on 
geographic, demographic and technical thresholds 
and parameters. The objective is to develop and test 

an integrated design methodology based on social 
and technical innovation as to enhance the 
implementation of these principles in architecture 
and urban planning.  

 
Figure 1 Population dynamics in Galicia between 1999-2022 
(each dot represents one settlement). The arrow indicates 
the location of the case study: Canicouva 

 
In this paper we describe a preliminary 

methodology to evaluate the potential energy self-
sufficiency applied to a case study: Canicouva, which 
is a small rural village located in Pontevedra, 
northwest Spain (Figure 1). First, we characterize the 
demand of the rural settlement, considering the 
building characteristics and users’ profiles. Then we 
investigate the available community-based systems 
that can meet the local energy needs and, eventually, 
generate a surplus. We aim to transcend the 
numerical exercise to integrate the landscape impact 
and land use implications of the different 
technologies. 
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2.1 Demand characterization 
We apply the urban energy model Litheum 
(litheum.citic.udc.es) to calculate the heating and 
lighting loads from domestic buildings. This model 
considers the built form and climatic conditions to 
produce quick estimates for large study areas. For 
end-uses other than thermal and lighting we assumed 
the average values from official statistics [6]. With 
these parameters we obtained a total annual energy 
demand of 3,178MWh, half of which is dedicated to 
space heating (Figure 2.  
 

 
Figure 2 Energy demand per month and end use from all 
buildings in the study area 

 
     Seasonal and daily fluctuations of the energy 
demand are relevant for the integration of renewable 
systems, since wind or solar availability vary greatly 
over these cycles. For the seasonal patterns (Figure 2 
) the main variation is caused by heating and, to a 
lesser extent, lighting. For the estimate of hourly 
loads in typical days we applied occupancy and usage 
schedules defined by Knight and Kreutzer [7] for 
European single family houses. When the loads are 
broken down it is possible to visualize the magnitude 
and timing of peaks as well as the uses that cause 
them (Fig. 3).   

 
Fig. 3 Hourly load characterization for the whole settlement in a 
typical winter day (MW) 
The demand for the existing buildings in their current 
state constitutes the base case (Figure 4). It would be 
illogical to tackle self-sufficiency only from the supply 
side, without applying energy conservation measures 

to reduce the demand at the unit level. Therefore, we 
created two additional demand scenarios:  
- Scenario 1. It assumes that all houses have been 
insulated and their systems have been updated, with 
more efficient technologies (e.g. LED, efficient boilers 
and appliances)  
-  Scenario 2. To the previous case, we add unit-level 
energy generation by rooftop solar PVs and 
collectors. The heat and energy generated would 
provide a further reduction in the energy demand to 
be met by the community-based facilities.  
The energy breakdown of the three scenarios, 
together with the energy supply from community 
systems are illustrated in the next section (Figure 6). 

 
Figure 4 Current energy demand from buildings in 
Canicouva 

 
2.2 Local energy generation 
2.2.1 Estimation of Biomass potential. Biomass is 
defined as any material of biological origin, including 
forests, crops and organic waste. Overall, the energy 
supply from biomass is estimated around 10% [8] and 
it’s been expanding in Europe in the last decade. 
Biomass can be used to generate heat or electricity. 
Biomass boilers have an efficiency in the order of 80-
90% while biomass fuelled power plants are in the 
region of 20-30%. When electricity and heat are 
combined they can reach up to 35% efficiency [9]. 
Energy biomass in forests can be obtained in two 
ways: Primary forest biomass, which is a by-product 
from forestry management (clearing, logging, 
thinning and cutting…) and energy crops, in which 
trees are grown with the specific purpose of energy 
generation [10].  
This research integrates a simplified method to 
estimate the biomass for energy potential in the 
study area, based on the presence of community 
owned land and managed forest. Forest Management 
Communities are organizations at Parish level or 
below to share and manage the communal land 
resources (mostly forest and pastures). They have a 
longstanding tradition in Galicia and membership is 
automatic for all households living in the parish or 
hamlet. The opportunities that they present for 
community led services and resource exploitation are 
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obvious and as such it has raised academic attention 
in recent years [11].  
An approximate estimate of the biomass energy 
potential in the territory associated to a rural 
settlement can be calculated in few steps. First, the 
land owned by the Forest Management Community 
(FMC) is identified from the regional registry [12] and 
mapped in GIS. Then, we use cartographic data from 
the National Forest Inventory [13] to differentiate the 
area owned by the FMC that is actually a managed 
forest. We used a Digital Elevation Model (DEM) to 
exclude those areas with a slope above 30% as they 
are not viable for exploitation [14]. We apply specific 
ratios for each species (Table 1) based on empirical 
studies [15] to calculate the biomass and equivalent 
energy potential from forest biomass. We also obtain 
an estimate from energy crops. We designate around 
40ha of the common land for this purpose. We apply 
a density of 20.000 trees/ha, which would produce 
around 13m³ of wood per hectare and year in this 
regional context [16]. 
 
Table 1 Biomass and energy ratios per hectare for the two 
main forestry species in Galicia 

Species Biomass ratio 
(Mg ha-1 year) 

Energy eq. (Gj 
Mg-1 year) 

Pinus 
Pinaster 0.65 18.1 

Eucalyptus 
Globulus 1.2 18.35 

2.2.2 Hydropower potential. Water has been a 
traditional energy source, mainly transforming kinetic 
energy into mechanical force applied to mills. The 
world’s first hydroelectric project was built in 
Northumberland, England in 1878 [17]. The 20th 
century witnessed an exponential increased of 
hydroelectric capacity in Spain, reaching over 12,000 
installed MW and nearly 30,000 GWh produced by 
1975 [18]. Galicia has currently 3,744MW of 
hydropower potential, 91% corresponding to 45 large 
plants (over 10MW) and 9% from 111 Micro-Hydro 
Power (MHP) plants [19]. The smallest registered 
plant is a generator that provides a net Power of 
20kW, while the largest one has a Net Power Capacity 
of 313MW. In the right conditions, MHP has a low 
environmental impact. Although it possible to design 
plants of-the-river (i.e. without changing the river 
water flow) smalls dams allow flexibility to store 
water and adapt the generation to the demand. 
These kind of dams were traditionally built for water-
mills. 
The power capacity of the MHP plant depends on two 
factors: head (level difference) and flow. Therefore, 
the ideal conditions occur along rivers with step 
profiles and narrow canyons, located in rainy regions. 
Galicia is on the most humid regions in Spain, with an 
average rainfall above 1,200 l/m² [20]. The study area 
has four streams in its territory, three of which 

converge in Ponte Novo river, which has an annual 
average flow of 470 l/s [21]. The ecological flow to 
minimize the impact on the river’s biodiversity ranges 
from 50 to 100l/s in the dry and humid seasons 
respectively. Leaving that aside we can estimate a 
potential average usable flow of 400l/s, with a 
maximum peak of 700l/s (0.7 m²/s) in December. 
The next step would be to identify the location of the 
different elements of the MHP plant with the 
minimum environmental impact. The turbine is 
located inside a powerhouse, which must be at a 
lower level than the intake. To maximize the head 
and, therefore, the potential energy, we can use a 
channel to divert the water upriver and a penstock to 
convey the water from the channel to the turbine. 
Given the gentle topography and narrow canyon of 
River Ponte Nova we draft a design that provides a 
net head of 20m (Error! Reference source not found. 
). 
With the previous parameters we can calculate the 
potential energy generation from the MHP plant 
using formula F.1 [22] : 

P = Ef · Wd · g · Q · H                              [F.1] 
Where:  
P is the power produced at the turbine shaft in kW 
Ef is the hydraulic efficiency of the system (around 0.6-0.8) 
g is the acceleration due to gravity (9.81m/s²) 
Q is the volume flow rate passing through the turbine (m³/s) 
H is the effective pressure head of water across the turbine (m) 
The resultant monthly values are summarized in 
Figure 5. The average power potential is 50kW. If we 
assume a Capacity Factor of 50-60% to translate the 
power into energy, we find that a potential 
generation of nearly 300MWh per year would be 
within reach. Given the fluctuation of the river flow, 
the construction of a small dam could both provide 
more flexible regulation and adaptation to the 
demand and an additional amenity to the village, as it 
could be used as a swimming area in summer. 

 
Figure 5 Hydropower potential of Ponte Nova river without 
water storage 
 
2.2.3. Solar Energy is the most abundant energy 
source. It is used directly, to passively warm up 
buildings, and indirectly, to heat up air or water in 
solar collectors. Although the capacity to create 
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obvious and as such it has raised academic attention 
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Table 1 Biomass and energy ratios per hectare for the two 
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Species Biomass ratio 
(Mg ha-1 year) 

Energy eq. (Gj 
Mg-1 year) 

Pinus 
Pinaster 0.65 18.1 

Eucalyptus 
Globulus 1.2 18.35 
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was discovered in the 1840s the first commercial 
solar cells were released in the United States in 1958 
[17]. Spain is the one the regions with greater solar 
potential in Europe but it is behind countries, such as 
Germany (66GW), Italy (25GW) or Netherlands 
(22GW), in the installed solar photovoltaic power, 
reaching 20GW in 2022 [23]. Registered photovoltaics 
systems in Galicia amount to almost negligible: 
136MW of installed power in 8,760 facilities, with an 
average of 16kW per installation [19]. The largest 
solar farms in central and south Spain reach up to 
500MW while only two plants are above 2MW in 
Galicia, which suggest a large growth potential.  The 
power of PV modules is given in watts as peak power 
(Wp), which is the output given for 1000W/m² and 
25ºC (typical summer day in north Spain). The daily 
performance is calculated by combining the available 
solar radiation and the system efficiency. A wide 
range of tools have been developed to make quick 
estimates of solar installations. In this study we 
selected PVGIS [24] and SMA Sunny Design [25]. We 
started by designing a 1000m² solar farm in a former 
football pitch owned by the local community.  The 
plant consists of 450 modules of 300W each for a 
total peak Power of Wp=135kWp. The annual energy 
yield, according to Sunny Design is nearly 200MWh. 
Although PVGIS tends to underestimate the energy 
generation (by mostly overestimating the system’s 
losses) it provides hourly data, which is useful to draw 
supply/demand comparisons. For our case, it 
estimates an annual energy yield of 180MWh. These 
results will be iterated, increasing the size of the plant 
with the objective of matching the demand with on-
site renewable technologies. 
 
2.2.4. Wind energy. Galicia is a windy region, highly 
exposed to constant northern winds in summer and 
strong although more irregular southern winds in 
winter. There are 174 wind farms with a total 
installed capacity of 3,886 MW [19], which makes an 
average of 22MW per plant. In 2022 they generated 
9,788GWh of electricity (56GWh per wind farm as 
average). One of these farms could yield nearly 20 
times the total energy demand of the study area. It is 
highly cost-efficient, and it does not cause significant 
greenhouse emissions, beyond manufacturing. 
However, the deployment of this technology has 
been subject of great controversy and local 
opposition. The visual impact of large turbines in rural 
landscapes and the acoustic pollution are the most 
frequent causes of disagreement. The side effects on 
wildlife, cattle and farming are also among the 
reasons given by conservationists and rural 
communities.  
The energy generated by wind turbines can be 
estimated once wind availability is determined and 
the turbine size and model are defined. We fetched 
wind data from the regional meteorological agency 

(meteogalicia.gal). It provides 10-minute data from 
the station located 10km south of the study area. 
Wind turbine’s suppliers provide information on the 
dimensions and power curve of commercial models, 
which can be used to calculate the energy production 
using formula F.2: 

P = 1/2· Cp·k3·ρ·A·v3                           [F.2] 
Where:  
P is the power output of the wind turbine in W 
Cp is the power coefficient of the turbine. 
k3 is the cube factor or energy pattern factor. 
ρ is air density (assumed as 1.225 kg/m³) 
A is the swept area of the blades (m²) 
v is wind speed (m/s)  
 
For this analysis we iterated over low and mid power 
generators as to balance visual impact and efficiency. 
However, the smallest turbines offering significant 
output were mid-power 100 kW turbine with 10m 
blades. We selected the model nED100 by Norvento 
[26], which generates around 140 MWh in the 
designed conditions. This is significantly below the 
average annual energy production of the wind 
turbines currently installed in the Galician landscape, 
which have a power capacity of nearly 1MW and 
generate above 2GWh.  
 
3. RESULTS 
The analysis of the community-based energy systems 
reveals the self-sufficient potential of the settlement 
since it is possible to generate more energy than the 
current demand within its associated territory (Figure 
6).  
 

 
Figure 6 Demand and supply from local energy generation 
in 3 scenarios 

 
The technology that delivers the greatest yield is 
biomass, with an annual energy production of 
1.4GWh just from conventional forestry operations. A 
designated energy crop of 42 ha could add another 
1.4GWh every year. The second most prolific system 
would be the wind farm. In a baseline scenario we 
designed 5 – 100kW turbines, which deliver nearly 
700MWh. By doubling the number of generators, it 
would be possible to obtain up to 1.4GWh of wind 
energy. It must be noted that the selected turbines 
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are below the average power that is currently being 
installed and that a much greater yield is achievable. 
However, we aimed to balance landscape integration 
with energy production. The baseline solar farm has 
10 modules that produce over 18MWh each, for a 
total 180MWh per year. It is possible to extend the 
solar farm beyond the former football pitch to 
accommodate 50 additional modules, so that the 
energy yield can increase to 1GWh/year. Hydropower 
offers a modest production of 290MWh per year, 
which could be potentially increased with pumped 
hydropower storage. The local stream is relatively 
small, but it is representative of the streams of the 
region (beyond large rivers already exploited).  

 
Figure 7 Diagram of the energy infrastructure and potential 
yield  

 
The total energy generated from all systems in the 
most productive scenario is 5.6GWh per year (Figure 
7), which show a 70% excess over the current 
demand and up to four times larger in scenario 3. If 
we consider the efficiency of building services as 0.8, 
the surplus would be approximately reduced to 40% 
respect to these values.    
Table 2 Energy density of the different energy technologies 

Technology Energy (MWh) Area (Ha) 

Energy 
density 

(MWh/ha) 
Biomass Forestry 1422 241 5.90 
Biomass Crops 1428 42 34.00 
Hydropower 290 0.6259 463.33 
Solar farm 10mod 180 0.17 1058.82 
Solar farm 60mod 1080 1.2 900.00 
Wind 5 turbines 690 102 6.76 
Wind 10 turbines 1380 188 7.34 

 
Interestingly, since we designated the specific 
location and spatial needs for each system, we can 
obtain the area of land that each technology requires 
(Table 2). From this point of view, solar technologies 
are the most land-efficient, since they yield an energy 
density around 1GWh/ha. These criteria also favour 
hydropower, which requires relatively little land as its 
elements (weir, channel, penstock…) are integrated in 
the riverbank and are compatible with other uses. 

Although the remaining systems are far behind, we 
must consider that low density systems are still viable 
in these rural regions, where large tracts of land are 
available.   
 

 
Figure 8 Hourly demand from buildings and potential supply 
from local energy sources for a typical winter day 

 
Finally, the hourly variation of power availability from 
the studied systems without energy storage is 
examined (Figure 8). Solar and wind present the 
larger fluctuations; hydropower has seasonal 
variations, but it remains stable on the daily cycle. 
Biomass is, by definition, energy stored in wood and, 
therefore, it can be distributed to match the demand. 
In this case we assume that biomass is used to fuel 
the heating system. Biomass, Hydropower and Solar 
could potentially provide enough energy by 
introducing simple storage (e.g. hot water tanks) that 
could satisfy the peak demand. Wind energy could 
then be avoided or fed into the grid.  
 
3. CONCLUSION 

This paper has defined a methodology to evaluate 
the energy self-sufficiency in rural areas based on 
community systems. It concludes that the land 
associated to rural settlements has potential to 
generate an energy surplus that could be exploited to 
reduce the carbon footprint and increase the welfare 
of their inhabitants.  
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ABSTRACT: This research addresses the critical issue of urban heat islands, in which urban areas experience 
significantly higher temperatures than their surroundings, adversely affecting human comfort and well-being. 
Focusing on Inglewood, a city neighboring Los Angeles, and Phoenix, Arizona, the study uses a comprehensive 
methodology involving microclimate analysis-based UTCI calculations to assess the impact of horizontal green 
surfaces and different levels of tree canopies on outdoor thermal stress mitigation. The results demonstrate that 
these interventions can effectively lower outdoor temperatures, reducing the heat island effect and heat stress 
levels and enhancing overall thermal comfort in the study areas. While the approach shows substantial mitigations 
in terms of strong and moderate heat stress, it may have a limited impact on extreme heat stress areas. The study 
provides urban planning strategies for integrating these interventions to create more sustainable and resilient 
urban environments, supporting policymakers and urban planners in their efforts to reduce the effects of urban 
heat islands. 
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1. INTRODUCTION 
Global climate change and the urban heat island 

effect pose a significant threat to human thermal 
comfort within urban areas. Research shows a rising 
trend in the intensity, duration, and frequency of heat 
waves in Los Angeles, attributed to ongoing global 
climate change [1]. For this reason, architects and 
urban designers have the responsibility of prioritizing 
measures to mitigate the Urban Heat Island (UHI) 
effect in their project designs.  

Urban heat islands are distinct areas within cities 
that exhibit significantly higher temperatures 
compared to their surrounding rural regions. This 
phenomenon is caused by various factors, such as 
insufficient vegetation that limits shade from tree 
canopies and the prevalence of hardscape surfaces like 
asphalt and concrete, which elevate both surface and 
ambient temperatures [2]. These factors contribute to 
trapping and retaining heat in urban environments, 
leading to extreme temperatures. Extreme heat can 
cause heat-related fatalities, increased wildfire risks, 
and heightened strain on the power grid [3] [4]. 
Understanding the complex interplay of these factors 
is important for developing effective sustainable 
design strategies to mitigate the adverse effects of 
urban heat islands and promote climate resilience. 

This research investigated how different 
combinations of horizontal green surfaces and tree 
canopies could address this issue. The primary 
objective of this study is to quantify the effect of 
implementing different combinations of horizontal 
green surfaces and tree canopies on the outdoor 

thermal comfort of the research area. This is achieved 
by comparing the heat mitigation potential of 
horizontal green surfaces and tree canopies utilizing 
the Universal Thermal Climate Index (UTCI) as the 
metric and comparing the results with a base case 
scenario for a typical hot day.  

The outcomes of this research provide guidelines 
for the effectiveness of implementing horizontal green 
surfaces and increasing tree canopy to alleviate 
outdoor thermal stress, aiding urban planners and 
policymakers in creating more sustainable and 
resilient urban environments. 

 
2. IMPACT OF GREEN SURFACES AND TREE CANOPY 
ON OUTDOOR COMFORT 

Urban environments exacerbate extreme heat 
conditions by virtue of the disproportionate presence 
of low-lying constructed surfaces compared to natural, 
non-manmade landscapes [5] [6]. 

Previous research demonstrates that 
neighborhoods with historical redlining tend to have 
higher temperatures, primarily attributed to their 
limited access to green spaces and mature tree 
canopies, which results in inadequate shade [7]. 
Another study shows that the combination of green 
infrastructure or green spaces in established urban 
areas has the potential to alleviate the urban heat 
island effect [8]. Urban green spaces provide a nature-
based remedy for thermal stress, with vegetated areas 
capable of reducing temperatures in urban 
environments [9] [10]. Salata et al. stated that in 
Rome, Italy, street trees and parks reduced air 
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ABSTRACT: This research addresses the critical issue of urban heat islands, in which urban areas experience 
significantly higher temperatures than their surroundings, adversely affecting human comfort and well-being. 
Focusing on Inglewood, a city neighboring Los Angeles, and Phoenix, Arizona, the study uses a comprehensive 
methodology involving microclimate analysis-based UTCI calculations to assess the impact of horizontal green 
surfaces and different levels of tree canopies on outdoor thermal stress mitigation. The results demonstrate that 
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in terms of strong and moderate heat stress, it may have a limited impact on extreme heat stress areas. The study 
provides urban planning strategies for integrating these interventions to create more sustainable and resilient 
urban environments, supporting policymakers and urban planners in their efforts to reduce the effects of urban 
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1. INTRODUCTION 
Global climate change and the urban heat island 

effect pose a significant threat to human thermal 
comfort within urban areas. Research shows a rising 
trend in the intensity, duration, and frequency of heat 
waves in Los Angeles, attributed to ongoing global 
climate change [1]. For this reason, architects and 
urban designers have the responsibility of prioritizing 
measures to mitigate the Urban Heat Island (UHI) 
effect in their project designs.  

Urban heat islands are distinct areas within cities 
that exhibit significantly higher temperatures 
compared to their surrounding rural regions. This 
phenomenon is caused by various factors, such as 
insufficient vegetation that limits shade from tree 
canopies and the prevalence of hardscape surfaces like 
asphalt and concrete, which elevate both surface and 
ambient temperatures [2]. These factors contribute to 
trapping and retaining heat in urban environments, 
leading to extreme temperatures. Extreme heat can 
cause heat-related fatalities, increased wildfire risks, 
and heightened strain on the power grid [3] [4]. 
Understanding the complex interplay of these factors 
is important for developing effective sustainable 
design strategies to mitigate the adverse effects of 
urban heat islands and promote climate resilience. 

This research investigated how different 
combinations of horizontal green surfaces and tree 
canopies could address this issue. The primary 
objective of this study is to quantify the effect of 
implementing different combinations of horizontal 
green surfaces and tree canopies on the outdoor 

thermal comfort of the research area. This is achieved 
by comparing the heat mitigation potential of 
horizontal green surfaces and tree canopies utilizing 
the Universal Thermal Climate Index (UTCI) as the 
metric and comparing the results with a base case 
scenario for a typical hot day.  

The outcomes of this research provide guidelines 
for the effectiveness of implementing horizontal green 
surfaces and increasing tree canopy to alleviate 
outdoor thermal stress, aiding urban planners and 
policymakers in creating more sustainable and 
resilient urban environments. 
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capable of reducing temperatures in urban 
environments [9] [10]. Salata et al. stated that in 
Rome, Italy, street trees and parks reduced air 

 

temperatures by up to 1.34°C, while Yan et al. 
mentioned that in Beijing, China, they achieved a 
cooling effect of 2.8°C, and Thorsson et al., said that in 
Chiba, Japan, the cooling effect was even more 
substantial at 3.0°C [11] [12] [13].  

Another study demonstrates that the vegetation in 
the canopy layer can improve thermal comfort by 
blocking direct solar gains and providing some 
evaporative cooling [14]. Additionally, research also 
demonstrates the benefits of green roofs in reducing 
the building cooling load [14] [15]. Further research 
into green roofs, canopies, and greened surfaces could 
help establish their role in mitigating urban heat 
stress. 
 
3. METHODOLOGY 

The methodology implemented in this research 
encompasses study area selection, data collection, 
ENVI-met modeling, BIO-met calculation, intervention 
implementation, thermal index comparison, and data 
analysis (Figure 1).  

The first step used Envi-met to construct a base 
model for Inglewood, Los Angeles. The base model 
encompasses building geometry, existing site features 
(roads, tree canopy, and green surfaces), material, and 
soil settings through data collection from diverse 
sources, such as geographical information system (GIS) 
data, satellite imagery, and aerial photographs, 
providing the required inputs for an accurate 
representation of the site's geometry and features. 

The second step involves the targeted intervention 
in the base model by modifying the tree canopy, green 
surfaces, and the weather file to create new case 
models. This intervention aims to explore the potential 
impacts of alterations to these components on 
outdoor thermal conditions. 

Subsequently, in the third step, simulations are 
conducted using both the base model and the 
modified scenario models. BIO-met facilitates a 
comprehensive simulation process, allowing for the 
calculation of the Universal Thermal Climate Index 
(UTCI). 

In the fourth step, results from the simulations of 
the base model and the modified scenario model are 
analyzed and compared. This comparative assessment 
forms the basis for drawing conclusions regarding the 
effectiveness of the interventions and their 
implications for outdoor microclimate conditions.  

 

 
Figure 1 Methodology flow chart for microclimate study 
 
3.1 Simulation model and parameters 

ENVI-met is a microclimate simulation software 
that is used for urban planning [16]. The modeling 
processes were conducted in ENVI-met Space. The 
existing site, including its trees, roads, and buildings, is 
accurately modeled within the software to create the 
baseline scenario, serving as the model base for 
subsequent simulations (Table 1).  

Modifications are made to the simulated model by 
incorporating horizontal green surfaces and increasing 
the tree canopy. The design and placement of these 
interventions adhere to predetermined guidelines and 
considerations to ensure their effectiveness in 
mitigating outdoor thermal stress.  

Another set of studies used the same baseline site 
conditions and modified models but replaced weather 
forcing by using the Phoenix, Arizona weather file.  

 
 
 
 
 

Table 1 Model Settings in Envi-Met Spaces. 

Model set-up Settings Area 

Existing trees 29 cylindric medium 
trunk sparse and 

Tree cover= 
1827m2                                       
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medium 15 m 
(deciduous) 

Site canopy =  
3.52%                             

Buildings 44 building (4-9 m)                                      
Material: moderate 
insulation wall    Tile 
roof, Clear Float Glass 

13143 m2 (25.3 % 
footprint) 

Grid resolution 
and model 
domain 

x*y*z: 3m*3m*3m Site:231m*225m 
(*45m) 

Soil Sandy loam 13788m2 (26.5%) 

Horizontal 
Green Surfaces 
(applied in roof 
and ground)  

Grass 25cm average 
dense on ground 
Greenings with air 
gap sandy loam 
substrate on roof                                

2439 m2 (4.7%) 

Road/walkway Asphalt 22344 m2 (43%) 
Weather file USA_CA_Hawthorne.Muni.AP-

Northrop.Field.722956_TMYx.2007-
2021.epw                       
USA_AZ_Phoenix-
Sky.Harbor.Intl.AP.722780_TMYx.2007-
2021.epw 

 
3.2 Simulation index 

The Universal thermal climate index (UTCI) 
describes the environmental temperature equivalent 
determined with a reference environment. This index 
is defined as the reference environment's air 
temperature that results in an identical strain index 
value when compared to the response of the 
reference individual in the actual environment. UTCI is 
widely acknowledged as one of the most 
comprehensive metric for assessing heat stress in 
outdoor thermal comfort. This index was formulated 
to establish a standardized criterion for evaluating 
heat stress within the context of human meteorology. 
UTCI is classified into ten categories, ranging from 
extreme cold stress to extreme heat stress (Table 2) 
[17] [18].  

 
Table 2 Universal thermal climate index 

UTCI (°C) range Stress Category heat 
above 46 extreme heat stress 
38 to 46 very strong heat stress 
32 to 38 strong heat stress 
26 to 32 moderate heat stress 
9 to 26 no thermal stress 
0 to 9 slight cold stress 
-13 to 0 moderate cold stress 
-27 to -13 strong cold stress 
-40 to -27 very strong cold stress 
below -40 extreme cold stress 

 
BIO-met within the ENVI-met is used to calculate 

Universal thermal climate index (UTCI) (Figure 2). This 
provides objective measures of human thermal 

comfort and serves as the key indicator for evaluating 
the impact of interventions.  

 

 
Figure 2 Model setting parameters in Envi-Met Bio-Met. 

 
4. CASE STUDIES 

Los Angeles has a Mediterranean climate with 
mild, wet winters and warm to hot, dry summers, 
featuring moderate temperature variations. 
Meanwhile, in the Sonoran Desert, Phoenix 
experiences a hot desert climate with extreme 
summer heat, mild winters, low humidity, and minimal 
precipitation. Despite these differences in climate 
classification, both cities grapple with the formidable 
challenge of urban heat stress, which is exacerbated 
by the scorching temperatures they encounter. By 
choosing these two cities, the study aims to explore 
how green infrastructure interventions can address 
the shared issue of extreme heat and enhance outdoor 
thermal comfort, offering insights that can be applied 
not only to these cities but also to other hot desert 
climate regions worldwide. 

With the consideration of the integration of trees, 
grass, and green roofs within the plannable urban 
areas, the first segment of the study utilizes the 
Inglewood weather file in conjunction with nine 
distinct model configurations, each with varying levels 
of green surface and tree canopies combinations 
(Figure 3). The second segment of the research uses 
the Phoenix weather file and employs an existing 
model as the baseline, alongside a single modified 
model that incorporates maximum tree canopy, 
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maximum grass coverage, and maximum green roof 
implementation. 

 

 
Figure 3 Intervention models used for simulations.  

The Universal Thermal Climate Index (UTCI) is 
calculated for both the baseline scenario and the 
scenarios with interventions. These models represent 

an array of urban design configurations, including 
differing levels of tree canopy, grass cover, and living 
roofs. Model A1 features a 50% tree canopy, while 
Model A2 pushes the boundaries with maximum tree 
canopy coverage. Models A3 and A4 introduce 
maximum grass coverage and a combination of 
maximum grass and a 50% living roof, respectively. As 
progress through the models, they become 
increasingly complex, culminating in Model A9, which 
incorporates maximum grass, maximum tree canopy, 
and maximum living roof coverage. The chosen 
simulation date is October 15th at 12:00 PM, and the 
simulation height is 1.5 meter. A comparative analysis 
is then conducted to assess the level of thermal stress 
mitigation achieved by the interventions. The results 
are evaluated and analyzed using data mining and 
visual representations to make comparisons. 
 
5. RESULTS 

To assess the impact of implementing horizontal 
green surfaces and increasing tree canopy on outdoor 
thermal stress mitigation, UTCI is calculated for ten 
different models, including the base model and nine 
new models with different combinations and levels of 
intervention of horizontal green surfaces and tree 
canopies. The calculated UTCI values enable the 
quantification of the percentage of strong heat stress, 
moderate heat stress, and no heat stress within the 
study area, comparing these percentages with those 
obtained from the base model. The results show the 
effectiveness of these interventions in reducing heat 
stress levels and improving thermal comfort in the 
study area (Table 2, Table 3, Figure 4, and Figure 5). 

 
Table 3 Results and UTCI comparison for Inglewood (Model 
A1: 50% Tree Canopy,  Model A2: Max Tree Canopy, Model 
A3: Max Grass, Model A4: Max Grass & 50% Living Roof, 
Model A5: Max Grass & Max Living Roof, Model A6: Max 
Grass & 50% Tree Canopy, Model A7: Max Grass & Max Tree 
Canopy, Model A8: Max Grass & Max Tree Canopy & 50% 
Living Roof, Model A9: Max Grass & Max Tree Canopy & Max 
Living Roof) 
 

Percentage Reduction of Heat Stress 
Heat Stress Category Strong  Moderate  None 
Model A1  10.68 -10.68 0 
Model A2 18.48 -18.4 -0.07 
Model A3 0.31 -0.31 0 
Model A4 1.02 -1.02 0 
Model A5 1.32 -1.32 0 
Model A6 10.72 -10.72 0 
Model A7 18.31 -18.24 -0.07 
Model A8 18.78 -18.69 -0.09 
Model A9 18.92 -18.83 -0.09 
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Figure 4 Results and UTCI false color map (Inglewood) 
 

The microclimate study of outdoor thermal 
comfort in Inglewood shows that the introduction of 
green infrastructure elements, such as tree canopies, 
grass coverage, and greened roofs, can have a 

substantial mitigating effect on heat stress in urban 
areas. Specifically, the adoption of a 50% tree canopy 
model (Model A1) and the maximum tree canopy 
model (Model A2) shows significant reductions in 
strong heat stress levels, achieving reductions of 
10.68% and 18.48% when compared to the base 
model, respectively. 

Furthermore, the incorporation of green roofs in 
Model A4 and Model A5 exhibited a promising 
reduction in strong heat stress of 1.02% and 1.32%, 
respectively. When these greened roofs were 
combined with maximum grass coverage, the 
reduction was even more pronounced, with Model A8 
and Model A9 showing reductions of 18.78% and 
18.92%, respectively. 

Results also indicate that these green 
infrastructure interventions have the potential to 
significantly reduce moderate heat stress, with 
reductions mirroring those observed for strong heat 
stress. 

 
Table 4 Results and UTCI comparison for Phoenix (Model B1: 
Max Grass & Max Tree Canopy & Max Living Roof) 

  Base Model Model B1 
UTCI (°C) Heat Stress  Percentage of Heat Stress 
UTCI > 46 Extreme  4.24 6.08 
38 < UTCI < 46 Very strong  95.76 93.9 
32 < UTCI < 38 Strong  0 0.02 
    Average UTCI (°C) 
 Average UTCI   42.936 42.896 

 

 
Figure 5 Results and UTCI false color map from ENVI-Met 
(Phoenix) 
 

In the context of microclimate study on outdoor 
thermal comfort in Phoenix demonstrates that the 
introduction of horizontal greened surfaces and an 
increase in tree canopy, as exemplified by Model B1 
(Maximum Grass & Maximum Tree Canopy & 
Maximum Green Roof Model), can mitigate outdoor 
thermal stress, particularly in the category of Very 
Strong Heat Stress. This intervention leads to a 
reduction in UTCI in the study area, emphasizing its 
potential to enhance the comfort of individuals 
exposed to high thermal stress conditions. 

However, it is noted that this approach does not 
yield significant relief for areas already experiencing 
Extreme Heat Stress and Strong Heat Stress. In these 
extreme categories, the reduction in UTCI is minimal, 
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suggesting that additional strategies or interventions 
may be required to address heat stress effectively in 
such a climate. 

It is important to note that when considering the 
study area, the inclusion of horizontal green surfaces 
and increased tree canopy coverage has a positive 
impact. It results in a lower average UTCI for the entire 
study area, which highlights the effectiveness of 
incorporating horizontal greened surfaces and 
enhancing tree canopy coverage, as exemplified by 
Model B1, in mitigating outdoor thermal stress, 
particularly in areas with Very Strong Heat Stress. 
While this approach may not be a panacea for Extreme 
Heat Stress and Strong Heat Stress zones, it 
contributes to a more comfortable outdoor 
environment on average. 
 
6. CONCLUSION 

In conclusion, the microclimate study shows the 
potential of integrating horizontal green surfaces and 
increasing tree canopy coverage to mitigate outdoor 
thermal stress. Across various models, maximizing a 
combination of different green infrastructure 
elements significantly reduces both strong and 
moderate heat stress levels.  

In Inglewood, the most effective single strategy is 
tree canopy; the model with maximum tree canopy 
achieves an 18.48% reduction. Combining maximum 
grass and maximum living roof surfaces leads to 
increased reductions of 18.92%. The potential of these 
interventions is also evident in the reduction of 
moderate heat stress. Similarly, the microclimate 
study in Phoenix demonstrates that the combination 
of maximum grass, tree canopy, and green roof 
mitigates Very Strong Heat Stress, showing its 
potential for enhancing outdoor thermal comfort. 

Overall, the findings show the significant and 
positive impact of implementing strategies involving 
grass, tree canopy, and green roofs in mitigating heat 
stress. These green infrastructure elements play a 
crucial role in enhancing outdoor thermal comfort and 
the tree canopy is more effective than the horizontal 
surfaces. 
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university-level classrooms. 
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1. INTRODUCTION
The COVID-19 pandemic posed transformative 

repercussions on education facilities around the 
globe. Schools and universities incurred several 
stages of adaption: lockdown measures, doors re-
opening while applying COVID-19 measures, and 
incorporating digital solutions in an effort to limit 
face-to-face presence – including online learning, 
remote learning and blended learning methods (1).  

What we can learn from scholars on the research 
subject, is that to design a healthy university 
classroom post the pandemic, we are to adopt 
health-promoting design principles, incorporate 
technology for both enabling online learning and to 
better monitor and improve the indoor conditions – 
whether it be air quality, thermal comfort or 
minimizing infections among students and educators. 
Incorporating the evolving pedagogical needs of the 
learning process is yet another dimension to 
consider. Thus, the space needs to accommodate 
many dynamics: collaborative learning, flexible 
seating arrangements, and individual study efforts.  

This research attempts to clarify the design 
directions for a healthy university classroom, in an 
arid climatic zone, taking the perceptions of both 
students and educators in Cairo, Egypt. To this end, 
the research paper investigates the following 
questions: (1) what are our lessons learnt in the 
context of post-pandemic on health and well-being? 

(2) to what extent can we apply our learnings to 
design healthy university classrooms? (3) how can we 
use innovative digital tools to safeguard the health 
and well-being of occupants and improve Indoor Air 
Quality? 

2. METHODS
The research adopts qualitative research 

approach to aggregate insights on optimal spatial 
design standards for educational buildings through a 
three-step research methodology: (1) Data collection: 
a brief literature review of recent academic articles, 
primary data collection through conducting two focus 
groups, and four expert interviews. (2) Data analysis: 
Transcription of focus groups and interviews and 
categorizing emergent topics in response to the main 
research question.  

2.1 Data Collection 
2.1.1 Focus Groups 

The selected target group for both the focus 
group (FG) and interviews are practicing architects, 
environmental consultants, and health professionals 
with the necessary expertise to advise on design 
considerations for well-being in higher educational 
facilities. Both focus group and semi-structured 
interviews tackled the following topics: spatial design 
and its impact on learning, digital dimensions in 

340



PLEA 2024 WROCŁAW 
(Re)thinking Resil ience  

Digital and Spatial Design Considerations in Healthy 
University Classrooms: 

How can we make use of innovative digital tools to safeguard the 
health and well-being of occupants and improve IAQ? 

FARAH SHOUKRY1, SHERIF GOUBRAN2, KHALED TARABIAH3 

1PhD Candidate, Environmental Engineering Program, the American University in Cairo 
2Assistant Professor, Department of Architecture, the American University in Cairo  

3Associate Professor, Department of Architecture, the American University in Cairo,  

ABSTRACT: This research aims to investigate the design considerations of university classrooms post-pandemic. 
It investigates the following questions: (1) What are the lessons learned regarding health and well-being in the 
context of post-pandemic? (2) to what extent can we apply our learnings to design healthy university 
classrooms? (3) how can we use innovative digital tools to safeguard the health and well-being of occupants? 
The research employs a two-step qualitative research methodology. (1) Datal collection: which encompasses a 
brief literature review of recent academic articles and primary data collection through conducting two focus 
groups and three expert interviews. (2) Data analysis: Transcription of interviews and categorizing emergent 
topics. The research sets the foundation to develop a framework for classroom design that considers a multi-
perspective of identified user needs: classroom interaction, architectural features, use of technology, and 
prioritizing the health and well-being of occupants, we support the evolving pedagogical approaches in 
university-level classrooms. 
KEYWORDS: Learning Environments, Digital Tools, Spatial Considerations, IAQ guidelines, University, Classroom 

1. INTRODUCTION
The COVID-19 pandemic posed transformative 

repercussions on education facilities around the 
globe. Schools and universities incurred several 
stages of adaption: lockdown measures, doors re-
opening while applying COVID-19 measures, and 
incorporating digital solutions in an effort to limit 
face-to-face presence – including online learning, 
remote learning and blended learning methods (1).  

What we can learn from scholars on the research 
subject, is that to design a healthy university 
classroom post the pandemic, we are to adopt 
health-promoting design principles, incorporate 
technology for both enabling online learning and to 
better monitor and improve the indoor conditions – 
whether it be air quality, thermal comfort or 
minimizing infections among students and educators. 
Incorporating the evolving pedagogical needs of the 
learning process is yet another dimension to 
consider. Thus, the space needs to accommodate 
many dynamics: collaborative learning, flexible 
seating arrangements, and individual study efforts.  

This research attempts to clarify the design 
directions for a healthy university classroom, in an 
arid climatic zone, taking the perceptions of both 
students and educators in Cairo, Egypt. To this end, 
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(2) to what extent can we apply our learnings to 
design healthy university classrooms? (3) how can we 
use innovative digital tools to safeguard the health 
and well-being of occupants and improve Indoor Air 
Quality? 

2. METHODS
The research adopts qualitative research 

approach to aggregate insights on optimal spatial 
design standards for educational buildings through a 
three-step research methodology: (1) Data collection: 
a brief literature review of recent academic articles, 
primary data collection through conducting two focus 
groups, and four expert interviews. (2) Data analysis: 
Transcription of focus groups and interviews and 
categorizing emergent topics in response to the main 
research question.  

2.1 Data Collection 
2.1.1 Focus Groups 

The selected target group for both the focus 
group (FG) and interviews are practicing architects, 
environmental consultants, and health professionals 
with the necessary expertise to advise on design 
considerations for well-being in higher educational 
facilities. Both focus group and semi-structured 
interviews tackled the following topics: spatial design 
and its impact on learning, digital dimensions in 

 

learning environments, the impact of COVID-19, 
design guidelines, and the integration of technology. 

The first focus group (FG-01) targeted 
professionals (2 active participants out of 5). The 
second group (FG-02) was for young architects at 
both graduate and undergraduate students (6 active 
participants out of 7). The two FGs included a 
brainstorming exercise where participants were 
asked to visualize their ideas for a healthy university 
learning spaces that includes the digital dimension for 
health and well-being of occupants. The FGs were 
conducted online via Zoom to discuss the digital and 
spatial design considerations in university classrooms, 
emphasizing health and well-being. Each FG was 90 
minutes long and included a total of 10 participants. 
The dates by which the FGs were conducted 9th of 
May and 22nd of May 2023.  
2.1.2 Experts Interviews  

Three experts’ interviews were conducted for 
validation purposes – architecture and education 
fields of expertise. A semi-structured interview guide 
was designed with topics and sub-topics related to 
the main research questions for research validation. 
Given the expertise of each interviewee differed, so 
has the interview narrative. The interviews lasted 50 
minutes each and were manually transcribed. All 
interviews were conducted online via Zoom with 
cameras open. 

 
2.3 Primary Data Analysis 

The analysis of the focus group transcriptions, and 
expert interviews transcriptions, as well as interview 
notes were analyzed via Atlas.ti software. The 
transcriptions were coded according to emergent 
topics, (32 codes) in total – refer to Table 1: 
Transcription Codes- below. Afterwards, the sub-topics 
analysed and key themes from reviewed literature 
were categorized in a tabular format. The results of 
this qualitative study is then used to inform the key 
features for classroom design and retrofitting in 
higher education institutions. 
Table 1: Transcription Codes 

Transcription Analysis Codes  

accessibility digital 
learning 

inclusive 
design 

sense of 
belonging 

acoustics distraction individual 
learning 

teaching 
methods 

air quality energy interactive 
learning tools technology 

behaviour furniture natural 
lighting 

type of 
learning 

space 

challenges general 
comments 

natural 
materials ventilation 

collaboration greenery pandemic and 
health view 

colour scheme 
healthy 
indoors 

strategies 
psychology workshop 

objectives 

design 
intervention 

higher 
education school design   zoning  

3. RESULT AND ANALYSIS 
3.1 Transcription Analysis  

A qualitative analysis was conducted through 
Atlas.ti software, according to 32 codes, which were 
identified as the major topics. The sub-topics were 
then later organized into five main categories: 
external factors, architecture, technology, education, 
human-aspects.  
 
3.2 Visual Analysis  

The results of the focus group brainstorming 
activities have led to the generation of 8 conceptual 
design of classrooms, answering the research’s 
investigation. The participants were engaged in the 
brainstorming design activity facilitated through the 
Google Slides platform. The exercise was focused on 
a virtual representation of a medium-sized classroom 
measuring approximately 16 meters by 4 meters. 
Alongside this visual abstraction, four distinct 
categories of icons were provided, enabling 
participants to showcase their ideas for creating a 
healthy university classroom. These categories 
included (a) furniture, (b) technology elements, (c) 
indoor air and occupant health-related features, and 
a (d) miscellaneous category for additional 
considerations. 

The visual analysis, as depicted in Figure 1, took 
the form of a zoning diagram illustrating the spatial 
distribution of the elements placed by the 
participants. This diagram serves as a tool to analyze 
similarities and differences of patterns in the 
placement of various design elements within the 
classroom layout. As shown at the top of Figure 1 a 
zoning key is present, consisting of ten categories. 
These categories differentiate between individual and 
group learning spaces – i.e. individual desk spaces 
versus a group furniture arrangement either for 
learning or lounging. Other categories highlight 
architectural elements: placement of doors and 
windows, and greenery. Finally, the technology 
aspects, include three categories: Internet of Things 
(IoT) controls, and augmented reality (AR), virtual 
reality (VR) equipment placement, as well as 
interactive learning tools. By examining this visual 
representation, insights into the collective 
preferences and priorities of the participants 
regarding classroom design emerged. The designs 
expressed similar themes in terms of user needs, and 
each had several unique features. 

A summary of common trends identified through 
the visual analysis is presented in Table 2. This tabular 
representation offers a concise snapshot of emergent 
themes and design principles observed within the 
participants' design outcomes. Thus, providing 
valuable insights for informing future research-
related discussions and decision-making processes 
related to classroom design.  
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Figure 1: Focus Groups - Classroom Design Activity 
 
Table 2: Focus Groups - Classroom Design Activity - 
Summary of Key Features 

Design 
Feature Description Design 

Code 
Flexible 

Design of 
Classrooms 

Participants expressed the need 
for flexible design of classrooms 
that can accommodate several 
activities, furniture 
arrangements, and both 
individual and collaborative type 
os learning settings. The 
placement of doors was 
considered in terms of 
circulation, and the zoning of 
activities in terms of noise levels.  

1, 3, 4, 
5, 6, 7 

Connection 
to the 

outdoors – 
greenery. 

Windows placement attempted 
to maximize the view to the 
outdoors, assuming it was a good 
view. Another method was the 

4,6,7,8 

Design 
Feature Description Design 

Code 
use of green plants within the 
classrooms. The outdoors/greens 
correlated with increased 
productivity.  

Cross 
Ventilation. 

The placement of windows again 
was emphasized as important to 
encourage cross-ventilation in 
classrooms. In the case of the 
window, placement is not an 
option (retrofitting), use of fans is 
encouraged, for air change.  

2,3,7,8 

Hygiene 
and 

Personal 
Space 

One interesting perspective that 
one of the participants voiced is 
the issue of hygiene. The 
personnel use of desks is 
encouraged in schools. It is also 
associated with the concept of 
vandalism. To decrease 
vandalism issues, the design of 
the classroom encourages 
students to have their own 
personal space [a designated 
desk space] which increases.  

8 

IOT and 
switch 

controls: 

The participants expressed 
several ideas related to the use 
of switch controls and how 
having more than one switch 
control is better for the students.  
- HVAC. Temperature control  
- Temperature reading. To 

know if they should be 
opening the windows.  

- Lighting. To be segmented 
along the classroom 
activities.  

1,3,4,6,8 

 
4. DISCUSSION  

When it comes to classroom design, research 
shows that occupant health, thermal comfort, and 
indoor air quality are all important factors to consider 
(2–9). However, the specific priorities may vary 
depending on the students’ and faculty’s context and 
needs. For example, in some cases, promoting 
occupant health may require prioritizing air filtration 
and ventilation, while acoustic and lighting design 
may be more important in other cases. The key is to 
take a holistic approach to classroom design and 
consider all factors that can impact occupant well-
being and learning outcomes. This variation according 
to priorities was reflected in the visualization exercise 
in the conducted focus group. However, the 
multifaceted priorities do not mean that the design 
should only meet the top-tier. It means that the 
optimal design would manage to meet all, the sub-
optimal would meet some.  

A comfortable, attractive classroom came in as 
the key design objectives during the expert interview 
[E2]:  
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A comfortable, attractive classroom came in as 
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[For] building a new classroom, you would 
definitely need [many factors]. [Natural lighting] 
and good lighting, ergonomic furniture for 
communicating learning and, comfort of course. 
I’m not talking about any of these in any 
particular order. [Wayfinding]… It’s 
accessible…Classrooms should be attractive to 
students by all means. It cannot be just focused on 
energy [performance or efficiency]. [It] has to be 
attractive and the attractiveness here means that 
you are comfortable. The light, the level of light 
inside is good. The chair that you sit on is 
comfortable ergonomically. There’s some 
technology going around that allows you to 
interact and present well. It works. Basically, it’s 
an environment that works…I would want to 
deliver an attractive learning environment for 
students and faculty. Without this, everything else 
will collapse [E2]. 

Technology has significantly impacted classroom 
design in recent years, specifically post the pandemic. 
One of the key considerations is the need to design 
classrooms that can accommodate hybrid models of 
learning, such as blended learning and the flip 
classroom (10–12). This often requires a more flexible 
design approach accommodating different teaching 
methods and learning styles. Additionally, technology 
can be used to support student engagement and 
active learning, such as through the use of interactive 
displays and digital tools – E1.  

Taking a step back, it is vital to understand the 
dynamics that takes place in the classroom. There is a 
wide body of literature which discusses the 
differences between teaching and learning methods 
(10–15).  

The interview with the education expert has given 
us some insights on the classroom dynamics, 
especially with the traditional set-up in a lecture hall:  

On teaching and learning methods. So for 
example, let’s give the example of lecturing 
lecture based. OK, so lecture based is the oldest 
[approach known to humankind]. …. You’re 
lecturing , [as in] the faculty member, has all the 
knowledge, the student, are listening and by 
default we assume they’re…So just because I’m 
teaching, I’m assuming my students are learning 
and this is a false assumption, right? The learning 
isn’t happening except for those students that are 
very engaged, driven internally, intrinsically 
motivated, and learning by listening. The short or 
even the long term retention is like 10 to 15% [of 
what you have learnt]. So you know that’s saying 
what you remember 10% of what you listen to 
and 20% of what you watch and 80% of what you 
[memorize?]…So if a faculty member is lecturing, 
we call that one way one way transmission of 
information… the learning space is usually set up 
as it’s been set up for over 150 years, which is like 
the industrial kind of set up, you know, rows of 
students [E1]. 

We can deduce that teaching and learning are 
two-way interactions between the learner, educator, 

and the surrounding space. The dynamics represent 
interconnected yet distinct dimensions of education. 
The traditional concept of teaching often conjures the 
image of an educator imparting knowledge to a group 
of students within a designated physical space; the 
lecturing model is the oldest known to humankind. In 
this model, the teacher serves as the primary source 
of information, and students act as receptors of that 
knowledge. However, the effectiveness of teaching is 
not only judged by the ability of the lecturer to recite 
information; it is also dependent on the student’s 
capabilities to process information, and thus, the 
learning happens. Learning is students’ active 
engagement and assimilation of knowledge, 
transforming information into meaningful 
understanding (16). Effective teaching is inseparable 
from learners’ dynamic interaction with and 
absorption of knowledge.  

That being said, the recent trends in learning 
spaces, is moving away from the traditional lecturing 
set-up, and considering more flexible arrangements 
to allow for collaborative learning methods to take 
place; an opinion which was expressed graphically 
during the classroom visualization exercise, as well by 
the education expert:  

The outdated design of lecture halls now is being 
revisited as being more flexible, so I’ve been in 
lecture halls where you can move the table and 
the chair and kind of zoom in to someone else and 
work in a pair or turn around completely and work 
in a group of four or six [E1].  

On the practical side, designing classrooms for 
hybrid models of learning can be challenging, as it 
requires balancing the need for technology and digital 
resources with the need for a physical classroom 
environment that promotes student engagement and 
learning outcomes. Some successful strategies 
include designing flexible spaces that can be easily 
reconfigured for different teaching and learning 
needs, and incorporating a mix of digital and physical 
resources to support learning. The pandemic 
experience has been very challenging in terms of the 
timeframe to which the education model had to shift 
to a remote method at its initial phase, before 
resorting to a hybrid mode. On this particular point in 
time, an architectural educator reflects [E3]:  

The COVID experience has been very challenging, 
specifically with the architectural practice. The 
main medium is sketching, and drawing. [learning 
remotely] has taken away this medium, and it 
very challenging to be compensated. When 
learning remotely, [as an educator] you have to 
do double or triple the effort, in order to 
communicate effectively with the students. … The 
positive note, however, is there is time to reflect, 
for example, when giving feedback. On the 
students’ side, though, I am not sure how they 
would receive this feedback, as there was no 
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discussion to explain the logic…overall very 
challenging [E3].  

Using classroom space efficiently is important for 
promoting student engagement and active learning. 
The focus group visualization exercise showed that 
creating an engaging and interactive learning 
environment is possible by creative zoning of space. 
This can be achieved through a variety of design 
strategies, such as using modular furniture that can 
be easily reconfigured, designing spaces for group 
work and collaboration, and incorporating technology 
that supports different teaching and learning styles – 
refer to Figure 4. The architectural design discipline is 
inter-related. For example, while we know that 
furniture and other classroom features play an 
important role in promoting student comfort and 
engagement; we also have to plan for its 
functionalities. If we design for a collaborative 
learning space, we have to mitigate the 
consequences: noise [E1]:  

But the more flexible the furniture, the more 
flexible the learning space, the better the 
acoustics [has to be]… because collaboration is 
noisy. So if you’re in a room that doesn’t have 
good acoustics,… then there’s going to be a lot 
of noise that is going to be counterproductive to 
the learning. So students will often say, can we 
go work outside? it’s too noisy [E1].  

Moving on to the digital dimension, digital tools 
and devices can be used to support a variety of 
classroom activities, such as collaborative learning, 
real-time feedback, and active engagement. As 
emphasized by the architectural practitioner [E2], it is 
essential to distinguish between two types of 
technologies used inside the classroom. One has to 
do with teaching and learning, and the other is 
associated with building controls and infrastructure 
[E2]. Giving an example on the Leutron Systems 
within classrooms, [E2] illustrates:  

Instructors get in, for example, they put their 
login ID and password and the room sets itself. 
It brings the blackout shades down. It sets the 
dimming. Adjusts the light scenes. And then it 
opens up the lecture on the projector and you 
know, brings it up to students by just putting a 
password The instructor, adjust(s) the whole set 
of the classroom according. That’s called the 
Lutron system because it combines and 
integrates physical issues like blackout shades 
with lighting and with AV audio visual 
technologies[E2]. 

This type of technologies – teaching and learning 
technologies – is significantly different than the ones 
associated with the smart building controls, for 
example to monitor indoor air quality. As explained 
by [E2] the most typical solution is the use of sensors, 
in the air ducts: “Which will analyse the air that’s 
coming back collected from the classroom. …Analyse 
that for CO2 levels…. Sends a signal to the Air 
handling unit to give more fresh air [E2].” 

It is high time that we think of conditions to be 
more personalized. Having individual lighting, 
even air conditioning outlets. Very small things, 
that are common in the shared spaces, that are 
absent in the learning space. For example when 
you travel on a bus, or the airplane, you get to 
control the amount of air through the nozzle. 
But you don’t have this level of control in the 
classroom. This is on the systems level. While 
keeping, as well, an open and flexible set-up in 
terms of technology and seating arrangements 
[FG 02 – Participant].  

If we use architectural pedagogy as a practical 
application for the healthy classroom design 
conversation post-pandemic, we understand the 
discipline is continually evolving, and there is a 
notable departure from the traditional architectural 
methods. The discipline is being revolutionized by the 
advances in virtual platforms and artificial intelligence 
engines. This shift will be further complicated by the 
expectations of users learning, and the educators 
teaching. This calls for a re-evaluation of the design 
expectations and considerations of a healthy 
university classroom design: a practical application. 

 
5. CONCLUSION  

The research set was to investigate the design 
requirements of a university classroom post-
pandemic and validate the following: (1) Students’ 
and educators’ health and well-being are at the 
forefront of objectives when designing a learning 
space. (2) the expectations of students and educators 
has exponentially heightened in light of the dramatic 
digital shift of education post – pandemic, and the 
focus group summary of key features to consider 
listed the majority of dimensions we are encouraged 
to look at the healthy classroom design 
considerations. Finally, (3) the ever-changing and 
advancing technologies can both aid in promoting an 
engaging learning environment and enhance building 
performance controls that explicitly influence 
occupants’ health and well-being. The research holds 
its potential to guide several follow-up research 
investigations – including:  
 developing a thorough framework for classroom 

design considering classroom interaction, 
architectural features, use of technology, and 
prioritizing the health and well-being of 
occupants, as well as support the evolving 
pedagogical approaches in university-level 
classrooms.  

 testing the validity of the proposed framework in 
its contextual application,  

 generating a gap analysis report to existing 
standards and guidelines of recent learning 
spaces manuals at a university level, and  

 debating the future of the architectural discourse 
in light of recent technological advancements 
and debates. 
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ABSTRACT: Housing environment is one of determinants for occupants’ physical and mental health, especially 
during the COVID19 pandemic. This article presents a cross-sectional study of effects of perceived housing 
environment qualities on mental wellbeing in Shanghai city. A structured survey was administered among 317 
adults living in Shanghai during two COVID19 periods (January 2021 & April 2022). Perceived housing 
environmental qualities investigated were Living and Housing Conditions (12 items), Biophilic Factors (seven 
items), Indoor Climates (seven items), and Perceived Residential Environmental Qualities (six items). Quality of Life 
(QoL), Overall Satisfaction (OS), and Psychological Restoration (PRS) were tested as dependent variables. Several 
key findings were achieved as follows. 1) There were significant correlations between typical housing 
environmental qualities and dependent variables. 2) The linear regression analyses identified the significant 
predicting effect of Indoor Climate for QoL, OS, and PRS. 3) The predicting effect of Perceived Residential 
Environmental Qualities can be found for only OS and PRS. 4) Window view can significantly predict the PRS, while 
the PRS cannot receive significant impact from the indoor plant. 5) Several housing factors (e.g., home floor, home 
area, occupancy, and satisfaction of room numbers) can also be the predictors for the three dependent variables. 
KEYWORDS: Perceived housing environment, Mental wellbeing, Satisfaction, Residential buildings, Shanghai 
 
 

1. INTRODUCTION  
Recent studies have shown that the increasing 

urbanization can bring in big challenges to residents’ 
health in various urban areas for both wealthy and 
poor populations [1, 2, 3]. Typical health problems 
caused by the urbanization include pollution-related 
health conditions and communicable diseases, poor 
sanitation and housing conditions, and related health 
conditions [1]. As proved by investigations [1, 2], 
people who have lived in urban houses with poor 
environmental conditions for a long period may suffer 
from various health problems, especially for the 
mental aspects. Therefore, the World Health 
Organization (WHO) has clearly pointed out that 
improving housing conditions can save lives, prevent 
disease, increase quality of life, and help mitigate 
climate change [3]. 

Evidence achieved in several countries has shown 
that the housing environment is one of the 
determinants for occupants’ physical and mental 
health. Two cross-sectional surveys in USA and Japan 
found that general housing conditions were associated 
with residents’ respiratory health and sick building 
syndrome [4, 5]. A survey in Sweden identified that 
noise, light, odour, and vibration can be the typical 
stressors for the urban residents living in their homes 
[6], while maintaining a comfortable thermal 
environment at home could be critical for residents' 
mental health in Japan [7]. In addition, with the advent 

of application of biophilia in buildings, it has been 
emphasized that biophilic elements (e.g., blue sky, 
sunlight, and plants) inside one’s own home can 
support integrative health and lifestyle behaviours and 
promote resilience [8]. To achieve a sustainable and 
healthy housing quality, two rating systems have been 
developed in two countries [9, 10]. The Housing Health 
and Safety Rating System in UK aimed to help local 
authorities identify and protect against potential risks 
to health and safety from deficiencies in dwellings [9], 
whilst the National Healthy Housing Standard in USA 
was developed to empower and equip local 
communities to improve residents’ health by 
improving housing quality [10].  

Due to the rapid growth of urbanization in China, 
the residential areas in cities are facing a dramatic 
degradation of environmental qualities, which may 
bring in a number of environmental problems relating 
to residents’ health [11]. As pointed out in a 
nationwide cross-sectional survey in China [11], urban 
housing factors and neighbourhood conditions were 
related to health outcomes (physical & mental) whilst 
their impacts varied across different age groups. As for 
mental health issues, studies have preliminarily 
exposed that both indoor and outdoor housing 
environments can significantly affect the psychological 
well-being or life satisfaction among city residents [12, 
13]. At the moment, there are two national standards 
which can be used to support the design of healthy 
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1. INTRODUCTION  
Recent studies have shown that the increasing 

urbanization can bring in big challenges to residents’ 
health in various urban areas for both wealthy and 
poor populations [1, 2, 3]. Typical health problems 
caused by the urbanization include pollution-related 
health conditions and communicable diseases, poor 
sanitation and housing conditions, and related health 
conditions [1]. As proved by investigations [1, 2], 
people who have lived in urban houses with poor 
environmental conditions for a long period may suffer 
from various health problems, especially for the 
mental aspects. Therefore, the World Health 
Organization (WHO) has clearly pointed out that 
improving housing conditions can save lives, prevent 
disease, increase quality of life, and help mitigate 
climate change [3]. 

Evidence achieved in several countries has shown 
that the housing environment is one of the 
determinants for occupants’ physical and mental 
health. Two cross-sectional surveys in USA and Japan 
found that general housing conditions were associated 
with residents’ respiratory health and sick building 
syndrome [4, 5]. A survey in Sweden identified that 
noise, light, odour, and vibration can be the typical 
stressors for the urban residents living in their homes 
[6], while maintaining a comfortable thermal 
environment at home could be critical for residents' 
mental health in Japan [7]. In addition, with the advent 

of application of biophilia in buildings, it has been 
emphasized that biophilic elements (e.g., blue sky, 
sunlight, and plants) inside one’s own home can 
support integrative health and lifestyle behaviours and 
promote resilience [8]. To achieve a sustainable and 
healthy housing quality, two rating systems have been 
developed in two countries [9, 10]. The Housing Health 
and Safety Rating System in UK aimed to help local 
authorities identify and protect against potential risks 
to health and safety from deficiencies in dwellings [9], 
whilst the National Healthy Housing Standard in USA 
was developed to empower and equip local 
communities to improve residents’ health by 
improving housing quality [10].  

Due to the rapid growth of urbanization in China, 
the residential areas in cities are facing a dramatic 
degradation of environmental qualities, which may 
bring in a number of environmental problems relating 
to residents’ health [11]. As pointed out in a 
nationwide cross-sectional survey in China [11], urban 
housing factors and neighbourhood conditions were 
related to health outcomes (physical & mental) whilst 
their impacts varied across different age groups. As for 
mental health issues, studies have preliminarily 
exposed that both indoor and outdoor housing 
environments can significantly affect the psychological 
well-being or life satisfaction among city residents [12, 
13]. At the moment, there are two national standards 
which can be used to support the design of healthy 

 

housing in China, including ‘Evaluating Standard for 
Healthy Housing (T/CECS 462-2017)’ [14] and 
‘Assessment Standard for Healthy Community (T/CECS 
650-2020)’ [15]. However, only general design 
strategies can be found from these standards and 
there is still a lack of detailed guidelines used for the 
achievement of practical solutions. Thus, it could be 
necessary to carry on collecting more solid evidence 
on perceived housing environment qualities and their 
specific effects on mental health among Chinese urban 
residents.  

This article presents a cross-sectional survey of the 
relationship between perceived housing environment 
qualities and residents’ mental wellbeing and 
satisfaction in Shanghai city during the period of 
COVID19 pandemic, aiming to develop useful practical 
design strategies to promote the health housing in a 
dense city.  
 
2. METHODS AND MATERIALS 
2.1 Online survey: location, approach, and 
respondents 

This survey was conducted among adult residents 
living in Shanghai city (31.2304° N, 121.4737° E), which 
is the country's biggest city and a global financial hub. 

An online survey was administered through a social 
media (WECHAT) and a survey tool (Sojump, 
www.wjx.cn) during two periods of COVID19 (January 
2021 & April 2022). 

Finally, a total of 317 questionnaires were found as 
valid (response rate: 66%). Key demographic and 
socioeconomic status of respondents were as follows: 
male (42.9%), female (57.1%); age: 41% (18-35 years), 
56.2% (36-59 years), 2.8% (≥ 60 years); marital status: 
married (64%), single (36%). 
 
2.2 Research design and instruments 

The research design of this survey can be found in 
Figure 1, including independent and dependent 
variables and three research paths. Four types of 
independent variable and three types of dependent 
variables were used as the instrument in this survey. 
The independent variables included 1) Living and 
Housing Conditions (12 items): housing location 
(H_loc), the duration of your living (H_dur), the floor 
of your home (H_flo), total area of your home (H_are), 
housing ownership (H_own), occupancy of your home 
(H_occ), number of bedroom (H_bed), satisfaction of 
room size (H_sa_s), satisfaction of room layout 
(H_sa_l), satisfaction of room number (H_sa_n), 
availability of unshared room (H_un_r), room to stay 
(H_ro), 2) Biophilic Factors (seven items): size of 
window (W_siz), orientation of window (W_ori), 
availability of window protection devices (W_pro), 
amount of indoor plant (In_pla), the first most viewed 
external content (View1), the second most viewed 
external content (View2), the third most viewed 

external content (View3), 3) Indoor Climates (In_cli, 
seven items), 4) Perceived Residential Environmental 
Qualities (PREQ, six items). Three dependent variables 
were applied as: Quality of Life (QoL, five items), 
Overall Satisfaction (OS, one item), Psychological 
Restoration (PRS, three items). The covariates 
comprised five items: age, gender, marital status 
(Mar_sta), educational status (Edu_sta), and job status 
(Job_sta).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Research design: variables and three research 
paths. (Blue: independent variables, Brown: dependent 
variables, Green: covariates). 

 
Three hypothesized research paths were tested as: 

1) the association between four independent variables 
and quality of life; 2) the association between four 
independent variables and overall satisfaction; 3) the 
association between living & housing conditions / 
biophilic factors (window & view & indoor plants) and 
psychological restoration.  

 
2.3 Statistical analysis 

A correlation analysis was applied between 
independent and dependent variables, while a series 
of linear regression analyses were conducted to test 
the three research paths above (as shown in Figure 1).  

 
3. RESULTS 

Three parts of key results are presented, including 
correlation analysis and the effects of perceived 
housing environmental qualities on Quality of Life, 
Overall Satisfaction, and Psychological Restoration. 
 
3.1 Correlation analysis: key variables 

The correlation analysis was conducted between 
four types of independent variables (Living & Housing 
Conditions, Biophilic Factors, Indoor Climates, and 
Perceived Residential Environmental Qualities) and 
three dependent variables (QoL, OS, PRS). 
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Table 1: Significant correlations between four types of 
independent variables and QoL, OS, PRS. (n=317) 

Variables r Variables r 
H_dur & OS 0.122* W_siz & PRS -0.181** 
H_are & OS 0.299** W_ori & OS -0.117* 
H_are & PRS 0.187** W_pro & 

QoL 
0.126* 

H_own & OS -0.197** W_pro & OS 0.133* 
H_bed & OS 0.212** W_pro & 

PRS 
0.148** 

H_bed & PRS 0.153** In_pla & OS 0.116* 
H_sa_s & OS 0.364** In_pla & PRS 0.145** 
H_sa_s & PRS 0.319** View1 & OS -0.206** 
H_sa_l & OS 0.386** View1 & PRS -0.271** 
H_sa_l & PRS 0.270** In_cli & QoL 0.258** 
H_sa_n & OS -0.144* In_cli & OS 0.386** 
H_un_r & QoL 0.157** In_cli & PRS 0.390** 
H_un_r & OS 0.264** PREQ & QoL 0.168** 
H_un_r & PRS 0.257** PREQ & OS 0.574** 
W_siz & OS -0.178** PREQ & PRS 0.421** 

Significant: **≤0.01, *≤0.05. 
 

Table1 gives significant correlations between the 
independent and dependent variables (p≤0.05). Four 
types of independent variables significantly correlate 
with QoL, OS and PRS separately.  

QoL can positively correlate with only one item of 
Living & Housing Conditions or Biophilic Factors: QoL 
& availability of unshared room (r = 0.157, p ≤ 0.01), 
QoL & availability of window protection devices (r = 
0.126, p ≤ 0.05). 

OS positively correlates with six Living and Housing 
Conditions, such as duration of living (r = 0.122, p ≤ 
0.05), total area of home (r = 0.299, p ≤ 0.01), number 
of bedroom (r = 0.212, p ≤ 0.01), satisfaction of room 
size (r = 0.364, p ≤ 0.01), satisfaction of room layout (r 
= 0.386, p ≤ 0.01), and availability of unshared room (r 
= 0.264, p ≤ 0.01). Two items of Biophilic Factors 
(availability of window protection devices & amount of 
indoor plant) are also positively correlated with OS (r = 
0.133 & r = 0.116, p ≤ 0.05). Negative correlations are 
found between OS and two Living and Housing 
Conditions: housing ownership (r = -0.197, p ≤ 0.01) 
and satisfaction of room number (r = -0.144, p ≤ 0.05). 
In addition, OS negatively correlates with three 
Biophilic Factors: size of window (r = -0.178, p ≤ 0.01), 
orientation of window (r = -0.117, p ≤ 0.05), and the 
first most viewed external content (r = -0.206, p ≤ 0.01). 

PRS can positively correlate with five Living and 
Housing Conditions: total area of home (r = 0.187, p ≤ 
0.01), number of bedroom (r = 0.153, p ≤ 0.01), 
satisfaction of room size (r = 0.319, p ≤ 0.01), 
satisfaction of room layout (r = 0.270, p ≤ 0.01), 
availability of unshared room (r = 0.257, p ≤ 0.01). Two 
Biophilic Factors are positively correlated with PRS: 
availability of window protection devices (r = 0.148, p 
≤ 0.01) and amount of indoor plant (r = 0.145, p ≤ 
0.01). Two Biophilic Factors are negatively correlated 
with PRS: size of window (r = -0.181, p ≤ 0.01) and the 
first most viewed external content (r = -0.271, p ≤ 0.01). 

Indoor Climates and Perceived Residential 
Environmental Qualities are positively correlated with 
QoL, OS and PRS (p ≤ 0.01). 

In addition, there were no significant correlations 
found between the following variables (p > 0.05): QoL 
& 11 Living and Housing Conditions (housing location, 
floor of home, occupancy of your home, room to stay, 
duration of living, total area of your home, housing 
ownership, number of bedroom, satisfaction of room 
size, satisfaction of room layout, satisfaction of room 
number), QoL & six Biophilic Factors (size of window, 
orientation of window, amount of indoor plant, View1, 
View2, View3), OS & four Living and Housing 
Conditions (housing location, floor of home, 
occupancy of your home, room to stay), OS & two 
Biophilic Factors (View2, View3), PRS & seven Living 
and Housing Conditions (housing location, floor of 
home, occupancy of your home, room to stay, 
duration of living, housing ownership, satisfaction of 
room number), PRS & three Biophilic Factors 
(orientation of window, View2, View3). 

 
3.2 Effects of housing environmental qualities on 
Quality of Life (QoL) 

In Table 2, a regression analysis is presented in 
terms of the prediction of quality of life from 
independent variables and covariates. 
Table 2: Regression analysis: the prediction of Quality of Life 
from independent variables and covariates. 

 Model1 Model2 Model3 
B SE B SE B SE 

Constant 55.7** 11.3
5 

-1.03 20.1
6 

-8.29 23.41 

Win_siz -2.03 1.66 -1.35 1.63 -0.65 1.64 
Win_ori 0.58 0.65 0.63 0.65 0.83 0.65 
Win_pro 6.96* 3.27 5.83 3.25 6.52* 3.27 
In_pla -0.26 1.47 -0.68 1.44 -1.03 1.44 
View1 -3.68 2.88 -2.82 3.01 -3.84 3.00 
View2 0.53 2.78 1.32 2.74 1.03 2.75 
View3 -1.78 2.60 -1.82 2.59 -1.15 2.58 
H_loc   0.61 1.11 0.97 1.13 
H_dur   2.17 1.14 1.81 1.18 
H_flo   2.43* 1.09 2.18* 1.08 
H_are   -

5.23** 
1.96 -

5.41** 
1.99 

H_own   3.90 3.37 4.84 3.50 
H_occ   1.23 2.35 0.33 2.38 
H_bed   1.47 2.45 1.76 2.43 
H_sa_s   -1.59 1.64 -1.20 1.64 
H_sa_l   0.02 1.58 -0.41 1.58 
H_sa_n   -2.93 1.68 -3.40* 1.68 
H_un_r   3.60 1.90 3.62 1.91 
H_ro   -1.65 0.99 -1.35 1.04 
In_cli   10.1** 2.82 9.44** 2.84 
PREQ   3.16 2.21 3.43 2.19 
Age     1.25 2.53 
Gender     7.43** 2.69 
Mar_sta     -4.18 4.07 
Edu_sta     0.47 1.81 
Job_sta     -1.58 1.31 

R2  0.03  0.15  0.18 
Significant: **≤0.01, *≤0.05. 
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Table 1: Significant correlations between four types of 
independent variables and QoL, OS, PRS. (n=317) 

Variables r Variables r 
H_dur & OS 0.122* W_siz & PRS -0.181** 
H_are & OS 0.299** W_ori & OS -0.117* 
H_are & PRS 0.187** W_pro & 

QoL 
0.126* 

H_own & OS -0.197** W_pro & OS 0.133* 
H_bed & OS 0.212** W_pro & 

PRS 
0.148** 

H_bed & PRS 0.153** In_pla & OS 0.116* 
H_sa_s & OS 0.364** In_pla & PRS 0.145** 
H_sa_s & PRS 0.319** View1 & OS -0.206** 
H_sa_l & OS 0.386** View1 & PRS -0.271** 
H_sa_l & PRS 0.270** In_cli & QoL 0.258** 
H_sa_n & OS -0.144* In_cli & OS 0.386** 
H_un_r & QoL 0.157** In_cli & PRS 0.390** 
H_un_r & OS 0.264** PREQ & QoL 0.168** 
H_un_r & PRS 0.257** PREQ & OS 0.574** 
W_siz & OS -0.178** PREQ & PRS 0.421** 

Significant: **≤0.01, *≤0.05. 
 

Table1 gives significant correlations between the 
independent and dependent variables (p≤0.05). Four 
types of independent variables significantly correlate 
with QoL, OS and PRS separately.  

QoL can positively correlate with only one item of 
Living & Housing Conditions or Biophilic Factors: QoL 
& availability of unshared room (r = 0.157, p ≤ 0.01), 
QoL & availability of window protection devices (r = 
0.126, p ≤ 0.05). 

OS positively correlates with six Living and Housing 
Conditions, such as duration of living (r = 0.122, p ≤ 
0.05), total area of home (r = 0.299, p ≤ 0.01), number 
of bedroom (r = 0.212, p ≤ 0.01), satisfaction of room 
size (r = 0.364, p ≤ 0.01), satisfaction of room layout (r 
= 0.386, p ≤ 0.01), and availability of unshared room (r 
= 0.264, p ≤ 0.01). Two items of Biophilic Factors 
(availability of window protection devices & amount of 
indoor plant) are also positively correlated with OS (r = 
0.133 & r = 0.116, p ≤ 0.05). Negative correlations are 
found between OS and two Living and Housing 
Conditions: housing ownership (r = -0.197, p ≤ 0.01) 
and satisfaction of room number (r = -0.144, p ≤ 0.05). 
In addition, OS negatively correlates with three 
Biophilic Factors: size of window (r = -0.178, p ≤ 0.01), 
orientation of window (r = -0.117, p ≤ 0.05), and the 
first most viewed external content (r = -0.206, p ≤ 0.01). 

PRS can positively correlate with five Living and 
Housing Conditions: total area of home (r = 0.187, p ≤ 
0.01), number of bedroom (r = 0.153, p ≤ 0.01), 
satisfaction of room size (r = 0.319, p ≤ 0.01), 
satisfaction of room layout (r = 0.270, p ≤ 0.01), 
availability of unshared room (r = 0.257, p ≤ 0.01). Two 
Biophilic Factors are positively correlated with PRS: 
availability of window protection devices (r = 0.148, p 
≤ 0.01) and amount of indoor plant (r = 0.145, p ≤ 
0.01). Two Biophilic Factors are negatively correlated 
with PRS: size of window (r = -0.181, p ≤ 0.01) and the 
first most viewed external content (r = -0.271, p ≤ 0.01). 

Indoor Climates and Perceived Residential 
Environmental Qualities are positively correlated with 
QoL, OS and PRS (p ≤ 0.01). 

In addition, there were no significant correlations 
found between the following variables (p > 0.05): QoL 
& 11 Living and Housing Conditions (housing location, 
floor of home, occupancy of your home, room to stay, 
duration of living, total area of your home, housing 
ownership, number of bedroom, satisfaction of room 
size, satisfaction of room layout, satisfaction of room 
number), QoL & six Biophilic Factors (size of window, 
orientation of window, amount of indoor plant, View1, 
View2, View3), OS & four Living and Housing 
Conditions (housing location, floor of home, 
occupancy of your home, room to stay), OS & two 
Biophilic Factors (View2, View3), PRS & seven Living 
and Housing Conditions (housing location, floor of 
home, occupancy of your home, room to stay, 
duration of living, housing ownership, satisfaction of 
room number), PRS & three Biophilic Factors 
(orientation of window, View2, View3). 

 
3.2 Effects of housing environmental qualities on 
Quality of Life (QoL) 

In Table 2, a regression analysis is presented in 
terms of the prediction of quality of life from 
independent variables and covariates. 
Table 2: Regression analysis: the prediction of Quality of Life 
from independent variables and covariates. 

 Model1 Model2 Model3 
B SE B SE B SE 

Constant 55.7** 11.3
5 

-1.03 20.1
6 

-8.29 23.41 

Win_siz -2.03 1.66 -1.35 1.63 -0.65 1.64 
Win_ori 0.58 0.65 0.63 0.65 0.83 0.65 
Win_pro 6.96* 3.27 5.83 3.25 6.52* 3.27 
In_pla -0.26 1.47 -0.68 1.44 -1.03 1.44 
View1 -3.68 2.88 -2.82 3.01 -3.84 3.00 
View2 0.53 2.78 1.32 2.74 1.03 2.75 
View3 -1.78 2.60 -1.82 2.59 -1.15 2.58 
H_loc   0.61 1.11 0.97 1.13 
H_dur   2.17 1.14 1.81 1.18 
H_flo   2.43* 1.09 2.18* 1.08 
H_are   -

5.23** 
1.96 -

5.41** 
1.99 

H_own   3.90 3.37 4.84 3.50 
H_occ   1.23 2.35 0.33 2.38 
H_bed   1.47 2.45 1.76 2.43 
H_sa_s   -1.59 1.64 -1.20 1.64 
H_sa_l   0.02 1.58 -0.41 1.58 
H_sa_n   -2.93 1.68 -3.40* 1.68 
H_un_r   3.60 1.90 3.62 1.91 
H_ro   -1.65 0.99 -1.35 1.04 
In_cli   10.1** 2.82 9.44** 2.84 
PREQ   3.16 2.21 3.43 2.19 
Age     1.25 2.53 
Gender     7.43** 2.69 
Mar_sta     -4.18 4.07 
Edu_sta     0.47 1.81 
Job_sta     -1.58 1.31 

R2  0.03  0.15  0.18 
Significant: **≤0.01, *≤0.05. 
 

 

Model1 shows that the availability of window 
protection devices has a significant positive predicting 
effect on the Quality of Life (B = 6.96, p ≤ 0.05). When 
the other three types of housing environmental 
qualities enter the regression (Model2), the effect 
tends to be insignificant (p > 0.05). The floor of home 
and Indoor Climates show positive effects (p ≤ 0.01), 
while the total area of home has a negative effect (B = 
-5.23, p ≤ 0.01). 

When the covariates are added (Model3), the 
predicting effects of independent variables in Model2 
can still be found as significant. The availability of 
window protection devices has a positive predicting 
effect on Quality of Life, while satisfaction of room 
number shows a negative effect. For the covariates, 
only the effect of gender is significant (p ≤ 0.01). The 
variables in Model3 can explain 18% of the variance 
Quality of Life. 
 
3.3 Effects of housing environmental qualities on 
overall satisfaction (OS) 

Table 3 shows the prediction of overall satisfaction 
from independent variables and covariates through a 
regression analysis.  
Table 3: Regression analysis: the prediction of Overall 
Satisfaction from independent variables and covariates. 

 Model1 Model2 Model3 
B SE B SE B SE 

Constant 8.41** 0.77 1.48 1.14 -0.78 1.33 
Win_siz -0.26* 0.11 -0.12 0.09 -0.10 0.09 
Win_ori -0.05 0.04 -0.05 0.04 -0.04 0.04 
Win_pro 0.51* 0.22 0.12 0.18 0.12 0.19 
In_pla 0.10 0.10 0.06 0.08 0.04 0.08 
View1 -

0.73** 
0.19 -0.20 0.17 -0.20 0.17 

View2 -0.38* 0.19 -0.09 0.16 -0.08 0.16 
View3 -0.16 0.18 0.00 0.15 -0.01 0.15 
H_loc   0.02 0.06 0.04 0.06 
H_dur   -0.01 0.06 -0.02 0.07 
H_flo   0.06 0.06 0.05 0.06 
H_are   0.05 0.11 0.09 0.11 
H_own   -0.32 0.19 -0.45* 0.20 
H_occ   0.17 0.13 0.20 0.13 
H_bed   -0.06 0.14 -0.06 0.14 
H_sa_s   0.09 0.09 0.11 0.09 
H_sa_l   0.16 0.09 0.13 0.09 
H_sa_n   -0.16 0.10 -0.20* 0.10 
H_un_r   0.04 0.11 0.00 0.11 
H_ro   0.00 0.06 -0.04 0.06 
In_cli   0.33* 0.16 0.31* 0.16 
PREQ   1.14** 0.13 1.12** 0.12 
Age     0.13 0.14 
Gender     0.24 0.15 
Mar_sta     0.39 0.23 
Edu_sta     0.25* 0.10 
Job_sta     0.09 0.07 

R2  0.11  0.45  0.47 
Significant: **≤0.01, *≤0.05. 
 

It is found in Model1 that four Biophilic Factors can 
have predicting effects on Overall Satisfaction. The 
availability of window protection device has a positive 
predicting role (B = -0.26, p ≤ 0.05), while the size of 

window has a negative effect (B = 0.51, p ≤ 0.05). The 
significant predicting effects are also found at View1 (p 
≤ 0.01) and View2 (p ≤ 0.05). 

When the other independent variables are added 
(Model2), the predicting effects of the four Biophilic 
Factors tend to be insignificant (p > 0.05). Both Indoor 
Climates and PREQ have positive effects on Overall 
Satisfaction. 

When the covariates are added (Model3), the 
predicting effects of Indoor Climates (B = 0.31, p ≤ 
0.05) and PREQ (B = 1.12, p ≤ 0.01) remain significant. 
The significant predicting role can be also found at 
education status and two housing conditions (p ≤ 
0.05). The variables in Model3 can explain 47% of the 
variance in Overall Satisfaction. 

 
3.4 Effects of housing environmental qualities on 
psychological restoration (PRS) 

Table 4 indicates the predicting effect on the 
psychological restoration from independent variables 
and covariates through a regression analysis. 
Table 4: Regression analysis: the prediction of Psychological 
Restoration from independent variables and covariates. 

 Model1 Model2 Model3 
B SE B SE B SE 

Constant 4.31** 0.39 1.24 0.65 1.35 0.76 
Win_siz -0.13* 0.06 -0.07 0.05 -0.08 0.05 
Win_ori -0.02 0.02 -0.02 0.02 -0.02 0.02 
Win_pro 0.29** 0.11 0.16 0.11 0.18 0.11 
In_pla 0.06 0.05 0.04 0.05 0.03 0.05 
View1 -

0.53** 
0.10 -0.4** 0.10 -0.4** 0.10 

View2 -
0.29** 

0.10 -0.20* 0.09 -0.16 0.09 

View3 -0.14 0.09 -0.11 0.08 -0.12 0.08 
H_loc   -0.04 0.04 -0.03 0.04 
H_dur   -0.03 0.04 -0.02 0.04 
H_flo   0.08* 0.04 0.08* 0.04 
H_are   -0.09 0.06 -0.07 0.06 
H_own   -0.04 0.11 -0.10 0.11 
H_occ   0.15* 0.08 0.17* 0.08 
H_bed   0.00 0.08 0.00 0.08 
H_sa_s   0.07 0.05 0.06 0.05 
H_sa_l   0.00 0.05 0.01 0.05 
H_sa_n   -0.01 0.05 0.00 0.05 
H_un_r   0.11 0.06 0.10 0.06 
H_ro   -0.04 0.03 -0.06 0.03 
In_cli   0.31** 0.09 0.32** 0.09 
PREQ   0.36** 0.07 0.35** 0.07 
Age     -0.14 0.08 
Gender     0.04 0.09 
Mar_sta     0.04 0.13 
Edu_sta     -0.01 0.06 
Job_sta     0.07 0.04 

R2  0.16  0.36  0.37 
Significant: **≤0.01, *≤0.05. 
 

Model1 shows that four Biophilic Factors have 
predicting roles for psychological restoration, such as 
size of window, availability of window protection 
devices, View1, and View2. 

When the other independent variables are added 
in Model2, the predicting effects of View1 and View2 
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can still be found as significant. Both Indoor Climates 
and PREQ can show positive effects on psychological 
restoration (p ≤ 0.01). Two housing conditions also 
express positive predicting effects (p ≤ 0.05). 

After adding the covariates (Model3), the 
predicting role of View2 is no longer significant (p > 
0.05). The predicting effects of View1, indoor climates, 
PREQ, and two housing conditions (floor of home, 
occupancy of home) can still be found as significant. 
The variables in Model3 can explain 37% of the 
variance in psychological restoration. 
 
4. DISCUSSIONS AND CONCLUSIONS 
4.1 Housing environmental qualities and QoL 

Our findings can support that there is the 
association between quality of life and several living 
and housing conditions, biophilic factors, and indoor 
climates. The positive predictive effect of indoor 
climates on quality of life was in line with previous 
studies [7, 16]. The evidence from previous studies 
found that living on higher floors was associated with 
worse mental health, possibly due to a lack of social 
interaction [17, 18]. Recent research has shown that 
this negative relationship disappeared completely and 
even became positive after adjusting for the 
socioeconomic and demographic variables [19]. Poor 
self-rated health in high-rise residential buildings 
could be explained by strong demographic and 
socioeconomic segregation between high-rise and 
low-rise buildings [19]. In our case, the floor level had 
a positive effect during the COVID19 pandemic. This 
could be related to the fact that most high-rise 
residential housing was equipped with better 
sanitation conditions than the old multi-storey 
housing in Shanghai. 

 
4.2 Housing environmental qualities and PRS 

As hypothesized, there is the association between 
psychological restoration and several Living and 
Housing Conditions, and Biophilic Factors. In addition, 
the Indoor Climates and PREQ also indicated positive 
predicting effects. Similar associations can be found 
between indoor climates, neighbourhood perceived 
environment and other mental health indicators 
(psychological distress and self-rated mental health) 
[7, 11].  

As for living and housing conditions, the occupancy 
of home had positive predicting effects. It could be 
explained by a result achieved in an investigation 
across European countries that living alone during the 
pandemic was reported to be associated with greater 
loneliness [20]. Company from family members at 
home could be extremely important to help people 
stay mentally healthy in the lockdown period. 

The present study indicated the only restorative 
effect of sky (not the plant). It was found that the sky 
as the most viewed external content would deliver a 

higher score of psychological restoration than other 
elements (e.g., plants). This finding was in line with 
one study also conducted in densely populated cities 
[21]. However, indoor plants and window view of 
greenery exposed positive effects in another study 
without considering sky view [22]. 
 
4.3 Housing environmental qualities and satisfaction 

Living and housing condition, indoor climates, and 
PREQ were found associated with overall satisfaction. 
The association between housing condition, indoor 
climates, perceived residential environment qualities, 
and satisfaction has been exposed in previous studies 
[6, 13, 23]. In a previous study, the number of rooms 
per person can take positive effect on the housing 
satisfaction [24]. However, we found a new trend that 
the satisfaction of the number of rooms had a negative 
predictive effect on overall satisfaction. In addition, 
people with higher education status would deliver a 
higher overall satisfaction score. The finding that the 
owners other than renters were more likely to be 
satisfied with their housing environments was also 
similar as the previous study [11]. 

 
4.4 Biophilic factors for mental wellbeing 

It can be well supported by this study that housing 
environmental qualities, especially indoor climates 
and PREQ, can play an important predicting role in 
mental health of occupants in a dense city. It could be 
worth noting that the window view and window 
protection devices have significant effects on mental 
wellbeing. Windows with protection devices and a sky 
view will significantly benefit psychological restoration 
and quality of life. 

Since the impacts of physical housing conditions on 
health have received attentions [14, 15], it is necessary 
to promote more studies into the effects of biophilic 
factors on wellbeing in housing environment in China. 
 
4.5 Research limitation and future work 

This study has several potential limitations. First, 
the questionnaires have been collected from two short 
periods in 2021 and 2022. The behavioural differences 
of residents between the two periods were not 
investigated and analysed in this study. Second, causal 
claims cannot be drawn from this cross-sectional study 
in terms of the observed associations. It remains 
unknown whether the associations between 
perceived housing environmental qualities and mental 
health would change after time. Third, the sample size 
was modest. Limited by sample size, this study did not 
stratify people with different demographic and 
socioeconomic status. 

The repeated questionnaire survey will be carried 
out in future work to see if there are changes of the 
associations between perceived housing 
environmental qualities and mental health before and 
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can still be found as significant. Both Indoor Climates 
and PREQ can show positive effects on psychological 
restoration (p ≤ 0.01). Two housing conditions also 
express positive predicting effects (p ≤ 0.05). 

After adding the covariates (Model3), the 
predicting role of View2 is no longer significant (p > 
0.05). The predicting effects of View1, indoor climates, 
PREQ, and two housing conditions (floor of home, 
occupancy of home) can still be found as significant. 
The variables in Model3 can explain 37% of the 
variance in psychological restoration. 
 
4. DISCUSSIONS AND CONCLUSIONS 
4.1 Housing environmental qualities and QoL 

Our findings can support that there is the 
association between quality of life and several living 
and housing conditions, biophilic factors, and indoor 
climates. The positive predictive effect of indoor 
climates on quality of life was in line with previous 
studies [7, 16]. The evidence from previous studies 
found that living on higher floors was associated with 
worse mental health, possibly due to a lack of social 
interaction [17, 18]. Recent research has shown that 
this negative relationship disappeared completely and 
even became positive after adjusting for the 
socioeconomic and demographic variables [19]. Poor 
self-rated health in high-rise residential buildings 
could be explained by strong demographic and 
socioeconomic segregation between high-rise and 
low-rise buildings [19]. In our case, the floor level had 
a positive effect during the COVID19 pandemic. This 
could be related to the fact that most high-rise 
residential housing was equipped with better 
sanitation conditions than the old multi-storey 
housing in Shanghai. 

 
4.2 Housing environmental qualities and PRS 

As hypothesized, there is the association between 
psychological restoration and several Living and 
Housing Conditions, and Biophilic Factors. In addition, 
the Indoor Climates and PREQ also indicated positive 
predicting effects. Similar associations can be found 
between indoor climates, neighbourhood perceived 
environment and other mental health indicators 
(psychological distress and self-rated mental health) 
[7, 11].  

As for living and housing conditions, the occupancy 
of home had positive predicting effects. It could be 
explained by a result achieved in an investigation 
across European countries that living alone during the 
pandemic was reported to be associated with greater 
loneliness [20]. Company from family members at 
home could be extremely important to help people 
stay mentally healthy in the lockdown period. 

The present study indicated the only restorative 
effect of sky (not the plant). It was found that the sky 
as the most viewed external content would deliver a 

higher score of psychological restoration than other 
elements (e.g., plants). This finding was in line with 
one study also conducted in densely populated cities 
[21]. However, indoor plants and window view of 
greenery exposed positive effects in another study 
without considering sky view [22]. 
 
4.3 Housing environmental qualities and satisfaction 

Living and housing condition, indoor climates, and 
PREQ were found associated with overall satisfaction. 
The association between housing condition, indoor 
climates, perceived residential environment qualities, 
and satisfaction has been exposed in previous studies 
[6, 13, 23]. In a previous study, the number of rooms 
per person can take positive effect on the housing 
satisfaction [24]. However, we found a new trend that 
the satisfaction of the number of rooms had a negative 
predictive effect on overall satisfaction. In addition, 
people with higher education status would deliver a 
higher overall satisfaction score. The finding that the 
owners other than renters were more likely to be 
satisfied with their housing environments was also 
similar as the previous study [11]. 

 
4.4 Biophilic factors for mental wellbeing 

It can be well supported by this study that housing 
environmental qualities, especially indoor climates 
and PREQ, can play an important predicting role in 
mental health of occupants in a dense city. It could be 
worth noting that the window view and window 
protection devices have significant effects on mental 
wellbeing. Windows with protection devices and a sky 
view will significantly benefit psychological restoration 
and quality of life. 

Since the impacts of physical housing conditions on 
health have received attentions [14, 15], it is necessary 
to promote more studies into the effects of biophilic 
factors on wellbeing in housing environment in China. 
 
4.5 Research limitation and future work 

This study has several potential limitations. First, 
the questionnaires have been collected from two short 
periods in 2021 and 2022. The behavioural differences 
of residents between the two periods were not 
investigated and analysed in this study. Second, causal 
claims cannot be drawn from this cross-sectional study 
in terms of the observed associations. It remains 
unknown whether the associations between 
perceived housing environmental qualities and mental 
health would change after time. Third, the sample size 
was modest. Limited by sample size, this study did not 
stratify people with different demographic and 
socioeconomic status. 

The repeated questionnaire survey will be carried 
out in future work to see if there are changes of the 
associations between perceived housing 
environmental qualities and mental health before and 

 

after Covid19 lockdown. Various methods will be 
adopted to increase the diversity and number of 
participants. In addition, stratified analysis of people 
with different socio-economic status and residential 
areas with different economic conditions will be added. 
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1. INTRODUCTION  
Recognizing the fact that the challenges in 

Architecture, Engineering and Construction (AEC) are 
multidimensional and highly interactive, integrated 
interdisciplinary analysis and evaluation has become a 
necessity rather than an option, to increase the 
flexibility, creativity and efficiency of a design process 
and thereby increase resilience in the midst of climate 
change [1,2]. The level of progress towards a more 
sustainable built environment relates to how well the 
future AEC actors are being equipped during their 
higher education [3]. Integrated approaches that 
incorporate real-life challenges and interdisciplinary 
workflows have a high potential to enable these future 
actors to take a more proactive role in creation of 
more sustainable future [4,5]. 

In response, this paper shares didactive findings on 
building performance analyses (BPA) at Solar 
Decathlon Europe 2021/2022 (SDE21/22) [6], which 
took place in Wuppertal, Germany in 2022. SDE is the 
worldwide European edition of the Solar Decathlon 
(SD) competition [7]. 

The topics, tools and methods of BPA in the scope 
of SDE21/22, with a particular focus on Building 
Performance Simulation (BPS), are analyzed through 
reviews and a survey to reveal their effectiveness and 
provide future perspectives for better adoption of BPA 
in higher education. 

2. SOLAR DECATHLON EUROPE 21/22 
The competition is distinctive in that it treats 

design not only as a creative problem-solving exercise, 
but also as an integrated process where evidence-
based methods and practical skills are required. The 

SDE21/22 was the first edition fully focusing on the 
existing stock of residential apartment buildings in an 
urban area to promote energy transition for achieving 
climate-neutrality. Also, it was the first inspired by the 
results of Annex 74 - Competition and Living Lab 
Platform [8] of the International Energy Agency's 
Energy in Buildings and Communities (IEA EBC) 
Programme, which encouraged significant updates to 
the competition rules closely related to BPA [9]. 

In the scope of SDE21/22, a total of 18 teams from 
11 countries with participation of more than 500 
students competed through the 10 main contests of 
the competition: (I) Architecture; (II) Engineering & 
Construction; (III) Energy Performance; (IV) 
Affordability & Viability; (V) Communication, 
Education & Social Awareness; (VI) Sustainability; (VII) 
Comfort; (VIII) House Functioning; (IX) Urban Mobility; 
and (X) Innovation. The teams worked on the planning 
and design of their projects for 3 years. To ensure the 
gradual continuation of the work and provide 
feedback, the teams were asked to make a series of 
submissions, namely “deliverables”, to the SDE21/22 
organizers, including all documents, drawings, and 
other materials. 

The teams were introduced to two main challenges 
(1) in the "Design Challenge" (DC), teams created a 
design and energy concept for the renovation and 
extension of an existing building, including its urban 
context; and (2) in the "Building Challenge" (BC), teams 
designed a House Demonstration Unit (HDU) as a 
representative for DC and built it in a shared 
competition space, namely “Solar Campus”, in the 
competition final (Fig. 1).  
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Figure 1: Design Challenge, Building Challenge and House 
Demonstration Unit in SDE21/22, ©SDE21/22. 
 

Due to the difficulties caused by COVID-19, the 
competition final was postponed from 2021 to 2022 
and 16 out of 18 teams were able to participate in the 
competition final to build their HDUs. Therefore, 16 
HDUs, which are one- to two-story units with up to 110 
m2 of living space, were built by the teams. 

3. BUILDING PERFORMANCE ANALYSES 
The authors collected the base data of this study 

via reviews, which are made through the official 
documents of SDE21/22 and the final reports of the 16 
teams took part in the competition final. All the data 
and documentation of SD, including SDE21/22, are 
available on ‘‘Building Energy Competition & Living Lab 
Knowledge Platform” [10]. A further investigation 
about the use of the BPS tool was carried out through 
an online survey called "BPS in SDE21/22", which was 
conducted in an anonymous format with the 
participation of 12 out of 18 teams, through the online 
communication platform of SDE21/22, right after the 
completion of the competition. A total of ten closed-
ended questions with single and multiple-choice 
options were asked. One recent study by the authors 
[11] provides a comprehensive assessment of the 
integrated use of BPS tools in the context of SDE21/22. 

In SDE21/22, the main method for the estimation 
of the building performance was BPS throughout the 
whole process, as well as monitoring and testing 
during the competition final to evaluate the real 
performance of the HDUs.  

3.1. Building performance in the curricula  
The integration of the SDE21/22 topics across the 
curricula of the teams' universities was explored by the 
review of their "Communication and Education" 
reports submitted as part of the competition, with a 
particular focus on the topics of building performance.  

Example structures observed among the teams’ 
universities for the integration are as follows: 

 Elective and/or compulsory courses and 
bachelor’s and master’s theses that enable students to 

take part in SDE21/22 as a part of their study program 
without exceeding the planned period of study. 

 Joint courses offered through 
collaborations between different teaching chairs / 
departments to enable students from different 
disciplines to study on the SDE21/22 topics and to 
bring building physics education closer to design 
education. 

 Councils formed by students and 
functioning as a link between the faculty bureaucracy 
and students.  

In the scope of the review, the performance topics 
includes energy, indoor thermal comfort, indoor air 
quality, ventilation, hygrothermal assessment, 
lighting, and related building technical equipment, and 
building integrated renewable energy systems. It was 
observed that in general the number of courses 
covering performance topics was higher in teams 
formed by students from more technical and/or 
engineering-oriented disciplines compared to design 
and art. More specifically, it is seen that courses such 
as sustainable design and lighting design were more 
common in the architecture programs, while courses 
related to the thermal and optical properties of a 
building, such as thermal comfort, were more 
common in the engineering programs. 

The number and weight (in %) of courses covering 
building performance within the total courses offered 
at the universities within the scope of SDE21/22 are 
summarized (Table 1). Some reports mentioned the 
existence of some courses related to SDE21/22, but 
did not give details about the topics, so in these cases 
the information was not applicable (n/a). 

 
Table 1: Number and weight (in %) of the courses covering 
building performance topics within the total courses offered 
at the universities within the scope of SDE21/22. The 
abbreviations refer to the teams, [11]. 

    

  
Bachelor  
Courses 

Master  
Courses 

In total  
(%) 

NCT 2 out of 18 11% 
ROS 5 out of 24 3 out of 7 26% 
UPH 2 out of 4 n/a 50% 
HBC 3 out of 13 1 out of 2 27% 
HSD 4 out of 16 7 out of 16 34% 
KIT 11 out of 17 n/a 65% 
FHA 4 out of 16 n/a 25% 
GRE 3 out of 5 60% 
HFT 6 out of 30 20% 
TUD 1 out of 4 25% 
UPV 7 out of 11 2 out of 5 56% 

  n/a: not applicable   
 

 
The weight of the courses in the curricula were 

cross analyzed with the success of the teams in the 
contests of "Architecture", "Engineering and 
construction", "Energy performance" and "Comfort", 
where BPA was intensively applied, in order to see 
whether the higher weights of the performance 
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courses in the curricula resulted in higher success in 
the competition. For each contest, the points collected 
by the teams are presented as a percentage of the 
total points that can be earned (e.g., KIT earned 90% 
of the total points that could be earned for 
architecture contest.). The first 4 teams in whose 
curriculum the performance courses had at least 50% 
weight were evaluated (Fig. 2). It is seen that the 
teams that had higher success in the contests were the 
ones from the universities with the higher weights of 
performance related courses. 

 
Figure 2: Cross analysis of the teams’ success in the contests 
that BPA were applied and the weight of the courses covering 
building performance topics in the curricula, [11]. 
 

Focusing on opportunities and barriers for better 
integration of BPA into the curriculum, the review 
showed that the main threat is rigid curricula. In turn, 
flexible curricula, adoption of project-based, 
experiential, and interdisciplinary learning, better use 
of digital education platforms, and collaborations 
within and across universities stand out as 
opportunities.  

3.2. Use of BPS tools in the competition 
Another review aiming to analyze the use of BPS 

tools in SDE21/22 is made through the final version of 
project manuals. This includes detailed analyses of the 
teams' reports for each contest. 

During SDE21/22, the teams were asked to provide 
simulations to assess the plausibility and efficiency of 
their energy concepts over the course of a year, 
continuously via deliverables. Besides that, BPS 
accompanied to in-situ test and measurements.  

BPS studies were deliberately encouraged in 
SDE21/22 by targeting 3 main didactive points:   

 Studying design variations during design 
development  

 Testing the robustness of a design (e.g. 
against extreme weather conditions such as heat wave 
effect) and/or extreme/unexpected user behavior 
(e.g. operation of blinds and windows). 

 Producing simulation data to be compared 
with measurements as a part of the performance gap 
task. 

A wide variety was observed amongst the BPS tools 
used by the teams, in terms of calculation methods 
(un-dynamic, dynamic, semi-dynamic), field of 
application (e.g., domains of energy, comfort, lighting 
etc.) (Table 2), level of integration with the design 
tools (i.e., integrated, semi-integrated, independent), 
as well as intelligent design options provided by the 
tools (i.e., parametrization and optimization).  

When the fields of application of the tools are 
categorized and the percentage of the teams using a 
tool for a specific field is analyzed, the energy field has 
the highest rate of application with 94% of the teams, 
which is followed by comfort and photovoltaic & 
photovoltaic thermal (PV/PVT) systems (Fig. 3). 

 
Table 2: List of tools used by the teams according to the fields 
of application, [12], © SDE21/22. 

  FIELDS BPS TOOLS 
Site & Climate Climate 

Analyses, 
Radiation, 
Shadow. 

RESBy, Vi-suite,  
Ladybug Tools, Climate 
Consultant, 
ClimateStudio. 

Energy Use,  
Cost,  
Balance. 

Design Builder,  
MATLAB/ Simulink,  
Ladybug Tools,  
IDAICE, SimRoom, 
EN-13790 Tool,  
Plancal Nova, 
EnergyPlus,  
DDS-CAD, TRNLizard,  
TRNSYS 18, ENERCALC,   
ETU Sim.Gold, IES-VE,  
PHPP, OpenStudio, 
Climatestudio. 

 Comfort Thermal 
Comfort,  
Air quality,  
Humidity. 

Design Builder, 
SimRoom, TRNLizard, 
TRNSYS 18, ENERCALC, 
ETU Sim. Gold, IES-VE.  

PV/PVT System* Design,  
Production, 
Grid 
integration. 

PVlib Python, PVGIS, 
AutoCalSol, Polysun, 
TRNLizard, Sunny 
Design, PV*SOL, T*SOL 
Valentin, 
OpenModelica, PV syst 
7, POLYSUN, 
SolarEdge. 

Ventilation Passive, 
Mechanical. 

Ladybug Tools, 
Plancal Nova, 
DDS-CAD, 
TRNFLOW. 

Hygrothermal Heat, 
Moisture. 

WUFI, Lesosai & Flixo, 
Therm, PsiTherm. 

Lighting Daylight 
design,  
Artificial 
light design, 
Visual 
Comfort. 

Autodesk Revit, 
IDAICE, 
Dialux Evo, 
Radiance, VELUX, 
IES-VE, RELUX. 

LCA** Cost, 
Carbon 
footprint, 
Circularity. 

UMI Tool, 
eLCA/Bauteileditor, 
SimaPro 9.0, 
Caala 
OneClickLCA. 

*PV: Photovoltaic / PVT: Photovoltaic Thermal System, 
**LCA: Life Cycle Assessment 
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Figure 3: Fields of application according to percentage of 
teams used a BPS tool in a specific field.  

 
Further analyses are made through the results of 

the survey. Part of the results are shared here focusing 
on design-integrated use of BPS tools and the 
integrative effectiveness of the design and building 
challenges (DC and BC). 

First, the digital design and documentation tools 
used by the teams were asked in relation to the design 
phases and the design challenges (Fig. 4). Design 
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Figure 5: Design phases (of the challenges, DC and BC) in 
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between temperatures inside and outside the building 
[15]. During the co-heating tests, the HDUs were 
homogeneously heated to an elevated steady-state 
interior temperature, which is well above the outside 
temperature, using electric fan heaters with an output 
of 3 kW and an air flow rate of 250 m3/h running 3 
days, June 7- 9, between 12 am and 6 am. Including 
the pre-conditioning period and co-heating periods, in 
total 7 days were between the completion of the 
construction of HDUs and the public visits, therefore 
the monitoring data was not interrupted with users’ 
interactions. House-hold appliances were the only 
source of internal gains. Ventilation systems were out 
of operation. The air-tightness test took place right 
before the co-heating test, so all ventilation openings 
were closed. All movable shadings were closed to 
minimize the effect of passive solar gains. To plan and 
conduct the co-heating tests in the scope of SDE21/22, 
research on dynamic test methods for buildings from 
"Annex 71 - Building Energy Performance Assessment 
Based on In-situ Measurements" in the IEA EBC 
program is used as a reference [16]. 

The task aimed to provide students an overview of 
building performance at the intersection of indoor 
thermal comfort and thermal characterization, but 
also to encourage students to do better work, keeping 
in mind that their work will be evaluated by 
comparison of simulated and measured data. 

To ensure a homogeneous modeling and 
simulation process among the teams for indoor 
climate and energy calculations of HDUs, a simplified 
single zone BPS tool, namely "SimRoom" [17], had 
been introduced to the teams by the SDE21/22 
organizers during the early design phase of the HDUs. 
It was preferred for being a free excel-based 
educational tool that is easy to learn and proved by 
positive didactive experiences in many schools of 
architecture and engineering in Germany [18,19]. The 
use of other BPS tools had also been encouraged for 
comparison of results and more advanced simulations 
in both design and operation processes. To achieve 
consistency with in-situ measurements, simulation 
settings such as weather data, heating period and 
power, occupancy, operable blinds, and ventilation 
were set as pre-defined conditions in a special edition 
of SimRoom. Some other inputs were adjustable to 
allow the teams to update the thermo-physical, 
optical, and geometry-related properties of the HDUs 
as-built. A comparison of the measured and simulated 
hourly mean operative temperatures for the main 
living spaces is presented in Figure 7 [9]. In general, the 
simulations and the measurements display a similar 
pattern. Exceptions are (1) some teams (e.g. HFT and 
FHA) participated late due to construction delays, (2) 
the harmonized pre-conditioning in all buildings was 
not achieved and (3) in one case, the automatic switch-
off function of a heater (e.g. TUD) failed. 

 
Figure 7: Comparison of the measured and simulated hourly 
mean operative temperatures of 10 HDUs [9]. The 
abbreviations in the legend refer to the 10 SDE21/22 teams. 

 
The response of the units to the operation time of 

the heaters, represented by the gray background in 
the graphs, was an important learning outcome for the 
teams, not only understanding the dynamics 
stemming from their own units, but also, for relating 
the results to the differences between the HDUs. Units 
with smaller test volumes (HSD and HFT) had higher 
temperature increases in a shorter time.  The different 
temperature decays, each time after the fan heaters 
were switched off, reflects the differences in thermo-
physical characteristics of the units such as thermal 
transmittance, air tightness, and thermal mass [11]. 

4. CONCLUSION 
This paper shared the experiences in SDE21/22 to 

illustrate the potential of incorporating BPA in higher 
education. (1) Didactic approaches that promote 
experiential learning and combine different phases of 
a building project, (2) early integration of performance 
investigations in a design process with the use of BPS 
tools, and (3) multidisciplinary and continuous 
feedback for students during their studies are 
identified as the aspects for better adoption BPA in 
higher education.   

Comparative evaluations of design and building 
challenges show that didactive methods that 
incorporate design, construction and operation steps 
together are likely to be more effective than those 
based on design only, for integrating design and 
performance education.  

Although it is not possible to speak of a definitive 
causality, the cross analysis of the teams’ success in 
the contests that BPS were applied and the level of 
weight of the building performance topics in the 
curricula points to the potential of performance-
integrated teaching for the creation of a high-
performance built environment.  
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The overall review indicates the necessity of 
flexible curricula for better integration, where 
collaborations between different disciplines with 
diverse knowledge can be established.  

Furthermore, the rich variety of BPS applications 
realized by the teams is an illustrative example of how 
BPS can be an instrumental tool in solving 
multidimensional and interactive challenges.  

The performance gap analysis appears to be a 
useful didactic method, demonstrating why 
simulations, tests, monitoring and measurements are 
important and interrelated throughout the design and 
construction phases of a building project, and how 
important interdisciplinary collaborations are to 
balance the different requirements. Studies 
[9,14,20,21] , conducted shortly after the competition, 
using the performance gap data, shows the high 
interest and raise expectations for future research. 

SDE21/22 – competition source book [22] 
summarizes the competition, the results, the teams' 
contributions, and cross analyses of key topics. All the 
data and documentation provided on the 
‘‘Competition Knowledge Platform” [10] provides a 
source for further research and education. 

The findings of the study cannot be generalized on 
a large scale as they are based on a single experience, 
but they are noteworthy for providing perspectives on 
how BPA can be applied in higher education. The study 
can be used as a reference to communicate the 
importance of the design-integrated use of BPS in 
higher education, and to promote integrated 
interdisciplinary teaching and learning methods. 
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ABSTRACT: This study analyses vegetation as a shading element in urban environments, with a focus on mean 
radiant temperature and its relationship with outdoor thermal comfort. The methodology was based on 
measurements taken from thermographic images. A unique representation of the urban radiant environment 
around a specific point was created by joining multiple thermographic captures. The analysis revealed that 
exposed surfaces can reach temperatures up to 22ºC higher than those in the shade. Mean radiant temperature 
was calculated from this image using a script. The calculated mean radiant temperature and the measured air 
temperature were used to calculate outdoor thermal sensation for two comfort indices: physiological equivalent 
temperature (PET) and the universal thermal climate index (UTCI). The results showed that mean radiant 
temperature has a greater influence on thermal sensation than air temperature. Vegetation has proved to be an 
efficient solution in the outdoor environment, by providing shade and maintaining its own radiant temperature 
similar to air temperature. This effect is important to reduce mean radiant temperature in urban environments. 
KEYWORDS: vegetation, shading device, thermography, urban radiant environment, urban thermal comfort 
 
 

1. INTRODUCTION 
Mitigation actions are needed in response to 

projected global temperature increases, particularly 
for the summer period [1]. Cities are the most 
affected places, in terms of temperature increase and 
population affected.  

Parks, squares and public spaces play a vital role 
in bringing people closer to nature. To improve the 
health of inhabitants and increase the city’s 
resilience, it is essential to better understand how 
thermal conditions influence users’ perception of the 
urban space. 

Air temperature, humidity, air movement and 
radiant temperature are the main parameters that 
influence thermal perception. Radiant exchange has 
been identified as a key factor in determining thermal 
comfort in outdoor urban spaces [2]. Sun is the main 
source of radiation and has a decisive influence on 
the radiant characteristics of an outdoor 
environment. 

Studies have shown that the presence of shading 
elements in cities with hot, sunny periods and high 
temperatures has a significant impact on the average 
radiant temperature and, consequently, on the urban 
climate [3][4]. Shading is a strategy to mitigate solar 
exposure and improve the liveability of urban 
spaces [5].  

To mitigate radiant exchange, researchers have 
explored various types of surfaces such as: 
pavements, building walls and urban objects, 
considering the presence or absence of shade. 
Studies have demonstrated that when surfaces are 
exposed to direct sun radiation, there is a 

considerable temperature difference. However, with 
the presence of shade, the temperature variation 
among different surface finishes becomes less 
significant [6]. 

Several studies investigated the correlation 
between mean radiant temperature (Tmrt) in shaded 
spaces created by trees and canopies. These studies 
have demonstrated that trees have a better cooling 
effect compared to  other shading devices [7][8]. 
Such studies are commonly conducted using a globe 
thermometer. 

Thermographic images can be used as a valuable 
tool to obtain global information about the radiative 
environment, rather than just specific measurement 
points. They lead to better understanding of radiative 
phenomena.  
 
2. METHODOLOGY 

The objective of this study was to evaluate the 
effect of vegetation and its impact on the mean 
radiant temperature. To meet this objective, an 
image of the urban radiant environment was used to 
allow a global spatial analysis. This image was 
constructed through several individual thermographic 
images. 

The process that was followed was based on 
measurements made with a thermographic camera 
Testo 872s, which has a field of view of 30º x 42º. A 
Benro TMA37AL tripod was used to stabilise the 
camera and a Benro GD3WH rotule was used to 
rotation 360ºC on horizontal axis and 180ºC on 
vertical axis to capture the radiant surroundings 
(Fig. 1). 
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The Testo 872s camera generates a 
thermographic image and a standard photograph at 
the same time. 

 
Figure 1: Thermographic camera, rotule and tripod 

 
To capture the environment around a specific 

point, approximately fifty thermographic images 
were taken in about fifteen minutes (Fig. 2). All 
images were taken using the same temperature scale. 

 

 
Figure 2: Rotation of the thermal camera around both the 
vertical and horizontal axes 
 

KolorAutopano software was used to combine the 
thermographic images and standard photographs. 
The combination of thermographic and standard 
images facilitated the analysis and identification of 
radiant temperature values, and established 

correlations between vegetation and the shading 
effects produced. 

Using the radiant environment image, we 
proceeded to calculate the mean radiant 
temperature for this specific point using a script 
develop for this purpose. 

Subsequently, an analysis was conducted to 
determine how the mean radiant temperature affects 
the thermal comfort experienced by pedestrians in a 
public space. For this purpose, two thermal comfort 
indices were employed: physiological equivalent 
temperature (PET) and universal thermal climate 
index (UTCI).  

Using these two thermal comfort indices, we 
calculated the thermal sensation for this specific 
urban environment, reducing the effect of the shade 
provided by vegetation. 

This analysis enabled us to compare the influence 
of mean radiant temperature and air temperature on 
people thermal comfort. 

 
2.1 Case study 

A public space had to be selected with vegetation 
as a shading element. A point between Carrer de 
Pascual i Vila and Carrer de Pablo Gargallo in 
Barcelona, Spain, was chosen for this purpose (Fig. 3). 

This street segment has a wide sidewalk (11 m) 
and a significant number of trees: 38 in total on both 
sidewalks. All the trees are Celtis Australis. These 
trees create various shaded areas, so we could 
analyse the surfaces’ radiant temperature. The 
building walls, pavements, cars and other objects 
were part of the radiant environment studied. 

The images were captured on a clear day, on 16 
May at 11:15 h solar hour (13:15 h official hour). The 
camera was positioned at a height of 1.00 m and 3.20 
m away from nearby buildings (Fig. 2). 

 
Figure 3: Case study location 
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2.2 Calculating mean radiant temperature 
The mean radiant temperature was determined 

through an urban radiant environment image. To 
construct this image, a thermal camera was 
positioned at a height of 1 m. It was rotated around a 
point using a rotule. The images were taken in a way 
that they have an overlapping area so that they can 
be joined using software. 

KolorAutopano was selected as the software to 
join the images due to its ability to identify common 
points and seamlessly connect them (Fig. 4). In the 
urban radiant environment image, a specific 
temperature scale was employed, with each 
temperature corresponding to a colour code. With 
this information and a scripting language, the 
temperature of each pixel was determined. 

A standing position was chosen as the reference 
to calculate the radiation received by a person in 
outdoor space. Previous studies have determined 
that a vertical cylinder approximates the shape of a 

standing person [9][10]. This shape was used in the 
present study. 

The mean radiant temperature was calculated 
with the weighted sum of each pixel’s temperature in 
the urban radiant environment image. In this 
method, each temperature’s value was weighted 
according to its location in space and the angle at 
which it falls on the vertical cylinder. 

Notably, our primary objective was to analyse the 
influence of vegetation in outdoor environments as a 
shading element. Therefore, direct solar radiation 
values were not utilized. The result of the calculation 
of mean radiant temperature corresponds to a 
shaded place. 
The value of the calculated mean radiant 
temperature according to the composed 
thermographic image was 22ºC. This corresponds to a 
specific point in the urban context. 
 

 

 
 
Figure 4: (Up) Composed photograph of the case of study. (Down) Urban radiant environment       
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2.3 Calculating thermal comfort index 

Thermal comfort indices were used as a method 
to analyse the impact of the mean radiant 
temperature on people’s thermal sensation.  

With over 200 thermal comfort indices developed, 
it was essential to select the ones that best suit our 
analysis. 

In a study by Migliari et al. [11], a graphical 
methodology was developed to assess the suitability 
of various thermal comfort indices for different 
criteria. 

For our study, the selected thermal comfort index 
had to meet two specific criteria: it should consider 
mean radiant temperature as a climatic factor and it 
should be applicable in urban environments. 

Out of all the thermal indices analysed, 19 met 
these criteria. We chose two indices for our study: 
UTCI, which has a strong focus on mean radiant 
temperature in urban spaces and PET, which not only 
met the criteria but is also the most used in outdoor 
thermal perception studies [12][13]. 

The objective of using the thermal comfort indices 
was to compare the influence of mean radiant 
temperature and air temperature on people thermal 
sensation. 

To meet this objective, we calculated the thermal 
sensation for the real case study, which is a 
particularly vegetation-shaded place. The climatic 
factors used were obtained through calculation 
(mean radiant temperature 22ºC), measurements (air 
movement 0.5 m/s) and meteorological data (air 
temperature 22.7ºC and humidity 34%). 

Subsequently, we calculated the thermal 
sensation for the same location, and gradually 
diminished the impact of the shade provided by 
vegetation. Two scenarios were employed for this 
analysis. 

We modified only the mean radiant temperature 
(Tmrt). Previous studies [14][15] suggested that Tmrt 
can increase up to 25ºC in the absence of shade. We 
used this range to calculate the thermal sensation for 
mean radiant temperatures ranging from 22ºC to 
47ºC. 

We modified only the air temperature (Ta). 
Previous studies [14][15] suggested that Ta can 
increase up to 3ºC in the absence of shade. We used 
this range to calculate the thermal sensation for air 
temperatures ranging from 22.7ºC to 25.7ºC. 

The assessment scales of PET and UTCI are given 
in Figure 5 [16][17].  

Rayman was employed as software to calculate 
PET and UTCI, as this software has consistently 
demonstrated reliable results and is freely available. 

 

 
Figure 5: PET and UTCI scale 
 
3. RESULTS AND DISCUSSION 

The thermographic images revealed that the 
shadow generated by vegetation (Fig. 6) had a 
significant impact on the radiant urban environment. 
The lowest recorded temperature corresponded to 
the bottom part of the trees, with approximate 
values of 17ºC. 

 
Figure 6: Surfaces' radiant temperature exposed to solar 
radiation and shadowed 

 
The effect of shadow on horizontal surfaces 

showed radiant temperatures ranging from 22ºC to 
44ºC. These values could be obtained through the 
thermal camera’s software and the individual 
thermographic measurement. The vertical surface of 
the building exposed to the sun exhibited a 
temperature similar to the horizontal surface under 
the shade, which could be related to the angle of 
solar radiation incidence on these surfaces (Fig. 4). 

Regarding horizontal surfaces, both the car and 
floor surfaces exhibit similar temperatures when 
exposed to direct solar radiation. However, these 
surfaces under shade can display temperature 
differences of up to 8 ºC. 

It was observed that, during this period, the 
influence of the shadow had a greater impact on 
horizontal surfaces. 

The impact of mean radiant temperature on 
thermal comfort can be observed in Fig 7. When the 
mean radiant temperature was increased 25ºC, from 
22ºC to 47ºC, corresponding to a less shaded 
scenario, people thermal sensation increased 12ºC on 
the PET index and 7.4ºC on the UTCI index. 
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Figure 7: The impact of vegetation on thermal comfort. Comparison between modifying the mean radiant temperature (B) and 
the air temperature (C). 

When the air temperature was increased 3ºC, 
from 22.7ºC to 25.7ºC, which corresponded to a less 
shaded scenario, the people thermal sensation 
increased 2.1ºC on the PET index and 1.8ºC on the 
UTCI index (Fig. 7). 

Changes in thermal sensation can be observed. In 
PET, the sensation changed from comfortable to 
warm, and in UTCI, it changed from no thermal stress 
to moderate thermal stress. 

When the results of modifying the mean radiant 
temperature and air temperature are compared in 
the calculation of PET and UTCI, it is evident that the 
mean radiant temperature variation had a greater 
impact than the air temperature variation (Fig. 8).  

 

 
Figure 8: Impact on thermal comfort indices when the mean 
radiant temperature and air temperature are varied. 

This study highlights the importance of 
considering mean radiant temperature when outdoor 
environments are designed. To achieve optimal 
results in warm periods, it is crucial to think not only 
about surface materials but also about the effect of 
shading on these surfaces. 

Vegetation has proved to be an efficient solution, 
not only to provide shade to materials but also 
because it generally maintains a similar radiant 
temperature to the surrounding air temperature. This 
effect is significant in achieving a lower mean radiant 
temperature in the environment. 

 
4. CONCLUSION 

Thermographic images of complex urban 
environments can be a powerful tool to assess and 
visually observe phenomena that affect urban 
contexts, to design healthier and more resilient cities. 

 Spatial thermographic of an urban environment 
has proven to be a valuable tool for conducting 
radiation analysis in outdoor spaces. It provides 4π 
global data that aids in the study of how different 
surfaces behave within complex radiant 
environments.  

Through the calculation of comfort indices, we 
could observe the impact of vegetation as a shading 
element on thermal sensation outdoors, specifically 
the impact of air temperature (Ta) and the even 
greater impact of the mean radiant temperature 
(Tmrt). For the PET index, the thermal sensation 
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Through the calculation of comfort indices, we 
could observe the impact of vegetation as a shading 
element on thermal sensation outdoors, specifically 
the impact of air temperature (Ta) and the even 
greater impact of the mean radiant temperature 
(Tmrt). For the PET index, the thermal sensation 

 

increased by almost 10ºC more when Tmrt was 
modified rather than Ta. For the UTCI index, the 
thermal sensation increased around 5.6ºC more 
when Tmrt was modified rather than Ta (Fig. 8). 

In this study, measurements were taken on a day 
when climatic conditions resulted in a comfortable 
thermal sensation under shading. However, changing 
the value of mean radiant temperature in a scenario 
with less shade can shift the thermal sensation to 
warm (PET) and moderate heat stress (UTCI). 

Through the use of global thermographic images, 
the importance of vegetation as shading was 
observed. 

For this specific case study, the horizontal surfaces 
exposed to solar radiation had a radiant temperature 
significantly higher than shaded surfaces. The canopy 
tree had a radiant temperature similar to air 
temperature. 

During the months of the year when cities 
experience heatwaves and considering the influence 
of mean radiant temperature on thermal sensation, it 
is essential to implement strategies such as using 
vegetation as a shading element. Such strategies are 
crucial in creating urban spaces that remain as far as 
possible from the heat stress range values. 
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ABSTRACT: This study aims to measure the impact of having visual connections to nature through windows on 
the cognitive performance of university students, as assessed by their final exam scores. To build upon prior 
research conducted in controlled laboratory and climate chamber settings, which may have a gap between 
findings and real-world contexts, demonstrating the positive effects of window views on occupants, this study 
addressed the limitations of lab-based experiments by conducting a field test in university lecture rooms with 
121 students enrolled in STEM classes, taking their actual final exam. In the field test, we randomly assigned the 
students to either of two conditions: one with windows and one without, while monitoring indoor environmental 
factors. The results revealed no significant difference in cognitive performance—whether measured by scores or 
cognitive efficiency gauged by the time taken to complete the exam—between students in conditions with and 
without window views. Given the known small effect size of having windows on cognitive performance and the 
relatively small number of data points, we recognized that further iterations of the field tests are required to 
accumulate a more substantial dataset and draw more robust conclusions.  
KEYWORDS: Window, View, Cognitive performance, Learning, Field test 
 
 

1. INTRODUCTION  
Creating a visual connection to the natural world 

outside through windows may bring benefits to the 
occupants [1]. While consistent findings documented 
the positive effects of human-nature interaction on 
cognitive performance and stress recovery, Ko et al. 
(2020) suggested that even providing a visual contact 
through windows could yield positive outcomes for 
occupants [2-3]. The study from Ko, et al. (2020) 
utilized a randomized crossover study design while 
maintaining identical indoor environmental quality 
variables, including temperature, lighting, and air 
quality, known to significantly affect occupants, 
controlling the confounding variables. However, it 
was conducted within a climate chamber. Therefore, 
it would be valuable to investigate whether the 
positive effects of a visual connection to nature can 
be replicated in real-world scenarios. There are 
several limitations in lab studies, including the 
unrealistic way of assessing cognitive performance. 
Ko et al. (2020) utilized cognitive tests from 
Cambridge Brain Sciences to evaluate participants' 
cognitive performance. In simulated work and 
learning conditions, it is difficult to determine 
whether participants were sufficiently motivated to 
achieve their highest possible achievements and 
scores. Additionally, considering that the tests were 
designed by researchers for specific purpose, a 
potential gap may exist between these assessments 
and the actual working tasks. To address these 
concerns, we conducted a field test to assess the 
impact of providing window views on cognitive 

performance by analyzing the final exam scores of 
students enrolled in a large building science class. 

 
2. METHODS  
2.1 Experimental design 
     We conducted a field experiment within existing 
university lecture rooms, where students are usually      
engaged in their typical academic activities, including 
attending lectures and taking exams.            
We used the students' exam scores as a metric for 
assessing their cognitive performance during the test, 
given their strong motivation to attain the highest 
possible scores, which differs from other cognitive 
tests designed in a laboratory setting where 
participants may not necessarily exert their maximum 
effort. 

We set two distinct conditions: one with windows 
(WW) and one without windows (WoW). A total of 
121 students were randomly assigned to four lecture 
rooms, with two rooms designated for each 
condition. WW1 and WW2 represented the WW 
rooms, while WoW1 and WoW2 represented WoW. 
Each room accommodated between 27 to 33 
students.  

The selected lecture rooms used in the field test 
were equipped with versatile movable wood panels 
affixed to the walls, allowing for the transformation 
of the lecture spaces into exhibition areas. For the 
WoW condition, these panels remained closed during 
the exam. 

WW1 and WoW1 are located next to each other 
and they shared similar design contexts and spatial 
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WoW condition, these panels remained closed during 
the exam. 

WW1 and WoW1 are located next to each other 
and they shared similar design contexts and spatial 

 

arrangements. WW1 covered an area of 99 m² for 34 
students (equating to 2.9 m² per person), while 
WoW1 had 93 m² for 34 occupants (resulting in 2.7 
m² per person). Similarly, WW2 and WoW2 were also 
located in immediate proximity to each other: WW2 
had an area of 93 m² for 30 individuals (3.1 m² per 
person), and WoW2 spanned 101 m² for 30 
occupants (3.3 m² per person). 
 
2.2 Building design, physical and visual attributes of 
windows, and window view 

The building's facade is equipped with an egg 
crate design, an external shading device featuring 
both overhangs and vertical fins, across all 
orientations except the North, ensuring that direct 
sunlight is blocked from entering the interior spaces 
year-round, minimizing the potential risks of glare.  

For the physical attributes of the windows in both 
WW1 and WW2, each window had a rectangular 
design with a fixed width of 1.1 m. However, the 
windows had different heights depending on the row: 
0.9 m for the bottom row, 1.1 m for the middle row, 
and 1 m for the top row. The window frames were 
made of metal. These single window units were 
positioned at fixed intervals of 0.3 m vertically, 
totalling three windows in height, and repeated 
horizontally at 0.4 m intervals, totalling six windows 
across. Consequently, the WW1 wall comprised a 
total of 18 single windows. The windows are of the 
operable awning type. During the field test, the 
windows remained closed. The calculated wall area 
measures 29.75 m², with a width of 8.5 m and a 
height of 3.5 m, with 20 m² dedicated to glazing, 
yielding a WWR of 67%. For their visual attributes, 
these windows were equipped with single-pane 
glazing and offered a VLT value of 0.8 when they are 
clean and new.      

 There was a difference in finishings between the 
WW1&WoW1 and WW2&WoW2 conditions. For 
WW1&WoW1, the horizontal intervals between 
these windows consisted of wood finishing with a 
white paint coating. The vertical intervals were 
constructed from concrete materials with a white 
paint finish. 

For WW2&WoW2, the vertical intervals between 
these windows consisted of unfinished wood, 
exposing the material. The horizontal intervals were 
constructed from concrete materials without a finish. 
Regarding the window views, for WW1, observers 
primarily had visual contact with the greenery 
outside, including trees and grass. For WW2, 
occupants could have a visual connection with a 
building featuring a grey facade, which faces the 
building where the exam is being taken from a 
distance. At a closer range, the view content seen 
included land covered with grass. 

 
Figure 1. A. Section of walls and windows for both WW1 
and WW2; B. The window view as seen in the room, With 
Window #1; C. The window view as seen in the room, With 
Window #2. 
 
2.3 Environmental conditions: Pre-measurement 

We monitored the temperature, relative 
humidity, and carbon dioxide concentration (CO2), 
and light intensity by employing data loggers (Model 
MX1102, Onset HOBO, USA) and light meter (T-1H, 
KONICAMINOLTA, Japan and Ds-2000, Sylvania, 
Hungary). These measurements were taken due to 
the potential of these variables to act as confounding 
factors. In addition, in the middle of the semester, we 
conducted a continuous, week-long pre-
measurement for temperature, relative humidity, and 
CO2. The resulting median and Interquartile range 
(IQR) values for temperature, RH, and CO2 are as 
follows:   
WW1: 20 °C (IQR=1), 40% (IQR=9), 350 ppm (IQR=30) 
WW2: 20 °C (IQR=2), 40% (IQR=6), 430 ppm (IQR=50) 
WoW1:21 °C (IQR=1), 40% (IQR=8), 450 ppm (IQR=40) 
WoW2:20 °C (IQR=1), 40% (IQR=7), 375 ppm (IQR=50) 

We found that the indoor conditions were 
consistent and meeting guidelines. To measure light 
intensity, sensors were placed in five different 
locations within each room, and the mean values 
were calculated. The results indicated that for WW1 
and WoW1, the recorded values were 800 lux and 
900 lux, respectively, while for WW2 and WoW2, the 
values were 300 lux and 350 lux. 
 
2.4 Final exam details  

The final exam, having a total of 100 points, 
comprised a combination of 62 assigned points for 
conceptual questions, true/false and multiple-choice, 
and 37 points for calculation questions. 1 point was 
given to all for acknowledging the school’s honor 
code. To ensure a comprehensive assessment that 
challenges both theoretical understanding and 
calculation skills, we meticulously structured our 
exam. It encompasses conceptual inquiries into 
several fundamental concepts of building science, 
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including climate analysis, heat transfer, building 
energy, solar geometry, daylighting, indoor air 
quality, acoustics, and HVAC. For instance, we ask 
questions like: How bright is the brightest part of the 
overcast sky compared to the darkest part? These 
questions aim to evaluate students' understanding of 
well-established knowledge covered in the class and 
required readings, rather than requiring them to 
generate their own ideas. In the calculation 
questions, students are tasked with deriving specific 
values by correctly selecting and applying the 
appropriate formulas and input parameters. 
 
2.5 Statistical analysis  

 We first conducted the Shapiro-Wilk normality 
test to assess whether the students' final exam scores 
followed a normal distribution [4]. Following this, we 
investigated the influence of two experimental 
conditions, WW and WoW, on students' cognitive 
performance during the exam using the Mann-
Whitney U Test [5]. The Mann-Whitney test, a non-
parametric method, was employed, eliminating the 
need for specific assumptions about normal 
distribution. Within this test, data from the WW and 
WoW groups were pooled, ranked in ascending 
order, and then the sum of ranks for each data point 
was calculated, resulting in having the U value. When 
comparing the U values between the two groups 
(WW and WoW), if one is significantly smaller or 
larger (two-sided) than the other, it indicates a 
meaningful difference in final exam scores between 
the groups. 

We used the z-score method and t-test to assess 
whether there was a significant difference in 
individual students' relative grade positions before 
(pre-exam) and after (post-exam) the exam by the 
conditions. Our hypothesis was that having a visual 
connection to the outside through windows would 
increase cognitive performance. Consequently, we 
expected that students in WW would demonstrate an 
improved post-exam ranking compared to their pre-
exam ranking, and vice versa. To test this, we 
computed z-scores for each student before and after 
the exam, calculating the difference between these 
two z-scores for each student. We then applied a t-
test to analyze these difference values by the 
conditions.  

To assess their pre-final exam performance, we 
aggregated the scores from six in-class quizzes. These 
quizzes were proctored by the instructor team, 
similar to the actual exam format and excluding any 
potential for collaborative work or cheating. The 
post-exam Z-score for each student was determined 
using their final exam score. We computed the effect 
size using Cohen's d, denoted as "r." 

We assessed statistical power using GPower. For 
the effect size, we adopted a value of .2 based on 
prior literature (Ko et al., 2019), which suggested 

small effect sizes for cognitive performance—.31 for 
"Working memory" and .26 for "Concentration." 
Given that this is our initial field test, we intentionally 
chose a relatively small effect size. We established a 
significance level (alpha error probability) as .05, and 
the sample size for both groups was set at 60. 
Consequently, our calculated statistical power was 
.19. We used R as a statistical analysis software to run 
Mann-Whitney U Test, Shapiro-Wilk Test, standarized 
score, and t-test. 
 
3. RESULTS   
3.1 Environmental conditions  

The field test took place on in mid-May, 2023 
from 8:00 am to 11:00 am. We monitored several 
indoor environmental quality factors, including 
temperature, relative humidity, CO2 levels, lighting, 
and acoustic conditions, to ensure similarity across 
four distinct rooms: WW1, WoW1, WW2, and WoW2. 
To gather this data, we used two sensors—MX1102 
(Onset HOBO, USA) for temperature, relative 
humidty, and CO2 measurement and MX1104 (Onset 
HOBO, USA), for measuring temperature and relative 
humidity while also measuring light data. As a result, 
the temperature difference between WoW1 and 
WW1 was found to be Medianwindowless-window_1 = 1 °C, 
with an IQRwindowless-window_1 of .5 °C. Similarly, WoW2 
and WW2 showed a temperature difference of 
Mwindowless-window_2 = 1 °C, accompanied by an 
IQRwindowless-window_1 of .7 °C. 

 For the lighting conditions at WW1 and WW2, we 
measured horizontal illuminance levels to assess the 
lighting condition of two spaces during the test. This 
was because there might be a potential dynamic 
influence of direct sunlight and diffuse light on the 
desk-level illuminance (target illuminance), affecting 
students taking exams when the movable panels 
remained open. To ensure consistent data collection, 
we positioned both sensors on stools at the same 
height as the desks where students took exams. In 
WW1, the light intensity increased by ~200 lux 
compared to the pre-measurement, rising from ~800 
to ~1000 lux. Meanwhile, in WW2, the light intensity 
decreased by ~100 lux, dropping from ~300 to ~200 
lux. We conducted two separate acoustic level 
measurements: the first at 8:30 and the second at 
9:00. The resulting average acoustic levels for each 
room were as follows: 47 dB for WW1, 50 dB for 
WoW1, 49 dB for WW2, and 44 dB for WoW2.  
 
Table 1: Environmental conditions during the field test 

Condition WW1  WoW1 WW2 WoW2 
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Table 1: Environmental conditions during the field test 

Condition WW1  WoW1 WW2 WoW2 

 

Temp °C 22 (.5) 23 (.3) 21 (1) 22 (1) 

RH % 50 (2) 45 (3) 50 (2) 50 (1) 

CO2 ppm 480 
(120) 

580 
(150) 

490  
(55) 

410  
(60) 

Light lux 1,000  n/a 200   n/a 

Acoustics 
dB  

47  50  49  44  

 
Figure 2. Field experimental conditions: two spaces with 
windows (left column) and two spaces without windows 
(right column) 
 
3.2 Cognitive performance by overall, conceptual 
and calculation question scores 

There were no significant differences in students' 
performance between the condition with and without 
view (p-value>.8, r < .1, a negligible effect). The same 
was found regardless of question types, whether they 
were conceptual, calculation, or the sum of the two. 
 
Table 2: Exam score results based on question type and 
room type.  

Type 
 

Conceptual  
(62 points)  

Calculation  
(37 points)  

Overall  
(99 points) 

Entire 
Class  

Mean=43.8 
SD=7.5 

Median=30 
IQR=9 

Median=74.5 
IQR=17.5 

WW Mean=44.1 
SD=7.5 

Median=30 
IQR=9.5 

Median=74.2 
IQR=17.6 

WoW Mean=43.52 
SD=7.5 

Median=30 
IQR=7 

Median=75 
IQR=20 

Normally 
Distribut

ed? 

Y 
(p-value 

>.07)  

N  
(p-value  

<.01) 

N 
(p-value  

<.01)  

 

Since the scores from conceptual questions 
followed a normal distribution, we employed a t-test. 
However, when comparing the scores representing 
the sum of conceptual questions between the two 
conditions, our analysis did not provide any 
significant evidence of a difference in means (p-value 
> .9, r < .1, a negligible effect). 

Similarly, we did not find that scores obtained 
from calculation questions from students in the WW 
condition were higher than those of the students who 
took the exam in the WoW condition (p-value>.7, 
r<.1, a negligible effect).  

 
 
Figure 3. Comparing students' overall scores, their scores on 
conceptual and calculation questions, depending on the 
students took the exam in the rooms with or without  
windows. 
 
3.3 Cognitive performance by pre-and post-exam 
performance 

We observed that the difference between pre-
exam and post-exam Z-scores followed a normal 
distribution, as tested by applying a Shapiro test with 
a significance level of .05 and a p-value of .388. Since 
students are randomly assigned to either WW or 
WoW and are independent of each other, we 
conducted a t-test, which revealed that there was no 
significant difference in the mean values of Z-score 
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differences between the conditions (significance level 
= .05, p-value = .485, t = .700, effect size < .2, a 
negligible effect). 
 
3.4 Cognitive efficiency measured by taken exam 
time  

We analyzed the data in terms of cognitive 
efficiency. This analysis was based on the assumption 
that if the students who stayed in the WW condition 
finished their exam earlier, we could infer higher 
efficiency, as the outcomes were similar between the 
conditions. We excluded two students from the 
WoW1 condition as they arrived late for the exam. 
Therefore, 119 data points were used for the analysis. 
The exam time had median and IQR values of 111 min 
and 40.5 min, respectively, for the overall class. For 
the students in the WW condition, the time taken to 
finish the exam was 114.5 min and 42.5 min for the 
median and IQR, respectively. For the students in the 
WoW condition, the time taken to finish the exam 
was 106 min and 34 min for the median and IQR, 
respectively. Because the time taken for the exam 
was not normally distributed (significance level = .05, 
p-value < .01), we utilized the Mann-Whitney U test. 
There was no significant difference in the time taken 
for the exam between the conditions (U=1528.5, 
significance level=.05, p-value=.200, effect size=.23, 
indicating a small effect). 
 

 
 
Figure 4. Comparing students' time taken to finish the 
exam, depending on the condition where students took the 
exam, the rooms with or without  windows. 
 
4. CONCLUSION 

We investigated the impact of having a visual 
connection to the outside via windows on 
performance of students during their university final 
exams.  

 We plan to replicate this study over several years 
to accumulate a sufficient sample size. Based on our 
literature review, we expected a .25 effect size in 
people's enhanced exam performance when they 
have a visual connection to the outside. To achieve a 

statistical power of .8 with a significance level of .05, 
we need 265 data points for both the with window 
and windowless conditions, which may require up to 
four years of field experiments. 

In this study, we could not find a significant 
difference in students' performance whether they 
had a window view out or not. At this stage, it is 
difficult to explain why our results were inconsistent 
with previous findings in controlled laboratory 
experiments. It is unclear whether this gap is due to 
an insufficient sample size or if the effects of having 
windows are not substantial enough to boost 
performance in the real-world contexts. Further 
research is needed to better understand these 
outcomes. 
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ABSTRACT: The research focuses on how climate changes affect the calculated energy demand of buildings, and
on the advantages of a novel method for determining a set of building parameters that facilitate their
adaptation to ongoing climate changes. To achieve these goals we study two meteorological data sets from
different periods and then analyse the energy calculations made on the basis of a database of 5040 models of
buildings. The results of our studies show, that with the increase in the average air temperature of 1.2 C°, nearly
82% of the tested building variants showed a higher total energy demand, all of which show a significantly
higher calculated demand for energy for cooling. Buildings with poor envelope energy efficiency will from now
on either overheat or need to be actively cooled. Therefore the basic design strategy should be to reduce the
area of windows oriented south, along with increasing insulation of partitions. All other features of buildings
show a wide range of possible values, and the overall energy demand depends heavily on their inter-relations.
Our results also show that dynamic energy analysis should be carried out only on the most current
meteorological data prepared for hourly calculations.
KEYWORDS: climate change, randomly generated data, energy performance of buildings, single family housing

1. BACKGROUND AND RESEARCH QUESTIONS
Nowadays,  to  design  a  building  means  a  work  of

meeting architectural needs with actual technical
regulations and building code with taking economic,
social and environmental aspects into the
consideration. A properly designed building should be
energy efficient today, but it also should be after 20,
40  or  even  more  years.  To  predict  the  impact  of
changing climate on adopted building design strategy
in terms of thermal insulation, window area, thermal
mass  or  airtightness  to  name  a  few,  we  should
analyse both: the building energy demand with
current weather data and their future predictions.

 The  work  presented  here  was  carried  out  on  a
sufficiently large scale, so the results can be the basis
for drawing more universal conclusions, regarding
design strategies for resilient, energy efficient and
comfortable buildings.

Our research focuses on determining how
changes in the parameters describing the climate,
affect the calculated energy demand; and on
formulating preliminary guidelines for the design of
resilient buildings. The field of study is now subjected
to very thorough analyses so numerous, that it would
be pointless to mention even the more important
ones. But despite the fact that designing resilient
buildings in the environment of climate change is
such a ‘hot topic’ there are relatively little research
like [1] or [2] that take into account the
interdependencies between significant energy

parameters of buildings. Probably due to the time-
consuming nature of the procedures or the
complexity  of  the  matter,  the  most  common
approach is to analyse the impact of selected
variables on the energy balance of the building [3, 4].
We show, that this method might be misleading.

The impact of climate change cannot be shown in
isolation from location. So even if similar studies were
conducted in other locations [5], the conclusions
drawn from them will probably not be binding
somewhere else. Additionally, in Poland, for some
time now, steps have been taken to update the
methodology and meteorological data used for
calculations [6]. Our research shows how important
this can be for simulation results.

2. THE FRAMEWORK OF THE STUDIES
2.1 Building models – the statistical approach

The idea of the research, was to move away from
a case study -  a strictly defined project -  in favour of
identifying and describing the general features of a
large group of cases in specific external conditions.
Therefore,  the  research  was  carried  out  on  a  sample
of 5040 randomly generated models of single-family
buildings with a fixed heated volume (600 m3) and
location (Wrocław).

Randomly generated models mean, that they
were described by randomly generated parameters
necessary for the calculation of the energy demand in
accordance with applicable law.
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Subsequently, the generated data allowed to
characterize and analyse the buildings by a set of
their energy performance features, namely:

§ A/V ratio (area of external partitions/heated
volume of the building ratio) [1/m],

§ Share of south-oriented wall area in the
overall wall area [%],

§ Roof area [m2],
§ Area of windows facing south [m2],
§ Share of north-oriented window area in the

overall window area [%],
§ Window area to wall area ratio [-],
§ Average (weighted) U-value of all partitions

[W/(m2K)],
§ Average (weighted) U-value of partitions

excluding windows [W/(m2K)],
§ Share of heat losses through thermal bridges

in overall transmission heat losses [%],
§ Air-tightness of the building [1/h],
§ Thermal mass of the building [J/K],
§ Area of the wall between the unheated and

the heated volume of the building [m2],
§ Air-tightness of the unheated volume of the

building [1/h],
§ Ratio of unheated volume to the heated

volume of the building [-].

2.2 Meteorological databases
As we wanted the conclusions from our research

to be as universal as possible, we chose a location in a
temperate climate, one might say "average", not
distinguished by extreme temperatures or the
amount of solar radiation.

The experiment compared the energy demand of
all models, with calculations based on two different
sets  of  climate  data  for  the  location  of  Wrocław,
Poland:

§ IMGW: a database used for energy
performance calculations according to the
methodology legally binding in Poland, for
which Typical Meteorological Year averages
data collected in the years 1971 – 2000 [7, 8,
9].

§ IWEC2: a database provided by ASHRAE,
based on observations from 1984-2008 [10,
11]. The database is used both for hourly
simulations in the Energy Plus program and
for monthly energy calculations based on
Polish Standards.

Both databases contain typical meteorological
years, which are a statistical reflection of the climate
in a given place during a selected time period. They
contain not only temperature data, but also solar
radiation, humidity, rainfall, wind speed and direction
data.  These  are  averages  prepared  on  the  basis  of
many years of measurements and mathematical
models:

§ IMGW: The annual sequence of weather
data for energy calculations is generated
for 12 months selected from a period of at
least 10 years of meteorological
observations for a given location.
Observations were conducted by the
Institute of Meteorology and Water
Management (in Polish: Instytut
Meteorologii i Gospodarki Wodnej)
between 1971 and 2000. The source data
are used then to determine typical
meteorological years for Poland included
several basic 3-hour meteorological
parameters and modelled values of solar
radiation intensity derived from an
mathematical model.

Work is currently underway to determine new
typical meteorological years for Poland, calculated on
the basis of available meteorological data from
synoptic stations of the IMGW and models of
repeated backward analysis of the ERA5 database of
the Copernicus system covering the years 2001-2020
[6]. They are not available yet, therefore we used the
IWEC2 data in our comparative analysis.

§ IWEC2: this database contains weather
observations of wind speed and direction,
sky cover, visibility, ceiling height, dry-bulb
temperature, dew-point temperature,
atmospheric pressure, and liquid
precipitation. For each of these
parameters, there are on average at least
four observations per day. They extend to
25 years of measurements between 1984
and 2008.
Because the ISH database contains no
measured solar radiation, the hourly total
horizontal solar radiation is calculated from
an empirical Zhang-Huang Model taking
into account the sun-earth geometry,
reported cloud cover, the temperature
difference compared to three hours
before, relative humidity, and wind speed.
The model is then adjusted on an hourly
basis using the new ASHRAE Clear Sky
Model to correct for statistical noise in the
hourly profile.

2.3 The analysis
Out of the 5040 building models, the ones in

which the change in the amount of energy demand
calculated for the IMGW and the IWEC2 climate data
did  not  exceed  1%  of  the  value  (in  plus  or  in  minus)
were  chosen  for  further  comparative  analysis.  As  a
result it included a total of 659 models for which it
was reasonable to assume, that their features
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(mentioned earlier in 2.1) make them resistant to
climate change.

Subsequently, from the selected group of 659
models,  10%  of  the  most  energy-efficient  were
chosen.

The  average  values  of  features  of  models  of  the
entire population (5040) and of the selected groups
were then compared, and on this basis, conclusions
were  drawn  regarding  the  possible  strategies  of
climate adaptation of buildings.

To verify our findings, and to find possible
interdependencies between features, we then
reduced the group of 65 building models to a group
of 50, and afterwards successively by 10 at each step,
until finally we rested with a group consisted of 10
models which simultaneously met the condition of (a)
the minimum change in energy consumption and (b)
its lowest consumption.

The systematically reduced groups were analysed
for changes in the variance of the values of selected
features.

Last but not least, we took a look at the
parameters of building models whose overall energy
demand has decreased in changed climate
conditions.

3. RESULTS
3.1 The IWEC 2 versus the IMGW weather data

Our experiment showed some discrepancies
between the simulation results based on hourly and
monthly data.

The analysis of heat gains on planes facing
different directions (N, S, W, E) showed that, for the
IMGW data, the gains on the eastern side are greater
than on the western side, while for the IWEC2 data
these values are almost equal.

Figure 1: Annual sums of global solar irradiance in each
hour during the year: a comparison of the IMGW and the
IWEC2 data for Wrocław.

The reason for such results is the global horizontal
irradiance in the IMGW data. It is not fully suitable for
hourly simulations, because the program reads them
with  a  half-hour  shift  (Fig.  1),  showing  higher  solar

gains on the eastern surfaces than on the western
ones.

The  IWEC2  data  were  developed  on  the  basis  of
more recent measurements than the IMGW data, and
show that average air temperatures have increased
significantly in recent years.

Figure  2  shows  these  differences  and  -  as
described below - they have a measurable impact on
the energy use in buildings.

Figure 2: Average monthly temperature shift, between the
IMGW and the IWEC2 data for Wrocław.

3.2 Energy performance and design strategies
The results for all 5040 tested models, set in the

conditions described by the newer climate database
(IWEC2), show a lower calculated demand for energy
for heating (EUH) and a significantly higher calculated
demand for energy for cooling (EUC), which is shown
(for the 659 least affected models) in Fig. 3..

Figure 3: A comparison of energy demand index for heating
(EUH) and cooling (EUC) for building models simulated with
the IMGW and the IWEC2 data for Wrocław. The models
were ranked according to the increasing value of energy
demand. For visibility, the figures show the 659 models least
affected by climate change, but the effect is valid for the
whole group of 5040 buildings.
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Nearly 82% of the tested building variants showed
a  higher  total  demand  (heating  and  cooling)  for
usable  energy:  only  909  of  the  models  showed  a
decrease in total energy demand - these are buildings
in which the increase in energy demand for cooling
was lower than the decrease in energy demand for
heating.

The results indicate that even with the recorded
increase  in  the  average  air  temperature  of  1.2  °C  in
Wrocław, the average increase in energy demand for
cooling is 20.0 kWh/m2/year, and the average
decrease in energy demand for heating is 11.9
kWh/m2/year.

The comparative analysis of the characteristics of
building models that were least affected by climate
change, and at the same time were the most energy-
efficient (the best 10% of the chosen 659 models,
based on the IMGW data), brings some interesting
results (Table 1).

Table 1: Energy parameters of resilient and standard
buildings. The values show how climate change influences
the strategies of architectural design. (1): average value for
all tested models; (2): average value for energy effective
models least affected by climate change, (3): relative
parameter value change [%].

(1) (2) (3)
A/V [1/m] 0.78 0.79 +1.5%

Thermal mass [J/K] 77.9x105 80.6x105 +3.5%
Area of windows facing

south [m2] 20.50 12.14 -40.8%

Window area to wall
area ratio [-] 106.49 121.38 +14.0%

Air-thightness_n50 [1/h] 5.22 3.96 -24.2%

Share of windows facing
north [%] 25.06 26.74 +6.7%

Average U value of all
partitions [W/(m2K)] 0.45 0.25 -43.6%

Average U value of
partitions excluding
windows [W/(m2K)]

0.27 0.21 -23.2%

Share of heat loss
through thermal bridges
in transmission heat loss

[%]

10.43 9.45 -9.4%

From the first rough analysis it follows that if
buildings are to maintain their good energy
parameters, then the basic design strategy should be
to reduce the area of windows oriented south (by
reducing their size or by using blinds), along with
increasing insulation of external partitions. The next
thing to do would be increasing the air-tightness of
the building envelope. Buildings with poor envelope
energy efficiency will from now on (calculated for the
IWEC2  data)  either  overheat  or  need  to  be  actively
cooled to maintain comfort.

Interestingly, the requirements for increased
insulation applies to windows to a lesser extent than
to other partitions.

A more detailed analysis (taking also into account
the variance of feature values) of smaller and smaller
groups of increasingly energy-efficient buildings
indicates that the pointed out features: area of
windows facing south and air-tightness are in fact the
features that become more consistent and less
variable within the in increasingly smaller groups.

This implies that these features of buildings must
decrease (or increase) if we want to achieve better
energy parameters, while the rest should be
considered together, because only when considered
together can they give the desired result, even
though the range of values (freedom in shaping)
remains large or at least constant as in the case of the
average U value.

Figure 4: Average values and variance of (A): A/V factor,
(B): area of south-facing windows, (C): average weighted U
value (excluding windows); for increasingly energy-efficient
buildings in successive, increasingly smaller groups of
analysed models.

Another words, the decrease in energy demand
does not correlate with any single parameter of the
models (the correlation coefficient oscillates between
-0.61 for the U factor and 0.03 for the percentage of
window area facing north). This indicates the need to
simultaneously consider all model parameters
responsible for the building's energy performance.
This is a significant discovery resulting from the
conducted analyses. Chosen results are shown in
Figure 4.
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At the last step of our research, we took a closer
look at buildings, which decreased the overall energy
demand as the climate data changed.

Comparing the resulting group of 909 buildings
that, in a sense, "gained" from climate change, we
can be confused: virtually for all features, both the
average values and their variances remain without
significant changes compared to the entire group of
5040 generated models. Except for two: the area of
windows facing south and the average U coefficient.
The average value of the first one (windows)
decreased significantly, while also significantly
decreasing the variance, and the average value of the
latter (U), on the contrary, increased, increasing the
variance (Table 2).

There is no straightforward answer why this
happens, since these two features are uncorrelated
(correlation coefficient = 0.25). The simplest advice
concerning this result may be that one should never
optimize just one parameter at a time. At a deeper
insight it turns out, that neither the form of the
building, nor its orientation, U values of specific of
partitions and other parameters are not common for
all those models. Only one element might have an
impact on the results: out of 909 models, the
overwhelming  majority  (710)  have  some  form  of  an
unheated buffer zone – either solid or glazed.

Table 2: Differences in average values and variances of
parameters of the group of all 5040 building models and the
group of 909 building models, that occurred to have a lower
energy demand after climate change: (1): area of windows
facing south [m2]; (2): average (weighted) U-value of
partitions excluding windows [W/(m2K)].

(1) (2)
overall average 20.50 0.27

909 average 14.21 0.39
overall variance 236.48 0.02

909 variance 130.45 0.04

4. CONCLUSIONS
The  results  of  our  research  show,  regardless  of

the type of simulation (hourly / monthly), that the
calculations should be based on current
meteorological databases. What more – detailed
hourly  analysis  should  not  be  carried  out  on
meteorological data prepared for monthly
calculations.

As  for  the  preferred  strategies  of  climate
adaptation of buildings: while the climate changes,
maintaining the current parameters of comfort and
energy consumption may require, in particular, even
greater sensitivity to the size and type of glazed
surfaces – especially those facing south and the
thermal transmittance of partitions. This is no
surprise. But what is interesting is that all other
features  have  quite  a  wide  range  of  possible  values,

and the final overall energy demand depends heavily
on their inter-relations. So as far as we can tell – also
as our other research shows – when considering
possible strategies for adapting buildings to climate
change, one should always consider interdependency
of a set of building parameters, not isolated variables.
This is also a strong reason for introducing mandatory
energy simulation of buildings.

It is also worth paying more attention (and further
research) to the impact of buffer zones. Our results
indicate that they may have a significant impact on
the energy demand of buildings and may constitute
an alternative to standard thermal modernization.

Last, but not least we also know, that buildings
that will not be modernised (and currently consume
high amounts of energy) will still increase their
energy demand - in particular energy for cooling -  or
will significantly reduce the comfort of use (they will
overheat).

5. DISSCUSSION
In our research, we focused on currently used

meteorological data, because it is on its basis that
energy characteristics are prepared and thus design
decisions are made.

To  observe  differences  more  accurately,  year  to
year, it would be necessary to analyze the
measurement data and perform simulations on their
basis [12 – 15]. In order to determine the expected
changes in the building's energy demand in the
coming years,  it  would be necessary to prepare a set
of weather data expected for the next decades [16,
20]. Such analyses were performed, among others, in
Iran [17], Egypt [18], Italy [19], Belgium [20], or
Canada [21]. This way, the expected changes in the
cooling load of buildings was determined, and
allowed planning the modernization of the existing
building structure and predicting the most desirable
design solutions for the future.
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ABSTRACT: This paper presents findings from a Post Occupancy Evaluation research of a BREEAM Excellence-
rated university building, to understand the experience of the students using university study spaces. This 
research focuses on winter conditions and the outcome is compared with the outcome of previous research 
which focused on summer conditions. The research combined qualitative and quantitative methods and focused 
on occupancy patterns, thermal comfort, air quality, and noise level of the study spaces within the building, as 
well as the students’ preferences and experiences of the study spaces. The research collected over 350 
questionnaire surveys in total (over 200 in summer and over 150 in winter), as well as monitored environmental 
data and observation data over two weeks. (by on-site data recorders and momentary data recordings by 
manual devices) The findings showed winter and summer behavioural differences and occupants’ comfort 
perceptions, suggesting that the building management decisions have to consider seasonal discrepancies to 
improve building performance but more importantly, avoid having a negative impact on students’ environmental 
comfort and subsequent learning experience.  
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1. INTRODUCTION
Sustainable buildings are crucial for providing quality 
education [1]. Considering students spend more time in 
educational buildings than in any other public building [2], 
it is worth highlighting the importance of adequate 
performance with the consideration of student’s wellbeing 
and productivity. The built environment is the largest 
energy consumer and greenhouse gas emitter, and the 
public sector in particular is associated with poor design 
and mismanagement [3]. High energy consumption in 
campus buildings is one of the biggest expenses in the 
educational sector [4]. Additionally, there is a lack of 
understanding of energy consumption and its influence on 
user comfort during building operations [5].  
University buildings’ occupancy patterns are very different 
than in other building typologies and are difficult to predict 
because they are occupied predominantly by a group of 
students with different daily timetables, study patterns, 
course requirements, and a wide range of personal 
preferences [6].  Therefore, to overcome the environmental 
comfort performance gap (difference between energy and 
comfort predictions vs and actual performance of a 
building), understanding the students’ behaviour is 
significant [8]. Additionally, students’ intellectual 
performances are proven to be impacted by environmental 
factors, thermal comfort in particular [8]. Thermal 
discomfort causes distraction and reduction in the student’s 
academic performance and mental tasks [8,9, 10]. 
Therefore, measuring the in-use occupant behaviour and 
understanding students’ environmental evaluation of the 
study spaces, are critical in predicting and optimising the 
environmental comfort and performance of university 
buildings 

2. POST OCCUPANCY EVALUATION
Post Occupancy Evaluation (POE) is defined as a 
structured evaluation of a building’s performance 
post-initial use and provides an understanding of the 
user’s and building’s needs, alongside recommending 
ideas for meeting the needs [11]. Benefits of utilising 
POE include cost and time savings, and better space 
utilisation [12]. These benefits would help to improve 
the daily life of the occupants. However, there are 
barriers to using POE which has resulted in POEs 
being underused in educational spaces and thus 
resulting in potential health implications such as 
underperformance of users [13].  
POE exposes the strengths and weaknesses of 
projects and design, from which development teams 
can learn in order to further improve their projects. 
However, POE is often bypassed to reduce the cost of 
a project. The barriers include; the absence of 
compensation for conducting a POE, fear of revealing 
shortcomings and risking property value [14], lack of 
time, awareness and specialists and variations in 
performance indicators, methodology and objectives.  
Although secondary school buildings are widely 
studied, focusing on factors that influence student 
performance, such as indoor pollutants and thermal 
conditions such as ventilation rate [15], air quality 
[16] and thermal comfort [17], there are limited POE 
studies on university buildings [11, 14, 18]. The lack of 
consensus on the performance indicators, variations 
of the aim of the project and the collected data type 
reduce the comparability of these projects. 
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Moreover, there is only a very limited number of 
studies which investigated the impact of seasonal 
discrepancies in particular in POE studies of university 
buildings. Serghides et al [19] highlighted the impact 
of equipment used in summer (negatively) and winter 
(positively) on thermal comfort due to the internal 
heat gain from the equipment. On the other hand, 
Isaac [20] did not report any seasonal discrepancies, 
suggesting this to be the result of design and 
construction adaptability to different weather 
patterns. However, adaptability to seasonal changes 
requires the identification of weather patterns that 
have an impact on the occupant's perception and 
behaviour. The occupancy pattern and energy 
consumption level of university buildings fluctuate 
greatly across the year based on seasons that are 
associated with term times, exam periods and 
holidays. Therefore, more studies are needed to 
determine seasonal discrepancies in the post-
occupancy use of university buildings.  
This paper presents findings from post-occupancy 
evaluation research of a BREEAM Excellence-rated 
[21] university building, to understand the experience 
of the students using university study spaces. The 
research focuses on winter conditions and the 
outcome is compared with the preliminary research 
[22] which focused on summer conditions. This 
comparison informs on the seasonal discrepancies in 
study spaces in terms of environmental conditions 
such as thermal comfort, air quality, noise and 
variations in occupant behaviours. 
 
3. METHODOLOGY 
The studied building is a five-storey, purpose-built 
university building that has achieved a BREEAM 
Excellence rating for its design scheme and the design 
of the building adopted a principle to maximise 
sustainability through informed decisions . It is 
located in the East Midlands in the U.K and the 
construction was completed in March 2021. 
The research combined qualitative and quantitative 
methods and focused on occupancy patterns, thermal 
comfort, air quality, and noise level of the study 
spaces within the building, as well as the students’ 
preferences and experiences of the study spaces. The 
winter and summer data are compared to investigate 
the seasonal discrepancies. The winter data collection 
included data from over 150 questionnaire surveys as 
well as monitored environmental data (by on-site 
data recorders and momentarily data recording by 
manual devices) and observation data over two 
weeks; between 28 February 2023 and 13 March 
2023 at 9 am, 12 pm and 3 pm. The external 
temperature during observation hours varied 
between 0 ̊C-7 ̊C allowing the observation period to 
be representative weeks for winter. Summer data 
was collected from 11 May 2022 to 17 May 2022 on 5 

weekdays from 9 am to 5 pm. in one-hour intervals 
and resulted in 206 questionnaire surveys returned 
by the students. This period was chosen to maximise 
the respondent rate, as it was just before the exam 
period. The external temperature fluctuated between 
10 ̊C and 23 ̊C during the studied period.  

   

   
 

 Figure 1: First-floor (top) and second-floor (bottom) study 
spaces and surveyed zones 
 
The surveys comprise two sections; Demographics 
(age, gender, how much time was spent studying per 
day and week, students’ preferred study area, 
thermal sensitivity, clothing level and metabolism 
level prior to entering the study space), as well as 
environmental comfort (thermal comfort, ventilation, 
humidity, lighting and acoustics). Each category of the 
environmental comfort questions adopted a similar 
structure. It asked the occupants to rate their 
sensations using a seven-point Likert scale [23] and 
their adaptive behaviour, followed by any further 
comments they wanted to express. The observation 
data includes the number of occupants per zone, how 
many windows were open, as well as temperatures, 
CO2, and noise levels.  
The common study areas are on the first and second 
floors of the building and can be accessed directly via 
the main staircase. For the purpose of this research, 
the study spaces were divided into five different 
zones that have distinctive characteristics (Figure 1). 
Zones 1, 2, and 3 are part of the library on the first 
floor. Zone 1 is dedicated to studying using university 
computers, with some group work areas. Zone 2 is a 
quiet study area and Zone 3 is a silent area. Zone 4 is 
on the second floor and is dedicated to group work 
comprising eight rooms, among which only two have 
windows. Zone 5 is a tutorial space, furnished to 
allow group seating. It also has direct access to the 
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windows. Zone 5 is a tutorial space, furnished to 
allow group seating. It also has direct access to the 

 

terrace located on the second floor. The majority of 
the openable windows face southeast and southwest. 
Due to the acoustic constraints of the local 
environment and to achieve compliance with Building 
Bulletin 93 [24], the use of natural ventilation 
throughout the year is not possible. Therefore, the 
study spaces adopt a hybrid ventilation system. The 
units are provided with a wall-mounted controller 
with integral temperature and CO2 sensors, 
accessible by the occupants. The control allows the 
ventilation system to be boosted temporarily (for an 
hour) or turned off. There is no separate mode for 
winter or summer ventilation. All the studied zones 
are equipped with no active cooling. Learning spaces 
are heated 24 hours during term times based on a 
setpoint of 21°C between 7:00-18:00 and 19°C 
throughout the rest of the day and night.  
 
4. DATA ANALYSIS 
The following section compares the winter and 
summer data to highlight the discrepancies.  
4.1 Occupancy 
The majority of the respondents were aged between 
18 and 25. Both studies showed a larger percentage 
of female occupants who responded to the 
questionnaires than their male counterparts. 
Proportionally, more female participants (45%) were 
sensitive to cold than males (27%).  
Most of the respondents reported a low metabolic 
rate in all five zones in both studies. This aligns with 
Bleicher and Maclean [25] where occupants seated at 
desks typically have a lower metabolic rate. The level 
of clothing (Figure 2) shows seasonal differences in 
the comparison, with the majority of respondents 
wearing ‘moderate to light’ clothing in summer and 
‘moderate to heavy’ clothing in winter.  

 
Figure 2: Seasonal difference of clothing level per zone 

The occupancy level across zones fluctuates between 
the two seasons (Figure 3). The group study space 
(Zone 4) was less popular during exam season 
(summer) but had a higher level of occupancy during 
winter. The maximum occupancy in Zone 4 in winter 
had at times exceeded that of Zone 1, even though 
Zone 1 is designed to accommodate nearly twice the 
size of Zone 4 occupants. Winter study also showed 
the occupancy levels in Zone 5 fluctuating greatly 
throughout the day, with lunchtime having the 
highest footfall, due to this zone containing a 
kitchenette where hot food can be consumed.  

 
Figure 3: Seasonal occupancy level per zone in three 
timestamps 
 
4.2 Thermal environment 
Similar to the summer study, a bigger proportion of 
participants found the temperature to be neutral. In 
the summer study, 23% of the respondents stated it 
was warm and 10% stated very warm (Figure 4). 
The measured temperatures were relatively stable in 
all zones (Figure 5), despite seasonal changes and 
occupancy levels. Temperature fluctuation 
throughout the observed period is more apparent 
across zones in winter than in summer. Zone 5 had a 
lower minimum temperature in winter than other 
zones, corresponding to a higher vote of ‘slightly cold’ 
in the thermal satisfaction survey.  
Zone 1 is by far the warmest zone in both studies 
with the highest mean and max temperature. It has 
the highest occupancy levels on average of the five 
zones, as well as the provision of computers, both of 
which had an impact on the zone’s temperature [22]. 
This has been moderately reflected in the thermal 
satisfaction vote in the summer study. Winter study 
resulted in a smaller proportion of respondents 
reporting the environment being warmer than their 
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preferences across zones except for Zone 4, where 
55% of the users reported it to be ‘slightly warm’ or 
‘warm’. This might be due to the higher occupancy in 
Zone 4. 
 

 
Figure 4: Seasonal temperature satisfaction per zone 
 
In both studies, most students responded to the 
temperature by changing clothing with 69% doing so 
in the winter study and 58.2% in the summer study. 
In the summer study, there was a larger percentage 
of students opening or closing windows (17%) to 
adjust indoor temperature than in winter, where only 
6.3% of the students opened or closed windows in 
winter. This suggests that there were less adaptable 
opportunities in window openings to regulate 
temperature and ventilation during winter.  

 
Figure 5: Temperature range by zone by season 
 
4.3 Ventilation and CO2 
Corresponding to the window opening behaviour 
observed, 94% of the time, all windows were closed 
in the winter study, a much higher proportion in 
comparison to the summer (66%), contributing to an 
overall higher CO2 levels measured in doors. (Figure 
6). There was a wider gap between the highest and 
lowest CO2 levels in the winter study with levels 
ranging between 400 and 1400ppm than in the 

summer study (between 400 and 900ppm). CO2 
levels generally increased throughout the day in both 
studies, with 9am on average having the lowest CO2 
levels and 4 pm generally having the highest. Similar 
to the summer study, Zones 4 and 5 show higher 
mean and maximum CO2 level, the peak CO2 level 
exceeded 1500 ppm on one occasion, indicating risks 
of inadequate ventilation [26]. 
Despite the low window opening behaviour, the main 
method for the occupants to regulate ventilation is 
still to open or close a window in both studied 
seasons (62%), followed by ‘do nothing’ (14%). In the 
summer study, 17% of the respondents indicated 
they were unable to adjust the indoor temperature. 
They found the control to be ‘confusing’ and were 
only able to adjust the fan speed rather than 
temperature. 

 
Figure 6: CO2 level by zone by season 
 
A low percentage of respondents encountered odour. 
However, the proportion of people who reported 
encountering odour in winter was higher (12%) than 
in summer (5%). Most of the respondents who 
encountered odour were in Zones 4 and 5 where the 
consumption of hot food was permitted, unlike the 
other zones. This was supported by most of the 
comments being related to food. In winter seasons, 
more hot food was consumed, creating higher 
occupancy in the kitchenette area and a higher 
proportion of complaints against food odour, 
suggesting the seasonal usage of the kitchenette and 
inadequate ventilation during mealtimes.  
 
4.4 Acoustic 
45% of the respondents were satisfied with the noise 
levels. 9 am was generally the quietest time of day in 
all five zones. Correlating with the occupancy level, 
Zones 1 and 4, which had higher occupancy levels on 
average across the observed time period, were also 
noisier than Zones 2 and 3, which generally had lower 
occupancy levels. The noise levels in Zone 5 
fluctuated and often peaked at noon due to it being 
popular at lunchtime.  
The summer study had a larger percentage of 
respondents who found that roads/traffic was the 
dominant source of disruption (20%) than that of the 
winter study 13%. This could be due to a larger 
number of windows being open in summer, making 
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respondents who found that roads/traffic was the 
dominant source of disruption (20%) than that of the 
winter study 13%. This could be due to a larger 
number of windows being open in summer, making 

 

the traffic noise more prominent to building users. 
The most dominant action in response to noise levels 
was putting on headphones (75%). The percentages 
of the other actions between the two studies were 
also similar to each other, with changing location 
being the second most dominant action in response 
to noise levels (18%). 
 
5. DISCUSSION 
The previous study reported that during the summer 
data collection period, which was also predicted to 
have one of the highest volumes of occupancy, the 
occupancy level on average across all 5 zones 
remained far below the design maximum occupancy 
level. The CO2 level across five zones stayed under 
1000 ppm most of the time. Therefore, the hybrid 
ventilation system, which was set to be triggered by 
CO2 levels, was activated only once throughout the 
observation period. However, the questionnaire 
survey revealed that approximately a third of the 
surveyed occupants found the spaces warm or very 
warm, despite the majority of the occupants self-
identified as sensitive to cold [22]. Yet the initial 
simulation model did not predict overheating risk 
based on CIBSE TM52 [27]. As a result, no cooling was 
set despite the system having the capability. The 
occupants mostly used adaptive behaviours, such as 
opening windows, to regulate the temperature. 
During the summer observation period, over 50% of 
the windows were open on the fifth day when the 
internal temperature across all zones reached 24°C. 
However, during the time period when the recorded 
CO2 level in any zone reached over 900ppm (Zones 4 
and 5 on day 1 and Zones 5 on day 4), no window was 
open, suggesting that the occupants were more likely 
to open windows based on thermal comfort rather 
than air quality.  
This has also been reflected in the winter study. 
Unlike in the summer, the winter ventilation strategy 
relied heavily on the mechanical ventilation system to 
lower the indoor CO2 level. The options of opening 
windows were much less popular due to a lower 
external temperature. 94% of the time, all windows 
were closed despite a higher CO2 level being 
recorded. On occasions the CO2 measure was 
bordering 1500 ppm, indicating risks of inadequate 
ventilation.  
This seasonal difference has been accentuated by the 
report of odour and noise. In summer study, 
ventilation relied on behavioural adaptations such as 
window opening to achieve thermal comfort. As a 
result, the occupants who preferred quiet or silent 
study zones reported a higher level of traffic noise 
being carried through the opened windows from the 
adjacent roads. Whereas in winter study, noise from 
traffic was less of an issue with the majority of the 
windows being closed. However, during the winter, 

the increased consumption of hot food in the 
kitchenette area and a lack of adaptive behaviours for 
opening windows to expel foul air, or having 
sufficient mechanical ventilation resulted in more 
reports of odour. In both case scenarios, the hybrid 
ventilation strategy fell short due to different 
reasons. Therefore, we recommend that the 
ventilation systems to be reconfigured to consider 
the seasonal discrepancies in how the study spaces 
are used. For instance, in the summer, considering 
the acoustic need and overheating risks, the 
mechanical ventilation should be programmed to also 
be able to be activated by temperature, instead of 
solely taking CO2 into levels account, thus mitigating 
overheating whilst preserving a good acoustic level 
for exam preparation. In winter, given the limited 
adaptation behaviour for window opening, 
mechanical ventilation settings should consider an 
extra boost during mealtimes in study areas where 
hot food is being prepared and consumed to remove 
extra odour.  
Noticeably, in both studies, when asked what actions 
to take when temperature was not to their 
preferences, a variety of adaptive behaviours were 
reported, including ‘change clothing’, ‘having a 
hot/cold drink’, ‘change location’, ‘turn on 
heating/cooling’, and ‘opening/closing windows’. No 
respondent has chosen the ‘do nothing’ option. 
Whereas when asked what actions to take when 
ventilation was not satisfactory, ‘opening/closing 
windows’ was the most popular action, followed by 
‘do nothing’ (17%), suggesting that behaviour 
adaptations responding to ventilation and air quality 
needs are limited. The occupants either do not know 
or are not supported with ways to adapt their 
behaviour to achieve satisfactory ventilation and air 
quality. 
 
6. CONCLUSION 
The result suggests that seasonal differences in how 
university study areas are used, and the availability of 
behavioural adaptation options could mean that 
hybrid ventilation strategies need to be re-evaluated 
to provide optimum thermal comfort.  
The POE study detected seasonal discrepancies in 
study spaces in terms of environmental conditions 
and variations in occupant behaviours which impact 
the students' wellbeing. The building management 
decisions have to consider these discrepancies and 
alter strategies based on occupants' seasonal needs 
(in this case temperature-based triggers in summer 
and CO2-based triggers in winter) to improve building 
performance. 
We recognise a series of limitations in this study. 
Firstly, the sample size could benefit from a larger 
and more diverse range of participants. Due to the 
majority of the respondents being females in this 
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study, thermal satisfaction is likely to be affected by 
the result of their thermal sensations. Secondly, the 
summer observation period has not captured the 
highest temperatures, e.g. in July, because students 
were on term holiday. 
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ABSTRACT: This study describes the environmental monitoring results of two elementary school classrooms 
located in rural and urban Taiwan, aiming to quantify the comprehensive impact of air conditioning (AC) usage 
behaviour on thermal comfort (TC) and indoor air quality (IAQ). AC usage behaviour differs between rural and 
urban schools. In rural classrooms, the teacher decides whether to operate it with a limited allowance, while in 
urban classrooms, students vote for its activation with a more generous allowance. A long-term monitoring of 
classroom temperature and CO2 concentration was conducted from April 1st to June 30th, and Environmental 
Quality Index (EQI) was used to measure thermal comfort and indoor air quality levels. AC management was found 
to significantly affect the time fraction of AC usage, EQITC, and EQIIAQ. In urban classrooms with less stringent 
management, the AC usage time fraction is 42.2%, which significantly improves EQITC. However, this benefit is 
offset by a lower EQIIAQ due to insufficient ventilation during the AC operation period. It was found that EQITC did 
not improve in the rural classroom, which focused on electricity conservation and had a 5.7% time fraction for AC 
operation.
KEYWORDS: School Building, Mixed-mode Ventilation, Indoor Environmental Quality, Thermal Comfort, Indoor Air 
Quality 

1. INTRODUCTION
Students spend most of their day in the classroom, 

and a good indoor environmental quality (IEQ) is 
crucial for their academic performance and health [1], 
highlighting the urgent need for schools to maintain 
good IEQ in the classroom. Children are more sensitive 
to the variation of indoor thermal environment than 
adults and prefer cooler conditions [2-3]. However, 
the thermal conditions in classrooms are largely 
determined by teacher choices, with students often 
being passive recipients, in part because students feel 
they need permission before intervening [4]. 
Therefore, tailoring the classroom thermal conditions 
to students' expectations is critical to positively impact 
their performance and health. 

Primary school classrooms in Taiwan typically rely 
on natural ventilation to maintain thermal comfort 
and operate the air conditioning (AC) only as needed 
to reduce the risk of indoor overheating. This 
operating mode, known as mixed-mode, involves 
utilizing natural ventilation or AC based on occupants' 
preferences and their response to indoor thermal 
conditions [5]. During the summer, especially on hot 
days, the use of AC becomes nearly unavoidable to 
ensure better thermal comfort [6]. On the other hand, 
classroom doors and windows are typically closed 
when AC is in use. At this time, if sufficient outdoor air 
is not introduced using mechanical or natural 
ventilation, it will lead to the accumulation of indoor 
CO2 concentration, resulting in a conflict between 

thermal comfort and indoor air quality (IAQ) [7-8]. 
Using monitoring is a simple and reliable way to avoid 
this conflict situation from occurring. For example, 
Zapata-Lancaster et al [9] measured CO2 levels, 
temperature and relative humidity to ensure that 
British classrooms provide satisfactory ventilation and 
thermal conditions for teachers and students. The 
trade-off between thermal comfort and IAQ is a critical 
aspect of IEQ in mixed-mode ventilated classrooms [7-
9]. 

Urban areas, affected by the urban heat island 
effect, often face higher outdoor temperatures and 
elevated levels of CO2 and particulate matter 
compared to rural areas. This leads to increased AC 
usage and fewer opportunities for maintaining good 
IAQ [10]. 

Two classrooms, one in a rural area and the other 
in an urban area, was selected in this study to conduct 
an in-depth assessment of their long-term thermal 
comfort and IAQ levels. Our primary goal was to 
uncover the factors influencing variations in AC usage 
between urban and rural schools, considering not only 
differences in outdoor conditions but also other 
possible stimuli. Furthermore, we aimed to identify 
and address thermal and IAQ issues associated with AC 
operating behaviours in both urban and rural 
educational environments. Ultimately, this study seeks 
to provide practical and actionable recommendations 
for enhancing the IEQ of classrooms. 
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2. METHODS 
2.1 Investigated school 

This study conducted field measurements in two 
primary schools, one in a rural area and the other in an 
urban area, both equipped with ceiling fans and split 
air-conditioning units (14.6 kW and 14.8 kW, 
respectively). These two schools have similar 
classroom dimensions: 8.8 m × 7.1 m × 3 m (depth × 
width × height) for the rural school and 9.1 m × 7.5 m 
× 3.8 m for the urban school. The rural school building 
is oriented north-south, while the urban school 
building is oriented east-west. In terms of occupancy, 
the rural school has 16 occupants, including teachers 
and students, while the urban school has 30 occupants. 
Students attend 16 lessons per week in the rural 
classroom and 17 lessons in the urban classroom. 
Additionally, students are required to attend 29 
lessons per week, each lasting 40 minutes. 

Ceiling fans are typically in use during school hours. 
School authorities recommend, but do not require, the 
use of AC when the outdoor temperature exceeds 
28°C. However, each school sets its own upper limit for 
electricity charges related to AC use, and any costs 
exceeding this limit are the responsibility of the 
student. The upper limit per semester for electricity 
charges in the rural schools under investigation is 
NT$3,000, while for the urban schools, it is NT$5,000. 
To operate the air conditioner, a control card with a 
pre-deposited amount is required, and the current 
usage fee balance is displayed on the device screen. In 
rural classrooms, the decision to use the air 
conditioner is made by the teacher, whereas in urban 
classrooms, it is determined by a student vote. 
Additionally, the urban schools have a reminder that, 
when using the air conditioner, classroom windows 
cannot be fully closed, and two windows must remain 
partially open. The rural schools do not have this 
reminder. 

Table 1 Measurement parameters and equipment 
specifications 

 
Parameter Range Accuracy 

Temperature -40~125℃ ±0.4℃ 
CO2 0~10,000ppm ±30ppm ±3% of reading 

 
2.2 Data collection and assessment metrics 

The field measurements were conducted from 
April 1st to June 30th, coinciding with Taiwan's 
transition from cool spring to hot summer, which is 
also a period that school classrooms often use AC. The 
measurement parameters included classroom and 
outdoor temperature as well as CO2 concentration.  
The equipment accuracy details are provided in Table 
1. Besides, the electricity consumption for AC was 
calculated based on the pre-deposited card balance. 

The Environmental Quality Index (EQI), which can 
be calculated by Eq. (1) [11], is used as an indicator to 

quantify thermal comfort and IAQ conditions within 
classrooms. According to Equation (1), EQI evaluates 
indoor comfort quality by weighting the fraction of 
time in the three categories I, II and III outlined in 
EN15251 [12]. Category I signifies a high level of 
expectation, scoring 100 points for durations within 
this range. Category II represents a normal level of 
expectation, receiving 70 points. Category III indicates 
an acceptable, moderate level of expectation, 
warranting 35 points. Exceeding these categories 
results in a score of 0 without further calculation. Table 
2 shows the range of the three categories in EN15251 
[12] for thermal comfort and IAQ. Thermal comfort is 
categorized according to the deviation from the 
optimal comfort temperature, while IAQ is categorized 
according to the difference between indoor and 
outdoor CO2 concentrations. The comprehensive EQI 
score of the classroom is then calculated as the 
weighted average of TC and IAQ, as shown in Equation 
(2), with weight coefficients of 0.189 and 0.150, 
respectively [11]. 

𝑬𝑬𝑬𝑬𝑬𝑬𝑻𝑻𝑻𝑻/𝑬𝑬𝑰𝑰𝑬𝑬 = 𝟏𝟏𝟏𝟏𝟏𝟏 × 𝒇𝒇Ⅰ + 𝟕𝟕𝟏𝟏 × 𝒇𝒇Ⅱ + 𝟑𝟑𝟑𝟑 × 𝒇𝒇Ⅲ (1) 

𝑬𝑬𝑬𝑬𝑬𝑬𝒄𝒄 =
𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏 × 𝑬𝑬𝑬𝑬𝑬𝑬𝑻𝑻𝑻𝑻 + 𝟏𝟏. 𝟏𝟏𝟑𝟑𝟏𝟏 × 𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑰𝑰𝑬𝑬

𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏 + 𝟏𝟏. 𝟏𝟏𝟑𝟑𝟏𝟏
 (2) 

where f is the time fraction the thermal comfort (TC)/ 
IAQ level falls into the categories I, II and III; EQIc, EQITC 
and EQIIAQ are the EQI score for the comprehensive, TC 
and IAQ, respectively. 

Table 2 Scope of the three categories in EN 15251 
 

description 
Category 

Ⅰ Ⅱ Ⅲ 

thermal 
comfort 

temperature 
deviated from 

optimal comfort 
temperature (°C) 

± 2 ± 3 ± 4 

indoor 
air 

quality 

CO2 concentration 
above outdoor 

concentration (ppm) 
<350 <500 <800 

 
3. RESULTS AND DISCUSSION 
3.1 Outdoor conditions 

Figure 1 presents the outdoor temperature 
distribution measured at both schools during daily 
school hours and highlights the range of the three 
categories in EN15251. Rural and urban schools exhibit 
similar outdoor temperature trends, with rural schools 
having a slightly wider daily temperature range. 
Specifically, rural schools experienced outdoor 
temperatures ranging from 21.5°C to 35.7°C, with an 
average of 29.4°C. In contrast, urban schools had 
outdoor temperatures varying between 23.6°C and 
36.0°C, with an average of 30.2°C. Overall, Figure 1 
illustrates that rural schools generally have broader 
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Figure 1: Distribution of outdoor temperature measured in 

(a) rural and (b) urban school 
 
daily temperature fluctuations. 

Table 3 summarizes the fraction of time the 
outdoor temperature fell within each comfort 
category and the EQITC were calculated accordingly. 
The fraction of time in Table 3 are calculated in time 
steps of 10 minutes. The maximum acceptable 
temperature for school buildings is defined by EN 
15251 Category II conditions. Rural schools exceeded 
the upper limit of reference conditions (Category II+) 
for outdoor temperature in 39.6% of class periods, 
with 24.7% of class hours exceeding the upper limit of 
Category III+. In urban schools, these percentages 
were 37.2% and 16.6%, respectively. Approximately 
40% of school hours in both rural and urban schools 
fall within the high-level expectation category 
(Category I). Additionally, 24% of rural school hours 
and 19.5% of urban school hours are categorized as 
neutral-to-cool (Categories I-, II-, III-, and below).  

Under the reasonable assumption that the indoor 
temperature of naturally ventilated classrooms is close 

 
Table 3 Time fraction of outdoor temperature in EN 15251 
categories and the corresponding EQITC  

 
School Rural Urban 

warmer- 
than- 

neutral 

exceed 24.7 % 16.6 % 
Ⅲ+ 14.9 % 20.6 % 
Ⅱ+ 13.6 % 18.7 % 
Ⅰ+ 22.5 % 24.6 % 

cooler- 
than- 

neutral 

Ⅰ- 18.3 % 14.9 % 
Ⅱ- 4.0 % 3.4 % 
Ⅲ- 1.2 % 1.2 % 

below 0.7% 0.0 % 
EQITC 58.8 62.6 

 
to the outdoor temperature, the thermal comfort 

EQI for urban classrooms is 62.6, which is 3.8 points 
higher than the 58.8 EQI for rural classrooms. 
Regarding the fraction of time when school authorities 
allow AC usage at temperatures ≥ 28°C, rural 
classrooms can use AC for 75.9% of the time, while 
urban classrooms can use it for 82.7% of the time. This 
indicates a longer need for AC in urban classrooms, 
despite their higher thermal comfort EQI compared to 
rural classrooms. 

 
3.2 Usage of air-conditioning 

Figure 2 presents statistics on daily air conditioner 
operating minutes from April 1 to June 30, clearly 
indicating a significantly higher frequency of AC use in 
urban classrooms compared to rural ones. In urban 
classrooms, the air conditioner is turned on for 42.2% 
of the time, nearly matching the 37.2% when the 
outdoor temperature exceeds the upper limit of 
EN15251 Class II, but only half of the 82.7% allowed by 
school authorities for air conditioner use. In 
comparison, the time fraction of use AC in rural 
classrooms is 5.7%, which is much lower than the time 
fraction (39.6%) when the outdoor temperature 
exceeds the upper limit of EN15251 Category II and the 
time fraction (75.9%) when school authorities allow AC 
to be turned on. Under the mixed-mode ventilation 
strategy, the electricity consumption for AC in rural 
classrooms and urban classrooms is 73.2 kWh and 
589.3 kWh, respectively, translating to electricity costs 
of NT$868 and NT$4,420, respectively. 

We believe that such a significant difference in the 
proportion of air-conditioning usage time is caused by 
differences in air-conditioning operation management. 
A phenomenon was observed that in rural classrooms, 
it is the teacher's decision whether to turn on the air 
conditioner or not. Since students do not often use air 
conditioners at home after school, the teacher 
subjectively does not encourage students too 
frequently use air conditioners at school. The teacher 
was concerned that the free quota might not suffice 
and could be exhausted quickly. To prevent imposing 
an extra financial burden on students, the teacher 
refrained from using air conditioners until the weather 
remained consistently hot, typically after late May. In 
contrast, urban students frequently use air 
conditioners at home and have a higher free quota in  

 

Figure 2: AC operating time in the two schools. 
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schools. These factors make them less concerned 
about AC electricity bills and encourage them to use 
air conditioners more frequently, following their 
preferences in pursuit of greater thermal comfort. 

 
3.3 Thermal Comfort Assessment  

During the measurement period, the indoor 
temperature in the rural classroom, operating under 
mixed ventilation mode, ranged from 24.7°C to 35.3°C, 
averaging 31.1°C. Table 4 summarizes the time 
fraction of the indoor thermal environment within 
each comfort category. Rural classrooms generally 
experienced warmth, with only 2% of school hours 
below thermal neutral temperatures. In terms of 
overheating discomfort, 54.2% of school hours 
exceeded category II+, a 14.6% increase from the 
39.6% outdoors. The thermal comfort EQI score for 
rural classrooms is 47.8, which is 11.0 points lower 
than the outdoor score of 58.8. This difference arises 
because the air conditioner is only used for 5.7% of 
class time, while students' metabolic heat contributes 
to higher indoor temperatures during natural 
ventilation. 

In the urban classroom, indoor temperatures 
ranged from 23.6 to 30.3°C, with an average of 26.5°C. 
Frequent use of the air conditioner in urban 
classrooms maintains an average indoor temperature 
of 26.3°C when the air conditioner is active, ensuring a 
neutral-than-cool thermal environment. As shown in 
Table 4, 92.7% of the class hours in the urban 
classroom meet the thermal comfort condition 
specified by EN 15251 category II, with only 0.7% 
experiencing overheating discomfort. It is worth 
noting that 89.9% of class hours fall within the cooler- 
than-neutral categories I- and II-, likely reflecting 
students' preference for cooler thermal conditions [3]. 
Specifically, the urban classroom's EQITC is 83.8, which 
is 21.2 higher than the corresponding outdoor EQITC of 
62.6. 

Th e r esu l ts  o f  th e th er mal  en v iron m en t 
measurements indicated that although strengthening 
AC management in the rural classroom can reduce the 
energy consumption of AC, it cannot completely 
alleviate the indoor thermal discomfort. Conversely,  

Table 4 The time fraction in each thermal comfort 
category and the EQITC 

 
School Rural Urban 

warmer- 
than- 

neutral 

exceed 31.5 0.0 
Ⅲ+ 22.7 0.7 
Ⅱ+ 19.3 1.2 
Ⅰ+ 24.4 8.4 

cooler- 
than- 

neutral 

Ⅰ- 1.8 46.1 
Ⅱ- 0.2 37.2 
Ⅲ- 0.0 6.5 

below 0.0 0.1 
EQITC 47.8 83.8 

urban classroom management, while relatively lax, 
maintains high thermal comfort but can lead to a 
cooler or overcooled environment and increased 
energy consumption. One simple way to prevent 
overcooling in classrooms is to raise the thermostat's 
minimum temperature setting above the thermal 
neutral point. Investigating the ideal trade-off 
between AC power consumption and thermal comfort 
remains a significant topic for future research. It is 
crucial to identify and implement management 
strategies that effectively manage energy usage while 
ensuring that students and educators benefit from a 
comfortable learning environment. Achieving this 
balance will not only enhance the overall IEQ of 
classrooms but also contribute to energy conservation 
efforts. 
 
3.4 Indoor Air Quality 

Figure 3 shows the distribution of the average 
difference in indoor and outdoor CO2 concentrations 
per 10 minutes for the two classrooms. First of all, 
comparing Figure 3 with Figure 2, it becomes evident 
that the difference in indoor and outdoor CO2 
concentrations is clearly synchronized with the use of 
air conditioners. In addition, it is noticeable that during 
natural ventilation, the CO2 concentration in urban 
classrooms is higher than that in rural classrooms, 
primarily because the number of occupants in urban 
classrooms is almost twice that of rural classrooms.  
While urban classrooms typically maintain two 
windows partially open when the air conditioner is in 
use to ensure necessary ventilation, Figure 3 still 
reveals that urban classrooms exhibit significant 
differences in CO2 concentration. These differences far 
exceed the thresholds for Category I or II, especially 
during the AC operation period. This indicates that the 
ventilation provided through the two partially open 
windows is insufficient. In the rural classroom, the 
average CO2 concentration difference increased by 
383 ppm, rising from 12 ppm during natural ventilation 
to 395 ppm during AC. In the urban classroom, the 
average CO2 concentration difference increased by 
476 ppm from 57 ppm to 533 ppm when the air  

 

Figure 3: Every 10 minutes distribution and categories of 
indoor CO2 concentrations in two schools. 
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schools. These factors make them less concerned 
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preferences in pursuit of greater thermal comfort. 
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remains a significant topic for future research. It is 
crucial to identify and implement management 
strategies that effectively manage energy usage while 
ensuring that students and educators benefit from a 
comfortable learning environment. Achieving this 
balance will not only enhance the overall IEQ of 
classrooms but also contribute to energy conservation 
efforts. 
 
3.4 Indoor Air Quality 

Figure 3 shows the distribution of the average 
difference in indoor and outdoor CO2 concentrations 
per 10 minutes for the two classrooms. First of all, 
comparing Figure 3 with Figure 2, it becomes evident 
that the difference in indoor and outdoor CO2 
concentrations is clearly synchronized with the use of 
air conditioners. In addition, it is noticeable that during 
natural ventilation, the CO2 concentration in urban 
classrooms is higher than that in rural classrooms, 
primarily because the number of occupants in urban 
classrooms is almost twice that of rural classrooms.  
While urban classrooms typically maintain two 
windows partially open when the air conditioner is in 
use to ensure necessary ventilation, Figure 3 still 
reveals that urban classrooms exhibit significant 
differences in CO2 concentration. These differences far 
exceed the thresholds for Category I or II, especially 
during the AC operation period. This indicates that the 
ventilation provided through the two partially open 
windows is insufficient. In the rural classroom, the 
average CO2 concentration difference increased by 
383 ppm, rising from 12 ppm during natural ventilation 
to 395 ppm during AC. In the urban classroom, the 
average CO2 concentration difference increased by 
476 ppm from 57 ppm to 533 ppm when the air  

 

Figure 3: Every 10 minutes distribution and categories of 
indoor CO2 concentrations in two schools. 
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conditioner was activated. 
Table 5 summarizes the fraction of time when the 

CO2 concentration fell into various categories according 
to EN 15251. In the rural classroom, natural ventilation 
accounted for 94.3% of class time, resulting in CO2 
concentrations falling within Category I for 96% of that 
time and only 2% in Category III. Consequently, the 
EQIIAQ was measured at 97.8. Conversely, in the urban 
classroom, AC was used for 42.2% of class time, often 
with inadequate ventilation.This led to CO2 levels 
meeting Category I criteria for only 68% of the time, 
with 22% exceeding Category II, resulting in an EQI of 
80, which is 17.2 points lower than that of rural 
classrooms. The findings highlight the risk of IAQ 
deterioration in classrooms when air conditioners are 
used without adequate outside air circulation. Thus, 
before installing mechanical ventilation equipment, it 
is essential to install carbon dioxide concentration 
monitors as they can remind students to open 
windows to maintain proper ventilation rates. 

Table 5 The time fraction in each CO2 category and the 
EQIIAQ 

  
School Rural Urban 

Category 

Ⅰ 96% 68% 
Ⅱ 2% 10% 
Ⅲ 2% 14% 

beyond 0% 8% 
EQIIAQ 97.8 80.0 

 

3.5 Comparative Analysis 
After separately evaluating the thermal comfort 

and IAQ of the classroom, the final analysis centers on 
the comprehensive EQIC of the classroom and its 
comparison with outdoor conditions, as depicted in 
Figure 4. For rural classrooms, the EQIC stands at 70.0, 
which is 7.0 points lower than the outdoor EQIC of 77.0.  
Figure 4 illustrates that both the thermal comfort EQITC 
and EQIIAQ in rural classrooms are lower than those 
corresponding to outdoor conditions. This disparity is 
primarily attributed to teachers' stringent control over 
air conditioner usage. It is reasonable to speculate that 
increasing the usage of air conditioner in rural 
classrooms to alleviate overheating discomfort could 
lead to an improved EQIC. In addition, the primary 
purpose of installing AC in classrooms is to enhance 
thermal comfort. Excessive focus on air conditioner 
power consumption and overly stringent usage 
management for energy conservation purposes may 
sacrifice thermal comfort, resulting in an overall 
decline in environmental quality, which should not be 
encouraged. 

The urban classroom achieves an EQI of 82.1, 
surpassing the outdoor EQI of 79.1 by 3 points. Figure 
4 illustrates that this improvement in EQIC for urban 
classrooms primarily results from a significant 
enhancement in thermal comfort. Urban schools  

 

Figure 4: Results of EQI and energy use in two schools. 
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behind installing air conditioners remains intact. 
 
4. CONCLUSION 
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the findings may not be directly applicable to regions 
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with significantly different weather conditions. 
Secondly, we placed less emphasis on addressing the 
risk of overcooling, as Taiwan typically experiences 
extremely hot weather conditions. In light of emerging 
challenges, such as energy poverty and the increasing 
frequency of extreme heatwaves attributed to climate 
change, there is an urgent need to advance our 
thermal management strategies. To address these 
imperatives, our forthcoming research endeavors will 
embark on a comprehensive exploration of the 
intricate relationships encompassing cost-benefit 
analysis, building energy efficiency, and the holistic 
well-being of occupants, with a particular focus on 
school buildings. Our objective is to undertake a 
comprehensive examination of a diverse range of 
thermal management methodologies, incorporating 
both advanced artificial technologies and innovative 
passive design strategies. The overarching goal is to 
formulate strategies that not only reduce energy 
consumption but also prioritize the comfort, health, 
and productivity of individuals within indoor 
environments. In this evolving landscape, achieving 
the optimal balance between sustainability, energy 
efficiency, and occupant well-being takes on 
paramount importance in shaping a more sustainable 
and resilient built environment. 

 
ACKNOWLEDGEMENTS 

We offer our sincere appreciation for grant support 
from the National Science and Technology Council of 
Taiwan under the project number MOST 111-2221-E-
017-006. 

 
REFERENCES  
1. Toyinbo, O., (2023). Indoor Environmental Quality, Pupils’ 
Health, and Academic Performance—A Literature Review. 
Buildings, 13(9): p. 2172. 
2. Teli, D., Jentsch, M.F., James, P.A., (2012). Naturally 
ventilated classrooms: An assessment of existing comfort 
models for predicting the thermal sensation and preference 
of primary school children. Energy and Buildings, 53: p. 166–
182. 
3. Liang, H.H., Lin, T.P., Hwang, R.L., (2012). Linking 
occupants' thermal perception and building thermal 
performance in naturally ventilated school buildings. Applied 
Energy, 94: p. 355-363. 
4. Bernardi, N., Kowaltowski, D.C., (2006). Environmental 
Comfort in School Buildings: A Case Study of Awareness and 
Participation of Users. Environment and Behavior, 38(2): p. 
155-172. 
5. Hwang, R.L., Huang, A.W., Chen W.A., (2021). 
Considerations on envelope design criteria for hybrid 
ventilation thermal management of school buildings in hot–
humid climates. Energy Reports, 7: p.5834-5845. 
6. Huang, K.T., Hwang, R.L., (2015). Parametric study on 
energy and thermal performance of Urban School buildings 
with natural ventilation, hybrid ventilation and AC. Indoor 
and Built Environment, 25: p. 1148-1162. 
7. Hwang, R.L., Liao, W.J., Chen, W.A., (2022). Optimization 
of energy use and academic performance for educational 

environments in hot-humid climates. Building and 
Environment, 222: p.109434.  
8. Liao, W.J., Chen, W.A., Hwang, R.L., (2023). Determination 
of the Optimal Temperature Set-point and Ventilation Rate 
for Balancing Energy Consumption and Learning 
Performance in Primary Schools in Taiwan. Proceedings of 
the 5th International Conference on Building Energy and 
Environment, p.1829-1834.  
9. Zapata-Lancaster, M.G., Ionas, M., Toyinbo, O., Smith, T. 
A., (2023). Carbon Dioxide Concentration Levels and Thermal 
Comfort in Primary School Classrooms: What Pupils and 
Teachers Do. Sustainability, 15(6): p. 4803. 
10. Catalina, T., Ghita, S.A., Popescu, L.L., Popescu, R., (2022).  
Survey and Measurements of Indoor Environmental Quality 
in Urban/Rural Schools Located in Romania. International 
Journal of Environmental Research and Public Health, 19(16): 
p. 10219. 
11. Marino, C., Nucara, A., Pietrafesa, M., (2012). Proposal of 
comfort classification indexes suitable for both single 
environments and whole buildings. Building and 
Environment, 57: p. 58-67. 
12. CEN (European Committee for Standardization), (2007). 
Indoor environmental input parameters for design and 
assessment of energy performance of buildings—addressing 
indoor air quality, thermal environment, lighting, and 
acoustics. Brussels, EN15251:2007. 
 

398



 

with significantly different weather conditions. 
Secondly, we placed less emphasis on addressing the 
risk of overcooling, as Taiwan typically experiences 
extremely hot weather conditions. In light of emerging 
challenges, such as energy poverty and the increasing 
frequency of extreme heatwaves attributed to climate 
change, there is an urgent need to advance our 
thermal management strategies. To address these 
imperatives, our forthcoming research endeavors will 
embark on a comprehensive exploration of the 
intricate relationships encompassing cost-benefit 
analysis, building energy efficiency, and the holistic 
well-being of occupants, with a particular focus on 
school buildings. Our objective is to undertake a 
comprehensive examination of a diverse range of 
thermal management methodologies, incorporating 
both advanced artificial technologies and innovative 
passive design strategies. The overarching goal is to 
formulate strategies that not only reduce energy 
consumption but also prioritize the comfort, health, 
and productivity of individuals within indoor 
environments. In this evolving landscape, achieving 
the optimal balance between sustainability, energy 
efficiency, and occupant well-being takes on 
paramount importance in shaping a more sustainable 
and resilient built environment. 

 
ACKNOWLEDGEMENTS 

We offer our sincere appreciation for grant support 
from the National Science and Technology Council of 
Taiwan under the project number MOST 111-2221-E-
017-006. 

 
REFERENCES  
1. Toyinbo, O., (2023). Indoor Environmental Quality, Pupils’ 
Health, and Academic Performance—A Literature Review. 
Buildings, 13(9): p. 2172. 
2. Teli, D., Jentsch, M.F., James, P.A., (2012). Naturally 
ventilated classrooms: An assessment of existing comfort 
models for predicting the thermal sensation and preference 
of primary school children. Energy and Buildings, 53: p. 166–
182. 
3. Liang, H.H., Lin, T.P., Hwang, R.L., (2012). Linking 
occupants' thermal perception and building thermal 
performance in naturally ventilated school buildings. Applied 
Energy, 94: p. 355-363. 
4. Bernardi, N., Kowaltowski, D.C., (2006). Environmental 
Comfort in School Buildings: A Case Study of Awareness and 
Participation of Users. Environment and Behavior, 38(2): p. 
155-172. 
5. Hwang, R.L., Huang, A.W., Chen W.A., (2021). 
Considerations on envelope design criteria for hybrid 
ventilation thermal management of school buildings in hot–
humid climates. Energy Reports, 7: p.5834-5845. 
6. Huang, K.T., Hwang, R.L., (2015). Parametric study on 
energy and thermal performance of Urban School buildings 
with natural ventilation, hybrid ventilation and AC. Indoor 
and Built Environment, 25: p. 1148-1162. 
7. Hwang, R.L., Liao, W.J., Chen, W.A., (2022). Optimization 
of energy use and academic performance for educational 

environments in hot-humid climates. Building and 
Environment, 222: p.109434.  
8. Liao, W.J., Chen, W.A., Hwang, R.L., (2023). Determination 
of the Optimal Temperature Set-point and Ventilation Rate 
for Balancing Energy Consumption and Learning 
Performance in Primary Schools in Taiwan. Proceedings of 
the 5th International Conference on Building Energy and 
Environment, p.1829-1834.  
9. Zapata-Lancaster, M.G., Ionas, M., Toyinbo, O., Smith, T. 
A., (2023). Carbon Dioxide Concentration Levels and Thermal 
Comfort in Primary School Classrooms: What Pupils and 
Teachers Do. Sustainability, 15(6): p. 4803. 
10. Catalina, T., Ghita, S.A., Popescu, L.L., Popescu, R., (2022).  
Survey and Measurements of Indoor Environmental Quality 
in Urban/Rural Schools Located in Romania. International 
Journal of Environmental Research and Public Health, 19(16): 
p. 10219. 
11. Marino, C., Nucara, A., Pietrafesa, M., (2012). Proposal of 
comfort classification indexes suitable for both single 
environments and whole buildings. Building and 
Environment, 57: p. 58-67. 
12. CEN (European Committee for Standardization), (2007). 
Indoor environmental input parameters for design and 
assessment of energy performance of buildings—addressing 
indoor air quality, thermal environment, lighting, and 
acoustics. Brussels, EN15251:2007. 
 

PLEA 2024 WROCŁAW 
(Re)thinking Res il ience  

Living Places: Healthy Homes for People & Planet 
A single-family home with ultra-low carbon footprint 

LUCILE SARRAN,1 NICOLE DI SANTO,1 RASMUS SOEGAARD,2 LONE FEIFER,1 KASPER REIMER,3 
 

1 VELUX A/S, Hørsholm, Denmark 
2 Artelia A/S, Copenhagen, Denmark 

3 EFFEKT Arkitekter ApS, Copenhagen, Denmark  
 
 
ABSTRACT: This research focuses on designing and constructing ultra-low-carbon homes within the Danish 
building industry. The primary objective was to showcase the feasibility of building homes with significantly 
reduced carbon footprints while maintaining superior indoor environments and adapting to regulations and 
market conditions. Two unique houses were designed and constructed to exhibit alternative approaches to 
achieving a very low carbon footprint while incorporating aesthetic value to promote a sense of community. The 
study utilised a comprehensive life cycle assessment (LCA) methodology to evaluate the environmental impacts 
of construction materials and operational energy use. Results indicated that both houses achieved more than a 
64% reduction in global warming potential (GWP) compared to a benchmark house, staying well below the 
maximum threshold established by Danish legislation. The study further emphasised the importance of material 
selection in reducing carbon footprints and highlighted the availability of a diverse range of low-carbon 
materials in the market. This research demonstrates that designing cost-effective, ultra-low-carbon homes using 
existing materials and technologies is feasible, paving the way for higher ambitions in the construction sector to 
meet climate targets. 
KEYWORDS: Ultra-low-carbon homes, Life Cycle Assessment, Global Warming Potential, Building Industry, 
Design Optioneering. 

 
 
1. INTRODUCTION  

 Energy use in the built environment accounted 
for 27% of the world’s CO2 emissions in 2022 and 
building materials for an additional 10% [1]. As 
energy efficiency progresses, the contribution of 
embodied emissions to the building’s whole lifecycle 
carbon footprint is becoming more apparent. 
Legislation across Europe is therefore increasingly 
adopting a lifecycle approach to carbon emissions in 
buildings: in France, Denmark and the Netherlands, 
lifecycle global warming potential (GWP) thresholds 
have already been established for new construction, 
and more countries are planning to implement such 
legislative requirements in the years to come [2]. The 
European Union’s (EU) revised Energy Performance of 
Buildings Directive is expected to bring similar 
requirements for all European countries by the end of 
this decade [3]. These initiatives are necessary to 
bring the European Union on track with its CO2 
reduction commitments, but the few proposed 
thresholds are not yet ambitious enough to reach the 
1.5-degree target set by the Paris Agreement [4]. 

The construction industry is a key sector in which 
to intervene and must, therefore, learn how to design 
and operate buildings with a much lower carbon 
footprint than what is (or will be) required. The EU is 
taking a proactive approach to address the urgent 
challenges of resource depletion and climate change. 
This involves implementing a new sustainable 
construction strategy, which aims to consider End-of-

Life scenarios from the product design stage and 
optimise energy efficiency throughout the entire 
lifespan of constructed assets. The ultimate goal is to 
extend the useful life of constructed assets and 
promote environmental sustainability. Therefore, it is 
crucial to consider Life Cycle Assessment (LCA) when 
designing future-proof constructions. 

The building industry is a slow-moving sector, but 
its decarbonisation is urgent. Many solutions already 
exist to build with a very low carbon footprint, but a 
share of the industry lacks knowledge about these 
solutions [5]. Cost is often seen as a barrier to the 
development of green buildings, as many players 
assume such solutions will be more expensive [5-6]. 
Finally, while many pilot low-carbon buildings have 
been built over the years [7], they are not always 
replicable at scale in an affordable way. 

 The project described in this article seeks to 
demonstrate the feasibility of affordable, ultra-low 
carbon homes with excellent indoor environments, 
built with today’s materials and technologies and 
adapting to local customs, regulations, and market 
conditions. This paper introduces Living Places, a 
single-family home concept developed and built by 
three players in the Danish building industry (i.e., 
VELUX, EFFEKT Architects and Artelia Denmark). This 
article presents the design process, the final concept, 
and the results in terms of the project's carbon 
footprint. 
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2. METHODS  
The project's goal and scope were defined, and 

LCA was performed using a design optioneering 
approach to calculate the materials’ overall impact. 
From a theoretical viewpoint, this section also 
explains the methodology used to assess the carbon 
footprint of the single-family houses executing LCA. 
 
2.1 Construction program and benchmark house 

Two single-family houses were designed and built 
with the goal of showing two alternative ways to 
reach a very low carbon footprint while maintaining 
durability and affordability. The houses were 
intended to host a family of four, with three 
bedrooms, one bathroom and a combined kitchen-
living room. The building design arose from the 
amalgamation and integration of the partners' 
expertise and creativity, with a focus on incorporating 
aesthetic value and creating a communal atmosphere 
that fosters a sense of belonging.  

A benchmark house was also defined, 
representing a typical Danish single-family house with 
the same function. The benchmark house was a 
single-plan, 184 m2 detached house with three 
bedrooms. It had a concrete foundation and floor 
slab, concrete external walls with mineral wool and a 
brick façade, aerated concrete internal walls, a barred 
roof construction with roof tiles and a ventilated 
attic. It had underfloor heating and was connected to 
district heating. The house also had a balanced 
mechanical ventilation system with heat recovery and 
was equipped with a 7 m2 photovoltaic installation. 

 
2.2. LCA method 

The ISO Standard 14040:2006 [8] defines the 
functional unit in an LCA as the quantified 
performance of a product system. In this study, the 
functional unit is a single-family house. LCA was 
carried out following the methodology adopted in the 
Danish legislation in January 2023. Three distinct 
phases were undertaken to conduct a comprehensive 
LCA of the houses. Firstly, a life cycle inventory 
analysis (LCI) was conducted, encompassing a 
thorough review of the product's inputs and outputs 
from acquiring raw materials to production, use and 
disposal. The second phase involves the life cycle 
impact assessment (LCIA), estimating the potential 
environmental impacts of these inputs and outputs. 
The final phase, known as life cycle interpretation, 
involved interpreting the inventory analysis results 
and impact assessment phases concerning the study's 
objectives. The system boundary includes the 
lifecycle stages A1-A3, B4, B6, C3 and C4, which were 
evaluated using the Danish LCA compliance software 
LCAbyg according to EN 15978:2012. The evaluation 
period was 50 years. 

LCAbyg's database is modelled after the German 
ÖKOBAUDAT database for construction products, 

utilising Environmental Product Declarations (EPD) to 
represent available products comprehensively. The 
Federal Ministry for the Environment, Nature 
Conservation, Building and Nuclear Safety (BMUB) 
oversees ÖKOBAUDAT for in-depth cradle-to-grave 
analyses of building products and services. This 
database contains standardised data sets for various 
construction materials and processes, organised 
according to European standards for assessing 
environmental quality. However, as a result of new 
Danish regulations, LCAbyg's database now 
supplements ÖKOBAUDAT data with an additional 10-
30% of generic data, as outlined in BR18 annex 2 
table 7 [9]. Moreover, transport and site processes 
are not considered in the calculations and can be 
entered into the tool in relation to the individual 
product. 

The energy use during the building’s lifetime was 
estimated using the Danish energy frame calculation 
method and inserted as an input into LCAbyg. The 
calculation of operational emissions from energy use 
was done considering an average carbon intensity of 
electricity of 56 gCO2/kWh in Denmark between 2021 
and 2071 (starting in 2021 with 238 gCO2/kWh and 
assuming a greening of the electrical grid reaching 40 
gCO2/kWh in 2040). 

The impact categories supported by LCAbyg 
calculate the environmental profile results describing 
(1) environmental impacts1, (2) resource use, primary 
energy2, and (3) resource use, secondary materials 
and fuels, and use of water3. This project focuses on 
optimising the global warming potential (GWP) of the 
houses; therefore, the results achieved in the other 
impact categories are not discussed in this article.  

The LCA calculation was carried out by the 
project’s engineering consultant and verified by 
independent researchers via LCAbyg. The buildings’ 
environmental profiles analysed were obtained by 
combining the environmental impacts associated 
with the operation and those attributed to building 
materials. 

 
2.3 Design Optioneering approach 

A tool was developed in order to determine the 
optimal design choices for materials and services 
iteratively to achieve ultra-low carbon homes. A 

                                                      
1 GWP = Global Warming Potential; ODP = Ozone Depletion 

Potential; POCP = Formation potential of tropospheric 
Ozone; AP = Acidification Potential for Soil and Water; EP = 

Eutrophication Potential;  ADPE = Abiotic Depletion 
Potential Elements; ADPF = Abiotic Depletion Potential 

Fossil Fuels. 
2 PENRT = Total Use of non-renewable primary energy 

resource; PERT = Total Use of renewable primary energy 
resources. 

3 RSF = Use of renewable secondary fuels; NRSF = Use of 
non-renewable secondary fuels. 
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comprehensive list of materials and products utilised 
in the construction of each building element, 
including external and internal walls, windows and 
doors, floors, roofs, and foundations, as well as 
relevant information regarding operations such as 
heating systems, ventilation, storage, and PV systems, 
were meticulously identified. The carbon footprint of 
each of these construction elements was extracted 
from environmental product declarations (EPDs) and 
inserted into the tool developed for this project. Cost 
information was also included in the tool. This tool 
enables the selection of design options for various 
building components, such as foundation, ground 
floor, external and partition walls, and more. Each 
choice was already associated with a value in kg 
CO2/unit yr. based on an LCA per component and a 
value in DKK/unit based on market prices. After 
selecting the desired components and materials, the 
tool calculates the building’s total GWP in kg 
CO2/m2/yr. Through this iterative process of selecting 
and comparing building components, the final 
materials for the house were chosen in such a way as 
to reach the carbon footprint goal.  
Subsequently, the LCAbyg tool was utilised to 
calculate multiple impact categories, thereby 
verifying the construction's overall environmental 
impact throughout its life cycle. 

 
3. RESULTS  

The process described in Section 2 resulted in the 
design of two distinct houses with mirrored floor 
plans, one with a timber frame structure and the 
other with a CLT-based structure. 

 
3.1. Architectural design and services 

The houses were designed as 3-story single-family 
houses with a pitched roof on the two upper floors. 
The total floor area was 147 m2, which was 
purposefully chosen to be slightly smaller than the 
benchmark house and the Danish average in order to 
showcase smaller living as one strategy to reduce the 
overall carbon footprint of the built environment. 

Regarding the building services, both houses were 
equipped with an air-to-water heat pump and 
radiators. The timber frame house was purely 
naturally ventilated via automated façade and roof 
windows reacting to indoor temperature, humidity 
and CO2 concentration signals. Windows could also 
be operated manually by the occupants. A balanced 
mechanical ventilation system with heat recovery 
was installed in the CLT house, complementing the 
manual and automated windows and enabling hybrid 
ventilation. Both houses had 11 m2 PV panels located 
on the flat part of the roof. 

The energy frame calculation gave a net yearly 
electrical consumption from the electrical grid of 5.1 
kWh/m2/yr. – the electricity produced onsite by the 
photovoltaic panels is already deducted from this 

number. The operational emissions of the house were 
calculated to be 0,28 kgCO2/m2/yr. 
 
3.2. Choice of materials 

The details of the investigated design options are 
shown in Table 1. The comparison of the Global 
Warming Potential of these different options is 
shown in Figure 1 for each of the main construction 
element categories. The GWP is shown per m2 of 
floor area. Figure 1 and Table 1 also show the chosen 
options for the timber frame house and the CLT 
house. The cost of each option was also estimated 
and considered in the choice of materials but not 
shown in this article. 

Choosing a foundation and floor based on screw 
piles and a wooden cassette, instead of the 
traditional concrete-based foundation and floor slab, 
permitted to divide the carbon footprint of these 
elements by a factor 2 to 3. 

Both houses looked similar from the outside, with 
untreated wooden cladding, a steel roof and a 3-layer 
façade and roof windows. However, they were based 
on different construction principles: one of the 
houses had a traditional timber frame structure and a 
wooden skeleton for internal walls, while the other 
used CLT in external and internal walls, floors and the 
roof. Paper wool and wood fibre insulation were 
chosen for external walls and roofs. 

 
3.3. LCA of the two houses 

The final results of the LCA in terms of the total 
Global Warming Potential (GWP) of each house are 
shown in Table 2. 

 
Table 2: Global Warming Potential results. 

 
GWP 

(kgCO2eq/m2/yr.) 
Benchmark 

house 
LP timber 

frame LP CLT 

Embodied 8,2 3.5 3.6 
Operational 2,9 0.3 0.3 

Total 11,1 3.8 3.9 
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Table 1: Detail of the investigated design options for each construction element.  

Option Foundation Floor slab External 
wall 

External wall 
cladding Interior walls Floor 

deck Roof Roof 
cladding Windows 

1 

Traditional 
strip 

foundation 
in Leca and 

concrete 

Traditional 
concrete slab 
+ polystyrene 

insulation 

Wooden 
cassette + 

mineral 
wool 

Wooden 
cladding, 
untreated 

Steel skeleton 
+ mineral 

wool +  2 x 
gypsum pr. 

side 

Ribbed 
deck + 

apparent 
beams 

Light 
wooden 

cassette + 
wood 
fiber 

insulation 

Roofing felt 

3-layer 
wood-alu 

façade 
windows 

2 

Strip 
foundation 
in Leca and 
concrete + 
FutureCem 

Concrete slab 
with 

FutureCem 
+polystyrene 

insulation 

Wooden 
cassette 

+ I-joists + 
wood fiber 
insulation 

Wooden 
cladding, 

heat-treated 
CLT 

Ribbed 
deck + 

apparent 
glulam 
beams 

Light 
wooden 

cassette + 
paper 
wool 

insulation 

Steel sinus 
plates 

3-layer 
wood-
wood 
façade 

windows 

3 Screw pile 
foundation 

Concrete slab 
with 

FutureCem + 
Rockwool 

Terrænbats 

Wooden 
cassette + 

paper wool 
insulation 

Wooden 
cladding, 
painted 

Wooden 
skeleton + 

mineral wool 
+  2 x gypsum 

pr. side 

Ribbed 
deck + 

gypsum 
ceiling 

CLT with 
wood 
fiber 

insulation 

Zinc 

3-layer 
alu 

façade 
windows 

4 L-element 
Light wooden 

cassette, 
raised 

Wooden 
cassette + 

paper wool 
insulation, 

thin 

Sinus plates, 
steel + zinc 
magnesium 

Wooden 
skeleton + 
wood fiber 

insulation +  2 
x gypsum pr. 

side 

CLT   Roof tiles 

3-layer 
PVC 

façade 
windows 

5   
Light slab + 
polystyrene 
insulation 

CLT with 
wood fiber 

batts 
Tiles 

Wooden 
skeleton + 
wood fiber 
insulation +  

OSB and 
gypsum pr. 

side   

  
Wooden 

slats on the 
roofing felt 

3-layer 
wood-alu 

sloped 
roof 

windows 

6   
Light slab + 
Rockwool 

Terrænbats 

Insulated 
bricks Slates 

Wooden 
skeleton + 
wood fiber 

insulation +  1 
x gypsum pr. 

side     

Wooden 
cladding, 
untreated 

3-layer 
alu-PU 
sloped 

roof 
windows 

7   

Light wooden 
cassette, 

raised 
(alternative) 

Concrete 
wall + 

mineral 
wool 

Fiber cement Insulated 
bricks 

    

Wooden 
cladded, 

heat-
treated 

2-layer 
modular 
skylight 

8   
  

Rockwool 
RedAir Plaster Aerated 

concrete     

Wooden 
cladding, 
painted 

3-layer 
modular 
skylight 

9   

      

Wooden 
skeleton + 
wood fiber 
insulation + 

plywood     

Slates 

  

10               
Fiber 

cement   

Legend: 

 Chosen option in the CLT house    
 Chosen option in the timber frame house   
 Chosen option in both houses   

402



 

 
 
 
 

 
 
 
 

Table 1: Detail of the investigated design options for each construction element.  

Option Foundation Floor slab External 
wall 

External wall 
cladding Interior walls Floor 

deck Roof Roof 
cladding Windows 

1 

Traditional 
strip 

foundation 
in Leca and 

concrete 

Traditional 
concrete slab 
+ polystyrene 

insulation 

Wooden 
cassette + 

mineral 
wool 

Wooden 
cladding, 
untreated 

Steel skeleton 
+ mineral 

wool +  2 x 
gypsum pr. 

side 

Ribbed 
deck + 

apparent 
beams 

Light 
wooden 

cassette + 
wood 
fiber 

insulation 

Roofing felt 

3-layer 
wood-alu 

façade 
windows 

2 

Strip 
foundation 
in Leca and 
concrete + 
FutureCem 

Concrete slab 
with 

FutureCem 
+polystyrene 

insulation 

Wooden 
cassette 

+ I-joists + 
wood fiber 
insulation 

Wooden 
cladding, 

heat-treated 
CLT 

Ribbed 
deck + 

apparent 
glulam 
beams 

Light 
wooden 

cassette + 
paper 
wool 

insulation 

Steel sinus 
plates 

3-layer 
wood-
wood 
façade 

windows 

3 Screw pile 
foundation 

Concrete slab 
with 

FutureCem + 
Rockwool 

Terrænbats 

Wooden 
cassette + 

paper wool 
insulation 

Wooden 
cladding, 
painted 

Wooden 
skeleton + 

mineral wool 
+  2 x gypsum 

pr. side 

Ribbed 
deck + 

gypsum 
ceiling 

CLT with 
wood 
fiber 

insulation 

Zinc 

3-layer 
alu 

façade 
windows 

4 L-element 
Light wooden 

cassette, 
raised 

Wooden 
cassette + 

paper wool 
insulation, 

thin 

Sinus plates, 
steel + zinc 
magnesium 

Wooden 
skeleton + 
wood fiber 

insulation +  2 
x gypsum pr. 

side 

CLT   Roof tiles 

3-layer 
PVC 

façade 
windows 

5   
Light slab + 
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batts 
Tiles 
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wood fiber 
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OSB and 
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side   

  
Wooden 

slats on the 
roofing felt 
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wood-alu 
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roof 
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Light slab + 
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Insulated 
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Wooden 
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sloped 
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windows 
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Light wooden 
cassette, 

raised 
(alternative) 

Concrete 
wall + 

mineral 
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Fiber cement Insulated 
bricks 

    

Wooden 
cladded, 

heat-
treated 

2-layer 
modular 
skylight 

8   
  

Rockwool 
RedAir Plaster Aerated 

concrete     

Wooden 
cladding, 
painted 

3-layer 
modular 
skylight 
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Wooden 
skeleton + 
wood fiber 
insulation + 

plywood     

Slates 

  

10               
Fiber 

cement   

Legend: 

 Chosen option in the CLT house    
 Chosen option in the timber frame house   
 Chosen option in both houses   

 

The timber frame house achieved a 65,8% 
reduction in GPW compared to the benchmark house, 
while the CLT house achieved a 64,9% reduction. In 
both cases, the achieved GWP was more than three 
times lower than the maximum threshold set by the 
new Danish legislation of 12 kgCO2eq/m2/yr. 

Both houses were built in Copenhagen in 2023, 
showing the practical feasibility of these designs. 
Figure 2 shows pictures of the realised houses. 
Simulations carried out during the design process 

showed that both design concepts also achieved 
excellent indoor environmental quality – these results 
are presented in another contribution to the PLEA 
2024 conference. 

 
4. DISCUSSION 

This study highlights the importance of carefully 
selecting building materials in order to achieve a low 

carbon footprint. The design optioneering approach 
revealed the significant differences between 
materials – and even between brands – when it 
comes to their global warming potential. However, 
the example of Living Places shows that a large range 
of low-carbon materials exists today. There is 
potential for overcoming the current challenge of 
creating low-carbon pilot buildings that can be 
economically replicated at various scales. The method 
used in this study is transparent, and the assessments 

demonstrate  
the practicality of designing cost-effective, ultra-low 
carbon homes with exceptional indoor environments, 
utilising today´s materials and technologies. 

A limitation of this study resides in the quality of 
the data used to perform the LCA. It is difficult to find 
environmental product declarations for all used 
materials. Therefore, the LCAs conducted for this 

Figure 1: GWP of different design options for each construction element. The numbers on the x-axis correspond to the
design option details shown in Table 1. 
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project included 22% and 20% generic EPDs for the 
timber frame and CLT houses, respectively. 

Moreover, designing this project and comparing 
different materials based on their carbon footprint is 
a time-consuming operation that requires a larger 
budget as well as close cooperation between the 
different involved parties – developer, architect, 
engineer, etc. While this is difficult in most 
mainstream construction projects, the Living Places 
case shows the value of a deeper collaboration 
between parties in the early stages of the building 
design process. 

 
5. CONCLUSION 

With the two presented design concepts, the 
Living Places initiative showed that it is possible, with 
today’s materials and technologies, to build single-
family houses with a lifecycle carbon footprint three 
times lower than what is currently required by 
legislation. This paves the way for legislators and the 
building industry to raise their ambition level in order 
to bring the construction sector on track to meet the 

targets set out in the Paris Agreement.  
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Figure 2: Pictures of the built houses in Living Places Copenhagen. a: Overall view of the area; b and c: Outside view; d: Inside view of 
the timber frame house; e: Inside view of the CLT house. Photos: Adam Mørk 
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ABSTRACT: In recent years, urban areas face two challenging problems caused by urbanization; UHI and air pollution, 
which have a potential synergistic effect. We explore these interactions in two urban agglomerations; Yangtze River 
Delta (YRD) and the Pearl River Delta (PRD) using PM2.5 concentrations data and land surface temperature (LST) data 
for 2022 collected from Moderate Resolution Imaging Spectroradiometer (MODIS). Through regression analysis we 
found that the relationship between PM2.5 concentrations and UHII of PRD is stronger than which of YRD, which can 
be attributed to different synoptic weather conditions. PRD is closer to the tropics and less affected by the cold air of 
the northern cold wave, so there is a significant positive correlation throughout the four seasons. Moreover, there was 
a substantial seasonal effect on the strength of the correlations between UHI and PM2.5, with some air pollutants 
showing strong associations with UHI during certain seasons. Thus, the potential interaction between PM2.5 
concentrations and UHII warrants cooperation appropriate mitigation measures to solve these two urban problems in 
a coordinated manner. 
KEYWORDS:PM2.5, Urban heat island, Climate change, Urban Agglomeration. 

 
 
1.Introduction: 

Industrialization and urbanization have driven 
global development in the past few decades while 
bringing significant environmental issues[1]. Due to the 
altered underlying surface, urban areas are often 
warmer than rural areas and suburbs; This 
phenomenon is widely known as the Urban heat island 
(UHI) [2]. At the same time, urban activities, such as 
automobile exhaust, coal, and fuel combustion, are the 
primary sources of air pollution[3]. In addition, urban 
morphological factors can affect the air's temperature, 
humidity, and ventilation, thereby affecting the 
diffusion, migration, and settlement of pollutants[4-6]. 

Therefore, urban areas face two challenging 
problems caused by urbanization; UHI and air pollution, 
which have become the main challenges in most cities 
in China [7]. UHI can lead to warmer temperatures and 
low wind speed, affecting the spatial distribution and 
concentration of PM 2.5. Therefore, UHI and urban air 
pollution have a potential synergistic effect. 
Furthermore, their relationship can vary under 
different seasons due to the different climatic 
conditions. Thus, it is necessary to conduct 
comprehensive research to discover the potential 
mechanisms of the two in different seasons to solve 
these two urban problems in a coordinated manner.  

By Studying the relationships between urban heat 
island intensity (UHII) and air pollutants in Seoul, Jack 
Ngarambe et al. found that O3 concentrations were 
negatively correlated with UHII. In contrast, CO, SO2, 
PM2.5, PM10, and NO2 concentrations were positively 
correlated with UHII. Moreover, there was a substantial 
seasonal effect on the strength         
of the correlations between UHI and air pollution[8]. 
By investigating the spatial-temporal distributions of 

the daytime and nighttime LST and air pollutant 
concentrations and their interactions in the Yangtze 
River Delta urban agglomeration, Yue Jiang et al. 
showed that the daytime and nighttime LST were 
positively correlated with O3 concentrations, with the 
correlation being strongest in spring and autumn. The 
PM2.5, PM10, SO2, NO2, and CO concentrations show 
negative correlations with the daytime and nighttime 
LST, with the strongest interactions in winter[9]. 
Different contexts, such as climate background and 
geographical characteristics, can influence the 
relationship between them, while most previous 
studies only focus on single cities or regions, which 
leads to incomplete understanding of the relationship 
between the two and less target solution. Therefore, 
this study aims to examine and compare the seasonal 
effects of UHI on PM2.5 in the two largest urban 
agglomerations in China. 

 
2. Materials and methods 
2.1 Study area  

This paper selects the urban agglomeration with 
the highest urban density and urbanization level in 
China: the Yangtze River Delta (YRD) and the Pearl River 
Delta (PRD).[10, 11]. YRD is located in the eastern 
coastal area of China. It accounts for 1.2% of China's 
total land area, but contributes 15.9% of its GDP[12]. 
PRD is located in the coastal area of southern China, 
accounting for 85% of Guangdong's GDP and 70% of its 
population[10]. Both urban agglomerations belong to 
the subtropical monsoon climate, while PRD is closer to 
the tropics and YRD is more affected by cold air. The 
distribution of each urban agglomeration is shown in 
Figure 1. 
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Figure 1: locations of YRD and PRD 

 
2.2 Data 

This study includes PM2.5 concentrations data 
and land surface temperature (LST) data, both of which 
use Moderate Resolution Imaging Spectroradiometer 
(MODIS) remote sensing data (resolution of 1 km). The 
study period is from the 1st of January 2022 to the 31st 
of December 2022.  

 
2.3 Research steps 
2.3.1 Data processing 

The original data (spatial resolution of 1 km), 
including PM2.5 concentration and LST were 
reprojected to the WGS48 coordinate system. Then, 
based on the four seasons (spring is from March to May, 
summer is from June to August, autumn is from 
September to November, and winter is from December 
to February), the seasonal grid data was calculated 
according to the mean value of each pixel. 

 
2.3.2 Calculating urban heat island intensity (UHII)   

The seasonal MODIS LST data were converted to 
degree Celsius using equation(1)： 

𝑇𝑇�
= 𝐷𝐷𝐷𝐷 ∗ 0.02 − 273.15                     (1) 

Where 𝑇𝑇�  represents the LST of the unit (◦C); the 
digital number (DN) is the brightness value of a pixel. 
After dividing the research area into urban and rural 
areas, we calculated each area's average LST of the 
suburbs. Urban heat island intensity (UHII) was 
calculated using equation (2). 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 =  𝑇𝑇�����  
−  𝑇𝑇�����                  (2) 

Where 𝑇𝑇����� is the average LST of an urban area [◦C] 
and 𝑇𝑇�����  is the average LST of rural areas previously 
calculated. 
 
2.3.3 Spatial autocorrelation analysis 

Global autocorrelation and local spatial 
autocorrelation are applied to explore spatial 
aggregation characteristics and their evolution 
patterns. 

The global spatial autocorrelation (Global Moran's 
I) can describe the overall characteristics of the spatial 
pattern of PM2.5 and UHII, which is calculated as 
shown below: 

I=
n ∑ ∑ Wij(xi-x�)(xj-x�)n

j=1
n
i=1

∑ ∑ Wij(xi-x�)2n
j=1

n
i=1

                       (3) 

S2=
1
n

� (xi-x�)2
n

i=1

                               (4) 

wij= �
w11 ⋯ wj1

⋮ ⋱ ⋮

wi1 ⋯ wjn

�                              (5) 

Where 𝑈𝑈 is the global Moran index; 𝑥𝑥�  represents the 
observed value of region 𝑖𝑖 ; 𝑛𝑛  represents the total 
number of observed samples; 𝑤𝑤��  represents the 
spatial weight; �̅�𝑥 is the mean value of 𝑥𝑥. 
In addition, the local indicators of spatial auto-
correlation (LISA) reveal the regional variability 
characteristics of pollutants in each study unit, which 
was calculated using equation (6): 

Ii=
(xi-x�)

S2 � (xi-x�)                           (6)
j

 

Where 𝑈𝑈�   is the local Moran index, the spatial 
correlation patterns of local autocorrelation include: 
Four types of High-High (H–H) aggregation; High-Low 
(H-L) aggregation; Low-High (L-H) aggregation; Low- 
Low (L-L) aggregation; H–H and L-L indicate spatially 
positive correlation features, and H-L and L-H indicate 
spatially negative correlation features. 
 
2.3.4 Regression analysis  

As a typical global linear regression model, the 
ordinary least squares (OLS) model is a common 
method to quantify the statistical relationship between 
independent and dependent variables. This study uses 
OLS to study the Seasonal Impact of Land surface 
temperature on PM2.5. 
The OLS model can be described using equation (7): 

S=βn+ � βmαm+

ρ

m=1

ε                              (7) 

where S  is the dependent variable (PM2.5 
concentrations),  βn  is the intercept, βm  is the 
regression coefficient corresponding to the 
explanatory variable α , and ε  is the random error 
value. This model can represent the intensity of the 
relationship between PM2.5 concentrations and UHII. 
 
3. Results  
3.1 Descriptive statistics  

Table 1 shows the descriptive statistics of our 
dataset upon completing the data processes described 
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calculated using equation (2). 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 =  𝑇𝑇�����  
−  𝑇𝑇�����                  (2) 

Where 𝑇𝑇����� is the average LST of an urban area [◦C] 
and 𝑇𝑇�����  is the average LST of rural areas previously 
calculated. 
 
2.3.3 Spatial autocorrelation analysis 

Global autocorrelation and local spatial 
autocorrelation are applied to explore spatial 
aggregation characteristics and their evolution 
patterns. 

The global spatial autocorrelation (Global Moran's 
I) can describe the overall characteristics of the spatial 
pattern of PM2.5 and UHII, which is calculated as 
shown below: 
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Where 𝑈𝑈 is the global Moran index; 𝑥𝑥�  represents the 
observed value of region 𝑖𝑖 ; 𝑛𝑛  represents the total 
number of observed samples; 𝑤𝑤��  represents the 
spatial weight; �̅�𝑥 is the mean value of 𝑥𝑥. 
In addition, the local indicators of spatial auto-
correlation (LISA) reveal the regional variability 
characteristics of pollutants in each study unit, which 
was calculated using equation (6): 

Ii=
(xi-x�)

S2 � (xi-x�)                           (6)
j

 

Where 𝑈𝑈�   is the local Moran index, the spatial 
correlation patterns of local autocorrelation include: 
Four types of High-High (H–H) aggregation; High-Low 
(H-L) aggregation; Low-High (L-H) aggregation; Low- 
Low (L-L) aggregation; H–H and L-L indicate spatially 
positive correlation features, and H-L and L-H indicate 
spatially negative correlation features. 
 
2.3.4 Regression analysis  

As a typical global linear regression model, the 
ordinary least squares (OLS) model is a common 
method to quantify the statistical relationship between 
independent and dependent variables. This study uses 
OLS to study the Seasonal Impact of Land surface 
temperature on PM2.5. 
The OLS model can be described using equation (7): 

S=βn+ � βmαm+

ρ

m=1

ε                              (7) 

where S  is the dependent variable (PM2.5 
concentrations),  βn  is the intercept, βm  is the 
regression coefficient corresponding to the 
explanatory variable α , and ε  is the random error 
value. This model can represent the intensity of the 
relationship between PM2.5 concentrations and UHII. 
 
3. Results  
3.1 Descriptive statistics  

Table 1 shows the descriptive statistics of our 
dataset upon completing the data processes described 

 

 

in the section. Regarding PM2.5 concentrations, both 
regions have the highest concentration in spring and 
the lowest in summer, and the overall concentration 
level of YRD is higher than that of PRD. Regarding UHII, 
the overall PRD level is higher than YRD's. 

 

Table1: Average concentration of PM2.5 concentrations and 
UHII (units). 

 Spring Summ
er 

Autu
mn 

Winte
r 

Annual 
average 

PM2.5 
concentrati
ons (YRD) 

32.58 16.98 20.77 32.38 25.68 

PM2.5 
concentrati
ons (PRD) 

27.91 12.59 18.18 26.58 21.32 

UHII(YRD) 1.97 1.56 0.43 0.91 1.22 
UHII (PRD) 2.97 3.56 2.81 2.46 2.95 

 

3.2 Spatial variation of PM2.5 concentrations and UHII 
in YRD and PRD 

The global and local Moran’s indices have been 
calculated to explore the spatial aggregation 
characteristics of PM2.5 and UHII in YRD and PRD. The 
results of global Moran’s indices are shown in Table 2. 
where the global Moran’s I index is greater than 0. It 
passes the significance test, indicating significant global 
spatial autocorrelation among PM2.5 and UHII in YRD 
and PRD. PM2.5 and UHII have similar aggregation 
characteristics in spatial distribution, and the spatial 
distribution of which tends to be aggregated. 
 

Table2: Global Moran’s I indices for PM2.5 and UHII in YRD 
and PRD 
 PM2.

5 
Spring 

PM2.
5 

Sum
mer 

PM2.
5 

Autu
mn 

PM2.
5 

Winte
r 

UHII 
Spring 

UHII 
Sum
mer 

UHII 
Autu
mn 

UHII 
Winte

r 

Moran’s I 
index(YRD) 

0.93 0.89 0.92 0.91 0.56 0.51 0.51 0.62 

Moran’s I 
index(PRD) 

0.99 1.02 1.03 0.94 0.56 0.76 0.71 0.59 

Z-Score(YRD) 153.54 147.62 151.45 148.33 91.83 82.86 82.86 102.27 

Z-Score(PRD) 24.51 25.26 25.33 23.09 13.88 18.76 17.35 14.51 

P-value(YRD) <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

P-value(PRD) <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

 

The spatial aggregation distribution of PM2.5 in 
YRD is shown in the figure 2. In spring, the High–High 
aggregation areas are mainly located in the Northen 
part of YRD, including Shanghai and southern Jiangsu, 
while the Low-Low aggregation areas are primarily 
located in Zhejiang Province. In summer, the High–High 
aggregation areas are expand 
to the area around Tai Lake. In autumn and winter, the 
High–High aggregation areas are mainly located in the 
western part of YRD, while the Low-Low aggregation 
areas are primarily located in coastal areas including 

Shanghai.  
The spatial aggregation distribution of UHI in the 

urban area of YRD is shown in the figure 3. In spring, 
the High–High aggregation areas are mainly located in 
Shanghai and Suzhou-Wuxi-Changzhou area. In 
summer, the High–High aggregation areas are located 
in most of the major cities in YRD. In autumn and winter, 
the High–High aggregation areas are mainly located in 
Shanghai and several major cities in Zhejiang Province. 
In addition, Shanghai belongs to High–High aggregation 
areas across all seasons. 

Figure 2: Spatial aggregation distribution of PM2.5 in the YRD  
 

Figure 3: Spatial aggregation distribution of UHI in the urban 
area of YRD 
 

The spatial aggregation distribution of PM2.5 in 
PRD is shown in the figure 4. Across all seasons, 
Southern coastal areas belong to Low-Low aggregation 
areas, and High–High aggregation areas are mainly 
distributed in Guangzhou and the northern part of PRD. 

The spatial aggregation distribution of UHI in the 
urban area of PRD is shown in the figure 5. The High–
High aggregation areas are mainly located in 
Guangzhou, Dongguan and Shenzhen across all 
seasons with tiny seasonal changes. 
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Figure 4: Spatial aggregation distribution of PM2.5 in the PRD 
 

Figure 5: Spatial aggregation distribution of UHI in the urban 
area of PRD 
 
3.3 Relationship between PM2.5 concentrations and 
UHII in YRD and PRD 

The relationship between PM2.5 concentrations 
and UHII in YRD and PRD has been analyzed to 
investigate the potential interaction between PM2.5 
concentrations and UHII. In regards to YRD, UHII is 
positively correlated with PM2.5 in spring and 
negatively correlated in autumn and winter, while in 
summer it did not pass the significance tests. In regards 
to PRD, the correlation coefficient indicates that UHII is 
positively correlated with PM2.5 across all seasons, 
which means that PM2.5 concentration increases with 
increasing UHII. 

Comparing YRD and PRD as a whole, the 
relationship between PM2.5 concentrations and UHII 
of PRD is stronger than which of YRD, which can be 
attributed to different synoptic weather conditions. 
Both YRD and PRD belong to the subtropical monsoon 
climate, while PRD is closer to the tropics and less 
affected by the cold air of the northern cold wave, so 
there is a significant positive correlation throughout 

the four seasons. The negative correlation between 
autumn and winter in YRD may be due to the weak heat 
island in autumn and winter, but PM2.5 concentration 
remains high due to the stable atmosphere and low 
wind speeds within the city during winter, so the two 
are negatively correlated. The inconspicuous summer 
may be due to the rainy season, where PM2.5 is 
dispersed or randomly distributed in the local space 
without specific patterns. 

The potential interaction between PM2.5 
concentrations and UHII warrants cooperation 
appropriate mitigation measures to solve these two 
urban problems in a coordinated manner. For PRD, 
some measures can be taken to simultaneously 
alleviate UHI and PM2.5 concentrations. AS for YRD, 
caution is needed as alleviating one problem may 
exacerbate the other one, so that it is necessary 
considers the consequent change of air quality when 
designing mitigation strategies of UHI and take 
strategies that are better for both urban thermal 
environment and air quality.  
Table 3: Correlation coefficients between PM2.5 and UHII in 
YRD and PRD   

  Spring Summer Autumn Winter 
Y
R
D 

𝑹𝑹𝟐𝟐 0.243 / 0.161 0.121 
coeffici

ent 
(1.395)*** 0.015 (-0.725)*** (-0.972)*** 

P
R
D 

𝑹𝑹𝟐𝟐 0.729 0.420 0.355 0.087 
coeffici

ent 
(1.301)*** 

 
(0.463)*** (0.553)*** (0.667)*** 

Statistically significant results are marked with an asterisk 
symbol (*). (Statistical significance is determined at P < 0.001). 
 
4. Conclusion 

In the study, we confirmed seasonal impact of 
UHII on PM2.5. Furthermore, we found that different 
climatic conditions are one of the reasons affecting the 
relationship between UHII and PM2.5, which warrants 
appropriate mitigation measures in different regions. 
The results presented in the current study serve as a 
basis for discussing and exploring such processes in 
order to solve these two urban problems in a 
coordinated manner. 
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This research aimed to assess the architectural potential of school classrooms for providing a good integral IEQ, 
which is one of the factors influencing the physical learning environment. Learning environments should be 
suitable, safe and comfortable to foster the holistic development of students, especially in contexts with limited 
energy resources. An Environmental Factors Evaluation Matrix was created, defining 20 architectural factors. A 
categorization was devised to evaluate the effectiveness of the integration of these factors and to obtain a 
diagnosis of the weighted environmental quality of the classroom to identify the factors that need improvement, 
show serious deficiencies, or are missing in the classrooms. The method was applied in 30 school classrooms to 
validate its application. The research results revealed both environmental strengths and weaknesses. The design 
parameters of "Acoustic" and "Thermal" showed significant deficiencies in the integration of conditioning to 
improve both aspects. The incorporation of simplified methods for the evaluation of IEQ based on architectural 
design is expected to help reduce the gaps for the environmental rehabilitation of these spaces. 
KEYWORDS: Learning Environment, Post Occupancy Assessment, School Design, Environmental Comfort  

1. INTRODUCTION
Improving the quality of existing educational 

spaces is imminent, especially in contexts of energy 
poverty. Schools are often well below internationally 
defined environmental standards. For this reason, in 
the context of rethinking resilience and moving 
towards the reconstruction of educational spaces. It 
is necessary to deepen and find solutions for the lack 
of environmental comfort in schools in the region. 
Research indicates that students are resilient and 
often adapt to poor environmental conditions. [1, 2]. 

Schools often fall significantly below 
internationally defined environmental standards. For 
this reason, in the context of rethinking resilience and 
moving towards the reconstruction of educational 
spaces, this article presents the results of an 
investigation aimed at assessing the environmental 
aspects of Chilean school classrooms through an 
architectural survey as a pilot case. This allowed for 
identifying the gaps for the environmental 
rehabilitation of these spaces. 

Resilience in schools, considering the quality of 
the indoor classroom environment, is a crucial aspect 
for the development and well-being of students. 
Resilience refers to the ability to adapt and thrive in 
adverse conditions, and in the school context, this 
involves creating environments that support 
students' physical and mental health, as well as their 
academic performance. The relationship between 
indoor environmental quality (IEQ) and resilience in 
schools is evidenced in several studies that have 
examined how environmental conditions affect 
student learning and health. 

For example, daylight has been shown to have a 
significant impact on students' academic 
performance. Heschong et al.[3] y Tanner [4] found 
positive correlations between daylight and learning 
progress, highlighting that a well-lit environment can 
improve students' concentration and well-being, 
contributing to greater academic resilience. Similarly, 
classroom air quality is a critical factor. Daisey et al. 
[5] y Gao et al. [6] note that inadequate ventilation 
can lead to health problems and poor academic 
performance, suggesting that improving air quality 
can help students become more resilient in the face 
of health and learning challenges. 

The acoustic environment also plays an important 
role. According to Crandell & Smaldino [7] y Shield & 
Dockrell [8] a noisy or acoustically poor environment 
can negatively affect children's academic 
performance and psychosocial well-being, indicating 
that classroom sound management is essential to 
foster resilience. 

Regarding thermal comfort, studies such as those 
by de De Dear et al. [9] and Wargocki & Wyon [10] 
have shown that both extremely low and high 
temperatures can affect school performance. Porras-
Salazar [11] adds that thermal conditions can have a 
differential impact depending on the socioeconomic 
background of students, implying that adaptability to 
different temperature ranges is an aspect of 
resilience in educational settings. 

Taken together, these studies underscore the 
importance of considering the quality of the indoor 
environment in schools as a fundamental pillar of 
student resilience. A comprehensive approach that 
addresses these aspects can contribute significantly 
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to students' well-being and academic success, 
preparing them to face challenges both inside and 
outside the classroom. 

This article aims to assess the environmental 
aspects of school classrooms through an architectural 
survey, in order to define the gaps in the 
environmental quality of Chilean classrooms. This 
approach enabled the identification of key areas for 
the environmental rehabilitation of these spaces. 

2. METHODOLOGY
This research was designed based on a mixed 

methodology, where the physical characteristics of 
the built environment (school classrooms) are related 
to the environmental quality that they present, this 
relationship was made through architectural factors. 

 For the evaluation, an indicative or point-in-time 
post-occupational evaluation method was designed. 

Prior to the design of the evaluation, initial criteria 
were defined that the instrument had to meet, 
among which were: 

1. Be applicable to existing schools, so that a
diagnosis of the current state can be
generated.

2. Include the evaluation of the integral
environmental quality of the classroom, so
thermal, visual, acoustic and air quality
aspects are considered, in relation to the
comfort of the occupants.

3. Data collection or measurements should not
include on-site environmental monitoring
equipment or energy simulations.

4. The tool should be simple and quick to use,
both in terms of input data and diagnostic
results.

The evaluation design was divided into three 
stages. Initially, the "Environmental Factors 
Evaluation Matrix" [12] was developed. The second 
stage focused on the preparation of the necessary 
information gathering and evaluation tools. In the 
third phase, the evaluation was applied to 30 
classrooms through the classification and weighting 
of environmental and architectural factors, which 
provided information on the quality of the 
environment in the classrooms analyzed, which 
allowed the validation of the application. 

2.1 Case Studies 
The criteria established was to evaluate Chilean 

public educational establishments. Classrooms were 
selected through a representative sample of 
educational establishments in the three regions with 
the most educational establishments in Chile. In total, 
30 classrooms belonging to 23 public schools were 
evaluated. Within the sample, there were traditional 

classrooms and some classrooms were identified that 
were recently improved in thermal and acoustic 
aspects.  

2.2 Architectural Factor Characterization 
The characterization of the architectural factors 

allowed the evaluation of environmental parameters 
in an integrated manner. Two complementary 
instruments were used, with the aim of collecting as 
much information as possible from the classrooms to 
be evaluated, and then categorizing the architectural 
parameters and thus defining the environmental 
quality of the classroom.  

A checklist was used, it was designed from the 
lists proposed by Bluyssen [13–15]. 

It collected both the characterization of general 
information of the classroom (e.g. identification code, 
number of occupants, general dimensions of the 
classroom, shape, orientation), and the elements of 
the built environment of the classroom (e.g. thermal 
envelope, types of glazing, optimization of natural 
lighting, heating and cooling systems, operable 
window surfaces for ventilation). 

The architectural survey was done with a high-
resolution 3D space scanning camera, Matterport Pro 
2, which virtually reconstructed the original scene. 
This tool made it possible to extract the classroom 
measurements, which were analyzed based on the 
architectural parameters to be evaluated. With this, 
the time for collecting information and evaluating the 
classrooms was optimized.  

Figure 1: Matterport Pro 2 Rotary Camera & Virtual Scene. 

A classification is applied according to the 
percentages of compliance obtained in each 
environmental parameter. This made it possible to 
determine a diagnosis of the environmental quality of 
the classroom. This classification was previously 
developed and calibrated through a theoretical 
model of a classroom that integrates all architectural 
factors, achieving excellence [12]. (see Figure 7).  
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Figure 2:Survey of the characteristics of the classroom with 
a 3D model. 

 
2.3 Environmental evaluation criteria. 

In order to evaluate the physical characteristics of 
the classroom environment, 20 factors related to 
physical attributes of the indoor environment were 
identified. Five architectural factors were selected 
and categorized according to the references studied. 
To identify each architectural factor, an abbreviated 
coding was given, with two letters identifying the 
environmental factor and a number identifying the 
architectural factor evaluated. In the lighting factor 
(LI), aspects of Daylighting and Optimization 
strategies were considered, in the aspects referred to 
acoustics (AC), factors related to Design of the space 
and Indoor conditioning were selected, for the 
thermal environment (TE) the factors to be evaluated 
were related to Passive and Active strategies, finally, 
for the air quality (AQ), the factors considered were 
associated to Ventilation flow rate, Ventilation 
strategies and Indoor conditioning. 

"IEQ Assessment", these were categorized 
following a scoring system scale divided into three 
levels (Effective, Adequate, and Inadequate), to 
evaluate each of the architectural parameters 
outlined in the evaluation matrix, using the criteria 
described in a previous article[12]. All architectural 
parameters were verified and categorized, thus 
knowing the score obtained in each of the 
environmental factors. In this way, the general 
performance of the classroom is shown, visualizing 
the net score obtained for each environmental factor, 
without incorporating the specific weight of the 
environmental aspect. 

Then, a classification was made where the specific 
weights of each environmental factor are applied, this 
was called "Weighted IEQ Assessment" and details 
through a pink graph the compliance with each of the 
architectural parameters, indicating in detail the  
category obtained by each aspect evaluated, in 
addition to graphing the weighting or weight that 
each environmental factor represents. In this way, it 
is possible to visualize in which parameters there are 
strengths or shortcomings and how much it affects 
the integral context.  

The weights given to each environmental factor 
were determined through a panel of experts in the 
area, through a hierarchical analysis process (AHP) 
[16, 17], where the following weights were 
established, for Lighting (12%), Acoustics (22%), 
Thermal (32%) and Air Quality (36%). 

The Weighted IEQ Assessment of the classroom, 
gives it a percentage of compliance and a 
classification according to its score. Rating it as 
Excellent, Satisfactory, Acceptable, Unacceptable or 
Poor. 

 
Table 1: IEQ Weighted l scoring scale. 

 Level of compliance 

86- 100 % 
Excellent 

The architectural parameters appear as 
outstanding in the evaluated space. 

71 - 85 % 
Satisfactory 

To achieve optimal environmental 
quality, only small adjustments should 
be made.  

41 - 70 % 
Acceptable 

Modifications should be made to 
improve the environmental quality. 

26- 40 % 
Unacceptable 

Substantial changes must be made to 
improve. 

0 - 25 % 
Poor 

There is an urgent need for major 
changes if the environmental quality of 
the classroom is to be increased. 

 
3.RESULTS 
3.1 IEQ Assessment 

A general analysis of the 30 classrooms evaluated 
was conducted. A diagnosis of performance for each 
of the environmental factors is described below:  

The design parameter “Lighting”, despite the fact 
that it is the aspect where there were fewer 
shortcomings, in any case, none of the classrooms 
evaluated satisfactorily complied with all the 
parameters. In the LI01 parameter, 30% of the 
classrooms achieved the effective range, since they 
presented a natural lighting coverage between 75-
100% of the classroom width, while 70% of the 
classrooms achieved the adequate range, since the 
natural lighting coverage was between 50-75%, no 
classroom presented a coverage of less than 50% of 
the classroom width. The parameter of distribution of 
openings (LI02) was the weakest, due to the fact that 
none of the classrooms had multilateral illumination. 
60% of the classrooms reached the adequate range, 
since they had bilateral lighting, and 40% of the 
classrooms reached the inadequate range, since they 
only had unilateral lighting. In LI03, Window-to-Wall 
Ratio (WWR), 43.3% achieved a range of effective, 
since the ratio between classroom windows and 
glazed wall area was greater than 40% of the surface. 
The architectural factor LI04, which refers to 
optimization and distribution of lighting, 60% reached 
the range of adequate, since they presented a curtain 
as lighting protection, 30% of the classrooms reached 
the range of effective, since they presented more 
than one element of optimization of lighting or 
outdoor solar protection, the remaining 10% did not 
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present any type of solar protection. Regarding the 
provision of artificial lighting (LI05), 56.7% of the 
classrooms had energy-efficient equipment in good 
condition and working order, while seven classrooms 
(23.3%) were inadequate, due to the lack of lighting 
equipment or because they were not in a good state 
of maintenance. 

Figure 3: Classroom performance in lighting aspects 

The design parameter “Acoustic” is the most 
critical aspect. In parameter AC01, 96.7% of the 
classrooms reached the adequate range, since the 
height of the classroom was between 2.4 and 3.5 
meters. In AC02, referring to the quality of glazing, 
73.3% of the classrooms reached the rank of 
inadequate, because they had single glazing, while 
20.7% had at least DVH without thermal bridges (PVC 
or RPT frame). In AC03, aspect that evaluates 
Window-to-Floor Ratio (WFR), two classrooms (6.7%) 
reached the effective range and 93.3% reached the 
inadequate range, since the glazed surface was 
greater than 16% of the classroom surface. In AC04, 
aspect that refers to the percentage of absorbent 
material in the ceiling, 83.3% did not present any type 
of material as acoustic absorbent, so they obtained 
the rank of inadequate, on the other hand, 5 
refurbished classrooms (16.7%) achieved the rank of 
effective, since they presented more than 40% of the 
ceiling with absorbent material. 

A similar situation occurred with AC05, where 
90% of the classrooms did not have absorbent 
material in the walls, and therefore obtained the rank 
of inadequate. 

Figure 4: Classroom performance in acoustic aspects 

The design parameter "Thermal" also showed 
shortcomings in terms of air conditioning, either due 
to the absence of insulation in the envelope, the use 
of simple glass in the windows or because there was 
no air conditioning system. The TE01 factor referred 
to solar protection, 66.7% of the classrooms reached 
the adequate range, since they only had curtains as 
solar protection elements. In TE02, 50% of the 
classrooms had an adequate orientation of the 
glazing, 30% had an inadequate orientation (south 
facing) and 20% (six classrooms) had a north facing 
orientation, which gave it an effective rank. Factor 
TE03, which evaluates the quality of the window 
frames and glazing, 73.3% of the classrooms were 
rated inadequate because they had single glazing, 
6.7% were rated adequate because they had 
hermetic double glazing (DVH) but with thermal 
bridges, and 20% were rated effective because they 
had DVH glazing without thermal bridges (PVC or RPT 
frame). In factor TE04, referring to the thermal 
envelope, 86.7% of the classrooms had no thermal 
envelope, while four classrooms (13.3%) achieved the 
effective range because they had EIFS insulation in 
their envelope. In TE05, 26.7% of the classrooms had 
some type of air conditioning system, reaching the 
effective range, and 73.3% of the classrooms 
evaluated did not have this requirement, therefore, 
they obtained the inadequate range. 

Figure 5: Classroom performance in thermal aspects 

Finally, the design parameter "Air quality" showed 
some shortcomings, even in the operable surface for 
ventilation. Regarding the volume of air per student 
(AQ01), 76.7% of the classrooms effectively complied 
with the factor, a situation that guarantees a good 
environmental quality, together with the operable 
surface for ventilation (AQ02), an aspect that 70% of 
the classrooms evaluated effectively complied with, 
while 6.7% of the classrooms did not comply with the 
operable surface required to guarantee good 
ventilation in the classroom. In AQ03, 53.3% of the 
classrooms had cross ventilation, which placed them 
in the effective range, while 40% of them only had 
ventilation through a single opening, which placed 
them in the inadequate range. For factor AQ04, 70% 
of the classrooms reached the adequate range, with 
projecting windows and 26.7% had sliding windows, 
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which gave them the inadequate range. In AQ05, 
86.7% of the classrooms did not have a mechanical 
ventilation system, so they were rated as inadequate, 
while 13.3% of the classrooms evaluated were rated 
as effective because they had this requirement. 

 
Figure 6: Classroom performance in air quality aspects 

 
3.2 IEQ Weighted Assessment 

Out of the 30 classrooms evaluated, the results of 
the overall weighted compliance were as follows, 
none of them complied outstandingly in all the 
factors evaluated. Three of the classrooms, 
corresponding to 10% of the total, were classified as 
Satisfactory, reflecting compliance with the 
objectives, but there are parameters that could 
improve their condition.  

To achieve optimum environmental quality, only 
minor adjustments should be made. 5 of the 
classrooms (17%) were classified within the 
Acceptable range, so their characterization is not 
detrimental, but neither do they favor the 
environmental quality of the classroom, so 
modifications should be made to improve the 
environmental quality. Sixty-seven percent (20 
classrooms) are in the Unacceptable category, which 
means that the classrooms have serious architectural 
deficiencies that do not ensure proper environmental 
quality. There are non-compliances in at least half of 
the architectural parameters evaluated. Therefore, in 
order to improve, substantial changes must be made. 

Finally, 7% of the classrooms were classified in the 
Poor category, so the spaces showed severe 
deficiencies, in terms of environmental quality, there 
is absence or non-compliance with most of the 
architectural factors evaluated. Major renovations 
are urgently needed if the environmental quality of 
the classroom is to be improved.  

 
Table 2: Result of IEQ Weighted scale. 

Category  % Classroom 

Excellent  100% - 85% 0 
Satisfactory  85% - 71% 10% 
Acceptable 70% - 41% 17% 
Unacceptable 40% - 26% 67% 
Poor 25% - 0% 7% 

 
Figure 7: Classrooms classified by environmental factor 
considering the design parameters. 

 
4. CONCLUSION 

The proposed method has made it possible to 
identify the design parameters that need to be 
improved or transformed in school classrooms in the 
Chilean context. The instruments designed allow for a 
comprehensive diagnosis through visits to the 
establishments, proving to be an efficient approach. 

The characterization of classrooms reveals 
differences in environmental quality between those 
with thermal and acoustic improvements and those 
without. The IEQ Weighted Assessment allows 
progress towards an integrated diagnosis of 
environmental factors. However, there are limitations 
in the proposed classification since it was not possible 
to include classrooms with better quality 
infrastructure. 

When proposing an integrated assessment, it is 
crucial to establish criteria that are intertwined and 
have an impact on more than one environmental 
aspect, as is the case with glazing, an element that 
influences all 4 environmental factors. It is therefore 
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considered as the most significant factor in this 
integrated assessment. 

Similarly, it is recognized that there are certain 
architectural factors that are in conflict with each 
other. The acoustic factor (AC03) requires minimizing 
sound reverberation, which implies limiting glazed 
surface. However, the lighting factor (LI03) requires 
maximizing the entrance of natural light, which 
implies increasing the glazed surface. These two 
factors are in conflict and pose a challenge for 
architectural design, as a balance between the two 
must be sought and their implications understood. 

Characterization of the classrooms reveals 
differences in environmental quality between those 
with thermal and acoustic improvements and those 
without. From the sample, it is observed that, for the 
design parameter of "Acoustic", there are important 
deficiencies in the integration of conditioning, due to 
the absence of absorbent material in the ceiling and 
walls of the classrooms; a similar situation occurs in 
the thermal environment, due to the fact that neither 
passive nor active strategies are integrated. The 
sample studied has revealed the existence of 
significant gaps that require attention to achieve an 
effective environmental rehabilitation. 
Post-occupational evaluation of educational spaces is 
a field that requires simplified tools to facilitate its 
application. By developing these tools, it opens the 
possibility for non-experts to perform the 
evaluations, without depending on specific 
monitoring equipment. This would make it possible to 
increase the number of classrooms evaluated and to 
have a systematic control of the environmental 
conditions of the learning environments. In this way, 
it could awaken the interest of educational 
institutions, both public and private, that want to 
improve the environmental quality of existing 
classrooms and detect and solve the environmental 
shortcomings that affect the educational process. 
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ABSTRACT: The research focuses on understanding the patient experience in hospital environments, particularly 
in maternity wards, where there is limited representation in scientific literature. The study aimed to investigate 
patient and staff environmental experience in an urban tertiary referral hospital maternity ward. The study 
employs a mixed-method approach, including surveys, spot measurements, and site observations, conducted in a 
Sydney hospital over a year. Qualitative data collected from 129 patient surveys and 29 staff surveys highlights 
issues related to patient thermal comfort and a perceived lack of control over their environment. The 
quantitative data further indicates that noise levels exceed recommended guidelines, and certain rooms exhibit 
problems with lighting. Patient dissatisfaction with thermal conditions, confirmed by staff surveys, suggests the 
need for a more personalized and adaptable hospital environment. The study concludes that addressing these 
issues can enhance patient comfort, staff efficiency, and overall maternity ward experience.  
KEYWORDS: maternity ward, thermal comfort, patient satisfaction, patient safety 
 
 

1. INTRODUCTION 
Hospital buildings are complex, multifunctional 

environments where creating an optimal indoor 
setting is crucial for the comfort, safety and well-
being of patients and the comfort of the staff. These 
buildings operate around the clock, with patients at 
times critically unwell and medical professionals 
providing care regardless of the time. However, due 
to the intense nature of medical procedures and 
patient care, hospitals can quickly transform into 
high-stress environments. 

Understanding the patient experience is an 
important step towards achieving patient-centred 
care. This involves examining various aspects of how 
patients perceive their time within the hospital [1]. By 
doing so, we can estimate the degree to which 
patients are receiving care that caters to their 
individual preferences and needs. Valuing patient 
experience alongside other critical aspects such as 
the effectiveness of care, can yield comprehensive 
and holistic assessment of the quality of a hospital 
[2]. 

Thermal comfort and other environmental factors 
have been extensively discussed in numerous 
research articles, predominantly employing models 
like PMV. PMV (Predicted Mean Vote) is a reference 
index commonly used in the evaluation of thermal 
comfort conditions in mechanically conditioned 
environments. It is based on six variables: activity 
level, thermal resistance of clothing, air temperature, 
average radiation temperature of the surroundings, 

air relative humidity, and air velocity [19]. However, 
the application of PMV in hospital rooms fails to 
adequately capture the diverse preferences of 
patients [3]. Furthermore, standardized indoor 
conditions prove inadequate in meeting the 
requirements of both medical staff and patients 
simultaneously. Therefore, using building occupants 
and study participants to determine thermal comfort 
enables a clearer comprehension of the interaction 
between occupants and buildings [4]. This approach 
also yields a more comprehensive assessment of how 
thermal comfort connects with various components 
of indoor environmental quality, ultimately 
influencing overall occupant experience and 
satisfaction [5]. This research aims to bridge this gap, 
particularly in the context of maternity wards, a 
domain with limited representation in scientific 
literature. The primary objective is to conduct a 
comparative analysis between summer and winter, 
focusing on the evaluation and analysis of indoor 
environment quality parameters and subjective 
feedback from women in the maternity ward. 
 
2. METHODS 

This study was conducted in the maternity ward 
of Westmead Hospital, a large health facility in 
Sydney, Australia, over a span of one year, from July 
2022 to June 2023. The patient population (table 1) 
for this research were women who had given birth 
within the last few days, most of whom have their 
newborn rooming-in with them. Field work took 
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place during two campaigns in December 2022 and 
then June 2023. A mixed-method approach was used 
with deployment of an online survey (targeting 
patients and midwives), IEQ (Indoor Environmental 
Quality) spot-measurements, and site-observation. 
The study was conducted with approval from 
Western Sydney Local Health District Human 
Research Ethics Committee (Approval number: 
2022/ETH00119). 

 
Table 1: Demographics table of patient participants.  
*0 days means survey was taken on same day of delivery. 

 
Age range  % 
 18 - 23 8.3 
 24 - 33 52.5 
 34 - 43 37.5 
 44 - 53 1.7 
Days postpartum   
 0 days* 10.8 
 1 day 43.2 
 2 days 27 
 3 days 8.1 
 4 days 6.3 
 5 days 2.7 
 6 days 1.8 
Delivery mode   
 C-section 52 
 Vaginal birth 48 
Feeding method   
 Formula 6.3 
 Breastfeeding 65.8 
 Mixed 27.9 

 
2.1 Qualitative data 

In addition to promoting patient surveys through 
posters featuring QR codes placed on the walls of 
patient rooms, the research process also involved a 
personalized approach. Patients were directly 
approached by the researcher in-person and 
extended an invitation to participate in the surveys. 
The surveys included inquiries about satisfaction with 
various environmental factors such as room 
temperature, air quality, acoustics, and lighting. 
Additionally, it included questions regarding the birth 
outcomes, infant care, and demographic details. 
Furthermore, ward staff (midwives) were invited to 
participate in a survey determining their satisfaction 
with the indoor environment of their workplace, as 
well as investigating their perception of the patient 
experience. A total of 129 (64 in summer and 65 in 
winter) patient surveys and 29 staff surveys (all in 
winter) were collected and stored using the Qualtrics 
platform, and these were analysed using Excel.  

2.2 Quantitative data 
To complement the qualitative survey data, 

quantitative measurements of indoor environmental 
quality (IEQ) were conducted twice a year on-site, 
once during the summer (December 2022) and once 
in the winter (June 2023). These measurements 
included variables like air temperature, humidity 
levels, carbon dioxide concentrations, sound levels, 
and lighting conditions. Data was collected with 
hand-held devices from one spot location close to the 
patient and at bed height. With information available 
for both summer and winter periods, we could assess 
any seasonal variations in indoor comfort and quality. 
Data was then benchmarked against recommended 
thresholds from the electrical and lighting guidelines 
of the VHHSBA [6], WHO (World Health Organisation)  
guidelines [7], the National Asthma Council Australia 
[8], as well as using the CBE comfort tool [9] to check 
compliance with ASHREA Standard 55-2020. 
 
3. RESULTS AND DISCUSSION 

Quantitative data from IEQ devices reveals that 
most parameters align with recommended guidelines, 
indicating a theoretically acceptable indoor 
environment. 

However, minimum and maximum noise levels 
recorded during the study were 35 – 64 and 36 – 60 
dBA for summer and winter respectively, which is 
much higher than the World Health Organisation 
(WHO) recommended guideline of < 30 dBA for 
treatment rooms or hospital wards [7] (Table 3), 
required to reduce the impact of noise on sleep 
disruption, irritation, and communication. Studies in 
the literature have shown that excessive noise has 
grown to be a serious issue in hospitals worldwide 
and have reported many independent investigations 
on the matter [18]. None of the studies that have 
been published comply with WHO standards, in fact 
the majority of the studies have reported noise levels 
that are 20–40 dBA or more over WHO 
recommendations [10]. Noise has notable 
detrimental effects on patients' physiological and 
psychological health, making it one of the main 
environmental elements that patients most usually 
complain about [11]. 

Lighting was observed to be an issue as well. 
Variability in room lighting is significant, with some 
rooms benefitting from ample natural light through 
large windows, needing minimal additional lighting 
during the day. In contrast, other rooms suffer from 
darkness due to small windows, requiring substantial 
artificial lighting. The brightest room measured 
during the study recorded a mean of 326 lux in 
summer and 117 lux in winter, whereas the darkest 
room recorded 47 lux in summer and 26 lux in winter. 
According to the Victoria Health Building Authority, 
acceptable lighting levels for patient rooms consist of 
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160 lux for general use, 240 lux for reading, and 1 lux 
for night light [6] (table 3). 

CO2 levels remain nearly constant throughout the 
year, with a mean of 650 ppm in summer and 632 
ppm in winter (Table 3). Both are considered 
acceptable levels below the 1,000 ppm threshold 
[12], although patients commented about the 
stuffiness and lack of air flow in the rooms, leading 
them to feel compelled to keep the room door open 
(table 2).  Instead of applying a single fixed value to 
all places, CO2 thresholds should be determined on a 
case-by-case basis. The thresholds that were 
determined from the literature were shown to be 
extremely sensitive to variables like activity level and 
community prevalence, causing CO2 thresholds to 
differ between different indoor environments. Hence, 
ASHRAE does not recommend a particular threshold 
value [13].  

The relative humidity levels in summer and winter 
were almost the same, ranging between 34% and 
53% (Error! Reference source not found. 3) 
throughout the year, slightly compliant with the safe 
threshold advised by the National Asthma Council 
Australia 2016 [8]. For health, productivity, and a 
decreased risk of illness, a relative humidity range of 
30 to 70% is considered safe, while 40 to 60% is 
considered ideal [14]. Jing et al. suggest that elevated 

humidity levels may negatively impact an occupant’s 
thermal comfort. To prevent discomfort (table 2), it is 
crucial to consider a relative humidity limit. The 
appropriate hospital code should specify a humidity 
limit within the acceptable air temperature range, 
enabling effective control of the indoor environment 
[15]. 

 
Table 2: Percentage of patient responses for satisfaction 
with air movement, humidity and overall IEQ conditions 

 
Air 

movement 
(%) 

Humidity 
(%) 

 Overall IEQ 
(%) 

Very 
dissatisfied 4 

24 

2 

18 

4 

24 Dissatisfied 6 6 9 
Slightly 
dissatisfied 14 10 11 

Neutral 20 33 19 
Slightly 
satisfied 15 

56 

12 

49 

13 

57 Satisfied 25 23 33 

Very satisfied 16 14 11 

      
 

Table 3: Minimum, maximum and average measurements of IEQ parameters for summer and winter rounds. 

 
 Min Max Avg. Recommended guideline 

Temperature (C) 
Summer 22.4 24.4 23 

21 - 24 
Winter 22.3 23.2 23 

Humidity (%) 
Summer 34 53 43 30 - 70 

(40 - 60 ideal) Winter 35 53 43 

CO2 (ppm) 
Summer 362 811 650 

<1000 
Winter 546 734 632 

Lighting (lux) 
Summer 13.6 862 138 160 general 

 Winter 1.92 237 69 

Noise level (dBA) 
Summer 35 64 44 

<30 
Winter 36 60 44 

 
Thermal comfort emerged as the most significant 

issue. The responses from the patient survey 
multiple-choice questions revealed that 
approximately 20 – 30 % of participants reported 
neutral to temperature, while a majority ranging from 
70 – 80 % experienced sensations of either warmth or 
coldness that deviated from their preferred 
temperature (table 4, figure 1).  

 
Notably, the percentage of participants expressing a 
preference for feeling warmer slightly surpassed 
those who indicated a preference for feeling cooler, 
indicating that the ward environment was perceived 
as cold for most patients (Figure 2).  
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Table 4: Patient perception of temperature in their hospital 
rooms at time of survey for winter and summer rounds 

 Winter (%) Summer (%) 

Cold 11.7 

33.3 

18.5 

46.3 Cool 3.3 16.7 

Slightly cool 18.3 11.1 

Neutral 23.3 33.3 

Slightly warm 16.7 

43.3 

7.4 

20.4 Warm 13.3 11.1 

Hot 13.3 1.9 

 
 

 

Figure 1: Patient thermal sensation in their hospital room at 
the time of the survey through full year of study. 

 
 

 
Figure 2: patient thermal preference in their hospital room 
at time of survey. 

 
This is generally the situation in most instances, 

particularly in older hospitals such as the study 
hospital, where the thermal environment is not 
specifically designed to address the thermal 
preferences of patients. Instead, they tend to be 
designed using standard comfort approaches 
commonly seen in office settings, where a uniform 
temperature is maintained throughout the entire 
office space, often neglecting the specific and diverse 
thermal needs of patients [16]. In the case of the 

study hospital, the temperature was recorded to be 
between 21.9-23.3C in winter and 22.4 – 24.2C in 
summer. While these ranges align with ASHRAE 
Standard 55 [9], they may not offer patients the 
desired quality of thermal experience they should 
ideally receive. 

Although some degree of temperature 
dissatisfaction is apparent in patients' responses to 
multiple-choice questions, where predefined answers 
are available, comments made by patients emphasise 
the significance of temperature discomfort as a 
problem affecting their overall experience. 
Comments ranged from “it’s very hot” to “it’s 
freezing” showing a wide range of discomfort 
between patients. This difference in insights suggests 
a psychological aspect, where the mothers might not 
prioritise their own comfort over her baby’s, which 
could lead them to respond differently. Alternatively, 
they might attribute their discomfort to the recent 
childbirth experience or any medication they is taking 
rather than an uncomfortable environment. This 
might cause some of the patient survey responses to 
diverge from their real-time experiences. Meaning, a 
patient might indicate satisfaction with the 
temperature in response to multiple-choice 
questions, which could imply contentment with their 
baby's comfort or overall satisfaction. However, when 
provided with an opportunity to comment on their 
satisfaction with the thermal environment, they may 
offer more detailed insights into their true 
experience. 

Findings from the survey with staff confirm these 
observations among patients, as 69% of staff 
participants highlight patient dissatisfaction with 
thermal conditions. This dissatisfaction is evident 
from frequent requests from patients for 
temperature adjustments, which require maternity 
staff to engage in a time-consuming process involving 
building maintenance. This long process of receiving 
and responding to these requests not only impacts 
patient comfort directly but also diverts the energy 
and time that the staff could dedicate to caring for 
mothers and newborns, ultimately affecting the 
overall patient experience during their hospital stay. 
Even if the midwives were to make the temperature 
adjustments as requested, raising or lowering the 
temperature based on an individual's request might 
lead to discomfort for other patients in the ward. 
Achieving thermal comfort becomes challenging 
when individuals in a shared environment are 
involved in various activities and have different needs 
[17]. This is especially evident in hospitals, where 
patients are confined to limited spaces and with 
minimal control over their surrounding temperature 
and have diverse needs and conditions.  

When examining the IEQ spot-measurements and 
related patient survey findings for both summer and 
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winter, no significant difference is apparent 
concerning humidity, CO2 concentrations, and noise 
levels. However, when considering temperature, the 
comparison indicates that a greater number of 
patients expressed preference for being warmer 
during winter, and conversely, cooler in summer 
(Figure 3). This observation leads to the conclusion 
that the building is not effectively delivering a 
comfortable thermal environment for its occupants. 

 

 
Figure 3: A comparison between summer responses and 
winter responses of patients about their thermal sensation. 
More patients felt warm during winter while more patients 
felt cold during summer. 

No statistically significant relationship was 
identified between the sensation of temperature and 
either the participants' age or activity level. 
Additionally, no significant association was observed 
between temperature perception and the method of 
delivery (vaginal birth or caesarean section). No trend 
was observed for patients who breastfed or 
employed a combination of breastfeeding and 
formula. However, an invalid trend is evident among 
patients relying solely on formula to feed their 
newborns, showing a notable bias towards feeling 
cold (all respondents reported feeling cold or 
neutral). Given the limited number of participants 
who indicated using formula to feed their newborns 
(only 4 out of 129), this aspect warrants further 
investigation to be validated. 

The results highlight other factors that contribute 
to patient dissatisfaction with the indoor 
environment. Most cited reasons other than 
temperature discomfort include inadequate air 
movement and stuffiness, drafts from surroundings 
like windows and air vents, a perceived lack of 
personal control over IEQ conditions and local 
discomfort. 
 
3. STUDY SUGGESTION 

The study suggests that hospitals should offer 
patients a more personalised and adaptable 
environment, giving them the flexibility to modify 
various aspects of their surroundings to align with 
their preferences and achieve optimal comfort. This 

could involve integrating interactive technology that 
enables patients to log their well-being and 
satisfaction with the indoor environment, submit 
specific requests, and have some control over their 
certain parameters of their surrounding environment. 
Additionally, it would efficiently inform staff of 
patient requests and needs in a more streamlined 
and time-saving manner. Implementing such an 
approach would not only enhance patient comfort 
but also alleviate staff workload, allowing them to 
focus on essential care tasks and therefore improving 
the overall patient experience.  
 
4. CONCLUSION 

In conclusion, the analysis of Indoor 
Environmental Quality (IEQ) data in the maternity 
ward shows that while some parameters align with 
recommended guidelines, notable concerns exist 
affecting the overall patient experience. Patient 
feedback indicates discomfort with thermal 
conditions, particularly experiencing excessive 
warmth in winter and coolness in summer. Lighting 
inconsistency and noise levels exceeding 
recommendations are also concerns. Psychological 
factors influencing patient responses along with 
responses from staff surveys, emphasise the need to 
provide a comfortable thermal environment at the 
hospital maternity ward. Addressing these issues may 
enhance patient comfort and staff efficiency, 
contributing to a more optimal experience for the 
new mothers. 

This study presents an investigation of a potential 
problem in the maternity ward regarding patients 
comfort and well-being. However, future efforts will 
focus on investigating possible solutions and 
subsequently include the development of prototypes 
for an interactive system. This system aims to provide 
patients with flexibility and autonomy to control 
various environmental parameters within their 
rooms, with the ultimate goal of enhancing their 
overall hospital experience. 

Enhancing human resilience from infancy has 
significant long-term health implications. Prioritising a 
nurturing postnatal environment for infants to foster 
maternal attachment and comfort may decrease 
stress levels, thus improving attachment 
opportunities and reducing overall stress. This 
approach not only enhances individual resilience by 
mitigating health-related stressors but also 
strengthens staff resilience, allowing for greater focus 
on essential tasks within healthcare settings, 
ultimately enhancing the overall resilience of the 
hospital environment and freeing up resources to 
address other stressors. 
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ABSTRACT: Ten years ago, the Ministry of Housing and Urban Development in Chile launched a ‘Program for 
Social Housing Regeneration’ which introduced stricter thermal standards for new and retrofitted housing than 
the current mandatory building code. However, studies evaluating the thermal comfort and indoor air quality of 
such new interventions are lacking. This paper presents the results of an evaluation carried out in a new housing 
project in Chile, located in the outskirts of the Metropolitan Region of Santiago. Environmental conditions and 
indoor air quality were continuously monitored in five apartments during the winter. The results showed a high 
percentage of hours outside the thermal comfort zone in the living and bedrooms, and excessive indoor relative 
humidity in several bedrooms. Excessive CO2 levels were also measured in the bedrooms – but not in the living 
rooms -, indicating inefficient operation and/or design of the installed ventilation system. The formaldehyde 
concentration measured in the living rooms almost never exceeded the short-term limits. On the contrary, the 
levels of indoor particulate matter PM2.5 largely exceeded the WHO recommended limit value of 15 µg/m³, due 
to too high outdoor concentrations and some indoor PM2.5 emission sources in 2 of the 5 apartments.  
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1. INTRODUCTION  
Chilean cities exhibit high levels of socio-territorial 

inequality. Neighborhoods, typically located on the 
urban periphery and inhabited by economically and 
socially disadvantaged residents, show deficiencies in 
access to basic services, public spaces, and an 
environment that lacks adequate infrastructure [1]. In 
addition, housing in these areas often falls well below 
acceptable quality standards for the well-being of 
residents [2]. 

Currently, mandatory standards for the thermal 
performance of housing (whether social or not) are 
poor, focusing primarily on the heating season. 
However, there are programs for the thermal 
retrofitting of existing homes and the construction of 
new social housing units that have implemented 
more rigorous thermal standards, along with systems 
to improve indoor air quality. These programs have 
been part of the public policy of the Ministry of 
Housing and Urban Development (MINVU) in the 
country [1]. 

Simultaneously, the Ministry of Environment, in 
collaboration with MINVU, has established more 
stringent standards for both new housing and the 
thermal retrofitting of existing homes in various 
urban centers throughout the country that are 
affected by high levels of atmospheric pollution. This 
pollution is primarily attributed to the use of 
firewood for both cooking and heating in households 
[3]. 

As part of this policy, the MINVU created the 
Program for Social Housing Regeneration, which has 
been in charge of various interventions in the country 
for about 10 years [4]. One of these interventions 
took place in the Puente Alto commune on the 
outskirts of the Metropolitan Region of Santiago, 
involving housing complexes in the Bajos de Mena 
area. In this area, the regulatory thermal 
requirements are low: the maximum U-value for walls 
is 1.9 W/m²K, single glazing is allowed, and there are 
no mandatory standards for ventilation systems and 
airtightness of the building envelope. The 
aforementioned MINVU Regeneration Program has 
opted to improve these standards, with lower U-
values for walls and glazing, as well as the application 
of mechanical ventilation systems to improve indoor 
environmental conditions. To the best of the authors' 
knowledge, no studies are known that have evaluated 
the impact of these interventions on thermal 
comfort, indoor air quality (IAQ), and energy 
consumption, both in thermal retrofitting and in new 
housing projects in different cities across the country. 
Moreover, despite the vital importance of 
maintaining good IAQ in homes to guarantee the 
comfort, well-being and health of its occupants, 
studies on IAQ are scarce in Chile. 

This paper presents the results of an evaluation 
carried out in a new housing project in Bajos de 
Mena, Puente Alto commune, Santiago, Chile, where 
the environmental conditions and IAQ inside the 
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the environmental conditions and IAQ inside the 

 

dwellings are determined through a monitoring 
campaign of different variables, as well as through a 
survey applied to the inhabitants of these dwellings. 
 
2. THE CASE STUDY: A BRIEF DESCRIPTION 

The project, Cordilleras de Doña Marta, was 
inaugurated in February 2023 and includes 280 
apartments of about 60 m² each, distributed in a 
series of 4-story buildings (figure 1). Duplex 
apartments occupy the third and fourth floors and 
consist of a living-dining room, kitchen, bathroom and 
loggia on the third floor and three bedrooms on the 
fourth floor (figure 2). The apartments do not have 
central heating. The most common heating systems 
used by families are unvented portable heaters 
releasing their flue gases directly inside the house 
(such as kerosene) or electric heaters. 
 

 
               

Figure 1: Picture of the apartment buildings of Cordilleras 
de Doña Marta. Chile.  
 

 

 
Figure 2: Floor plan view of the third and fourth stories of 
the building (duplex apartment).  
 

This is one of the first projects built with a 
combination of good energy efficiency measures: 

thermal insulation in walls (U-value=0.76 W/m²K) and 
in roof (U= 0.35 W/m²K), double-glazed windows (U= 
3.0 W/m²K), and a mechanically exhaust ventilation 
system with air extractors in the kitchen and 
bathroom and air inlets in walls or windows in the 
living room and bedrooms.  No kitchen hood was 
installed.  

These homes are inhabited by families who 
previously lived in buildings built in the 1990s in Bajos 
de Mena, in apartments of approximately 40 m² with 
very low thermal performance standards. The 
residents of this condominium are classified as having 
low or very low incomes, according to the latest 
population census of the country [5].  

The city of Santiago has a Mediterranean climate, 
with minimum and maximum daily average 
temperatures of, respectively, 2.6°C and 13.6°C in 
winter (July), and 12.9°C and 29.4°C in summer 
(January) [6].  
 
3. METHODOLOGY 

Five apartments were selected for this study, 
located in different buildings blocks. Apartment 
denoted S1 is on the first floor, the other four (S2 to 
S5) are duplex apartments on the third and fourth 
floors. Table 1 provides background information on 
the 5 apartments units.   

 
Table 1: Background information for the selected 
apartments. Condominium and block nr., number of 
occupied bedrooms, number of occupants of the dwellings. 
 

Apart. Block no. Bedroom no. Occupant no. 
S1 Condo 1, H 1 3 
S2 Condo 1, F 2 4 
S3 Condo 2, 1 3 4 
S4 Condo 2, 1 2 2/3 
S5 Condo 3, D 3 4 

 
Continuous environmental monitoring was 

conducted over a period of one month in winter. 
Measurements of indoor air temperature and relative 
humidity (RH) were taken every 10 minutes in the 
living room, kitchen, bathroom and two (occupied) 
bedrooms (HOBO MX1101). Carbon dioxide (CO2) was 
also measured in the living room and bedrooms 
(HOBO MX1102). In addition, a short-term continuous 
IAQ monitoring was carried out in the living room 
where formaldehyde, light volatile organic 
compounds (LVOC), and particulate matter (PM2.5) 
were measured every 10 minutes over a one-week 
period (NEMO IAQ). Apartment S1 was monitored in 
week 28, S3 and S4 in week 30  and S2 and S5 in week 
34. Air temperature, relative humidity and PM2.5 were 
also measured outdoors over the whole monitoring 
period (NEMO OAM). Calibration of the CO2 sensors 
was performed 1 day prior to the start of the 
monitoring campaign. The estimated measurement 
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uncertainty of sensors is ±0.21°C for air temperature, 
±2% for RH, 100 ppm for CO2, 15-20% for 
formaldehyde and ±5% of reading value for PM2.5. A 
survey was also conducted with the occupants (S1, 
S3, S5) to assess their perceptions of thermal comfort 
and indoor air quality, household usage patterns, and 
to identify the type of heating and ventilation system, 
among other variables. 

The level of thermal comfort and IAQ was 
evaluated based on Exposure Limit Values (ELV) and 
guidelines available worldwide. The minimum indoor 
temperature was set at 18°C during the day [7,8] and 
16°C at night [9]. A relative humidity range between 
30% and 70% was considered comfortable [10]. The 
risk of mould growth was supposed to occur when 
the monthly average relative humidity on a typical 
thermal bridge with a temperature factor of 0.7 
exceeded 80% [11]. Four CO2 concentration classes 
were defined according to EN16798-1 [7], considering 
an outdoor reference concentration of 400 ppm: < 
950 ppm (‘very good’), 950-1200 ppm (‘good’), 1200-
1750 ppm (‘moderate’), >1750 ppm (‘insufficient’). 
For formaldehyde, a short-term (30-minute average) 
limit value of 100 µg/m³ (WHO) [12] and a long-term 
(1 year) limit value of 10 µg/m³ (Public Health 
England) [13] were used. Finally, 24-h average limit 
values of 15 µg/m³ (WHO) [14] and 50 µg/m³ 
(legislation in Chile) [15] were considered for PM2.5.   

           
4. RESULTS AND DISCUSSION 

Table 2 provides the main results from the 1-
month environmental monitoring and the 1-week IAQ 
monitoring.  

 
4.1 Continuous environmental monitoring 

The mean outdoor air temperature was 11.4°C 
during the monitoring period, and the outdoor 
relative humidity was 70%. The results of the indoor 
air temperature are plotted in figure 3. The spatially 
average air temperatures (living room + kitchen + 
bedrooms) range from 15.8°C to 17.9°C depending on 
the apartment (mean value = 16.9°C). The bathroom 
shows the lowest temperatures in all dwellings, with 
2.0°C lower than the warmest rooms, on average.  
The spatially average air temperature of each case is 
below 18°C for 54% to 94% of the occupancy hours 
during daytime (7h-22h) (mean = 72%). Occupancy 
hours are determined based on the survey results for 
S1, S3 and S5 and on permanent occupancy for S2 
and S4 (survey results not available). The average 
temperature in the bedrooms is below 16°C for 19% 
to 61% of the night hours (22h – 7h) (mean = 37%).   

 
Figure 3: Indoor air temperature in all rooms (living, kitchen, 
bathroom, bedrooms) across the five apartments under 
analysis. 

 
The relative humidity is in the comfort range 30%-

70% for almost all hours in the living room and at 
least 80% of the time in the kitchen across all cases. 
In contrast, humidities above 70% are observed in 
one of the bedrooms for 99%, 59% and 47% of all 
hours across cases S1, S3 and S4, respectively (table 
2). The monthly average relative humidity on a typical 
thermal bridge with a temperature factor of 0.7 
exceeded 80% in the bathroom for S1 and S3, and 
also in the main bedroom for S1. Consequently, these 
rooms show a risk of mould growth.  

The indoor CO2 levels measured in the living room 
remained below 950 ppm most of the time in all 
cases (figure 4). In contrast, the mean CO2 level 
exceeded 950 ppm in almost all bedrooms. Figure 5 
shows the distribution of the mean CO2 concentration 
in each hour of the day in the most critical bedroom 
across the 5 apartments. It can be observed that the 
highest concentrations occur during the night hours. 

Figure 6 provides the percentage of time spent in 
each of the four previously defined CO2 classes in the 
case of the bedroom showing the highest CO2 
concentrations. It shows that the IAQ in these 
bedrooms may be classified as ‘insufficient / bad’ (> 
1750 ppm) for more than 40% to 70% of the 
nighttime across S1 to S5. This reveals too low 
ventilation rates in the bedrooms during the night. 
Lower CO2 concentration in the living room is 
probably due to a lower occupancy but also to airing 
(opening of the windows) for some hours during 
daytime according to the survey results (see §4.3).  
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Table 2: Spatially average temperature, relative humidity in the most critical bedroom, carbon dioxide in the most critical 
bedroom at night, formaldehyde, LVOC and particulate matter PM2.5 in all 5 apartments. 

 
Variable  S1 S2 S3 S4 S5 

Temp. (°C) Mean 15.8 17.9 17.0 17.3 16.7 
 P25 14.8 16.3 15.8 15.6 15.4 
 P75 16.6 19.4 18.1 18.9 18.0 
 % time < 18°C (day) 94% 54% 74% 68% 72% 
 % time < 16°C (night) 61% 23% 41% 19% 40% 

RH,bed (%) Mean 82 53 71 68 64 
 % time > 70% 99% 0% 59% 47% 24% 

CO2,bed,night (ppm) Mean 2659 1783 1824 1789 1582 
 P25 1419 1013 1484 1515 1278 
 P75 3782 2438 2134 2072 1948 

Formald. (µg/m³) Mean 39 8 30 9 24 
LVOC (ppb) Mean 173 48 61 93 61 

PM2.5 (µg/m³) Mean  98 29 45 43 18 
 % time > 15 µg/m³ 100% 72% 100% 100% 34% 
 % time > 50 µg/m³ 92% 16% 24% 25% 14% 

 
 

 
Figure 4: Indoor CO2 levels in the living and bedrooms across 
the five apartments under analysis. 
 

 
Figure 5: Distribution of the mean CO2 in each hour of the 
day concentrations in the most critical bedroom across the 
5 apartments.  
 
 

 

 
Figure 6: Time spent in each CO2 concentration class during 
the night hours in the most critical bedroom across the five 

apartments under analysis. 
 
4.2 Indoor air quality monitoring 

The results of the formaldehyde concentration 
measured in the living room during one week are 
plotted in figure 7. The 30-minute average 
concentrations almost never exceed the limit value of 
100 µg/m³ recommended by the WHO. The mean 
values for S2 and S4 are just below the 1-year limit 
value of 10 µg/m³ set by Public Health England. The 
values for the three other apartments are around 30 
µg/m³. Although the interpretation of the LVOC 
concentration is less straightforward, the monitoring 
did not reveal high LVOC concentrations, with values 
below the 810 ppb for almost all hours, except for S1 
(3% of hours > 810 ppb).    
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Figure 7: Formaldehyde concentration in the living room 
across the five apartments under analysis. 
 

Figure 8 shows the indoor concentrations of 
particulate matter PM2.5 measured during 1 week in 
the living room of each apartment and the 
corresponding outdoor concentration. S2 and S5 
were monitored during the same week, as were S3 
and S4. A significant difference in the outdoor PM2.5 

concentration is observed between the three 
measurement periods (S1, S2/S5, S3/S4). A high 
correlation is found between the median values of 
outdoor and indoor concentrations, except for S1. A 
significant part of the outdoor particulate matter 
enters the building through infiltration and 
ventilation (air inlets and opening of the windows). 
Added to this is the PM2.5 produced by indoor 
emission sources. S1 and S2 show much higher indoor 
concentration than outdoors, indicating the non-
negligeable generation of particulate matter by 
indoor emission sources. While exposed to the same 
outdoor concentration as for S5, case S2 clearly 
shows higher PM2.5 concentrations. The following 
number of PM2.5 concentration peaks (with levels of 
indoor concentration much higher than the outdoor 
concentration) were counted: 12, 25, 3, 1 and 3 for 
the S1, S2, S3, S4 and S5, respectively. These peaks 
are probably due to indoor emissions related to the 
cooking activities, knowing that the kitchen is 
connected to the living room by a large opening 
(absence of internal door). The resulting PM2.5 levels 
are well above the ELV of 15 µg/m³ (24-h moving 
average) recommended by the WHO, as shown in 
table 2. Even considering the much less stringent ELV 
of 50 µg/m³ applied in Chile, the measured PM2.5 

levels are above the limit for a significant part of the 
time.  

 
Figure 8: PM2.5 concentration in the living room across the 
five apartments under analysis and corresponding outdoor 
PM2.5 concentration. 
 
4.3 Survey results 

The survey reveals that the occupants are 
equipped with portable heaters (electric or 
kerosene), but that they use them very little, 
between 1 and 6 hours per day, only on the coldest 
days of the winter period. This explains the high 
percentage of hours outside the thermal comfort 
zone in the 5 apartments. However, the occupants 
rated their thermal perception of the indoor 
environment as acceptable (‘not cold’ – ‘not hot’).  

Although the occupants reported the absence of 
mould on the walls, they did report water vapour 
condensation on the windows in all occupied 
bedrooms, which is consistent with the high RH levels 
observed in the bedrooms, particularly in S1 and S3.  

Windows (usually in the living room) are opened 
for about 3 hours a day in S3, all day long in S5, and 
much less in S1. This probably explains - with a lower 
room occupancy - the low levels of CO2 measured in 
the living room across all cases. All monitored 
bedrooms are occupied by only 1 person in S3, S4 and 
S5, 2 persons in S2 and 3 persons (2 adults + 1 
newborn baby) in S1. The occupants leave 
‘sometimes to always’ the internal door of the 
bedroom open, in S3 and S5, and ‘never’ in S1. This 
logically leads to higher CO2 levels in S1 compared to 
the other cases. We could also conclude that the CO2 
concentration in the bedrooms would be even higher 
in S3, S4 and S5 if they were occupied by more than 
one person. All residents rated the indoor air quality 
in their homes as good to very good, even though 
measurements showed high levels of CO2 in the 
bedrooms.   

The survey also indicates that the kitchen 
extractor is controlled by an ON/OFF switch in all 
cases, and runs for between 20 min and 2 h 
(estimated time) a day according to the apartment. 
The kitchen extractor was removed in S3 and 
operates for about 2.5 hours in S5 (with the light on) 
and 5 hours per day in S1 (depending on the RH 
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‘sometimes to always’ the internal door of the 
bedroom open, in S3 and S5, and ‘never’ in S1. This 
logically leads to higher CO2 levels in S1 compared to 
the other cases. We could also conclude that the CO2 
concentration in the bedrooms would be even higher 
in S3, S4 and S5 if they were occupied by more than 
one person. All residents rated the indoor air quality 
in their homes as good to very good, even though 
measurements showed high levels of CO2 in the 
bedrooms.   

The survey also indicates that the kitchen 
extractor is controlled by an ON/OFF switch in all 
cases, and runs for between 20 min and 2 h 
(estimated time) a day according to the apartment. 
The kitchen extractor was removed in S3 and 
operates for about 2.5 hours in S5 (with the light on) 
and 5 hours per day in S1 (depending on the RH 

 

level). The extractors do not run at night. The fact 
that the ventilation system (air extractors) does not 
operate at night means that the air supply to the 
bedrooms through the air inlets is dependent on wind 
and temperature conditions, which probably explains 
the insufficient supply of outdoor air per person, and 
consequently the excessive CO2 levels in the 
bedrooms. 

 
5. CONCLUSION 

The monitoring of the indoor environmental 
conditions in five new social housing units 
(apartments) during one month in winter period 
revealed a high percentage of hours outside the 
thermal comfort zone. However, the occupants did 
not report a negative thermal perception of the 
indoor conditions. Too high indoor RH values were 
observed in various bedrooms. A risk of mould 
growth was identified in two bathrooms and one 
bedroom. In the living rooms, the measured indoor 
CO2 levels remained low most of the time in all cases, 
and the 30 minute-average formaldehyde 
concentrations - and the LVOC in general - almost 
never exceeded the short-term limit values.  Indoor 
PM2.5 levels in the living room largely exceed the 
WHO recommended ELV of 15 µg/m³, due to too high 
outdoor concentration levels and to some indoor 
PM2.5 emission sources in 2 of the 5 apartments. Too 
high CO2 levels were observed in the bedrooms, 
which indicates an inefficient operation and/or design 
of the installed ventilation system. As a further work, 
similar analysis will be performed on a larger sample 
of social housing units and, based on all the 
monitoring results and IAQ simulations, efficient 
ventilation systems and/or strategies will be 
proposed to guarantee the IAQ and the health of the 
occupants.  
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1. INTRODUCTION 
The rapid and widespread adoption of air 

conditioning, tall buildings, and curtain wall 
technology has had a profound impact on global 
energy consumption as the building and construction 
sector account for more than one third of global 
energy consumption and CO2 emissions. With global 
building and construction growth rates of 3-5% per 
year [1], the ratio of built space to natural landscape is 
increasingly shifting. The rapid expansion of interior 
space also reflects a profound shift in the amount of 
time humans spend indoors, a transition which 
corresponds with significant economic shifts from 
manufacturing to knowledge-based work [2]. This 
change was facilitated by the introduction and 
embrace of conditioning technologies in the early 
1900s. As humans moved into artificially-conditioned 
environments, specific interior comfort expectations 
emerged and forever changed perceptions of thermal 
satisfaction [3]. In training the body to “hate the heat,” 
anthropologist Gwyn Prins identified the physical 
addiction to conditioned air as “the most pervasive 
and least noticed epidemic in modern America” [4,5]. 

While variability in temperature, light, and 
humidity significantly shape our perception of space, 
modern mechanical conditioning seeks to provide 
consistent and uniform environments, creating a 
sense of thermal and spatial neutrality independent of 
the unpredictable factors of weather, climate, and 
human activity [6–8]. While thermal neutrality may be 
the simplest approach to conditioning the indoors, it 
comes at the cost of substantial energy consumption 
[9] and occupant dissatisfaction [10]. Heating, cooling, 

and ventilation (HVAC) represent 40% of the energy 
load in buildings [11], with greater demand in humid 
climates. However, research shows that building 
occupants are willing to tolerate a wider range of 
thermal conditions outside compared with inside 
buildings due to a number of psychological and 
physiological factors.  

By influencing comfort perceptions through 
modifications to non-physical conditions, it becomes 
possible to navigate the delicate balance between 
energy efficiency, thermal comfort, and occupant 
satisfaction. As a result, this paper explores the 
concept of expanded thermal comfort conditions in 
urban workplace settings. This synthesis of literature 
addresses how comfort expectations have evolved 
over time and describes behavioral changes associated 
with energy consumption in commercial buildings. 
Ultimately, the goal of this research is to expand 
notions of indoor comfort, combining the healthful 
benefits of the outdoors with the functionality of 
indoor workplaces. 
 
2. BACKGROUND 

ASHRAE Standard 55 defines thermal comfort as 
the "condition of mind that expresses satisfaction with 
the thermal environment and is assessed by subjective 
evaluation" [12]. This document is used extensively 
across the United States to establish indoor 
environmental conditions in conditioned buildings, 
defining a temperature and humidity range that 
attempts to satisfy most (80%) individuals [13]. 
ASHRAE Standard 55 builds upon the PMV (predicted 
mean vote) model, which uses Fanger’s equation of 
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thermal regulation theory of the human body, which 
assumes that human bodies reach thermal equilibrium 
inside buildings with fixed temperature and air 
humidity ranges. However, it has been found that this 
method is only reliable under conditions of thermal 
neutrality  - the more variable or dynamic the thermal 
conditions, the more biased the approach becomes 
[14]. Despite the objective of achieving the least 
offensive thermal environment, many factors affect 
thermal perception, including local climate, gender, 
age, metabolism, psychological status, and socio-
cultural situations [15,16]. 

In the late 1990s,  ASHRAE conducted the Thermal 
Comfort Database project to explore an adaptive 
thermal comfort model, which was adopted into 
ASHRAE Standard 55-2010, merging indoor thermal 
and personal factors to generate an indoor thermal 
environment suitable to most occupants [17,18]. 
Similarly, researchers have examined the thermal 
expectations of naturally ventilated and mixed-mode 
buildings [19–22]. The more natural variations that are 
introduced, the greater the variability in the model. 
Regarding outdoor thermal comfort, researchers have 
developed numerous indices for the heat exchange 
between the human body and the environment, 
including indices from visible temperature, wind-chill 
index, rational indices, outdoor standard effective 
temperature, and the Universal Thermal Climate Index 
(UTCI). However, these metrics still do not consider 
the psychological factors of outdoor thermal 
perception [23,24].  

Lenzholer and de Vries (2020) expands thermal 
comfort models by integrating psychological factors 
into the physical/physiological-psychological model 
for outdoor thermal perception (PhyPsy model), which 
assumes that both the physical/physiological and 
psychological aspects affect thermal perceptions [15]. 
They argue that people's short-term exposure to 
thermal experiences can lead to long-term thermal 
perceptions and memory for a specific environment 
and form a mental framework that helps the individual 
organize, process, and store information for a 
particular outdoor environment.  

Despite extensive research on thermal comfort, 
standardizing this concept proves challenging due to 
the dynamic and multi-faceted nature of the human 
condition. Nevertheless, in the following sections, we 
will describe strategies to enhance thermal comfort 
conditions beyond the limitations of steady-state 
thermal comfort modeling without increasing energy 
consumption.  
 
3. EXPANDED COMFORT ZONES 

While mechanical systems can directly affect 
temperature and humidity, several other factors can 
influence perceptions of thermal comfort without 
significant energy expenditure. Cabanac’s conceptual 
model of alliesthesia, for example, found that 

individuals experience enhanced feelings of thermal 
pleasantness when the environment mitigates 
thermal stress [25]. By exploring the dynamics of 
thermal pleasure, Sijie et al.’s (2021) found that 
pushing occupants beyond conditions of thermal 
neutrality could establish a basis for increased delight 
in the thermal environment [7]. This section will 
address four emerging areas of research that influence 
thermal comfort perceptions without altering physical 
conditions: biophilia, natural ventilation, variability, 
and control. Each of these aspects has the potential to 
broaden expectations of thermal comfort with 
potentially significant energy implications. 
 
3.1 Biophilia (visual access to nature) 

The concept of biophilia suggests that humans 
respond positively to nature and that a more ‘natural’ 
building can evoke positive responses and directly 
influence occupants’ well-being [26]. Biophilic design 
principles emphasize the integration of features such 
as natural light, vegetation, and natural materials into 
buildings, offering both psychological and 
physiological impacts on perceived comfort [27]. This 
notion embraces the psychological factors influencing 
thermal perception beyond those related solely to 
measurable biometeorological effects [28]. The 
inclusion of indoor plants, for example, has 
demonstrated a positive influence on the overall well-
being of building occupants, resulting in fewer health 
complaints and reduced sick leave [29,30].  

Similarly, research shows that there is a clear link 
between visual factors, such as daylight and views, on 
thermal perceptions in a space [31,32]. Exposure to 
natural light not only improves visual comfort but also 
regulates circadian rhythms to promote a sense of 
alertness during the day and better sleep quality at 
night. In a 2020 study, Ko et al. found that windows 
providing a visual connection to the outdoors had a 
cooling effect as 12% of participants felt more 
comfortable in the room with windows, despite similar 
thermal conditions to the room without windows. 
Through their analysis, they determined that having a 
window was equivalent to a .74°C (1.33°F) cooling 
effect, which could achieve an average savings of 
approximately 8% in cooling energy and 6.5% of total 
HVAC energy for a medium-sized office building in San 
Francisco (or 6% in Singapore) [33]. In addition to 
having a positive impact on the occupants’ overall 
perceptions of the built environment, visual 
connection to nature has proven to have a positive 
impact on attention, stress and discomfort, as well as 
overall health and well-being [34,35], which can also 
expand tolerances of thermal expectations. However, 
it is important to note that there are psychological 
adaptations that are unique to individual subjects, 
including expectations for ‘naturalness’, time of 
exposure, as well as perceived control, and 
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environmental stimulation, that further influence 
biophilia-related thermal perceptions [36].  

 
3.2 Natural ventilation (direct access to nature) 

Throughout history, humans have employed air 
movement as a simple yet effective strategy for 
regulating indoor thermal comfort. However, 
contemporary conditioning systems largely prioritize 
the precise control of temperature and humidity over 
airlow, yet the adjustment of air movement can 
significantly influence perceptions of indoor thermal 
comfort [37–39]. Although fans consume energy, 
occupants experiencing increased airflow are 
comfortable across a broader range of temperatures, 
which allows for higher cooling setpoints, compared to 
rooms without ceiling fans [40]. In a 2008 study, 
Schiavon et al. found that increased air velocity led to 
a reduction in cooling energy consumption ranging 
from 17% in Athens to 48% in Helsinki [37]. Hybrid 
cooling in particular can lead to significant energy 
savings, particularly in cooling-dominated climates, 
which can be incorporated into any building regardless 
of age. In a separate study, Schiavon found that by 
integrating fans and adjusting thermostat 
temperature set points, energy consumption was 
reduced by one-third [41].  

In addition to increased airflow, building occupants 
frequently express a preference for natural ventilation 
over mechanical alternatives, driven largely by a 
strong connection with the outdoors [9,42]. By 
providing a direct link to outdoor air, it allows 
occupants to experience natural sounds, scents, and 
the occasional breeze. Similarly, outdoor air is often 
perceived as ‘fresher’ compared with air circulated 
through mechanical systems [43]. As with biophilic 
elements, this direct connection to nature is known to 
have positive effects on mental well-being and can 
contribute to a more comfortable indoor experience, 
regardless of physical conditions. Additionally, natural 
ventilation allows for variable airflow based on 
outdoor conditions, providing relief from the tedium 
of conditioned air. Because occupants expect greater 
temperature fluctuations outdoors, they are willing to 
accept a greater range of thermal conditions with 
outdoor air [44]. As before, it’s important to note that 
individual preferences for ventilation can differ, and 
the perceived comfort of natural ventilation will vary. 
 
3.3 Thermal variability (stimulation) 
The outdoor environment is rich with thermal 
gradients and temporal transitions in temperature, 
humidity, wind speed, and radiation, whether arising 
from seasonal transitions or intermittent occurrences. 
The need for sensory stimulation emerges as a crucial 
factor in determining an individual’s satisfaction 
indoors, both enhancing perceptions of comfort while 
also reducing building energy consumption [45]. Arens 

(2006) emphasizes that under heterogeneous and 
transient thermal conditions, neutrality can still be 
perceived as comfortable, however, the most pleasant 
experiences occur when thermal stimuli actively 
contribute to alleviating whole-body thermal stress 
[7,46]. Additionally, the broad range of thermal 
comfort conditions found in outdoor spaces, coupled 
with psychological effects of connecting with nature, 
can contribute to increased thermal satisfaction [47]. 
Transitional spaces also play a role in individuals’ 
acceptance of a wider range of thermal conditions.  

In conditions where natural climatic variations 
occur, such as in outdoor or transitional spaces, there 
is a higher tolerance for thermal fluctuations in the 
physical environment [36]. In fact, Nakano and Tanabe 
(2004) demonstrated that occupants of semi-outdoor 
environments could tolerate a temperature range two 
to three times wider than that predicted by Fanger’s 
PMV-PPD model [48,49]. In terms of psychological 
adaptation, according to Fountain et al. (1996), after 
being exposed to variations in indoor conditions that 
are considered pleasant, a person’s comfort 
expectations may become more relaxed [50]. In 
workplace settings, individuals will often retreat 
outside during lunch breaks to stimulate their senses 
with fresh air and sunlight, an experience which serves 
as a brief respite from the monotony of the 
conditioned workplace [36]. Overall, these findings 
emphasize the positive correlation between spatial 
and thermal variability and the satisfaction that 
individuals derive from their thermal environments.  
 
3.4 Control and personal choice 

Apart from thermal uniformity, environmental 
conditions within typical workplace settings are 
frequently subjected to stringent regulation by a 
centralized mechanical system with limited 
opportunity for personalized control. This lack of 
thermal autonomy is particularly evident in tall 
buildings where operable windows are either 
inaccessible or entirely unavailable to occupants. 
However, research indicates that even without 
altering ambient thermal conditions, providing 
occupants with a sense of control of their own 
microclimate (and specific sources of discomfort) can 
significantly improve thermal comfort perceptions 
while simultaneously decreasing building energy 
consumption [36,51]. Zhou et al. (2013), for example, 
found that the ability to control the physical 
environment, which is a purely psychological factor, is 
a large reason that naturally ventilated buildings have 
higher acceptable temperature ranges compared with 
air-conditioned environments [52]. Occupants can 
improve their perception of their thermal 
environment by opening a window, using a desk lamp, 
or using a personal fan. In response to this condition, 
research initiatives such as those led by UC Berkeley’s 

430



 

environmental stimulation, that further influence 
biophilia-related thermal perceptions [36].  
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buildings where operable windows are either 
inaccessible or entirely unavailable to occupants. 
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consumption [36,51]. Zhou et al. (2013), for example, 
found that the ability to control the physical 
environment, which is a purely psychological factor, is 
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Center for the Built Environment (CBE), are advancing 
the development of personal comfort systems (PCS). 
These systems, including heated and cooled office 
chairs, IoT-connected desk fans, and low-energy 
heating devices, aim to target an occupant’s 
immediate microclimate, empowering individuals with 
a greater degree of control over their thermal 
environment [53].  
 
4. EMERGING MODELS OF ADAPTIVE WORKPLACE  

Due to the changing nature of office work and 
worker profiles, the impact of technology, and the 
growing need for flexibility, workplace design is rapidly 
changing, particularly in response to the COVID-19 
pandemic. There is also a growing trend of work 
extending beyond the confines of traditional office 
environments, encompassing settings such as homes, 
cafes, and trains. This shift results in a notable increase 
in the flexibility of the physical boundaries associated 
with office work [54]. Additionally, there are emerging 
flexible work arrangements (FWA), such as coworking, 
mobile work, and ‘hot desks’, that are part of larger 
social trends in the ownership of space [55]. In a 2019 
New York Times article, Jane Margolies states, “Nature 
aside, outdoor work areas are a logical next step in the 
evolution of flexible offices” [56].  

Ultimately, the aim of this synthesis research is to 
facilitate the development of a more dynamic indoor 
environment, while also fostering moments of thermal 
delight and positive stimulation [45]. This endeavor 
not only prioritizes occupants’ well-being but also 
contributes to energy savings. However, it is not yet 
clear whether the connection to outdoor space will 
remain positive in organizational settings [57]. With an 
understanding of the evolving landscape of office work 
and the imperative for adaptable workplace design, 
the subsequent section delves into pertinent case 
studies.  

 
4.1 Built works 

Completed in 2017, 512 W. 22nd St is an 11-story, 
172,700 SF office building in New York City, with nearly 
17,000 SF of planted terraces and a common roof. 
Inspired by the principles of biophilic design, every 
floor in the building has operable windows and direct 
access to planted outdoor space. “It’s about 
connecting people to daylight and making [them feel] 
connected to nature” says architect Rick Cook from 
New York-based design firm, CookFox. “While 
improvements used to get paid for by energy savings,” 
Cook says, “it’s harder to make the financial argument 
about quality and comfort” [58]. CookFox has their 
own office space in the building and their outdoor 
space is used to keep bees and grow kale.  

EskewDumezRipple’s (EDR) Center of Developing 
Entrepreneurs (CODE) building, completed in 2022, is 
a 215,000 SF mixed-use building in Downtown 
Charlottesville. The project was design as a spec-office 

building that embraced the changing nature of work 
and create a space where “locally-grown innovations 
in information technology, clean energy, and the like, 
could blossom into locally-based businesses, rather 
than relocating outside of the region” [59]. Combined 
with other efficiency measures, this building offers at 
73% energy reduction from comparable buildings. 

In 2021, HOK’s Center for Academic Medicine at 
Stanford University in Palo Alto strategically relocated 
20% of its program to outdoor spaces, including both 
work and leisure spaces. Taking advantage of Northern 
California’s mild climate, the team used porches, 
balconies, skybridges, and covered walkways in what 
HOK calls a “passive-first design approach” to reduce 
energy consumption by 85% from baseline while 
simultaneously addressing physician burnout through 
biophilic design principles.  

 
4.2 Theoretical projects 

Though not all projects can be sited next to a 
nature preserve, as with the previous project, all of 
these examples offer outdoor spaces as moments of 
respite; however, the bulk of office work still occurs 
indoors. Instead, EDR’s award-winning competition 
entry for the Metals in Construction Magazine Next 
Generation Façade competition, ‘The Ecotone’, 
explores the spatial buffers and thermal gradients 
between inside and out in a speculative 30-story office 
building in Brooklyn. Referencing the environmental 
gradients between ecosystems, this project creates a 
diverse community of occupiable spaces that generate 
a gradient of thermal zones. This allows occupants the 
opportunity to organize their surroundings through 
contrast and heterogeneity. 

Additionally, some academics are pushing for a 
significant transition in architectural design, 
challenging the rigid divisions between interior and 
exterior spaces for the dual benefits of health and 
energy efficiency. Michael Hensel’s heterogeneous 
architecture, for example, introduces semi-interior 

Figure 1: The Ecotone, Metals in Construction competition 
entry, 2018. Image by EskewDumezRipple 
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conditions to explore the spatial elements of 
perceived boundary conditions in architecture [60]. 

 
5. DISCUSSION & CONCLUSION 

Perceptions of human thermal comfort prove to be 
intricate, characterized by multiple interacting 
components that continuously adapt and self-
organize. The extensive use of mechanical 
conditioning as the primary thermal strategy and the 
embrace of thermal neutrality have resulted in a 
pervasive lack of environmental stimulation in 
contemporary buildings. This has led to a general 
disconnection from nature, accompanied by 
heightened levels of energy consumption, carbon 
emissions, and extensive ecological degradation. 

The influence of the outdoor world, such as access 
to nature, fresh air, and thermal variability, 
significantly shapes our perceptions of indoor thermal 
comfort. As we witness a collective shift toward more 
adaptive outdoor comfort models, it is clear that the 
indoor environment would also benefit from a more 
nuanced approach to thermal comfort modeling. By 
steering away from the conventional pursuit of 
thermal neutrality and embracing the concept of 
thermal pleasure, we can profoundly impact the 
occupant experience in the indoor environment. This 
paradigm shift promises enriched experiential 
qualities within the workplace setting, fostering a 
broader tolerance for variations in thermal comfort. 
This, in turn, holds the promise of substantial energy 
savings, challenging the status quo of thermal 
neutrality and advocating for a more human-centric 
approach to indoor thermal comfort.  

The incorporation of outdoor spaces in the 
workplace serves as a tangible embodiment of the 
evolving understanding of thermal comfort. It not only 
aligns with the growing appreciation for nature’s 
impact on well-being, but also challenges conventional 
workplace norms that prioritize thermal neutrality. By 
introducing elements of the outdoor world indoors, 
workplaces can become more dynamic, fostering an 
environment that accommodates the diverse and 
evolving experiential preferences of the occupants.  

As we acknowledge the complex interplay of 
factors influencing thermal comfort, it becomes 
apparent that the connection with nature is essential 
for truly sustainable solutions. The incorporation of 
outdoor elements within indoor spaces not only 
addresses occupant well-being but also represents a 
step toward mitigating the environmental impact of 
commercial building practices. This holistic approach, 
driven by an understanding of the multifaceted nature 
of thermal comfort, is pivotal in shaping a future 
where sustainable design integrates seamlessly with 
the natural world. It is a call to action for a more 
holistic and sustainable approach to design – one that 
prioritizes the intricate balance between human 

comfort, energy conservation, and ecological 
responsibility.  
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1. INTRODUCTION
Environmental issues have been a growing 

concern in recent years, with pollution, global 
warming, and climate change reaching alarming 
levels. The significance of both protecting the 
environment and teaching younger generations how 
to live sustainably is increasing [1]. The concept of the 
“Green School” offers a solution to these problems 
because schools can model best practices for energy 
efficiency and sustainable design. Additionally, they 
can educate students, faculties and staff about the 
science behind the concepts and encourage them to 
carry the ideas forward to future generations [2].  

Schools are not only great environments for 
education, practice, and demonstration of 
sustainability, but they can also provide a healthy, 
practical, efficient, and environmentally friendly 
space for teachers and students in their daily lives. As 
the science behind Green School concepts is applied 
and taught, the health and well-being benefits are 
experienced firsthand, with students, faculties and 
staff as the primary beneficiaries. This paper 
specifically targets universities among the various 
levels of schools, given their leading role in education, 
research, policy formation and the exchange of 
information essential for achieving the sustainable 
development goals [3].  

The aim of this paper is to establish a set of 
guidelines for Green School design in Taiwan, by 
creating a flexible, comprehensive, and universal 
design system tailored to the unique conditions, 
culture, and climate of Taiwan. 

2. BACKGROUND
Taiwan is a small island situated in tropical and 

subtropical zones at the edge of the Pacific Ocean. 
36,000 KM2 in size, 70% of the island has 
mountainous terrain while the majority of the 

remaining areas consist of plains located on the west 
coast. Consequently, 70% of the 23-million 
population resides in the five largest cities located on 
the west coast, with an additional 15% in other urban 
areas [4]. In the pursuit of a more sustainable Taiwan, 
the implementation of Green Schools stands out as a 
viable solution among various options to address 
specific environmental issues caused by weather, 
resources, and society that are derived from Taiwan’s 
geological characteristics. 

First, weather. Taiwan’s overall weather is hot, 
humid, and rainy with an average temperature of 
75℉ year-round. In the summer, temperatures can 
become sultry hot, reaching up to 104℉, with a daily 
average of 81℉ [5]. Exposure to such heat, especially 
in high humidity, is dangerous to human health and 
can lead to heat related illness such as exhaustion, 
heatstroke, heat cramps, etc. [6]. During winter, the 
weather becomes cold, windy, smoggy, and rainy. 
Exposure to smog has been linked to harmful air 
quality, causing adverse health effects, including 
heart disease, lung cancer, and respiratory diseases 
etc. [7]. Therefore, addressing the adverse effects of 
these specific climatic conditions becomes critical in 
Taiwan, with a focus on improving indoor air quality 
and thermal comfort. 

Second, natural resources, or a lack thereof. Being 
a small island, natural resources in Taiwan are scarce. 
98% of energy needs are served by imports, with 93% 
of that reliant on fossil fuels [8]. Being so heavily 
dependent on imports has inherent security 
challenges, exposing Taiwan’s economy to fluctuating 
energy prices, sudden supply shocks, instability of 
reserve margins, and unbalanced energy equity, etc. 
Therefore, to achieve energy conservation, 
Taiwanese government agencies have taken action by 
promoting the implementation of energy 
conservation policies, such as the Government Office 
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quality, causing adverse health effects, including 
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etc. [7]. Therefore, addressing the adverse effects of 
these specific climatic conditions becomes critical in 
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and thermal comfort. 

Second, natural resources, or a lack thereof. Being 
a small island, natural resources in Taiwan are scarce. 
98% of energy needs are served by imports, with 93% 
of that reliant on fossil fuels [8]. Being so heavily 
dependent on imports has inherent security 
challenges, exposing Taiwan’s economy to fluctuating 
energy prices, sudden supply shocks, instability of 
reserve margins, and unbalanced energy equity, etc. 
Therefore, to achieve energy conservation, 
Taiwanese government agencies have taken action by 
promoting the implementation of energy 
conservation policies, such as the Government Office 

 

Energy Saving Policy, hoping to encourage private 
industry and commerce to adopt them. Past statistics 
on energy-saving counselling cases indicate that 
implementing energy-saving improvements in 
electricity, lighting, air-conditioning, and office 
equipment could potentially result in a 20% energy-
saving in government agencies and 15-20% in schools 
[9]. Especially for schools, where conservation should 
be best modelled, taught, and practiced. There have 
been many years of research into sustainable 
development in Taiwan, however, only a few 
universities in Taiwan have started to conceptualize 
and implement a "Sustainable University" [10]. 

Third, the society of education. There are 10,931 
schools with 4,260,327 students in Taiwan, who 
spend most of their daily lives at schools [11], and 
that is almost 20% of Taiwan’s entire population. 
Students spend much more of their waking times at 
school than in their homes, as Taiwan has a nine-year 
compulsory education system, along with prep 
courses given during summer break. Consequently, 
the resulting energy consumption is enormously 
huge. In order to address this heavy school energy 
consumption issue, designing energy-conserving 
schools in response to Taiwan’s hot and humid 
subtropical weather and students’ needs has become 
a critical task. Among all different levels of schools, 
universities have the most complex situation not only 
because students spend a huge amount of time being 
there but also because it has the most complicated 
construction process. Unlike secondary school, which 
may consist of solitary buildings, university is more 
like a small, self-reliant city with diverse facilities such 
as classrooms, administrative buildings, research 
facilities, laboratories, studios, libraries, sports 
facilities, recreation centers, and dormitories. The 
multifaceted nature of university campuses makes 
designing energy-efficient solutions imperative. 
 
3. OBJECTIVES  

▪ To establish a model design criterion for 
Green Schools as a guideline and 
methodology in Taiwan. 

▪ To deliver environmental lessons and foster 
awareness of sustainability in future 
generations.  

▪ To provide an interior-based alternative 
solution for new construction or building 
renovation that meets only partial 
Leadership in Energy and Environmental 
Design (LEED) requirements yet fulfils 
specific crucial sustainability effects. 

▪ To create an inexpensive and quick 
deployable partial LEED compliant working 
model that can easily be adapted and 
applied to renovate every educational 
building to promote sustainability in Taiwan. 

▪ To set a precedent of Green School building 
redesign and renovation with a focus on 
both sustainability and residents’ well-being.  

▪ To raise awareness and willingness to 
government, educational systems, and the 
construction industry, facilitating the 
expansion of these practices to more 
educational buildings. 

 
4. METHODOLOGY  

The research was conducted qualitatively in 
nature, involving the analysis of case studies and 
survey. The LEED rating system was analysed to 
create a framework that serves as a reference for 
developing the design principles and elements for this 
paper. Case studies was conducted to advance the 
understanding of green school designs in the United 
States and to propose methods for evaluating the 
design principles and elements of successful Green 
School designs.  

A building in Taiwan was selected as the remodel 
design target and a survey was conducted to 
understand the residents’ needs and expectations for 
a Green School.  The findings were then organized to 
summarize the design principles and contributing to a 
successful Green School. In the final phase, partial 
indoor spaces of the selected building were re-
designed incorporating the aforementioned design 
principles and elements to make each of the selected 
indoor areas more environmentally friendly. 

 
5. CASE STUDY 
5.1 LEED rating system  

First, the LEED rating system was analysed to 
develop design principles and elements necessary to 
reduce the environmental footprint of the facility and 
building. Following the completion of the analysis, 
three categories for design principles and elements 
were identified: energy, material, and well-being. For 
energy, the main goals are to maximize the utilization 
of natural and renewable energy such as sunlight and 
natural ventilation, as well as to manage water flow 
in the exterior spaces to reduce the environmental 
impacts associated with fossil fuel energy 
consumption and the burden on wastewater systems. 
For material, the key objectives are to adopt local 
recyclable materials, reuse existing building materials, 
and minimize construction waste to lower 
environmental impacts related to extraction, 
transportation, and processing. For well-being, the 
primary targets are to improve the indoor air quality 
and comfort, provide individuals with control over 
lighting and ventilation, and establish a connection 
between outdoor views and indoor spaces. 

 
5.2 Nancy Nicholas Hall: LEED Gold certification 
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Nancy Nicholas Hall of the University of Wisconsin 
-Madison was selected as the case study subject 
because it houses the Design Studies Department, 
where the author first drafted this research paper as 
an MFA student, providing access to detailed 
information for study.  

Additionally, the average humidity in Madison is 
similar to that of Taiwan, averaging around 70% 
annually [12]. These two features make Nancy 
Nicholas Hall a great reference. Nancy Nicholas Hall 
was renovated and expanded in 2012, and now 
accommodates the School of Human Ecology [13]. It 
received the Gold LEED certificate in 2013, marking 
the sixth LEED certification for the University of 
Wisconsin-Madison [14]. The vision of the project is 
to provide a sustainable space that encourages and 
promotes teaching, research, creative scholarship, 
and outreach. The building serves as a consolidated 
home for the School of Human Ecology offering 
programs and extensive research and collaboration 
spaces for faculties and students. Within the campus 
community and beyond, this setting promotes the 
School of Human Ecology's goal, visibility, and 
accessibility in a sustainable environment. The 
sustainable approaches include:   

▪ The commitment to water sustainability. The 
porous pavement facilitates water 
permeability rather than retention or runoff. 
In addition, drought-tolerant native 
landscaping conserves water by using 
drought-resistant grass native to the area. 

▪ Energy saving is realized through a 
multifaceted approach. All new equipment is 
Energy Star rated, accompanied by high-
efficiency lighting and HVAC systems to 
reduce energy consumption. Thermal mass 
is utilized throughout the summer to 
minimize day-to-night temperature changes 
by strategically situating thermally massive 
objects in the structure, such as exposed 
concrete, stone, and water. Innovative 
features like displacement ventilation, 
indirect evaporative cooling, and indicator 
lights for open windows contribute to 
reduction in energy consumption during air 
conditioning use. 

▪ Sustainable materials. Alongside the 95% of 
construction waste and materials being 
reused or recycled, the inclusion of non-toxic 
finishes and materials additionally reduces 
the demand for natural resources.  

▪ Occupant well-being priority. Abundant 
natural light reaches regularly occupied 
rooms within 20 feet of windows. The use of 
products emitting low levels of volatile 
organic compounds (VOCs) enhances air 
quality, fostering productivity and 

satisfaction, and reducing health-related 
absences among building users.  

▪ Open space strategy. The strategic 
placement of a patio to the north and a 
Rooftop Terrace on the third floor not only 
expands usable areas but also achieves a 
remarkable ratio of open spaces to the 
development footprint, fostering 
biodiversity. The innovation commitment 
earned Exemplary Performance for 
Maximized Open Space credit. 

 
6. GREEN SCHOOL DESIGN DATA COLLECTION 
6.1 Questionnaire development 

A questionnaire was developed and randomly 
distributed to users with the aim to understand their 
needs and expectations for the Green School, 
uncovering unmet requirements, identifying new 
opportunities, and inspiring innovative solutions for 
the redesign paper. The questionnaire, consisting of 
both multiple-choice and open-ended questions, 
sought to identify needs, expectations, and 
preferences related to sustainable indoor spaces. 
Specifically, it examined their association with 
sustainable design strategies within the ZhongDao 
Building, as reported by occupants based on their 
firsthand experiences. Areas considered for 
renovation included the office, lobby, and terrace, as 
each could be improved to achieve sustainability and 
a higher degree of human comfort. Multiple 
selections are allowed. This anonymous 
questionnaire was randomly disseminated to 
students, faculties, alumni, and any individuals who 
had visited the ZhongDao Building. Participation was 
entirely voluntary.  

 
6.2 Result and findings  

The results from the questionnaire, providing 
valuable insights, were used to guide the future 
design directions aimed at enhancing the 
sustainability of the ZhongDao Building for both 
occupants and the environment.  

A total of forty-seven participants completed the 
survey, all of them are Taiwanese. The majority of the 
participants are students, followed by faculties and 
staff, alumni and student’s parents.  

 
Figure 1: Demographic characteristics of the participants.  
 

Most participants believe that more appropriate 
acoustics and better ventilation are needed for the 
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Figure 1: Demographic characteristics of the participants.  
 

Most participants believe that more appropriate 
acoustics and better ventilation are needed for the 

 

office. More greenery and access to natural light are 
needed for the lobby. And access to natural light and 
more greenery are needed for the terrace. 

 
Figure 2: Participants' preferred changes for better 
sustainability of each of the designated redesign areas. 
 

The improvement of mental health and the 
increase of creativity are considered as the two most 
likely benefits of sustainable design to the occupants, 
followed by better physical health, more effective 
study, increases in participation, engagement in class, 
and the increase of productivity. 

 
Figure 3: Participants’ expectations for the potential 
benefits of sustainable design. 

 
For material, wood and bamboo are considered 

the two most suitable materials.  

 
Figure 4: Participants’ expectations for sustainable 
materials. 

 
Energy saving equipment and acoustic control are 

believed to be the main missing sustainable design 
strategies in the ZhongDao Building. Two additional 
comments were received for this question are lack of 
moisture control and lack of sunshade and rain 
shelter facilities.  

 
Figure 5: Participants’ expectations for sustainable design 
approaches. 

 

Suggestions additional to the questionnaire are 1) 
adding grass, paved pedestrian pathways, and leisure 
area, 2) incorporating more natural elements and 
natural scenes, and 3) providing more functions than 
merely a place for academic learning. 

 
7. GREEN SCHOOL DESIGN DEVELOPMENT 

The vision of the ZhongDao building renovation is 
to apply green design principles and elements, 
analysed and generated from the case studies and 
the questionnaire, to improve the sustainability 
scores and increase occupants’ comfort levels in the 
existing three areas of the ZhongDao building. The 
following design principles and elements are divided 
into three main categories: energy, materials, and 
well-being. They are then defined to serve as 
guidelines to direct the conceptual design planning 
for the renovation of ZhongDao building and other 
Green Schools in Taiwan.  

 
7.1 Proposed design principles  

The vision of the ZhongDao building renovation is 
to apply green design with the following principles. 

For energy: 
▪ Optimize the use of the building site, 

location, and environment to reduce energy 
use and improve interior comfort.  

▪ Adopt the cradle-to-cradle philosophy to 
design high-quality, healthy, and energy-
responsible interior spaces to address the 
limited natural resources issue in Taiwan. 

▪ Utilize sustainable design to model and 
promote sustainable concepts, raising 
environmental awareness among residents. 

For materials: 
▪ Create multi-purpose spaces to maximize 

efficiency in consolidating costs and support.  
▪ Minimize the use of chemical products to 

reduce the harmful effects of off-gassing on 
the environment and human well-being. 

For wellbeing:  
▪ Foster a supportive working and learning 

environment to encourage creativity, 
professionalism, collaboration, and 
interactions among students, faculties and 
staff.  

▪ Integrate the surrounding natural 
environment with the building’s interiors to 
enhance residents’ well-being. 

▪ Incorporate modularity and flexibility to 
allow for changes, especially in coping with 
future pandemics. 

 
7.2 Proposed design elements  

The following design elements represent the 
approaches used to guide the sustainable strategies 
of design. 
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For energy: 
▪ Limit reliance on non-renewable energy.  
▪ Utilize daylighting to create well-lit indoor 

areas to reduce reliance on artificial lighting 
and promoting occupants’ health.  

▪ Employ natural ventilation for summer 
cooling to reduce air-conditioning use 
maximizing occupant comfort and 
maintaining good indoor air quality. 

▪ Incorporate glass in interior layouts to avoid 
obstructing visual access to natural light and 
the outside view from one space to another.  

▪ Adopt operable windows to allow to provide 
better control over natural ventilation and 
lighting according to demands.  

▪ Use shading products to protect the interior 
from summer sun and maximum the use of 
winter sunlight. 

For materials: 
▪ Maximize the use of existing materials, 

furniture, and fixtures.  
▪ Utilize local non-toxic, low-VOC materials 

and locally manufactured products to 
minimize the use of imported materials.  

▪ Use durable and reusable products to 
minimize maintenance and replacement 
demands. 

For well-being:  
▪ Offer opportunities for natural light and 

views.  
▪ Develop exterior spaces, allowing views out 

to the site and to campus.  
▪ Adopt native plants to minimize irrigation, 

fertilization, pesticide and maintenance 
demands, and to provide a teaching 
opportunity to allow students to learn local 
plants species.  

▪ Adopt natural methods to prevent insects 
from entering the interior spaces without 
using chemical insect repellent.  

▪ Incorporate ergonomics solutions to improve 
posture and alignment and to limit physical 
stress. 

 
7.3 Design application  

The proposed design principles and elements are 
applied to redesign the Design Department’s office, 
ZhongDao Building’s lobby and terrace, but not the 
entire building due to time constraints. 
 
7.3.1 Office   

The office redesign focuses on better ventilation 
and improved space utilization.  

▪ All windows have tilt-turn parts.   
▪ Ceiling fans are added.  
▪ Most of the materials are existing or used.  
▪ Greenery is adopted.  

▪ Low-VOC and non-toxic materials are 
included.  

▪ All materials are produced within 500 miles. 

         
         Figure 6: Existing office 
 

         
         Figure 7: Proposed design 
 
7.3.2 Lobby   

The lobby redesign focuses on improving air 
circulation and the thermal effect on the whole 
building. 

▪ All materials are recyclable and chemical-
safe. 

▪ Native water-conserving plants are adopted.  
▪ Local CNC prefabrication is utilized.  
▪ Wall-mounted greenery is employed.  
▪ Wood is widely used.   
▪ All materials produced within 500 miles. 

         
         Figure 8: Existing lobby 
 

         
        Figure 9: Proposed design 

 
7.3.3 Terrace 
The terrace redesign focuses on providing a 

relaxing open green space. 
▪ Most of the materials used are recyclable.  
▪ Native water-conserving plants are adopted.  
▪ At least 25% of the terrace is vegetated.  
▪ Local CNC prefabrication is utilized.  
▪ All pavers are permeable.  
▪ Wood is widely used.   
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winter sunlight. 

For materials: 
▪ Maximize the use of existing materials, 

furniture, and fixtures.  
▪ Utilize local non-toxic, low-VOC materials 

and locally manufactured products to 
minimize the use of imported materials.  

▪ Use durable and reusable products to 
minimize maintenance and replacement 
demands. 

For well-being:  
▪ Offer opportunities for natural light and 

views.  
▪ Develop exterior spaces, allowing views out 

to the site and to campus.  
▪ Adopt native plants to minimize irrigation, 

fertilization, pesticide and maintenance 
demands, and to provide a teaching 
opportunity to allow students to learn local 
plants species.  

▪ Adopt natural methods to prevent insects 
from entering the interior spaces without 
using chemical insect repellent.  

▪ Incorporate ergonomics solutions to improve 
posture and alignment and to limit physical 
stress. 

 
7.3 Design application  

The proposed design principles and elements are 
applied to redesign the Design Department’s office, 
ZhongDao Building’s lobby and terrace, but not the 
entire building due to time constraints. 
 
7.3.1 Office   

The office redesign focuses on better ventilation 
and improved space utilization.  

▪ All windows have tilt-turn parts.   
▪ Ceiling fans are added.  
▪ Most of the materials are existing or used.  
▪ Greenery is adopted.  

▪ Low-VOC and non-toxic materials are 
included.  

▪ All materials are produced within 500 miles. 

         
         Figure 6: Existing office 
 

         
         Figure 7: Proposed design 
 
7.3.2 Lobby   

The lobby redesign focuses on improving air 
circulation and the thermal effect on the whole 
building. 

▪ All materials are recyclable and chemical-
safe. 

▪ Native water-conserving plants are adopted.  
▪ Local CNC prefabrication is utilized.  
▪ Wall-mounted greenery is employed.  
▪ Wood is widely used.   
▪ All materials produced within 500 miles. 

         
         Figure 8: Existing lobby 
 

         
        Figure 9: Proposed design 

 
7.3.3 Terrace 
The terrace redesign focuses on providing a 

relaxing open green space. 
▪ Most of the materials used are recyclable.  
▪ Native water-conserving plants are adopted.  
▪ At least 25% of the terrace is vegetated.  
▪ Local CNC prefabrication is utilized.  
▪ All pavers are permeable.  
▪ Wood is widely used.   

 

▪ All materials are produced within 500 miles. 
▪ Wood pavers are made of recycled wood 

plastic composites. 

 
Figure 10: Existing terrace 
 

 
Figure 11: Proposed design 

 
8. CONCLUSION  

In conclusion, the paper sheds light on the 
important role of Green Schools, emphasizing the 
dual focus on environmental sustainability and the 
holistic well-being of students, faculties, and staff in 
Taiwan. A deep dive into survey findings revealed 
distinct user expectations, centering around 
acoustics, ventilation, greenery, and natural light. 
These expectations formed the bedrock of tailored 
guidelines for sustainable school design. 
Furthermore, the paper unveiled insightful 
suggestions from the community, including a desire 
for natural elements, scenes, pedestrian and leisure 
areas, and multi-functional spaces beyond academic 
learning. Integrating these findings, the paper 
proposed design principles and elements concentrate 
on optimizing energy use, material choices, and 
fostering well-being.  

Beyond a theoretical framework, the approach of 
this paper found practical application in the redesign 
of Nanhua University's Zhongdao building. This not 
only validated the theoretical stance but also 
presented a tangible demonstration of the approach's 
real-world impact. Navigating the complex landscape 
of sustainable renovations, the paper advocates for a 
pragmatic solution: fast-tracking partial LEED 
compliance. This approach concentrates on vital 
improvements, effectively addressing environmental 
concerns while aligning with the community's vision 
for a greener and more functional educational space. 
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ABSTRACT: The application of the concept of biophilia into interior architectural design is analysed in the 
literature on the subject in the context of its influence on several user-related questions. These combine stress 
reduction, stimulation of creativity, acceleration of the healing process, as well as improvement of the 
psychological health of users. Interior architectural design for adaptive reuse includes direct references to the 
sustainability-oriented requirement for the efficient management of resources. This design scheme concentrates 
on the exploration of the physical longevity of single artefacts or developed spatial structures featuring indoor 
environment. It provides users of the  newly conceived as well as remodelled internal spaces with multisensorial 
experience, initiates their emotional engagement with particular interior’s components and interior as a whole, 
and offers possibility to track multidimensional connotations. This article aims at the assessment of synergic 
application of selected patterns of biophilic design, in particular with its responsiveness-oriented model, and the 
adaptive-reuse design scheme with the focus on its immaterial aspects. It considers the  methodology of interior 
architectural design used to enhance the users’ emotional and mental well-being. The study indicates that 
Interior Architecture Design for Adaptive Reuse and responsiveness-oriented scheme of biophilic design are the 
complementary strategies that enhance the health and well-being of the users, through the intensification of 
their emotional engagement, provision of multisensorial experience and exploration of cultural connotations. 
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1. INTRODUCTION  
The paper discusses the enhancement of 

psychological health and well-being of occupants of 
interiors, achieved with the inclusion of patterns of 
selected biophilic design models, as well as the 
guidelines for the Interior Architectural Design for 
Adaptive Reuse (IADfAR) [1], which is based on the 
reintroduction of reclaimed building materials and 
products from refurbished or demolished buildings to 
internal spaces.  

The constructive effects of inclusion of biophilia 
into the design of the built environment are provided 
by two main approaches. These embrace the close 
proximity and direct visual contact of the occupants 
with plants, as well as advanced stimulation of 
„positive response to artificial creations that follow 
geometrical rules for the structure of organisms” [2]. 
The considering of the elements of regenerative 
design (e.g., improvement of users’ health), and 
methods to support the resilience of natural 
environment (e.g. implementation of renewable 
materials) [3] strengthen the position of biophilic 
design. The selected biophilic design schemes 
combine attributes that allow to consider this design 

approach specifically through the multidimensional 
analysis of material substances completing the built 
environment in view of their impact on the character 
and intensity of the beneficial interrelationship 
between human and nature [4,5].  

The IADfAR scheme, concerning the retaining of 
material substance within the structure of the 
constitutive components of interior spaces, refers 
directly to the sustainable demand for the efficient 
management of resources. Therefore, the conversion 
of reclaimed building products as deconstruction or 
demolition waste to valuable structural interior 
components, can be treated as a complementing 
design method for the widely recognized concept of 
adaptive reuse of existing buildings [6, 7]. The study, 
examining the effectiveness of the adaptive reuse 
design framework in view of the users’ psychological 
comfort, concentrates on its intangible aspect.  

This article aims at the assessment of synergic 
application of selected patterns of biophilic design, in 
particular with its responsiveness-oriented model [4], 
and the adaptive-reuse design scheme with the focus 
on its immaterial aspects, into the methodology of 
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The IADfAR scheme, concerning the retaining of 
material substance within the structure of the 
constitutive components of interior spaces, refers 
directly to the sustainable demand for the efficient 
management of resources. Therefore, the conversion 
of reclaimed building products as deconstruction or 
demolition waste to valuable structural interior 
components, can be treated as a complementing 
design method for the widely recognized concept of 
adaptive reuse of existing buildings [6, 7]. The study, 
examining the effectiveness of the adaptive reuse 
design framework in view of the users’ psychological 
comfort, concentrates on its intangible aspect.  

This article aims at the assessment of synergic 
application of selected patterns of biophilic design, in 
particular with its responsiveness-oriented model [4], 
and the adaptive-reuse design scheme with the focus 
on its immaterial aspects, into the methodology of 

 

interior architectural design as means to increase the 
users’ emotional and mental well-being. 
 
2. MATERIAL AND METHODS 

The study is based on selected points of the 
responsive biophilic design model and Interior 
Architectural Design for Adaptive Reuse  of materials 
and products, discussed in its intangible aspect.  

The application of the concept of biophilia into 
interior architectural design is analysed in the 
literature on the subject in the context of its influence 
on several user-related questions. These problems, 
combining stress reduction, stimulation of creativity, 
acceleration of the healing process, as well as 
moderating of psychological health of users, which 
are solved through the implementation of various 
design patterns. These include the introduction of the 
characteristics which directly refer to the nature into 
internal spaces, the usage of the objects that 
represent and simulate those present in the nature, 
formal exploration of the phenomena of natural 
environment, as well as the examination of the 
exchange of information between man-made and 
natural environments. This concept, by Salingaros 
and Madsen [4], concerns the elevating of the 
occupants of interiors through the broad exposure of 
the properties of natural material substances 
reclaimed and reintroduced to form new objects.  
      Interior Architectural Design for Adaptive Reuse is 
directly derived from the sustainability-oriented 
requirement for the efficient management of 
resources. This scheme concentrates on the 
exploration of the physical longevity of single 
artefacts or developed spatial structures featuring 
indoor environment. The design model provides users 
with multisensorial experience, initiates their 
emotional engagement with particular interior’s 
components and interior as a whole, as well as offers 
occupants the possibility to track multidimensional 
connotations. the  influencing users’ perception and 
encouraging their emotional connection with the 
nearest environment is to support their psychological 
comfort.  
 
3. BIOPHILIC DESIGN GUIDELINES  

The main objective of biophilic design, term 
coined and introduced by Kellert [8], is to translate 
the biophilia understood as phenomenon of the 
inherent human affinity to affiliate with the processes 
and systems within the natural environment [9]. 
Biophilic design is to transfer this association with 
nature into the approach for designing the built 
environment [8,10] in a search for reconciliation of 
human with nature. The biophilic design allows for 
overcoming the “separation that architecture placed 
between itself and nature” [4], and thus 
reconstructing the connectedness between the 

habitat and nature.  The biophilic design aims to 
shape artificial environments that have a positive 
effect on individual’s health and well-being [5] and to 
support improved health, well-being, and 
performance as measured through the personal 
biometrics and self-rated mood [11].  

The models of biophilic design combine the 
typology of various categories, patterns, and 
attributes that organize the interior architectural 
design methodology. There are several selected 
schemes to accomplish the concept of biophilia in 
creating of indoor environment and its components. 
Among these well-established models are schemes 
founded on valorisation [10], application [12], as well 
as responsiveness [4]. 
 
3.1 Valorisation scheme 

 Kellert defines biophilic design as an approach to 
achieve “long-term sustainability of restoring and 
enhancing people’s positive relationship to nature in 
built environment” [10], and situates it within the 
design paradigm identified as a “restorative 
environmental design”. Biophilic design being an 
essential element within this construct assures, 
together with the low-environmental-impact design 
strategy to minimize a negative impact on natural 
environment, the positive environmental impact of 
an artificial setting. Biophilic design is identified as an 
approach that encourages beneficial contact between 
people and nature raised within the built 
environment, that is essential for the sustaining of 
the users’ physical and mental well-being.  

According to Kellert, enhancement of the users’ 
attachment to buildings and places, which is a 
condition for the responsible usage and careful 
maintenance of the built environment in longer 
perspective, makes specific value of biophilic design. 
 
3.2. Application model 

Browning et al. propose biophilic design scheme, 
named for the purpose of this study as an application 
model. This scheme is intended to explore and 
incorporate the nature-design relationships in the 
creation of built environment, makes a “series of 
tools for understanding design opportunities 
including the roots of the science behind each 
pattern, then metrics, strategies and considerations 
for how to use each pattern” [12]. The authors 
underline that their aim is promotion of a creativity in 
an application of the scientific research on biophilia 
into design, in order to enhance health and well-
being for individuals and society in an effective way. 
They admit that this approach supports measurable, 
positive impact of biophilic design on health, while 
strengthening the empirical evidence for the human-
nature connection. 

The biophilic design scheme encompasses the 
category of Natural Analogues, featuring various 
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classifications of the user’s experience of biophilia 
within the built environment. Among the design 
patterns which belong to this category is Material 
Connection with Nature. This pattern enables search 
for the indirect evocations of nature in the shaping of 
interior spaces. It examines the possibilities of 
providing a distinct meaning of a specific place with 
materials and elements acquired from the local 
natural sources, processed to a limited extent, and 
carefully exposed. Recommendations concerning the 
application of this pattern into design comprise 
variability of different materials and techniques of 
their introduction, as well as usage of natural 
materials of limited processing instead of their 
synthetic imitations.     

 According to Browning et al., in spite of still 
limited evidence to support beneficial relationship 
between health and biophilic design attributes, the 
design pattern named as Material Connection with 
Nature reveals its positive influence on experience of 
the place, in particular on enhancement of the users’ 
overall psychological comfort. 
 
3.3. Responsiveness-oriented framework 

The responsiveness-oriented approach to 
“support biophilia hypothesis from the independent 
directions”, proposed by Salingaros and Masden [4], 
underlines the phenomenon of the specific exchange 
of information between humans and their nearest 
environment, between natural and artificially 
conceived surroundings. This process of a mutual 
communication assures the buildings occupants’ 
emotional engagement, and subsequently the sense 
of belonging and well-being.  

The exchange of information, essential for the 
designing of artefacts which constitute interiors, is 
named by the authors as a “neurological 
nourishment” [4]. This process exercised with the 
application of diverse technical solutions within the 
indoor environment, is to emulate the formal 
complexity of natural objects through the 
investigation of the physical characteristics of 
introduced natural, renewable materials. The design 
model explores ways the material substance is 
implemented to form objects patterned on nature, to 
reach the users’ neurological connectivity and 
nourishment, and thus, to provide them with a direct 
and intense experience of relationship between the 
built and natural environments.  

The scheme, following the biophilia concept, 
proposes fourteen measures to accomplish the 
design for responsiveness, which imitates the visual 
and performative values of natural objects. These 
steps comprise determinants being related to the 
physical, as well as intangible aspects of the material 
substance of which the factors describe the issue of 
users’ neurological connectivity with artefacts.  

Among the design methods indicated by authors 
that address the questions of physical characteristics 
and structural solutions, while proving their potential 
in designing interior spaces and their components of 
clear responsive appeal, are the  following:  

▪ Reuse of these locally reclaimed natural 
materials and products from older buildings, 
aimed to confirm their high informational 
content;  

▪ Usage of natural unfinished materials; 
▪ Adjusting design solutions to introduce the 

available materials of different sizes, and 
thus to reduce possible production of solid 
waste; 

▪ Inversion of small-scale construction 
elements;   

▪ Introduction of small-scale objects into the 
newly conceived structures of building 
materials of limited finishing. 

The design techniques to exercise this scheme 
concerns mostly the analysis of physical parameters 
of reused building products and materials and 
feasibility problems, as well as information-related 
questions resulting from the materials aspects.   

 
4. INTERIOR ARCHITECTURAL DESIGN FOR ADAPTIVE 
REUSE  

Interior Architectural Design for Adaptive Reuse of 
reclaimed building materials and products concerns 
an essential sustainability-related question of the 
minimisation of the negative environmental impact of 
built environment on the natural one. IADfAR 
features an alternative proposal for retaining the 
material substance acquired from the locally available 
existing objects and their reintroduction into the 
structure of the newly conceived interior 
components. This design model focusing on the 
creative absorption of the pre-used products within 
the newly conceived interior components, allows 
interior architecture to respond to changing 
conditions, due to the building’s deteriorating 
performance occurring over time, in an environment-
responsible manner. This approach underlines 
systemic adaptation of the secondary products and 
objects in forming new interiors or modifying the 
existing ones. It reveals the discipline’s possible role 
in accomplishing the resilience in designing through 
the conservation of resources.    
 
4.1. Materiality context 

The IADfAR model can be measured within its 
materiality context. This scheme proposes the 
accomplishment of an effective management of 
resources and promoting the closed circuit of natural 
resources. It is implemented through the 
reintroduction and formal assimilation of the 
salvaged building materials and products, without 
their significant reshaping or reprocessing, into the 
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resources and promoting the closed circuit of natural 
resources. It is implemented through the 
reintroduction and formal assimilation of the 
salvaged building materials and products, without 
their significant reshaping or reprocessing, into the 

 

building setting in order to create multifunctional 
constitutive interior components (i.e. external walls 
accompanied on their inner side by various technical 
devices or biological finishing to enhance the indoor 
environment quality parameters, partitions, 
stationary or mobile space dividers of various 
dimensions and spatial configurations, raised floors, 
integrated or suspended ceilings). 

Therefore, this interior architectural design 
scheme allows remanufacturing of the building waste 
into the valuable interior component being 
assembled with the secondary materials and products 
reclaimed from refurbished or demolished buildings. 
The interior component itself, becomes a “passive 
design instrument for effectiveness of waste 
management” [1], playing a specific role in 
moderating interrelationship of designed and natural 
environments. 
 
4.2. Intangibility context  

The intangible context of discussed design model 
covers the multidimensional stimulation of the 
occupants’ perception of interior components made 
with pre-used parts. The reintroduction of salvaged 
resources complies with the assumption that design 
concept “endorsed with creatively implemented 
building technology and selection of building 
materials offers the inner spaces end-users’ multi-
sensorial experiences, while forming emotional bonds 
with their immediate physical environment” [13].  

This design model offers the opportunity for an 
occupants for an individual, subjective interpretation 
of these interior components featuring single objects 
as well as complex, functionally and spatially 
developed structures. This scheme is to establish a 
kind of the users’ re-engagement and “intimate 
connection” [14] with the objects, defined through 
their symbolic and meaningful values, source, 
formation, as well as the maintenance throughout 
their lifespan.  

The emotional experience accompanying the first 
contact with an object provokes subsequently the 
developed reflective response. The phenomenon of 
place attachment involves affirmative and positively 
experienced connections developed from the 
affective, and then cognitive responses occurring 
between individuals and the elements of their 
physical environment. The reintroduced materials 
and products featuring interior components 
strengthen a design concept, while offering 
opportunities to the occupants to experience it, and 
to develop their own psychological comfort. 

The process of captivating the occupants’ 
attention, moderating their psychological comfort, 
and influencing their positive reactions toward the 
interior components completed according to IADfAR, 
comprises the following:  

▪ Multisensorial experience, enhanced due to 
the perception of the reclaimed materials’ 
physical attributes and techniques applied to 
their exposure. The multidimensional 
exploration of artefacts leads to their 
recognition and further acceptance of place 
built with them.  

▪ Emotional engagement, gained through the 
experience of meaningful and expressive 
properties of reintroduced secondary 
products and materials of “charismatic 
quality” [15] gained over time. This is to 
evoke the users’ emotional attachment 
caused by the provided services and 
“information it contains and the meaning it 
conveys” [15]. The initial affective response 
is followed by arousing of topophilia 
understood as individually developed and 
emotionally-based positive reception of 
space, as well as the occurrence of 
emotional durability. This is defined as 
creating “deeper, more sustainable bonds 
between people and their material things” 
[15], accompanied by the readiness to 
reduce the consumption, decrease in waste 
production, and finally to offer an alternative 
for the throwaway society. 

▪ Cultural references, which add meaning to 
objects allow to discover and then to explore 
the multitude of their historic and aesthetic 
considerations. These connotations provide 
the sense of cultural continuity 
demonstrated by reintroduced materials and 
products of historical or aesthetic value. 
They allow occupants to reach the reflective 
level of conscious interpretation of 
experienced emotions, which are caused by 
interaction with reintroduced objects and 
build up users-object relationship on specific 
“layered complexity” rich of various 
citations, including  cultural and historical 
ones. These condition the occurrence  of 
empathy and attachment toward these 
objects [15]. 

▪ Reflective response based on the semantic 
analysis of the experience of reintroduction 
of pre-used materials and products, 
supplemented with the awareness of 
environment-friendly practises. This leads to 
the mature consideration based on  
“rationalization and intellectualization” [16] 
of the product-interior component made 
with pre-used elements and indicates the 
meaning assigned to their complex inclusion 
into interiors.  

▪ Behavioural effect, fostering solid user-
object relationship due to the recognition of 

443



 

environmental dimension in the design of 
interior components. The growth of this 
attitude determines the development of the 
product attachment, expressed by the 
rational and careful  usage of objects and 
their systematic maintenance in long-time 
perspective.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Intangibility context of scheme of interior 
architecture for adaptive reuse. 
 

The above-mentioned main features associated 
with the intangibility perspective of IARfAD are 
displayed in  Figure 1. The concept of the substitution 
of originally conceived components with these made 
with the reclaimed parts, requires consideration at 
the very initial stage of design process and the 
application of critical design approach. It is necessary 
since this design scheme challenging the well- 
established and commonly accepted aesthetic 
conventions “contributes to new ways of thinking 
about and developing material culture” [17]. This 
design model involves the development of innovative 
techniques based on the broad exposition of physical 
characteristics of the acquired pre-used parts.  

The exemplary design techniques to employ the 
interior architectural design for adaptive reuse with 
emphasis on its intangible context, comprise the 
following: 

▪ Exposition of physical imperfections, visible 
minor physical damages, scratches, stains, 
cracks of reused salvaged objects of material 
value as the evidence of constant 
evolvement of objects and accumulation of 
the time-related marks  

▪ “Truth windows” placed within the structure 
of selected interior components (e.g. 
multifunctional fixed or mobile space 
dividers) to allow the exposition of the 
secondary products being in symbiotic 
relationship with other parts 

▪ Appearance of reclaimed objects of clearly 
defined original purpose in new functional or 
spatial contexts 

▪ Distinctive mechanical working and 
assembling techniques assuring simple 
dismantling or further replacement of pre-
reused parts or products for further reuse, 
modernisation or reconfiguration according 
to the users’ needs  

▪ Structural honesty revealing the physical 
solutions applied to incorporate the 
reclaimed parts forming a component  

▪ Honest materiality to expose the objects’ 
texture and  surface achieved through the 
limitations in the amount of the 
conservation working on salvaged products 
before their reintroduction into interior 
components.  

 
5. DISCUSSION 

The biophilic design is to create a positive, 
multidimensional, and valued human experience of 
nature within the built environment, in particular in 
interior spaces. The persistence of biophilic design 
experience is more likely conditioned by the 
integration of its patterns with the programming or 
infrastructure of the place [12].  

The intensification of the users’ response and 
increase in the quality of emotional experience for 
the illustration of human-nature connection in 
design, can be examined in the context of merging 
biophilic design interventions with other design 
guidelines. Interior Architectural Design for Adaptive 
Reuse is a scheme with the potential to reinforce 
biophilic design’s role in moderating psychological 
comfort (Fig. 2).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Implementation of responsiveness-oriented 
biophilic design and IADfAR in view of the users’ 
psychological well-being enhancement. 
 

The concept to execute an adaptive reuse of 
secondary materials and building products, complies 
with the sustainability imperative of  “resourcefulness 
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and restraint” [14] in design. This approach 
emphasizes the build-up of the user-object 
relationship in a way that extends the initial 
materiality-related questions, and addresses the 
problem of perception and appreciation of the 
cultural values represented by the object. 

The qualities and attributes of the natural 
resources reintroduced into the structure of interior 
components, in accordance with the IARfAD, are to 
evoke a “soft fascination” [18] toward these objects 
embedding the salvaged reclaimed parts, as well as 
place itself. These reclaimed natural materials that 
constitute interior components, attract the users’ 
attention offering them information of a similar 
intensity as in the case of perceiving the attributes of 
natural environment. Therefore, IARfAD follows the 
remarks by Berto et al., that the design methods 
focused on a high level of the environment-related 
fascination engage processes affording psychological 
restoration of the occupants.  

The interior components of a compound structure 
(i.e. composition of the new and secondary parts  
arranged in a way to fulfill functional demands, 
formal objectives) have the potential to assure 
emotional restoration, providing users with the 
experience of nature-related preservation and 
adaptation of cultural and heritage values expressed 
in the reclaimed objects. 

  
6. CONCLUSION 

This study concerned the question of moderation 
of psychological health and well-being of the 
occupants of interiors. It was considered with regard 
to the  attributes of selected biophilic design models, 
in particular these related to the psychological 
nourishment, as well as Interior Architectural Design 
for Adaptive Reuse. The main area of the possible 
impact of this design scheme on the  psychological 
well-being of users concentrated on the intangible 
context of the scheme. 

IADfAR and the biophilic design for 
responsiveness were discussed as complementary 
design strategies for the enhancement of health and 
well-being of users through their emotional 
engagement with interior components as the objects 
of dual structure. 

  The analysis of this problem revealed that 
synergetic implementation of both above-mentioned 
design methods results in the psychological well-
being assured with various elements. These combine 
the intensifying of the multisensorial perception of 
interiors, moderation of the occupants’ sense of 
continuity in cultural proficiency coming from the 
reused building parts, improvement of mental retreat 
as well as the emotional relief within the space filled 
with objects made with the well-known natural 
materials  of positive cultural connotations.  
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ABSTRACT: Building enclosure design has until recently focused on thermal performance and its impact on 
operational carbon emissions. Embodied carbon emissions associated with building enclosure systems are not so 
well understood but contribute significantly to the emissions over a building’s lifespan. This paper outlines a 
methodology for calculating the embodied carbon of building enclosure systems and presents the results for the 
embodied carbon intensity of wall, floor and roof systems typically used for larger buildings in Canada. The 
resulting database will inform design at the earliest stages through the lens of embodied carbon prior to the 
establishment of detailed design information, enabling designers to choose optimum enclosures that balance 
embodied and operational carbon emissions across the building's life cycle, and to consider material 
substitutions to reduce emissions.  

1. INTRODUCTION
As operational energy use in buildings and the 

resulting carbon emissions are reduced by designing 
high performance buildings and decarbonizing 
electrical grids, the impact of embodied carbon 
becomes more significant. The impact on a building’s 
total lifecycle carbon emissions by embodied carbon 
emitted to create and install all the materials and 
components required in construction is fast becoming 
a driving factor. Some predictions suggest that 
between 2023 and 2050 embodied carbon could 
represent the majority  of a new building’s carbon 
emissions [1]. 

Building enclosure design has until now mainly 
focused on thermal performance and its impact on 
operational carbon emissions. This area is now well 
understood, and industry-trusted tools exist to 
evaluate thermal bridging and whole building thermal 
performance [2]. Conversely, most embodied carbon 
analysis to date has focused on structural materials 
such as concrete and steel due to the large quantities 
required for mid- and high-rise construction and their 
high embodied emissions impact [3]. Embodied 
carbon emissions associated with building enclosure 
systems are not well understood but contribute 
significantly to the emissions over a building’s 
lifespan. Furthermore, there may be trade-offs 
between operational and embodied carbon in 
building enclosure design since these systems are 
significant for their impact on both an operational 
and embodied carbon. Decisions made early in the 
design phase are critical and need to be informed 
through both an operational and embodied lens.  It is 
important to understand the balance between 
embodied impacts of various envelope and their 
operational emissions [4]. 

This research aims to establish an industry and 
municipality-accepted methodology for calculating 
the embodied carbon of building enclosure systems in 
Ontario, Canada. In addition, utilizing this 
methodology, the study seeks to quantify the 
embodied carbon intensity of commonly used 
enclosure systems used in office, multi-unit 
residential and institutional buildings (Ontario 
Building Code (OBC) Part 3 buildings) which typically 
use high carbon intensity materials [5]. The intention 
is to provide tools to help design teams to start to 
consider and address this issue. This data will be used 
to prepare guidance to design teams to help with 
decision making on appropriate low carbon enclosure 
systems. The resulting database will inform design at 
the earliest stages, prior to the establishment of 
detailed design information, through the lens of 
embodied carbon, enabling designers to choose 
optimum enclosures that balance embodied and 
operational carbon emissions across the building's 
life-cycle and consider material substitutions to 
reduce emissions.  

Low energy and low carbon use buildings require 
a high-performance thermal enclosure to significantly 
reduce environmental loads; typically, this leads to 
added number, quality and quantity of materials 
within the specified assemblies. However, this added 
material impact must be balanced with low embodied 
carbon enclosure design. This relies on the use of low 
carbon materials as well as durable materials that 
minimize maintenance and replacement needs 
throughout the building's life cycle. 

2. METHODOLOGY
Twenty-six wall, roof and floor systems were 

chosen for analysis based on their ability to meet the 
thermal performance of the Toronto Zero Emission 
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throughout the building's life cycle. 

2. METHODOLOGY
Twenty-six wall, roof and floor systems were 

chosen for analysis based on their ability to meet the 
thermal performance of the Toronto Zero Emission 

 

Buildings Framework [6]. These were selected after 
consultation with industry and review of commonly 
used building enclosure systems typically used in 
commercial, institutional, and multi-unit residential 
buildings in Ontario.  The City of Toronto Zero 
Emissions Building Framework (2017) Appendix C: 
Parametric modelling results [7] was used as a 
reference point to set recommended baseline target 
effective R-values. This helped to establish 
reasonable thermal performance targets that both 
meet current needs of designers as well as meeting 
future performance requirements of local energy 
codes such as the Toronto Green Standard Version 4 
[6].  Thus, all assessed wall enclosures aimed to 
achieve a thermal performance target of RSI-4.4 
m2K/W (R-25), roofs aimed to achieve RSI-5.3 m2K/W 
(R-30) and for the floors RSI-4.4 m2K/W (R-25) was 
used.  

The effective R-value of each of the selected 
assemblies was calculated and adjusted to achieve as 
close as possible to the above targets. This process 
followed building science best practice principles as 
well as NECB-2017 [8] and ASHRAE Fundamentals [9] 

An example of an effective R-value calculation is 
provided in Table 1 for wall W01, which includes the 
assembly description, material thickness, material 
conductivity, effective R-value and nominal R-value. 
Assumptions and data sources are included for each 
material. 

 
Table 1: Example of calculations for R-value of wall 
assembly 

 
 
The embodied carbon emissions analysis was 

carried out using the principles of the European 
Standard EN 15978:2011 for whole-building LCA, 
utilizing the Attributional (ALCA) methodology to 
quantify direct environmental impacts.  The volume 
or mass of material in each layer of the assembly was 
calculated and then using emissions data from 
appropriate Environmental Product Declarations 
(EPDs). Table 2 illustrates the breakdown for wall 
W01. The material layers that have the greatest 

impact are highlighted in yellow to identify where 
most impact can be made by material substitutions. 
The calculations were made for a functional unit of 9 
m2 of enclosure assembly. This was to account for all 
assembly components that might be missed in a 
smaller area, such as studs, insulations pins, and 
anchorage systems. However, the data is reported 
both for 9 m2 and also normalized for 1 m2 carbon 
intensity (kg CO2e/m2) to simplify early design stage 
calculations from enclosure area take-offs. The LCA 
calculations assumed a building life span of 60 years. 
If components had a shorter lifespan, the emissions 
associated with replacement were included. 

The material EPDs were selected from the One 
Click LCA database [11], or where necessary other 
databases such as EC3 were used. In most cases 
generic or industry average data (for North America 
where possible) was selected, but in rare cases it was 
necessary to search specific manufacturer data when 
no generic data was available or appropriate.  

 
Table 2: Example of calculations for the embodied carbon of 
a wall assembly 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The focus of the LCA assessment was embodied 

carbon emissions (GWP) and this is broken down by 
material layer to highlight where the greatest impacts 
occur. However, other environmental indicators as 
defined by the TRACI v2.1 characterization for North 
America are reported for the assembly as a whole for 
the various life stages (lower part of Table 2). Default 
values in OneClick LCA for transport impacts were 
used. Life cycle stages A1 to A3 (product stage) [10] 
are the main focus as these tend to dominate and the 
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data is most reliable.  To give some indication of total 
environmental impact over the full lifecycle, stages 
A3-A5 (construction), B (use) and C (end of life), are 
also reported although these are generally a small 
proportion of the total carbon emissions and can vary 
by location, site, etc. Biogenic carbon, which refers to 
the carbon that is taken out of the atmosphere and 
stored in biological materials such as trees or plants 
through the process of photosynthesis, is also 
reported where appropriate. 
 
3. DISCUSSION 

The results of the analysis for nine walls and five 
roofs are summarised in the form of comparative 
charts (Fig 1, Fig 2).  

The charts show the total estimated life cycle 
stage A1 to A3 emissions, in addition emissions 
associated with A1 to A5 stages are indicated as well 
as the estimated reduction in assembly emissions 
resulting from biogenic carbon (to the left of the 
vertical axis). The intent of representing the data in 
this way is for readers to quickly understand 
assemblies with the highest and lowest embodied 
emissions, as well as to compare these assemblies 
with proposed project-specific assemblies. This can 
help to simplify early-stage decision making. 

The pie charts in Figure 3 represents the total 
embodied carbon emissions for seventeen wall 
enclosure systems (including the last four (W14 to 
W17 which are refurbishment options for existing 
walls).  The size of each circle is proportional to the 
overall impact; large pies show a larger overall carbon 
emission. The pie slices represent major enclosure 
component categories.  

These pie charts indicate that the embodied 
carbon emissions of enclosures are generally 
dominated by the cladding material, insulation layers, 
and backup structure. Other components such as 
interior finish, paint, connectors, etc have limited 
impact. Thus, the attention of designers should be to 
carefully choose these three components’ and look 
for low emissions alternatives. For example, W06 and 
W07 are precast concrete panels and the backup 
structure component is most significant. While for 
W04 where CLT is the backup structure, it is minor. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Summary of embodied carbon emissions for five 
floors 
 
 
 
 
 

 

Figure 1: Summary of embodied carbon emissions for nine 
walls 
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The data should be viewed as a snapshot since 

new and updated EPDs are constantly becoming 
available. Nevertheless, when armed with the 
embodied carbon breakdown by assembly 
component, users can readily understand which 
components have the most significant contribution to 
whole assembly carbon content, and which layers are 
most worthwhile to investigate further to seek 
improvement by selecting project specific materials, 
substituting these preliminary EPD values with their 
own sources.  
 

Figure 3: Comparison of the embodied carbon emissions for walls 
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A summary sheet is available for each enclosure 
system which provides a detailed breakdown of the 
results (see https://www.rdh.com/blog/embodied-
carbon-resources-for-building-enclosures/). This 
includes a graphic such as the one shown in Figure 4 
which illustrates the enclosure system and provides a 
visual indication of the embodied carbon emissions 
by layer for wall W01. 

 
Figure 4: Embodied carbon emissions by layer for wall 
W01 (kgCO2/m2) 

 
By looking in more detail at insulation it is clear that 
careful selection can reduce the overall embodied 
carbon emissions as there are considerable variations 
between insulation types, and between 
manufacturers of the same insulation type. In 
general, rigid board insulation materials used for 
external layers outside the structure, both foam 
based and mineral wool based, have a higher 
embodied impact compared to batt and loose fill 
insulations materials used between studs, which are 
usually less dense.  

There are significant opportunities to explore 
alternative rigid insulation materials such as 
woodwool board and cork. Also, for batt type 
insulation there are some low impact alternatives 
such as cellulose and wool insulation. Thus, the 
current tendency to use external insulation due to 
benefits in thermal performance from a reduction of 
thermal bridging has to be balanced by the additional 
embodied carbon in these materials.  

Since the enclosure systems selected for this 
study are typically used in larger and taller buildings, 
the cladding materials tend to be higher embodied 
impact materials such as aluminium or steel cladding, 
brick or stone, and EIFs. Thus, in most cases the 
cladding material layer is a major contributor to 
embodied carbon. This is an area of investigation of 
potential alternatives in future. 
 

4.CONCLUSION 
The 26 assessments carried out so far provide a 

useful start for developing a better understanding of 
embodied carbon issues for enclosure systems. 
Nevertheless, there are many other enclosure 
systems and different materials that can be used so 
design teams will need to use this data as a starting 
point for further investigation and to demand 

detailed LCA data from manufacturers. Further 
analysis of alternative systems using more biobased 
materials will also provide useful comparisons. 

The study highlights the need for increased 
transparency in data reporting, particularly through 
the availability of more EPDs for a diverse range of 
materials. Future research, looking at sensitivity 
analysis will contribute valuable insights into the 
environmental performance of insulation and 
cladding materials, which have a significant impact 
aiding stakeholders in making informed decisions 
towards more sustainable building practices. 

Embodied carbon analysis of buildings and 
components is still in its infancy and availability of 
data is changing quickly. For many materials and 
components in North America EPDs are often either 
generic industry level assessments or are not yet 
available. Data used in EPD assessments and 
databases are often based on national or even 
continental averages which do not highlight the 
differences between particular manufacturers.  The 
global warming potential of materials within the 
production stage is often regionally specific, and is 
driven by factors such as the source energy of 
regional electrical grids, manufacturing processes, 
regional transportation options, availability of raw 
materials, etc. The national averages available do not 
include these critical systemic differences between 
provinces and industries within provinces, and the 
resulting global warming potential of the assemblies 
and materials within these assemblies are subject to 
change when placed within a specific regional 
context. Thus, these assessments should not be 
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treated as complete answers to enclosure selection, 
but rather to inform a consideration of the different 
materials that make up an enclosure. They highlight 
which layers may have significant impact and merit 
further attention. As manufacturer or even 
production plant specific EPDs become more widely 
available, this will allow a more detailed analysis and 
selection of materials. This will facilitate the careful 
selection of locally manufactured materials and 
components. 

A guidance document resulting from this project 
along with the outcomes for all the enclosure 
assessments and comparisons are available  at: 
https://www.rdh.com/blog/embodied-carbon-
resources-for-building-enclosures/ 
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including air temperature, humidity, surface temperature and wind speed is collected and analysed to characterize 
the urban microclimates and identify any distinct patterns or anomalies. The presence and characteristics of 
vegetation, shading structures, and water features in plazas are considered, as they can significantly impact the 
local microclimate and provide relief during extreme weather conditions. The insights gained from this study can 
inform urban planners, policymakers, and architects in their efforts to create sustainable and liveable cities that 
prioritize the thermal well-being of residents and visitors, even in the face of climate change challenges. 
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1. INTRODUCTION 
Over 50% of the world's population presently lives 

in cities, and it's estimated that by 2030, nearly 60% 
will be urban dwellers. Rapid urban expansion in the 
past 50 years has not only drawn new residents but 
has also significantly changed the urban environment. 
This transformation, including landscape changes and 
urban activities, has impacted local weather patterns 
and the broader urban climate [1]. Open-air areas and 
squares play a pivotal role in fostering sustainable 
cities by facilitating the flow of pedestrian traffic and 
hosting diverse outdoor activities, thereby significantly 
enhancing urban liveability and vibrancy. Encouraging 
greater foot traffic and engagement within these 
outdoor spaces yields multifaceted benefits for cities, 
spanning physical, environmental, economic, and 
social dimensions [2]. Urban areas undergo significant 
thermal comfort variations due to alterations in the 
radiation budget, wind patterns, and the arrangement 
of buildings and urban elements like vegetation. These 
changes create diverse microclimatic conditions within 
short distances, affecting how individuals experience 
local thermal comfort [3]. Green spaces in urban areas 
play a significant role in enhancing urban 
environments and establishing high-quality urban 
landscapes [4]. There is proof that the type of ground 
cover and the shading provided by artificial structures 
and trees have a substantial impact on the 
temperature conditions in an area [5]. Cities consist of 

various street canyons with different shapes, sizes, 
and orientations. The overall outdoor comfort within 
these cities is a combination of comfort experienced 
within these street canyons. A street canyon refers to 
a street that is enclosed by buildings on both sides [6]. 
Researchers have increasingly focused on the 
significance of shading and planting. 

 Since the 1980s, there has been a surge in studies 
focusing on outdoor thermal comfort, largely driven by 
heightened concern for pedestrians in urban settings 
like canyons, plazas, and squares. This trend has 
resulted in an abundance of research endeavours 
aimed at understanding and implementing 
microclimate design parameters centred around 
enhancing pedestrians' thermal comfort [7]. The 
majority of people tend to visit squares or public 
spaces when the temperature aligns closely with their 
comfort range. As a result, the outdoor temperature 
significantly influences how individuals perceive 
comfort and utilize outdoor areas. This impact differs 
based on the varying thermal preferences of people in 
different climatic regions [8]. 

The assessment of thermal comfort in these 
communal spaces extends beyond luxury, emerging as 
a pivotal necessity in cultivating an environment 
conducive to social gatherings and community 
interactions, given the significance of these plazas in 
the citizens' well-being. In line with this, the 
exploration of thermal comfort assessment 
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like canyons, plazas, and squares. This trend has 
resulted in an abundance of research endeavours 
aimed at understanding and implementing 
microclimate design parameters centred around 
enhancing pedestrians' thermal comfort [7]. The 
majority of people tend to visit squares or public 
spaces when the temperature aligns closely with their 
comfort range. As a result, the outdoor temperature 
significantly influences how individuals perceive 
comfort and utilize outdoor areas. This impact differs 
based on the varying thermal preferences of people in 
different climatic regions [8]. 

The assessment of thermal comfort in these 
communal spaces extends beyond luxury, emerging as 
a pivotal necessity in cultivating an environment 
conducive to social gatherings and community 
interactions, given the significance of these plazas in 
the citizens' well-being. In line with this, the 
exploration of thermal comfort assessment 

 

methodologies within Seville's plazas encompasses an 
intricate analysis. This includes a comprehensive 
evaluation of various factors influencing comfort 
levels. Numerical simulations, executed through the 
utilization of ENVI-met software [9] are a significant 
component of this analysis, focusing on understanding 
the impact of different parameters such as air 
temperature, relative humidity, wind speed and mean 
radiant temperature on thermal comfort within the 
squares. This article endeavours to deeply explore the 
multifaceted dimensions of thermal comfort 
assessment within Seville's urban plazas, employing a 
comprehensive approach that integrates empirical 
analysis, simulation methodologies, and innovative 
solutions.  

 
2. METHODOLOGY 

The research employs a comprehensive 
methodology that combines field measurements, 
simulation, and data analysis to understand the 
parameters that influence thermal comfort in urban 
areas and how to improve it when facing high 
temperatures. To evaluate thermal comfort, various 
parameters such as air and surface temperatures, 
globe temperature, wind speed, and relative humidity 
are measured. With them, thermal comfort and mean 
radiant temperature are calculated. Numerical 
simulations utilizing the software ENVI-met (5.1.1) are 
employed to analyse these parameters and their 
impact on thermal comfort within the squares at 
different times. The role of urban design and green 
spaces in shaping thermal comfort is examined. 
 
2.1 Case Studies in Seville  

According to Demuzere et al. [10], in Seville, there 
are several areas with high-density residential 
neighbourhoods. The most significant high-density 
neighbourhood of this city is Casco Antiguo (Old Town) 
which is the historic centre of Seville. Casco Antiguo is 
a densely populated area with narrow streets and 
traditional architecture. It includes neighbourhoods 
with a mix of residential buildings, shops, and tourist 
attractions. Two squares have been selected as shown 
in Figure 1: San Julian Square (PL1) and Cristo de 
Burgos Square (PL2), in two locations of the Casco 
Antiguo (Old Town). These squares offer a 
comprehensive experience of Seville's Casco Antiguo 
neighbourhood. They cover historical, modern, 
tranquil, and culturally rich aspects, reflecting the 
diverse preferences and interests of residents and 
visitors alike. 

 

 
Figure 1: Selected Areas. Source: Rezaie, P. (2023) from 
Google Earth, https://earth.google.com/web. 

 
 San Julian square (PL1):  

In this research, PL1 has been chosen for the 
assessment of thermal comfort within urban 
environments due to its geometry characteristics, the 
absence of water bodies and limited green elements, 
representative of many small squares in this area. PL1, 
measuring approximately 28.5 meters in width, 44 
meters in length, and a mean height of surrounding 
buildings of 9.5 meters, exhibits an aspect ratio (the 
relation between the height and the width) of 0.34 and 
0.2 respectively. The surrounding buildings are 
constructed primarily from brick and concrete 
materials, and the field floor materials are asphalt and 
stone, which play a crucial role in shaping the 
environmental conditions within this area (Figure 2). 

 

 
Figure 2: PL1. Source: Rezaie, P. (2023). 

 Cristo de Burgos Square (PL2): 
PL2 is roughly 40 meters wide, 140 meters long, 

and buildings around stand at a mean height of 10.5 
meters, showcasing an aspect ratio of 0.3 and 0.1 
respectively. The surrounding buildings primarily use 
brick and concrete materials, while the ground 
consists of asphalt and stone ( 

Figure 3). These dimensions and materials 
significantly influence the environmental conditions 
within the area. The square's design elements—mostly 
abundant green elements that provide shade—play a 
substantial role in shaping visitors' thermal 
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experiences and drive our attention to the analysis of 
its microclimate and contrasting it with the previous 
one. Analysing factors such as solar exposure, wind 
flow, and structural arrangement offers the 
opportunity to understand the thermal qualities 
affecting visitors' comfort. This understanding can 
offer crucial insights for optimising the square's design 
to enhance thermal comfort and improve the overall 
quality and usability of public spaces within Seville's 
urban environment. 
 

 
Figure 3: PL2. Source: Rezaie, P. (2023). 

2.2 Field Measurements 
Field observations are essential to validate the 

applicability of ENVI-met within the research site. Data 
collection occurred on a representative summer day 
(23rd of July 2023) at different times, midday, and 
evening in the two squares. Temperature, humidity, 
and globe temperature (by a thermo-hygrometer 
TROTEC TC100), wind speed (by an anemometer 
TROTEC TA300), and surface temperature (by a 
thermometer TESTO 905 T2) were measured. Ten 
points were selected within each square for these 
measurements. These data are used to calibrate the 
simulation models in ENVI-met which allows us to 
measure thermal comfort according to the Universal 
Thermal Climate Index and extend the implication of 
the differences found in the squares in relation to 
urban design and user comfort. 
 
2.3 Simulation set-up 

ENVI-met is crafted to examine microclimates by 
applying the foundational principles of fluid dynamics 
and thermodynamics. It can replicate the intricate 
interplays among buildings, soil, greenery, and the 
atmosphere. Hence, it finds widespread utility in 
investigating urban microclimates. The software is 
tailored for 3D modelling, featuring a typical horizontal 
resolution ranging from 0.5 to 5 meters and a temporal 
scope of 24 to 48 hours, using time steps of 1 to 5 
seconds. This level of resolution facilitates the scrutiny 
of interactions among individual buildings, surfaces, 
and vegetation [9].  
Following the measurements conducted on-site, the 
subsequent stage involved simulating the 
thermodynamic performance of the squares using the 
ENVI-met software (version 5.1.1). Details regarding 
the models and boundary conditions for each 
simulated square are outlined and presented in Figure 
4, and Table 2. 
 

 
Figure 4: Simulation models. 

Table 1:Parameters of each Square. 

Parameters PL1 PL2 
Number of grid cells 80*70*15 100*105*30 
Size of the cells (m) (x,y,z) 2*2*2 2*2*2 
Nesting grids 4 4 
Model rotation out of 
north 0 0 

 

Table 2: ENVI-met materials used in the simulations. 

Squares PL1 PL2 
Wall C2(0200C2) C2(0200C2) 
Roof R1(0200R1) R1(0200R1) 

 
 

Soil 
materials 

ST (0200ST) ST (0200ST) 
G2(0200G2) GS (0200GS) 
GS (0200GS) KK (0200KK) 
PL (0200PL)  

WW (0200WW) 
 
The same day of monitoring campaigns was 

simulated, July 23rd, 2023. The simulation's input 
parameters included hourly Air Temperature (AT) and 
Relative Humidity (RH) using simple forcing, along with 
average wind speed and direction taken from a nearby 
weather station (Table 3 

Table 3) . 
 

Table 3: Air temperature and Relative Humidity in 24 hours. 
 

Hour AT(°C) RH (%) Hour AT(°C) RH (%) 
0:00 25.3 43 12:00 29.2 41 
1:00 23.6 49 13:00 31.1 37 
2:00 22.7 58 14:00 32.9 31 
3:00 22.5 64 15:00 34.8 26 
4:00 21.7 65 16:00 36 24 
5:00 21.8 67 17:00 36.3 26 
6:00 21.7 67 18:00 36.5 18 
7:00 21.6 66 19:00 37.4 18 
8:00 22.1 66 20:00 36.5 19 
9:00 24.1 61 21:00 34.5 24 
10:00 26.3 54 22:00 32 32 
11:00 27.5 49 23:00 29.7 37 
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3. RESULTS AND DISCUSSION 
3.1 Direct monitoring result 

The observations of monitoring reveal variations in 
air temperature (AT), relative humidity (RH), wind 
speed (WS), and surface temperature (ST) among the 
two squares.  

In PL1, measured at 18:00 hours, the lowest air 
temperature (AT) is 37.9°C while the highest 
temperature is 40.8°C (Figure 5). In PL2 which was 
measured at 13:00 hours, the minimum air 
temperature was 33.0°C. On the other hand, the 
maximum temperature was 37.4°C (Figure 6). The 
highest variations occurred between points at the sun 
or in the shade.  

 
Figure 5: PL1 Air temperature and relative humidity 
measured and MRT and UTCI calculated in 9 points at 18:00 
hours.  

Concerning wind speed, the two squares had low 
values between 0.7 and 1.5 m/s and demonstrated the 
same variations in wind speed during day and night. 
This is due to the high urban density in these areas and 
the presence of vegetation, blocking wind speed. 

Last, concerning surface temperature, the highest 
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thermal capacity materials. Without the cooling effect 
of shadows and the moisture released from 
vegetation, the square surfaces store the heat from 
solar radiation, resulting in elevated temperatures 
during the evening hours, reaching 57.3 °C in PL1. and 
55 °C in PL2. The lowest points are 36.3 °C in PL1 and 
30.2 °C in PL2.  

Figure 6: PL2 air temperature and relative humidity 
measured and MRT and UTCI calculated in 10 points at 
13:00 hours. 

Understanding the spatial distribution of mean 
radiant temperature (MRT) is crucial for urban 
planners to implement design strategies that improve 
thermal comfort. Integration of shading elements, the 
use of materials with higher reflectivity or lower 
thermal conductivity, and the incorporation of green 
spaces can help to mitigate higher MRT values, 
thereby creating more comfortable and user-friendly 
environments. MRT has been calculated from the 
monitored globe temperature using the standard ISO 
7726:2021 [11]. 

In PL1, the MRT values range from 36.9°C to 44.2°C 
across the nine points, showcasing a variance in 
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with materials that absorb and emit more heat 
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individuals in those locations due to higher radiant 
heat emitted by surrounding surfaces. To measure 
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metric that represents the perceived temperature 
experienced, is calculated. It considers air 
temperature, mean radiant temperature, relative 
humidity, and wind speed within a human energy 
model to provide a temperature measure that reflects 
the heat strain or cold strain perceived by the human 
body outdoors [12]. In PL1, UTCI range from 37.58°C to 
41.58°C, and in PL2 range from 25.2°C to 38.17°C. PL1 
generally exhibits higher UTCI values compared to PL2, 
indicating warmer perceived temperatures. The values 
correlate with MRT, indicating the high impact of this 
parameter on thermal comfort.  

In order to analyze comfort not only at measured 
times but throughout the day, simulation is needed. 
The simulation results are shown in the following 
section.  

 
3.2 Simula�on result  

The simulations were performed to analyse the 
hourly evolution of the different parameters beyond 
the monitoring times. Figure 7 shows the hourly 
evolution of the air temperature at the two plazas and 
the weather station on the simulated day. In PL1, the 
AT fluctuates between 23.3°C at 6:00 hours and 34.4°C 
at 19:00 hours. In PL2, the AT varies from its lowest 
point of 23.1°C at 6:00 to its highest at 32.9°C at 19:00. 
At the weather station, the AT reaches its lowest point 
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of 21.6°C at 7:00 in the morning and surges to its 
highest at 37.4°C by 19:00 hours. 

Regarding Relative Humidity (RH) in PL1, the 
highest RH is 57.5% at 6:00, while at 19:00, it drops to 
its lowest point of 22.9%. In PL2, RH peaks at 58.4% in 
the morning at 7:00, contrasting sharply with its 
lowest point of 25% at 20:00. At the weather station, 
RH varies between a maximum of 67% and a minimum 
of 18%, observed respectively at 6:00 and 19:00. 

At most times, the air temperature at PL1 tends to 
be slightly higher than at PL2. Throughout most times, 
the Relative Humidity at PL1 and PL2 tends to be 
slightly lower compared to the readings at the weather 
station.  

Focusing on the monitored points, the MRT results 
varied 6.4 °C in PL1 and 6.6 °C in PL2, and the UTCI 
varied 1.6°C in PL1 and 1.9°C in PL2. The highest values 
were provided at the direct sun-exposed points Table 
4. 

 
Table 4. Simulation results at monitoring points and times. 

PL1 PL2 
AT 
(°C) 

RH 
(%) 

MRT  
(°C) 

UTCI 
(°C)  

AT 
(°C) 

RH 
(%) 

MRT  
(°C) 

UTCI 
(°C)  

34.0 24.7 32.2 32.5 30.2 37.2 35.2 31.6 

34.2 24.2 34.9 33.4 30.2 37.2 31.7 30.4 

34.3 24.1 35.5 32.8 30.8 35.9 38.3 31.1 

34.3 24.1 38.6 34.1 30.3 37.1 32.5 29.7 

34.3 24.2 34.0 33.4 30.7 36.7 34.3 30.3 

 

 
Figure 7: Comparing AT with RH in PL1 and PL2 and weather 
station. 

In order to compare the results of monitoring and 
simulation, four statistical parameters are selected: 
the Normalized Mean Bias Error (NMBE), the Mean 
Absolute Percentage Error (MAPE), the Root Mean 
Square Error (RMSE) and the Coefficient of Variation of 
the Root Mean Square Error (CV(RMSE)). The four of 
them are usually used to evaluate the performance of 
a forecasting or prediction model. The NMBE, MAPE 
and CV(RMSE) provide a percentage value that should 
be close to 0. The RMSE provides temperature results 

that also should be close to 0. Generally, values under 
20% are considered acceptable.  

The achieved simulation accuracy is reflected in the 
lower percentage of 20%, showcasing an acceptable 
simulation scenario. Both PL1 and PL2 exhibit NMBE, 
MAPE, and CV(RMSE) values for parameters like AT, 
RH, MRT, and UTCI, all of which fall below the 20% 
mark. However, it's worth noting that RMSE, a 
measure indicating the deviation between observed 
and simulated data, should ideally be close to zero. In 
our study, the RMSE registers a higher value, possibly 
attributed to inaccuracies stemming from either the 
monitoring process or the simulation model itself 
(Table 5). 

The comparison of the monitoring and simulation 
results suggests that the monitoring provides a wider 
range of values in each plaza while the simulation 
results are much more homogeneous. In addition, 
relative humidity values provide more accurate 
results, while UTCI values are less precise. Among the 
two squares, the most noticeable difference in 
accuracy occurs in the MRT values, where PL2 provides 
much more accurate results than PL1, suggesting that 
the software is more accurate in shaded spaces, being 
the most significant difference between the two 
squares.  

 
Table 5. Statistical parameters for the simulations’ accuracy. 

  NMBE MAPE RMSE CV(RMSE) 
AT PL1 15.2% 12% 5.4 14% 
 PL2 16.0% 13% 5.9 17% 
RH PL1 0.4% 0% 1.1 5% 
 PL2 -4.6% 4% 2.9 8% 
MRT PL1 17.3% 14% 6.4 16% 
 PL2 -1.7% 1% 3.1 9% 
UTCI PL1 19.7% 16% 7.0 18% 
 PL2 -8.6% 11% 5.4 19% 

 
The reasons for the discrepancies between 

monitored and simulated data could stem from many 
sources. First, the precision of the monitoring 
instruments used to collect data could be reduced 
under extreme heat conditions, such as the ones 
monitored under the sun. On the other hand, 
simulation with ENVI-met has been previously 
reported to provide some discrepancies between 
monitoring and simulation. This stems from the lack of 
local information to use as boundary conditions in the 
simulation or the modelling limitations of the 
software. 

However, the methodology followed in this section 
suggests that ENVI-met is a promising software in 
order to analyse mitigation strategies such as 
vegetation or cooling materials in this kind of space so 
common in the city centres of European cities.  
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sources. First, the precision of the monitoring 
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common in the city centres of European cities.  

 

 

4. CONCLUSION  
This comprehensive study delved into evaluating 

the thermal comfort conditions in two representative 
Seville's Squares. Through meticulous monitoring, 
simulation, and data analysis, this research aimed to 
understand the factors influencing thermal comfort, 
particularly in high-density urban areas facing hot and 
arid weather conditions. 

Overall, the investigation into air temperature, 
humidity, wind speed, and surface temperature 
unveiled distinctive patterns and variations among the 
plazas PL1 generally depicted higher UTCI values, 
indicating potentially warmer conditions or increased 
thermal stress compared to PL2, suggesting that the 
addition of vegetation is a good strategy to increase 
thermal comfort.  

The study's findings underscore the pivotal role of 
urban design elements, vegetation, shading 
structures, and surface materials in shaping thermal 
comfort within these plazas. The future analysis of the 
implementation of strategies such as shading 
elements, materials with higher reflectivity, and green 
spaces emerges as crucial tactics to mitigate higher 
thermal values, ensuring more user-friendly and 
comfortable environments. These insights serve as 
valuable guidance for urban planners, policymakers, 
and architects in their quest to develop sustainable 
and liveable cities, prioritising the thermal well-being 
of residents and visitors amidst the challenges posed 
by climatic changes.  
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ABSTRACT: Urban design significantly impacts sustainability, particularly in the context of public transit 
efficiency and carbon emissions reduction. This study explores two neighborhoods with distinct urban designs: 
South End, Charlotte, NC, featuring a dynamic mixed-use urban design pattern, and Avondale, Chattanooga, TN, 
with a residential suburban grid layout. Using the TRANSIT-GYM tool, we assess the impact of increased bus 
utilization in these different urban settings on traffic and CO2 emissions. Our results highlight the critical role of 
urban design and planning in transit system efficiency. In South End, the mixed-use design led to more 
substantial emission reductions, indicating that urban layout can significantly influence public transit outcomes. 
Tailored strategies that consider the unique urban design elements are essential for climate resilience. Notably, 
doubling bus utilization decreased daily emissions by 10.18% in South End and 8.13% in Avondale, with a 
corresponding reduction in overall traffic. A target of 50% bus utilization saw emissions drop by 21.45% in South 
End and 14.50% in Avondale. At an idealistic goal of 70% bus utilization, South End and Avondale witnessed 
emission reductions of 37.22% and 27.80%, respectively. These insights are crucial for urban designers and 
policymakers in developing sustainable urban landscapes. 
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1. INTRODUCTION  
Urban design pattern significantly shapes 

transportation behaviors, influencing cities to either 
promote or hinder public transit. Pedestrian-friendly 
environments with walkable and bikeable designs 
lead to reduced car ownership and increased reliance 
on public transportation. Conversely, many post-
World War II American cities, adopted car-dependent 
designs, leading to a decline in public transit use, 
notably bus transit. Main challenges plague US urban 
design and public bus transit, including urban sprawl, 
reduced bus ridership, rising costs, fleet limitations, 
inadequate bus stop coverage, and safety concerns, 
contributing to a shift toward private vehicles and 
consequently increased carbon emissions. By mid-
2022, ridership had fallen to 62% of pre-pandemic 
levels, with some cities, like Charlotte, experiencing a 
75% drop between 2014 and 2022, particularly in 
post-WWII car-dependent cities (Fig.1) [1-4]. 

Moreover, the broader availability of personal 
cars, driven by affordable ownership and low gas 
prices, contributes to a national decline in public 
transportation usage, leading to heightened traffic 
congestion, increased CO2 emissions, and negative 
environmental impacts, especially impacting 
underserved communities relying on older, high-

emission vehicles. Traditional bus transit systems 
struggle to adapt to the dynamic nature of modern 
urban life. Our proposed solution integrates urban 
design principles with technology, envisioning a 
demand-responsive public bus system dynamically 
matching riders with available buses based on real-
time demand [5]. 
 

 
Figure 1: Bus ridership reduction relative to 2010. 
 

We aim to unlock the potential of bus transit, 
creating an appealing ecosystem for a diverse range 
of commuters, including underserved communities 
and overlooked middle-class residents from various 
urban settings in cities. This study conducts a 
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comparative analysis of two case studies, South End 
in Charlotte, NC and Avondale in Chattanooga, TN, 
utilizing the TRANSIT-GYM simulation tool to model 
potential impacts of this bus system with increased 
utilizations on areas with different urban design 
layouts. Preliminary results show that pedestrian-
friendly areas like South End exhibit less transit 
inequality, with simulations indicating reduced traffic 
congestion and CO2 emissions. Doubling bus usage 
reduces daily emissions in South End by 10.18% and 
Avondale by 8.13%, with overall traffic decreasing by 
12.06% in South End and 8.90% in Avondale. At 50% 
bus utilization, South End sees a 21.45% drop in daily 
emissions, while Avondale experiences a 14.50% 
decrease. A 70% bus utilization target results in a 
37.22% emissions reduction for South End and a 
27.80% decrease for Avondale. 

The outcomes of these simulations offer a 
roadmap for how municipalities might approach 
urban planning in the future, ensuring that it is both 
efficient and environmentally conscious. The main 
contributions of this paper are as follows: 

1. Utilizing the TRANSIT-GYM simulation tool to 
quantify the benefits of increasing bus 
ridership through the hypothetical demand-
responsive bus system and its effects on 
traffic reduction and CO2 emissions in 
different urban settings.  

2. Investigating how different urban design 
patterns affect transit behaviour, CO2 
emissions, and the feasibility of on-demand 
bus systems in South End and Avondale. 

3. Highlighting the transformative potential of 
increasing bus ridership in enhancing climate 
resilience, reducing CO2 emissions, and 
addressing transportation disparities caused 
by different urban design patterns.  

The paper is structured as follows: Section 2 
reviews research on urban design's impact on public 
transit and sustainability, Section 3 explains the 
selection of South End and Avondale for impact 
assessment, Section 4 presents simulation results, 
and Sections 5 and 6 discusses the implications and 
future research directions. 

 
2. LITERATURE REVIEW 

Recent literature emphasizes the intricate 
relationship between urban design and public transit 
efficiency to enhance urban sustainability, 
particularly through pedestrian-friendly designs that 
address the 'transit gap.' TRANSIT-GYM, developed by 
R. Sun et al., serves as a dynamic tool optimizing 
public transit operations and energy costs, facilitating 
efficient and equitable planning [6]. Sen et al.'s BTE-
Sim offers a simulation environment for rapid 
modeling and optimization of public transportation 

systems, empowering urban planners to enhance 
network performance and cost-effectiveness [7]. 

Tao Ji et al. stress the urgency of resilient 
transportation infrastructure in urban areas amidst 
climate change challenges [8, 9]. Winkler et al.'s study 
critically evaluates challenges linked to reducing 
urban transport emissions, underscoring the 
necessity for comprehensive policies targeting carbon 
reduction in city-level emissions [10]. Jing et al.'s 
research delves into the intricate relationship 
between public transport development and carbon 
emissions reduction, unveiling an inverted U-shaped 
curve. Their findings suggest measures such as green 
infrastructure, government-market coordination, and 
energy transformation to effectively mitigate carbon 
emissions [11]. 

These studies and tools highlight the importance 
of simulation and AI in creating efficient, demand-
responsive transit systems, improving urban 
resilience, lowering emissions, and informing future 
research on transit improvements' impacts. 

Our research adds to the current body of 
knowledge by conducting empirical analyses and 
simulations in South End, Charlotte and Avondale, 
Chattanooga. We focus on how transitioning from 
private cars to public transit influences CO2 emissions 
and transportation efficiency in these different urban 
settings. This study presents two key research 
questions that drive our investigation and findings. 

1. How significantly will the scenario reduce 
CO2 emissions and ease traffic in the case 
study areas? 

2. How do each area's urban design and street 
layouts influence the simulation results? 

 
3. METHODOLOGY 

In this section, we explain the rationale behind 
selecting Charlotte and Chattanooga, discuss data 
sources and the simulation process, and describe the 
scenarios under consideration. 
 
3.1 Selection of Case Study Areas 

Our study, targeting South End in Charlotte, NC 
and Avondale in Chattanooga, TN, aims to deliver 
accurate and comprehensive results by examining 
these cities' distinct urban designs, bus ridership 
patterns, and their effects on transit disparities and 
CO2 emissions. These areas were specifically chosen 
for their contrasting urban environments and 
substantial populations, providing a rich context for 
analysing the impact of urban design and 
transportation systems on CO2 emissions and 
community dynamics. 

Charlotte, NC, displays the "New South" model 
with its post-World War II expansion, featuring radial 
main streets, car-centric suburbs, and denser central 
areas with pedestrian-friendly grid streets. 
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Chattanooga, TN, shaped by its geography and 
history, embraces modern urban planning, like the 
Complete Streets Ordinance, to create a diverse 
environment accommodating various modes of 
transportation and prioritizing neighbourhood safety 
and interaction. 

Charlotte's South End has evolved from a 
manufacturing district to a dynamic urban area with a 
blend of modern and historic elements, a 
comprehensive public transit system, and pedestrian-
friendly spaces. Despite this, its bus usage remains 
low, like Avondale, and our study will analyse bus 
lines '5', '16', '19', '35', and '41x' [12-16]. 

In contrast, Avondale, a suburban Chattanooga 
neighborhood with mid-20th-century roots, presents a 
mix of older housing in a grid street pattern, facing 
challenges in carpool reliance and minimal bus usage 
due to socioeconomic factors. Our study includes bus 
lines 10A, 10C, and 10G in this area [17-18].  

These two neighbourhoods, each with unique 
characteristics, are crucial for comprehending the 
environmental consequences of urban planning in 
their respective cities. 

 
3.2 Simulation and Data Sources 

Utilizing the Transit-GYM tool and SUMO software 
[6], our study replicates traffic dynamics, 
transportation frameworks, and urban mobility 
scenarios. Multiple steps were undertaken to create 
SUMO scenario files for the selected areas and their 
bus operations, involving crafting trip definitions, 
establishing networks, determining vehicle 
configurations, and generating SUMO and GUI files. 
This approach aids urban transit agencies in assessing 
the energy implications of different transportation 
decisions [6]. Data for simulations, sourced from 
various channels [7], included: 

▪ Map Data from Open Street Maps processed 
through SUMO's NETCONVERT to create 
SUMO-compatible road networks.  

▪ A detailed list of public transit vehicle 
characteristics was compiled for SUMO's 
vehicle type definition file.  

▪ The latest General Transit Feed Specification 
(GTFS) data (as of November 25th, 2023) 
provided real-time route details, bus stop 
locations, and schedules essential for transit 
simulation setup [19, 20].  

▪ Origin-Destination (OD) data and Traffic 
Analysis Zones (TAZ) files were used to 
record trips and indicate traffic demand 
between zones. POLYCONVERT converted 
TAZ files to SUMO TAZs, outlining regions 
and corresponding edges, crucial for 
generating personal plans and vehicle trips 
in SUMO. 

3.3 Bus Transit Simulation Workflow  
The bus transit simulation workflow, as shown in 

(Fig.2), follows a structured process using SUMO 
tools. Initiated by collecting OD Demand matrix data, 
TAZ files, vehicle parameters, and GTFS, a Domain-
Specific Modelling Language (DSML) program 
interprets these inputs, generating XML files detailing 
person trips, vehicle types, bus trips, and bus stop 
locations. Real-time interaction with the optimized 
network XML file and GTFS data is facilitated by the 
Traffic Control Interface (TraCI), which accurately 
positions bus stops throughout the simulation. The 
NETEDIT tool, a SUMO suite component, serves as an 
interactive graphical editor for creating and 
modifying road network maps for simulations. XML 
files representing daily non-bus traffic, integrated bus 
and person routes, and detailed edge-based network 
information are incorporated, along with average 
daily traffic calculations based on Annual Average 
Daily Traffic (AADT) and the Traffic Count Database 
System (TCDS) [21, 22]. These files, along with a 
SUMO-readable network file, amalgamate into the 
simulation configuration. Upon execution, the 
simulation assesses bus operations, providing key 
performance metrics such as arrival times, wait times, 
and load factors, offering a comprehensive view of 
the transport system's efficiency [6]. 
 

 
Figure 2: Bus transit simulation workflow with TRANSIT-
GYM tool [6].  
 
3.4 Scenario Selection  

To assess the impact of On-Demand Bus service 
and bus ridership improvements on CO2 emissions in 
two different urban areas, our study compared three 
scenarios against a baseline, which simulated each 
case study area's current street network and existing 
traffic patterns. The baseline reflected CO2 emissions 
with the current bus system and ridership rate 
unchanged. In the first scenario, we doubled the 
current bus utilization within a day by transitioning 
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To assess the impact of On-Demand Bus service 
and bus ridership improvements on CO2 emissions in 
two different urban areas, our study compared three 
scenarios against a baseline, which simulated each 
case study area's current street network and existing 
traffic patterns. The baseline reflected CO2 emissions 
with the current bus system and ridership rate 
unchanged. In the first scenario, we doubled the 
current bus utilization within a day by transitioning 

 

private car users to a demand-responsive transit 
system. This resulted in a 12.06% decrease in South 
End and 8.90% decrease in traffic in Avondale 
compared to the baseline. For the second scenario, 
envisioning a 50% bus utilization (our proposed 
demand-responsive system's target), we projected a 
21.13% decrease in traffic in South End and 18.40% 
decrease in Avondale. The third scenario assumed an 
idealistic 70% bus utilization, leading to 
approximately a 34.41% decrease in traffic in South 
End and 29.29% decrease in Avondale and The 
Results section delves into CO2 emissions, examining 
the impact of these changes in bus trip utilization 
across scenarios. 
 
4. RESULT  

   In this section, the preliminary results of the 
simulations under different scenarios are presented.  
 
4.1 Statistical Analysis  

 (Table 1) compares car and bus utilization across 
a baseline and three increased bus utilization 
scenarios in South End, Charlotte. The baseline 
scenario captures current traffic, including the 
number of cars, buses, and passengers that leads to 
approximately 4386 reductions in car trips which 
increased the average bus passengers from 6.36 to 
12.72. In the same scenario in Avondale, Chattanooga 
as shown in (Table 2) in next page, 982 unique person 
IDs using 173 bus line trips detected in Avondale from 
5 am to 9 pm. The first scenario in Avondale, causes 
660 fewer cars, which increases average bus 
occupancy from 5.7 to 11.40 passengers, resulting in 
an 8.90% decrease in traffic congestion without 
exceeding the current 173 bus line trips. The second 
scenario for both areas, leads to a significant drop in 
car trips: in Avondale, car trips decreased to 1363.6 
trips, and in South End, from the initial number of 
35335 to 28685. Also, the third scenario leads to less 
car trips for both areas. The necessary bus line trips 
for both areas remain under the existing number, 
indicating an enhanced bus system efficiency and no 
requirement for additional services. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.2 Simulations Results  
In this section, we represent the results of 

simulations in each scenario following the steps 
explained in the methodology section. (Fig.3) depicts 
the daily CO2 emissions for South End, Charlotte, NC, 
measured from 5 AM to 9 PM across four different 
traffic scenarios. The base scenario peaks at 6:34 PM 
with total emissions of 2931.17 tonnes. When 
simulating Scenario 1, the peak emissions occur 
earlier at 5:23 PM, with a total of 2632.77 tonnes, 
indicating a slight decrease in emissions. Scenario 2 
shifts the peak to 5:33 PM with total of 2302.41 
tonnes emissions. Finally, scenario 3 leads to total of 
1840.25 tonnes emissions and the peak at 7:16 PM.  
 

 
Figure 3: Daily CO2 emissions over time (hours) from 5 AM 
to 9 PM for different scenarios for South End, Charlotte, NC 
- With peak emission for base scenario at 6:34 PM, peak 
emission for scenario 1 at 5:23 PM, peak emission for 
scenario 2 at 5:33 PM, and peak emission for scenario 3 at 
7:16 PM. 
 

(Fig.4) illustrates the daily CO2 emissions in 
Avondale, Chattanooga, TN, from 5 AM to 9 PM 
across four different scenarios: the baseline, doubled 
bus utilization (Scenario 1), 50% bus utilization 
(Scenario 2), and 70% bus utilization (Scenario 3). The 
baseline scenario peaks at 4:55 PM with 118.72 
tonnes of emissions. Scenario 1, peaks at 2:40 PM 
with emissions slightly lower at 109.07 tonnes. 
Scenario 2, peaks at 2:26 PM and the lower emissions 
from the above scenarios at 101.50 tonnes. Finally, 
scenario 3, has the lowest emission of 85.71 tonnes. 
The peaks show the times of day with the highest 
CO2 emissions for each scenario. As cars are reduced 
and buses are used more, emissions decrease. 
 
 

Area Scenario 

Bus Utilization Data Passenger Data Traffic Reduction Data 

Current 
Bus 

Utilization 

Increase 
Rate of 

Utilization 

New Bus 
Utilization 

Current 
Person 

Trips Using 
Buses 

Total Passengers 
Require Bus 

Services 

Reduction in 
Car Trips 

Total Average 
Traffic After 
Reduction 

South End 
Base Scenario 

18.17% 

1X 18.17% 

6585 

6585 0 36370 
Scenario 1 2X 36.34% 13165.2 12.41% 31983 
Scenario 2 3.07X 50% 18112.5 21.75% 28685 

 Scenario 3 4.29X 70% 25357.5 35.41% 23855 

Table 1: Statistical comparison of different scenarios’ calculations for South End 
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Figure 4: Daily CO2 emissions over time (hours) from 5 AM 
to 9 PM for different scenarios for Avondale, Chattanooga, 
TN - With peak emission for base scenario at 4:55 PM, peak 
emission for scenario 1 at 2:40 PM, peak emission for 
scenario 2 at 2:26 PM, and peak emission for scenario 3 at 
4:33 PM. 
 

The variance in emission trends between two 
urban areas is influenced by their distinct urban 
designs. In the South End, a mixed-use area, emission 
patterns show a steady rise from early morning, 
peaking around 8 AM, indicative of diverse activities 
starting the workday, leading to consistent emissions 
above 5 tonnes post 8 AM. This reflects the area's 
blend of residential, commercial, and leisure 
activities, contributing to a steady flow of traffic. In 
contrast, a primarily residential area shows more 
pronounced emission fluctuations, aligning with 
typical suburban patterns. These fluctuations are 
driven by peak commute hours, with sharp peaks 
during morning and evening rush hours, illustrating 
how urban design—whether mixed-use or 
residential—affects traffic patterns and, 
consequently, emissions. 
 
5. DISCUSSION 

Our study offers a comparative analysis of the 
Avondale and South End neighborhoods, illustrating 
the impact of urban design on public transport 
efficiency and climate resilience. South End, with its 
organic street network and a mix of activities, shows 
significant reductions in traffic and CO2 emissions, 
unlike Avondale's suburban grid layout. However, 
South End's dense pattern also leads to increased 
traffic congestion and emissions, as the existing 
street network struggles with the high volume. 

In South End, the mixed-use, pedestrian-friendly 
environment reduces reliance on private vehicles, 
aiding in emission reduction. Yet, this benefit is offset 
by congestion issues arising from its high-density 
urban pattern. Avondale, with its grid pattern and 
residential focus, faces challenges of longer trips and 
higher traffic due to limited local destinations.  

This research highlights the dual nature of urban 
design impacts on public transit and sustainability. 
South End's design encourages public transport use 
but also brings congestion challenges, indicating a 
need for adaptive, demand-responsive transit 
solutions. Avondale's experience points to the 
importance of incorporating local amenities in 
residential areas. Our findings emphasize the need 
for holistic urban design strategies that balance 
density, accessibility, and environmental impact, 
crucial for effective city-wide CO2 emission reduction 
and climate resilience. 
 
6. CONCLUSION AND FUTURE WORK 

The aim of this research is to illustrate how urban 
design affects public transit effectiveness and 
sustainability, in particular through the lens of 
demand-responsive bus services in South End, 
Charlotte, NC, and Avondale, Chattanooga, TN. It 
reveals how South End's mixed-use layout and 
dynamic land use enhance the benefits of increased 
bus utilization, resulting in greater CO2 emissions 
reductions than Avondale. As a result, urban design 
and transit solutions are intricately intertwined, 
advocating context-specific solutions. While the study 
relies on simulations and may not capture all real-
world complexities, it paves the way for future 
empirical research in diverse urban settings to solidify 
these findings. From a policy standpoint, this study 
reinforces the need for comprehensive urban 
planning. In such planning, demand-responsive 
transit systems must be seamlessly integrated with 
broader urban policies, including zoning, housing, and 
environmental concerns. An integrated approach is 
needed to address broader challenges, such as social 
equity and environmental sustainability. The research 
sets the stage for multi-disciplinary exploration, 
emphasizing the importance of a holistic approach to 
urban development that aligns public transit 
enhancements with overarching urban development 

Area Scenario 

Bus Utilization Data Passenger Data Traffic Reduction Data 

Current 
Bus 

Utilization 

Increase 
Rate of 

Utilization 

New Bus 
Utilization 

Current 
Person 

Trips Using 
Buses 

Total Passengers 
Require Bus 

Services 

Reduction in 
Car Trips 

Total Average 
Traffic After 
Reduction 

Avondale 
Base Scenario 

16.28% 

1X 16.28% 

982 

982 0 7412 
Scenario 1 2X 32.56% 1972 9.12% 6752 
Scenario 2 3.07X 50% 3027.5 18.84% 6048 

 Scenario 3 4.29X 70% 4238.5 30% 5241 

Table 2: Statistical comparison of different scenarios’ calculations for Avondale 
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objectives, thereby fostering a sustainable, equitable, 
and resilient urban future. 
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ABSTRACT: Heat stress conditions, exacerbated by changing climate patterns, pose significant risks to the health, 
economy, and overall well-being of city inhabitants. To assess the impact of heat stress on residents is 
understood by developing a comprehensive heat stress hazard map utilizing the Humidex index for the city of 
Delhi, India. Employing the Weather Research Forecast Urban Canopy Building Effect Parameterization model, a 
high-resolution humidex map is generated at a resolution of 333.33m. The map delineates humidex conditions 
during the summer and monsoon periods in 2023. Alarming findings reveal that 98% of the city falls under the 
dangerous mark, indicating a heightened hazard of heat stroke for its residents. Even during the monsoon 
season, the dangerous mark persists for 77% of the city, with the remaining areas experiencing discomfort. All 
Local Climate Zones are adversely affected by elevated humidex levels, with the Bare Soil and Sand zone 
exhibiting higher humidex ranges compared to the rest of the city in both seasons. Additionally, the combination 
of Compact Mid-Rise and Open Low-Rise zones in the eastern part of the city also faces elevated humidex levels. 
To mitigate these adverse effects, the study concludes by proposing various nature-based solutions that can be 
implemented to reduce the impact on the city. 
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1. INTRODUCTION  
Extreme heat conditions under changing climate 

are risk to health, energy security, economy, and 
well-being of habitants of built and natural 
environment. Exposure of the body to extreme 
thermal conditions results in failure of its thermo-
regulatory mechanism. This leads to increased 
morbidity and mortality rates in vulnerable 
population. With the current growth rate, the urban 
population in India is expected to reach 600 million 
by 2030 and by 2050, 50% of the population will be 
urbanized [1]. Increased frequency and duration of 
extreme heat events and unequal development 
expose the residents of the city to increasing thermal 
climate change-related mortality and morbidity risks 
[2-3]. This poses a challenge for policymakers to 
derive safety mechanisms to protect people. 

To address the issue, it is important to gain a 
comprehensive understanding of the specific hazards 
within the urban area. Given that global climate 
models provide a broader perspective of heat stress, 
they lack to provide details required for localized 
decision-making within a city. This underscores the 
necessity to create a detailed hazard maps that focus 
on the urban environment. These maps serve to 
illuminate the effects on a smaller, neighbourhood 
level. Since formulating policies at an individual 
residence level is impractical, addressing challenges 
at the Local Climate Zone (LCZ) level offers a more 
viable approach. 

Heat stress maps of cities are crucial as they map 
the high spatial heterogeneity in cities which helps to 
understand the heat stress hazard. Intra-urban heat 
stress studies depicting the variability are rarely 
considered over Asia, which houses many megacities 
[4-5]. India is home to many such cities with high 
population. Urban level subtleties should be taken 
into consideration by the policy makers and 
academicians, while mapping thermal hotspots at 
high spatial resolution [6]. This study intends to 
address this concern by formulating a novel 
numerical weather prediction model-based heat 
stress hazard map for a city at a very fine resolution 
and discusses Nature based Solution (NbS) to mitigate 
heat stress and adapt to the intra-urban level heat 
related hazard. 
 
2. HEAT STRESS INDEX 

As per ISO 31010, indices if well understood, can 
be used for risk classification associated to an activity. 
It provides a single numeric output by integrating a 
large range of factors that impact the risk [7]. Single 
parameter like air temperature only explains a small 
part of how humans experience heat. Other factors 
may be equally or more important to understand 
heat releasing and heating mechanism of human 
body [8]. 

‘Humidex’ is an index developed by 
Meteorological Service of Canada as an alternative to 
heat index. It has been used in epidemiology for 
calculating mortality and morbidity as well as in 
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‘Humidex’ is an index developed by 
Meteorological Service of Canada as an alternative to 
heat index. It has been used in epidemiology for 
calculating mortality and morbidity as well as in 

 

weather forecasting. It describes the hotness an 
average person feels due to weather under combined 
effects of heat and humidity as a hazard index. It is 
considered as a sensory index that helps in 
representing an equivalent temperature for 
comparison [9]. 

The humidex formula is in following equation (1):  
Humidex = Tdb + [ 0.5555 ( Pa − 10)] 

Or 

Humidex = Tdb + 0.5555 ( 6.11  
– 10) 

(1) 
Tdb = dry bulb temperature (°C),  
Pa = vapor pressure (hPa),  
Tdp = dew point temperature (°C) 
 
Also, according to [10], the relationship between Dew 
point temperature, Dry bulb temperature and 
Humidity can be expressed as equation (2): 

Tdp = Tdb - ((100 - RH)/5)                        (2) 
 
RH = Relative Humidity (%) 
 
The model describes humidex of 20°C - 29°C as little 
discomfort, 30°C - 39°C as some discomfort, 40°C - 
45°C as great discomfort where exertion should be 
avoided and 46°C and above as dangerous where 
possible heat stroke can take place [11]. For this 
study a new category that is 50°C and above is taken 
as a layer with higher severity named as highly 
dangerous. 
 
3. OBJECTIVES  

The objectives of the study are to: 
 Develop a validated heat stress hazard map of 

Delhi (India) urban area. 
 Understand the relation between LCZ and heat 

stress of the urban areas 
The study is limited to the municipal boundary of 
Delhi city.  
 
4. STUDY DESIGN  
4.1 Study Area 

Delhi is situated in the northern part of India. The 
co-ordinates being at 28.38°N, 77.12°E, at an altitude 
of 218m above the mean sea level. The area that 
municipal boundary of Delhi encompasses is between 
28° 24' 17" N and 28° 53' 00" N latitude and 76° 50' 
00" E and 77° 20' 37" E longitude. Delhi experiences 
extreme weather conditions, characterized by 
scorching summers with temperatures ranging from 
27.6°C to 44.2°C and chilly winters with temperatures 
varying between 3.5°C and 22.2°C. The climate in 
Delhi varies from tropical moist (Koppen-Cwa) to 
semi-arid (Koppen-Bsh) due to the influence of 
continental air in the region [12]. According to [13], in 
2011 National Capital Territory (NCT)-Delhi had a 98% 

urbanized population which is quite more than the 
then national average of 32%. The overall population 
in NCT-Delhi was 16.79 million in 2011 and is 
expected to rise to 38.94 in 2030 [14].  

 
4.2 Model and Experimental Design 

The study focuses on developing a hazard map by 
deploying the Weather Research and Forecast – 
Urban Canopy Building Effect Parameterization 
Model (WRF-UCM_BEP) to get meteorological 
variables at a resolution of 333.33m [15]. This is 
achieved by using the boundary conditions from ERA5 
reanalysis data, which is used to downscale the 
variables to the given resolution and the urban 
definition is added through the global LCZ data 
available at 100m resolution [16]. The data output is 
then validated through in-situ meteorological 
measurements from the network of weather stations 
provided by Delhi Pollution Control Committee and 
Central Pollution Control Board. Utilizing the 
validated model output, the humidex index is 
calculated through Equation (1) and presented 
geospatially. 

The research is conducted during the monsoon 
and summer periods of 2023, selecting a span of 5 
days to serve as indicative of respective season. This 
approach is aimed at encompassing points when 
temperatures reach their peak and humidity level is 
low, as well as vice-versa conditions. These factors 
are crucial inputs for the humidex equation. 
According to these criteria the peak air temperature 
in 2023 was 23rd May 2023 and the point with 
maximum dew point temperature was on 13th July 
2023, which made 21st May 2023 to 25th May 2023 
and 11th July 2023 to 15th July 2023 as the period of 
simulation. Also, these values reached their maxima 
at 14:30 IST, which helped in mapping the heat stress 
map for the given tenure. 

Next, a LCZ map of Delhi is generated using the 
World Urban Database and Access Portal Tools 
(WUDAPT) LCZ generator, utilizing designated training 
areas for model training [17]. This LCZ map is then 
compared with the heat stress map to discern heat 
stress impacts across different Local Climate Zones 
(LCZs) and analyze correlations within the outputs. 
Based on the comparison of maps, a series of NbS 
techniques are identified to alleviate heat stress 
conditions in Delhi.  

 
5. RESULT 
5.1 Summer Humidex 

Humidex in summer season of 2023 has values 
reaching to highly dangerous levels over the city. The 
humidex ranges from 41.5°C to 54.1°C, in which 98% 
of the city’s region is under the highly dangerous 
mark, i.e., above 50°C. Throughout this highly 
dangerous marked city a variation of 4.1°C can be 
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noted with Central, North and South Delhi being 
under a range of 50°C to 52°C and West and East 
Delhi being in 52°C to 53°C as shown in Figure 2. The 
discrete point spider graphs in Figure 1 defines the 
validation and fit of the usage of simulation, in 
comparison to real world data at various locations 
spread across the city of Delhi for the given days.  

 

 
Figure 1: Clockwise from Top Left: Pearson Co-relation; 
Adjusted R2; Index of Agreement; RMSE (Above for 
Temperature at 2m in Summer Period) and (Below for 
Relative Humidity at 2m in Summer Period) 

 
5.2 Monsoon Humidex 

Humidex in monsoon season of 2023 has values 
reaching to dangerous levels over the city. The 
humidex ranges from 38.5°C to 50.2°C, in which 77% 
of the city’s region is under the dangerous mark, i.e., 
above 45°C and rest of the city is under a great 
discomfort segment. Throughout the city a variation 
of 11.7°C can be noted with Central Delhi being under 
a range of 41°C to 43°C, North Delhi being under a 
range of 45°C to 47°C, West Delhi majorly covered in 
the patches of 47°C and above and South and East 
Delhi being in patches of either 41°C to 43°C or 47°C 
and above; as shown in Figure 4. The discrete point 
spider graphs in Figure 3 defines the validation and fit 
of the usage of simulation, in comparison to real 

world data at various locations spread across the city 
of Delhi for the given days. 

 

 
Figure 2: Humidex for summer season (21/05/2023 – 
25/05/2023) at 14:30 IST (Above) and Percentage share of 
heat stress in summer in different LCZs (Below) 
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Figure 3: Clockwise from Top Left: Pearson Co-relation; 
Adjusted R2; Index of Agreement; RMSE (Above for 
Temperature at 2m in Monsoon Period) and (Below for 
Relative Humidity at 2m in Monsoon Period) 

 
 

 
Figure 4: Humidex for monsoon season (11/07/2023 – 
15/07/2023) at 14:30 IST (Above) and Percentage share of 
heat stress in monsoon in different LCZs (Below) 

 
5.3 Local Climate Zone 

Figure 5 shows that 58.8% of the area of Delhi 
falls under the built LCZ zones numbered from 1 to 
10, while the unbuilt LCZ zones numbered from 11 to 
17, cover 41.2% of Delhi’s area. Majority of the built 
LCZ zones consists of Open Mid-Rise structure (LCZ5), 
Open Low-Rise (LCZ6), Compact Low-Rise (LCZ3) and 
Heavy Industry (LCZ10) which share 22.7%, 22.3%, 
13.4% and 0.5% respectively of the city’s area. The 
unbuilt LCZ consists majorly of Low Plants (LCZ14), 
followed by Bare soil and sand (LCZ16), Dense Trees 
(LCZ11), Bush and Scrubs (LCZ13), Bare Rock or Paved 
(LCZ15), Water (LCZ17) and Scattered trees (LCZ12) in 
the percentages of 18.3%, 7.8%, 6.1%, 5.6%, 1.5%, 
1.3% and 0.6% of Delhi’s area respectively.  

 

 

 
 

Figure 5: Local climate zone map of Delhi (Above) and 
Percentage share of LCZ in Delhi (Below) 
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5. DISCUSSION 
5.1 Summer Humidex 

Throughout the summer, Delhi has 
experienced extreme humidex hazard conditions, 
subjecting the entire city to significant heat stress. To 
highlight the intensity across different parts of the 
city, a new segment is incorporated into the 
traditional humidex indices within the study. A 
comparison between Figure 2 and Figure 5 reveals 
that the western part of the city, encompassing Bare 
Soil and Sand (LCZ16), Open Mid-Rise (LCZ5), and 
Compact Low-Rise (LCZ3), exhibits highly dangerous 
humidex levels. Notably, 98% of LCZ 16 registers 
humidex levels exceeding 50°C. In the eastern part, 
primarily covered by Open Mid-Rise (LCZ5) and 
Compact Low-Rise (LCZ3), similar highly dangerous 
levels are observed. 

The northern and southern tips depict 
relatively cooler zones compared to other parts of the 
city in Figure 2. Contrasting with Figure 5, these zones 
fall under Low Plant (LCZ14) in the northern part and 
Bush and Scrubs (LCZ13) in the southern areas. 
Despite 30.6% of Delhi's area classified as green in 
Figure 5, including forested areas constituting 13.15% 
of the total city area as of 2021 [18], the city still 
experiences high heat stress, with maximum 
temperatures nearing 57°C. Even though this green 
area meets the World Health Organization's (WHO) 
minimum requirement of 9m² of green space per 
capita [19], the challenge persists. During the same 
period, humidity values peak at nearly 33% around 
14:30. To alleviate these conditions, it is essential to 
implement measures addressing the overall air 
temperature throughout the city, with particular 
emphasis on the western and eastern regions. 
Strategy: 

 Deciduous trees that are indigenous to Delhi 
like Cassia fistula, Neolamarckia cadamba, 
should be planted in the city center as well as 
the places that are yet falls in with unbuilt 
LCZs. As deciduous trees have large foliage 
that protects the citizens from harsh sun 
during summer and they shed their leaves in 
winter, which allows sun to enter during 
winters. 

 Provision of urban forest at locations 
designated as green areas will also be helpful. 
This large agglomeration of forest will cool 
down the incoming hot air. The current green 
space covers 30.6%, of the city, still the 
temperature reaches to higher levels, as the 
LCZ11 is only 6.1%, its growth will improve the 
heat stress conditions during summer. 

 Green wall and green roof can be deployed at 
building levels to reduce the impact as 
Compact Low-Rise (LCZ3), provides less space 
to plant trees on the ground. Due to this 

technique, the areas with dense growth can be 
cooled down during the summer. 

 
5.2 Monsoon Humidex 

During the monsoon, humidex becomes a bit less 
harsh, but still the conditions for majority of the 
spatial extent are dangerous. In Figure 4, the western 
and eastern part of the city are under the high 
humidex zones. As the summer heat index this region 
also stays in a higher hazard value than the whole 
city. The central part of the dense city stays 
comparatively less harsh. As per the relative humidity 
in the central part of the city is less in comparison to 
the green areas around it clearly shows the Urban Dry 
Island (UDI) effect. As the maximum air temperature 
at 2m during 14:30 IST is nearly about 36°C and the 
city center shows the UDI effect, the humidex tends 
to become lower in value. The eastern part remains a 
problem due to its higher air temperature values than 
that at the central region. Hence to reduce the 
humidex during the monsoon months it becomes 
more necessary to reduce the humidity in the region, 
as the maxima values for humidity are reaching 
nearly 97% at 14:30 within the city. 
Strategy: 

 Permeable surfaces are necessary for removal 
of stagnant water. Gravel or pavers, help 
water to infiltrate in the ground. This helps to 
reduce humidity levels and improve ground 
water condition within the city. 

 Naturally as it is difficult to control the 
humidity levels at an urban scale, the planning 
of neighbourhood becomes important. The 
neighbourhood planning should be either 
remodelled or new planning should promote 
air movement, as this is one of the techniques 
to use NbS through technology. 

 The Water management also place a crucial 
role to reduce humidity, the water from places 
where people are living should be removed by 
management techniques. It can be delivered 
to storage areas or to ground water recharge 
pits. If taken to wetlands, then wetland area 
will be having a higher humidity, so city can be 
planned accordingly. Accordingly, retention 
pond can be designed over areas where less of 
population is present, like (green LCZ areas). 

 The clothing values for monsoon could be 
altered to make people feel comfortable. 

 
6. CONCLUSION 

The paper provides a novel mapping of humidex 
at 333.33m for summer and monsoon season of 2023 
in Delhi, India. The city is under a tremendous heat 
stress under the summer and monsoon peaks. The 
conditions in summer are so harsh that a new 
segment in the humidex range is added to show its 
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severity. As the humidex is a combination of both 
temperature and humidity, hence this map shows the 
discomfort that the residents face. High-resolution 
model helps in understanding the places where these 
issues are worse than the other. The Western and 
Eastern part of the city come out to be facing a high 
amount of humidex discomfort in both seasons. All 
the LCZs in summer and monsoon are part of the high 
humidex values, but particularly LCZ16, Bare soil and 
sand is present on the western side that faces the 
harshness of the humidex and the urban cluster on 
the Eastern part faces the issue. To reduce the 
humidex level both the air temperature and humidity 
must be managed. For doing so, there are various 
NbS that could be deployed. To decrease the impacts 
through temperature use of deciduous trees, urban 
forest, green wall and roof system, conversion of 
unbuilt LCZs to LCZ11, wherever possible can be 
done. For decreasing the humidity levels, the NbS 
have to clubbed with various technologies like 
planning to improve the wind movement and water 
management or to provide better clothing to the 
users. Both NbS techniques have to be integrated to 
provide better results in both the seasons at the same 
place. It can be observed that NbS can act as a 
catalyst or a helper to reduce the discomfort, but 
now the conditions are reaching to certain thresholds 
that sustainable mechanical techniques must be 
planned simultaneously. Hence, Nature-based 
Technical Solution (NbTS) should be focussed now. 
But this should only be planned after a detailed ward 
level analysis. Hence, this creates a need of future 
study on selection of high humidex hotspots and to 
alter or improve their planning at a micro level. 
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ABSTRACT: Standardized replicable buildings can cause discomfort and increased air conditioning usage. Besides, 
super cool coatings are effective passive solutions. Therefore, this study evaluates thermal comfort in a 
standardized Brazilian public school in 8 climates, verifies suitable cool coatings and identifies optimal additional 
passive techniques to meet regulatory requirements without active air conditioning. Methods include pilot 
simulations with DesignBuilder, thermal comfort analysis considering ASHRAE 55 adaptive model; JEA Algorithm 
optimization simulations; identification of most influential passive strategies by sensitivity analyses; and 
evaluation of the ideal opaque envelope through heat balance. Results showed that current model do not meet 
the Brazilian normative. Thus, different super cool coatings are recommended: thermochromic for heating-
dominated; spectrally selective for cooling-dominated dry and high broadband emissivity for extreme-cooling- 
dominated humid zones. Regarding opaque envelope, thermal mass flat roofs and insulated walls are advised. In 
7 of 8 climates, super cool roof was most effective followed by natural ventilation. Optimal combinations include 
super cool envelope, window shading and natural ventilation 24 hours 7 days a week with 95% aperture for 
extreme-cooling-dominated zones; super cool roofs, medium reflectivity walls and 5% aperture for cooling-
dominated; thermochromic roof and dark walls with natural ventilation during occupancy with 5% aperture for 
heating-dominated. 
KEYWORDS: Super Cool Coatings, Educational Buildings, Energy Efficiency, Building Design, Building Energy 
Simulation 

1. INTRODUCTION
Currently, more than 55% of the world population 

lives in cities and this percentage is predicted to 
increase to 68% by 2050 [1]. This continuous growth 
of built-up areas potentiates the phenomenon of 
heat islands, reduces the levels of comfort in external 
and internal spaces. This situation has caused an 
increase in the use of air conditioning [2], registered 
mainly after the 2000s with a growth of 130% until 
2022 [3]. This scenario is potentiated in standardized 
public constructions replicated in different climatic 
contexts, generally planned to overcome constructive 
deficits, such as public schools in Brazil [4]. In these 
cases, the low cost and the ease of replicating the 
models is opposed to the lack of adaptation to the 
climatic context, which causes discomfort for the 
occupants and increases the tendency of artificial 
conditioning [4, 5].  

The energy efficiency of buildings and the thermal 
comfort are fundamental objectives for an adequate 
performance of buildings [6]. These are targets of 
numerous building design optimization studies [7]. An 
optimization study is achieved by a combination of 
different design variables, such as building geometry, 
envelope, passive strategies and energy systems [7].  

Among the most common passive solutions in 
optimization studies, super cool coatings stand out, 

as they have a high potential for cooling buildings [1, 
8]. Research on super cool coatings has advanced 
significantly in recent years, but there are still 
research gaps, expressed by the following questions:  

1) Which super cool coatings are best suited for
Brazilian climates? 

2) Is it possible to provide comfort and energy
efficiency in standardized Brazilian public schools only 
with passive strategies?  

This article, therefore, proposes an analysis of the 
most suitable super cool coatings for the 8 Brazilian 
bioclimatic zones and an optimization study of a 
replicable standardized architectural design of 
Brazilian public schools, with air conditioning based 
only on passive strategies and super cool coatings. 
The objectives of the optimal solutions are: thermal 
comfort and low energy consumption.  

2. METHODS
The optimization process was structured in four 

stages (Preparation, Algorithm Optimization 
Simulations, Non-Algorithm Optimization Simulations 
and Final Step), based on [7]. 

Section 2.1, focusing on preparation, covers 
climate, building, occupancy, and soil information for 
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different design variables, such as building geometry, 
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replicable standardized architectural design of 
Brazilian public schools, with air conditioning based 
only on passive strategies and super cool coatings. 
The objectives of the optimal solutions are: thermal 
comfort and low energy consumption.  

2. METHODS
The optimization process was structured in four 

stages (Preparation, Algorithm Optimization 
Simulations, Non-Algorithm Optimization Simulations 
and Final Step), based on [7]. 

Section 2.1, focusing on preparation, covers 
climate, building, occupancy, and soil information for 

 

modelling and simulations, outlining optimization 
objectives selection, climate grouping, Thermal 
Comfort Analysis, and adherence to Brazilian 
normative requirements. The section also covers 
scenario definition and variable selection based on 
Heat Balance Analyses, along with the identification 
of suitable super cool coatings for the Brazilian 
context through a literature review and consideration 
of common opaque substrates. Section 2.2 presents 
Algorithm Optimization Simulations methods, 
settings, and criteria for interpreting Heat Balance 
and Sensitivity Results. Section 2.3 explains Non-
Algorithm Simulations, detailing tested variables and 
software settings, while Section 2.4 (Final Stage) 
outlines criteria for the synthesis of the optimized 
building by climate groups. 

 
2.1 Preparation 

Reference cities from each Brazilian bioclimatic 
zone were chosen according to [9], and their climatic 
characteristics are detailed in Table 1. 

 
Table 1: Cities selected and Weather Classification 
 

Zone City  
Koppen-
Geiger 

Classification 

ASHRAE 
Classification 

1 Caxias do Sul  Cfb 3A: Warm Humid 

2 Nova 
Friburgo  Cwb 2A: Hot Humid 

3 Florianópolis Cfa 2A: Hot Humid 
4 Brasília Aw 2A: Hot Humid 
5 Santos Af 2A: Hot Humid 

6 Goiânia Aw 1A: Very Hot 
Humid 

7 Picos Bsh 1A: Very Hot 
Humid 

8 Belém Am A0: Extremely Hot 
Humid 

 
The study focuses on a standardized 1 classroom 

public school, a project developed by the National 
Education Development Fund (FNDE), a federal 
government institution with extensive operations 
across Brazil. This model is replicated in various 
Brazilian regions, especially in small municipalities. 
Data for this school model (Figure 1) were obtained 
from official government sources [10]. 

 

 
Figure 1: Standardized School Floor Plan and 

Perspective. 
 

All rooms in the schools were modelled, but 
thermal evaluation focused exclusively on the 

classrooms. DesignBuilder Version 7.0.2.4 with 
EnergyPlus engine was used. The recommended 
north-south solar orientation by FNDE was adopted. 
Building thermal and optical properties, based on [9, 
11] are detailed in Table 2.  

 
Table 2: Building Materials – FNDE Standard Schools 
 

Building Element  U (W/m².K) R (%) 
External Walls  2.37 60 
Internal Walls  2.37 70 

Roof 2.05 35 
Internal Floor 3.20 40 

Glazing 5.70 - 
 

These FNDE projects don’t include air conditioning 
system. The lighting system consists of fluorescent 
lamps, with power density of 8W/m² [10]. The 
electrical equipment in the classroom was 5W/m², as 
used in previous studies [12]. 

The classroom occupancy, with 30 children 
reading, follows the schedule outlined by the 
Brazilian Ministry of Education: February to June and 
August to December, from 8:00 am to 12:00 pm and 
2:00 pm to 6:00 pm. 

In simulations, Kiva Basic is employed for 
calculating ground temperatures, with no floor 
insulation layer, aligning with the FNDE standards. 

Pilot simulations were conducted in all 8 
bioclimatic zones for verification of the 
thermoenergetic performance of current state 
schools. Occupied hours in thermal comfort were 
calculated by the adaptive method of ASHRAE 55 with 
80% acceptability, which is the method used in the 
Brazilian Labeling Program (PBE Edifica) [13]. It 
mandates naturally ventilated public buildings 
without artificial conditioning to achieve at least 90% 
occupied hours in thermal comfort during building 
use, with a 10% tolerance for heat discomfort, 
neglecting cold discomfort — a concern in cold cities. 

Therefore, the main objective function in this 
study is thermal comfort, with a 10% tolerance for 
hours in heat discomfort and 10% for cold discomfort, 
as an adaptation of PBE Edifica requirements. Pilot 
simulations and an initial evaluation of the main 
objective function achievement revealed distinct 
climatic groups: Zones 1, 2, and 3 with more than 
10% of cold discomfort and heating needs; zones 4, 5, 
and 6 with more than 10% of heat discomfort and 
cooling needs; and zones 7 and 8 with more than 70% 
heat discomfort, necessitating extreme cooling 
strategies. These groups, considered as optimization 
scenarios, were called heating-dominated, cooling-
dominated, and extreme-cooling-dominated zones, 
based on [14] definitions. 

Subsequently, to guide the selection of 
optimization variables, impactful variables were 
assessed by annual heat balances.  
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Analysing heat balances, key elements were 
selected: Roof, Ventilation and Walls. To avoid 
natural light reduction, local window shadings were 
only considered in critical cases of heat discomfort 
(Zones 7 and 8) to reduce window solar gains. 

Considering the high impact of the roof on heat 
gains and discomfort, super cool coatings on roofs 
were prioritized in all zones. The best option for each 
Brazilian bioclimatic zone was hypothesized as show 
in Figure 2, considering variations in average annual 
temperature and air humidity portrayed bioclimatic 
chart of [9] and material performance variations 
described by [15].  

 

 
Figure 2: Bioclimatic Chart and suitable super cool 

coatings. 
 

International research guidelines of super cool 
coatings [15] indicate that coatings with high 
emissivity in the atmospheric window or spectrally 
selective coatings offer superior cooling effect in hot 
and dry climates (average annual relative humidity 
under 80%). Thus, the extreme-cooling-dominated 
zones were subdivided into dry and humid. Due to 
limitations in DesignBuilder, all simulations employed 
a uniform setting of emissivity at 90%, without 
differentiation between spectrally selective and 
broadband emissivity coatings. As a result, the 
evaluation of these coatings focused solely on 
variations in envelope reflectivity. 

Thermochromic coatings were explored for mixed 
Brazilian climates (heating-dominated zones) to 
modulate heat gains and losses. This option was 
tested on the roof, simulating different reflectivity 
values ranging from 10 to 70% in cold and warm 
months May to October and November to April). For 
walls, conventional paints with reflectivity from 10 to 
50% were simulated. For cooling-dominated zones, 
super cool coatings with reflectivities of 70 and 90% 
were tested on roofs and conventional paints of 10 to 
70% on walls. In extreme cooling-dominated zones, 
only super cool coatings with 90% reflectivity was 

tested for roofs and walls, with local shading using 
louvres (35⁰) and sidefins (20⁰) calculated with Sol-ar 
Analysis software. To prevent glare, super cool 
coatings on walls were tested only in extreme-
cooling-dominated zones (7 and 8), where schools 
present extreme cooling needs. 

In order to explore diverse thermoenergetic 
behaviors and identify the ideal substrate for applying 
super cool coatings in varied climates, different 
compositions were evaluated (Table 3). 

 
Table 3: Thermal Properties Details of Envelope tested in 
Optimization Simulations 

Substrate 
Type Roof  External 

Wall 
 

 U 
(Wm².K) 

C 
(KJ/m².K) 

U 
(Wm².K) 

C 
(KJ/m².K) 

Current 
State 2.25  220.00 2.39 

 

69.73 

Insulated 0.57  23.49 0.42 122.00 
Light 5.93 55.00 4.40 110.00 

Heavy 3.21 220.00 2.93 220.00 
 

For ventilation, optimal solutions were sought in 
each climatic group, considering two operation 
schedule options and 5 opening stages. Specifically, in 
heating-dominated zones, ventilation variables were 
tested separately for summer and winter. The 
optimization algorithm variables and scenarios are 
summarized in Figure 3. 

 

 
Figure 3: Optimization Variables and Scenarios. 
 

2.2 Algorithm Optimization Simulations 
The JEA algorithm was used in optimization 

simulations for all climates. Cooling and extreme-
cooling zones underwent annual simulations, while 
heating-dominated zones were separately simulated 
for summer and winter. 

The interpretation of the results of thermal 
comfort and heat balances were complemented with 
sensitivity analyses: 1. of variables (original and 
optimized settings of roof, walls, ventilation and 
shadings) and 2. of roof and walls reflectivities in the 
optimized model. 
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2.2 Algorithm Optimization Simulations 
The JEA algorithm was used in optimization 

simulations for all climates. Cooling and extreme-
cooling zones underwent annual simulations, while 
heating-dominated zones were separately simulated 
for summer and winter. 

The interpretation of the results of thermal 
comfort and heat balances were complemented with 
sensitivity analyses: 1. of variables (original and 
optimized settings of roof, walls, ventilation and 
shadings) and 2. of roof and walls reflectivities in the 
optimized model. 

 

In the first step, a comparison between the 
original school settings and the final optimized model 
helped identify the most impactful passive strategy 
for occupied hours in thermal comfort compared to 
the current state schools. 

In the second step, the assessment focused on the 
influence of super cool coatings on thermal comfort 
across bioclimatic zones. This was done through 
variations in reflectivity of roofs and walls from 10% 
to 90%, considering the final optimized school model. 
200 simulations were run per zone per sensitivity 
analysis. 

 
2.3 Non-Algorithm Optimization Simulations 

After algorithm optimizations, only two of the 8 
zones failed to meet the target of maximum 10% 
discomfort from cold or heat: Zone 1 (Caxias do Sul – 
RS), from heating-dominated group, with 15.4% of 
cold discomfort and Zone 7 (Picos – PI), from 
extreme-cooling-dominated group, with 11.8% of 
heat discomfort. 

In these two cases, the last most significant 
variable for optimization, the ground, was explored. 
Given the school’s single floor horizontal design, the 
extensive ground contact area plays an important 
role in thermal balance, further influenced by the 
surface coverage in adjacent building areas. 

However, the DesignBuilder software and the JEA 
algorithm do not include the external ground as a 
possible optimization variable. Consequently, an 
optimization without an algorithm was conducted by 
testing different reflectivities of the floors adjacent to 
the building: 30 and 50% for zone 1 and 90% for zone 
7. Considering an external concrete surface with 90% 
emissivity, the final achievement of the optimization 
objective, focusing on maximum hours in thermal 
discomfort and annual heat balance, was analysed. 

 
2.4 Final Stage 

An optimal school model was synthesized by 
climate groups, with high thermoenergetic 
performance provided mainly by super cool coatings 
and easy replication across the national territory. 

 
3. RESULTS 
3.1 Pilots Simulations of Current State School  

The results of occupied hours in thermal comfort 
and heat balance are summarized in Figure 4. 
 

 
Figure 4: Thermal Comfort and Annual Heat Balance of 

Current State School. 

Schools in zones 2 to 5 present thermal comfort 
for most of the year, with zone 3 being the most 
favourable due to milder climates. Zones 1, 2, and 3 
exhibit more discomfort from cold than heat during 
winter when external temperatures are low. The 
opposite trend is observed in the other zones. Zones 
7 and 8 endure extended periods of heat discomfort, 
lacking cold discomfort, given prevailing external 
temperatures exceeding 25⁰C. 

Roof is one of the main sources of annual heat 
gains across all bioclimatic zones, due to the low 
reflectivity (20%), emphasizing the need for 
prioritized intervention to reduce heat discomfort. 
Window solar gains in cities with higher latitudes, 
Zones 1, 2, 3, and 5 (29, 22, 27, and 24⁰ South, 
respectively) increase beneficially in winter due to 
higher solar radiation incidence on the north façade. 
Classrooms with windows on two opposite sides 
facilitate cross ventilation, a significant contributor to 
heat loss in all cases. 

In zones 1, 2, and 3, excessive thermal losses due 
to ventilation contribute to discomfort in winter, 
making it a key variable for optimization. Zone 1 
experiences thermal losses from walls and roofs in 
winter due to low external temperatures and 
insufficient thermal insulation of the envelope.  

Zone 4 maintains balanced heat gains and losses, 
leading to a high annual percentage of thermal 
comfort. While zone 5 shows comparable outcomes, 
the significant heat discomfort during summer 
highlights the need to explore cooling strategies and 
apply super cool coatings. 

Zone 6 exhibits significant heat discomfort 
throughout the year due to relatively high 
temperatures, reaching above 23⁰C on average and 
exceeding 30⁰C in the hottest hours. Super cool 
coating on roof is suggested as a potential strategy. 
Zones 7 and 8 face very high heat discomfort (above 
70%) due to elevated temperatures, surpassing 25⁰C 
and 30⁰C. Zone 8’s heat discomfort is further 
intensified by high humidity levels consistently above 
80%. Maximum cooling strategies are essential for 
these two zones. 

  
3.2 Algorithm Optimization  

For extreme-cooling-dominated zones, the 
optimal solution consisted of an insulated wall and 
heavy roof, both covered by super cool coating, and 
windows open 24 hours a day with 95% area for 
ventilation. The thermal comfort objective was 
achieved only in Belém (Zone 8), with maximum 
discomfort of 7.3% due to heat and in Picos (Zone 7) 
it was almost reached, with 11.8% of discomfort.  

In cooling-dominated zones, the common optimal 
solution included an insulated wall with R = 50%, 
heavy roof with R = 90%, and windows with 5% 
openings for ventilation. Optimal combinations 
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included opening windows during occupancy for 
Brasília (Zone 4) and 24 hours 7 days a week for 
Santos (Zone 5) and Goiânia (Zone 6). The target 
objective was achieved in all three cities, with over 
90% of occupied hours in thermal comfort.  

The optimal model in heating-dominated zones 
featured an insulated wall with 10% reflectivity, a 
heavy roof with thermochromic coatings (10/70% in 
Caxias do Sul and 50/70% in Nova Friburgo and 
Florianópolis), and 5% window opening for 
ventilation. In Caxias do Sul (Zone 1), ventilation 
occurred only during occupancy, while in 
Florianópolis and Nova Friburgo, it was during 
occupancy in winter and 24 hours 7 days a week in 
summer. The optimization objective was achieved 
only in two cities, with a maximum of 4.4% of 
occupied hours in thermal discomfort due to heat and 
2.3% due to cold in Nova Friburgo, and 0.4% due to 
heat and 1.5% due to cold in Florianópolis.  

Thermal balance of extreme cooling dominated 
zones (7 and 8) shows that the main factors 
responsible for thermal losses during the day are: the 
ground floor (due to the grass cover of the ground 
adjacent to the building), the wall and the roof 
covered by the super cool coating. The ground floor 
has a great influence on the thermal balance due to 
the horizontality of the building and the larger area in 
contact with the ground. Ventilation is a heat loss 
strategy, mainly in the morning and in winter. 
Specifically in Belém (Zone 8) during the winter, night 
ventilation provides adequate thermal losses during 
the night. 

 
3.3 Sensitivity Analysis  

The sensitivity analysis reveals that in 7 of 8 
climates (Zones 2 to 8), the roof with super cool 
coating has the most significant impact on thermal 
comfort, followed by the percentage of window 
openings for ventilation. Only in Zone 1 (Caxias do 
Sul), the ventilation is more influential due to higher 
cold related discomfort in the original model. In 
extreme-cooling-dominated and cooling-dominated 
zones, super cool roofs with 90% reflectivity are 
crucial for optimal results. Super Cool coatings 
applied on roof plays a significantly more substantial 
role than that of the walls in all cases. 

 
3.4 Non-Algorithm Optimization  

In Picos (Zone 7), the external concrete floor 
coated with a super cool coating of 90% reflectivity 
slightly reduced annual thermal gains from the 
ground floor, providing necessary thermal losses for 
thermal comfort optimization objective achievement.  

The objective was also achieved In Caxias do Sul 
(Zone 1) with external concrete floor with 50% 
reflectivity, the option proved more effective, 
preventing summer thermal gains and reducing 

winter losses through the ground floor. The final 
results of thermal comfort and heat balance of 
optimized schools are shown in Figure 6. 
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3.5 Final Stage  
The optimal passive strategies for the 

standardized 1 classroom school are summarized in 
Figure 7. 

 

 
Figure 3: Optimal Solutions by Climatic Group 
 
Variations among different climates primarily 

involved surface finishes, window shading, and 
external floor materials adjacent to the building, 
while the compositions of the opaque and 
transparent envelope remained consistent across all 
cities. The opaque envelope materials that offered 
adequate thermal performance in the 8 bioclimatic 
zones were insulated wall (U=0.42W/m².K; C=122.00 
KJ/m².K) and heavy roof (U=3.21 W/m².K ; C=220.00 
KJ/m².K). 

Ventilation is recommended for passive climate 
control in all cases, particularly during operational 
hours. The variation in ventilation recommendations 
among regions lies in the percentage of window 
opening: 95% for extreme cooling- dominated zones 
(7 and 8) and 5% for other zones (1 to 6). In most 
cases (zones 2 to 8), a heavy flat roof with a concrete 
slab proves to be a suitable solution. 

Zone 1, characterized by lower temperatures, 
demands higher thermal insulation of walls and roof 
and dark colors on the envelope to favor heat 
absorption. Zones 1 to 3 benefit from a 
thermochromic roof to ensure comfort in both 
summer and winter. Zones 4 to 8, experiencing 
gradually longer periods of higher temperatures, 
require increased values of roof and wall reflectivity. 

Even if window shading is avoided to maintain 
original natural light conditions in classrooms, it is 
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Zone 1, characterized by lower temperatures, 
demands higher thermal insulation of walls and roof 
and dark colors on the envelope to favor heat 
absorption. Zones 1 to 3 benefit from a 
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summer and winter. Zones 4 to 8, experiencing 
gradually longer periods of higher temperatures, 
require increased values of roof and wall reflectivity. 

Even if window shading is avoided to maintain 
original natural light conditions in classrooms, it is 

 

necessary for zones 7 and 8 to reduce solar gains and 
heat discomfort. In these zones, super cool coatings 
on the envelope are also necessary to enhance heat 
losses. Specifically in zone 7, covering the external 
ground with super cool coating is essential to 
decrease surrounding air temperature and enhance 
heat losses from the building through ground contact. 
 
4. CONCLUSIONS 

This article brings a significant contribution with 
an evaluation of thermal comfort in a standardized 
Brazilian public school across 8 climates, suggesting 
suitable super cool coatings and identifying optimal 
additional passive techniques to meet regulatory 
requirements of thermal comfort and low energy 
consumption without active air conditioning.  

The proposed replicable methodology, utilizing 
thermal comfort and heat balance results from the 
current state of schools to identify impactful variables 
and group similar cases for scenario optimization, 
provided precise guidance for the process, thereby 
facilitating the achievement of the objective. 

The simulations prove the effectiveness of the 
proposed suitable super cool coatings based on the 
bioclimatic chart and the literature review: 
thermochromic for heating-dominated, spectrally 
selective for cooling-dominated dry zones and with 
high broadband emissivity for cooling-dominated 
humid zones. 

According to heat balance analyses, the FNDE’s 
standardized model for public schools, featuring a 
heavy flat roof and insulated walls, aligns with Brazil’s 
climatic diversity. Despite minor adjustments 
required for each climate, including super cool 
coatings, envelope reflectivity, and ventilation 
schedule and openable-window-area-ratio, the model 
effectively promotes occupant thermal comfort and 
low energy consumption without artificial climate 
control. Schools in extreme climates that were not 
addressed with algorithm optimization require 
additional passive strategies: moderately reflective 
external concrete floors (50%) for Zone 1 from 
heating-dominated group; super cool coatings on 
external concrete floors Zone 7 from extreme-
cooling-dominated cities. 

 Sensitivity Analyses shows that the super cool 
coating applied on roof stands out as one of the most 
effective passive cooling techniques tested, primarily 
because of the horizontal shape of schools. In 
cooling-dominated cities, a higher roof reflectivity 
reduces the necessity for thermal insulation, aligning 
with previous studies and Brazilian normatives.  

In 7 out of 8 Brazilian bioclimatic zones, the 
second most impactful passive strategy is the free 
aperture for natural ventilation. Window openings 
should be larger in extreme-cooling-dominated cities 
to optimize thermal losses and smaller in heating-

dominated cities. These combined powerful and low- 
cost passive techniques, super cool coating on roof 
and natural ventilation, should also be investigated in 
other horizontal Brazilian buildings or in buildings 
with a similar climatic context. 
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ABSTRACT: While UK dwellings are designed to retain heat to increase thermal comfort during winter periods, 
successively warmer summers and the occurrence of extreme heat periods are a growing concern. This paper 
empirically assessed the magnitude and duration of summertime overheating during the record-breaking 
summer of 2022 in the living rooms and bedrooms of 42 existing social houses in West Midlands, UK. To assess 
the prevalence of summertime overheating, static and adaptive overheating assessment criteria were used 
following the CIBSE TM59 protocol. Living room mean temperatures were observed to be 1.4°C higher than 
bedrooms. Static assessment showed that living rooms in 50% of bungalows and 41% of semi-detached 
dwellings were overheated. About 93% of bedrooms exceeded the static threshold for >1% of occupied hours 
going up to 10% in nearly half the bedrooms. Using the more forgiving adaptive overheating criteria, the risk of 
overheating in bedrooms decreased to <1% overall and <0.3% during occupied hours. The adaptive overheating 
assessment showed that 21% of living rooms overheated. In addition, air change rates were calculated using the 
CO2-based decay method. Ventilation levels based on calculated ACH were found to be low (<0.5h-1) indicating 
inadequate ventilation. The divergences in quantifying overheating risk in dwellings represent variations in 
overheating metrics used and inconsistencies this causes. Despite the differences, the occurrence of overheating 
makes a strong case for housing authorities to consider passive adaptations, increase resident awareness and 
promote behavioural adaptations to minimise the risk of overheating. 
 
KEYWORDS: Overheating, indoor temperature, monitoring, ventilation, social housing 
 
 

1. INTRODUCTION 
Despite the temperate climate of the UK, ever 

increasing research has revealed global warming is 
causing successively warmer summers over the last 
four decades and demonstrating the reoccurrence of 
extreme periods of heat. The summer of 2022 
experienced the UK’s record-breaking temperature of 
40.3°C on the 19th of July [1]. Excessive exposure to 
high temperatures can be fatal for many, and the 
evidence research has identified surrounding the risks 
to human health is extensive [2]. Overheating in the 
residential buildings is an increasing concern. In 
recent years, UK building regulations have 
emphasised the importance of a reduction in space 
heating demand through the implementation of 
higher-level fabric efficiency [3]. Until building 
regulation revisions were implemented in June 2022 
[4], there was little consideration of summertime 
overheating in UK dwellings, especially in vulnerable 
social housing dwellings occupied by those on low 
income. 

There were 4.4 million existing socially owned 
dwellings in England in 2022. In recent years, it has 
been under obligation to comply with zero carbon 
standards, particularly for the social sector, since it 
relies on public funding [5]. However, social housing 

demographics are inclined to increase the occurrence 
of overheating.  

Taking into consideration the increase in the 
occurrence of extreme heat periods and the link to 
the vulnerability of social housing tenants, existing 
literature offers a small range of studies that use 
empirical data. Sameni, Gaterell, Montazami and 
Ahmed [6] monitored 18 social Passivhaus flats and 
five Passivhaus social houses over three summer 
periods to assess the extent of overheating. 
Overheating ranged from 3%-99% and flats were 
more susceptible to overheating with 72% failing 
Passivhaus designed criteria. Gupta & Kapsali [7] 
assessed the overheating risk in six low-carbon 
dwellings. Results demonstrated that using CIBSE 
static and dynamic overheating assessments, there 
were contrasting differences. Vellei, Ramallo-
González, Kaleli, Lee, and Natarajan [8] recorded 
sufficient data in 48 retrofitted well-insulated 
dwellings to use the CIBSE TM52 adaptive benchmark 
to examine the extent of overheating. Results 
concluded that 12% of kitchens, 27% of bedrooms 
and 2% of living rooms failed the criteria. It is evident 
that empirical analysis studies have focussed on 
retrofitted, low-carbon and Passivhaus dwellings with 
very limited studies on the existing housing stock. 
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Table 1: Specification, resolution and accuracy of monitoring devices 
Device Parameter Range Accuracy Resolution 

Airthinx IAQ 
(Living room) 

Temperature (°C) 0 to 99 ± 0.5 0.1 
Relative Humidity (%) 0 to 99 ± 2 0.1 
Carbon Dioxide (ppm) 0 to 5000 ± 50 +5% FS 1 

HOBO 
MX1102a 
(Bedroom) 

Temperature (°C) -40 to 70 ±0.21C from 0-50C 0.024C at 25C 
Relative Humidity (%) 0 to 100 ±2.0% from 20-88% 0.01% 
Carbon Dioxide (ppm) 0 to 5000 ±50ppm - 

HOBO 
MX2301 
(External) 

Temperature (°C) -40 to 70 ±0.2 0.036 

Relative Humidity (%) 0 to 100 ±2.5-3.5 (10% to 90%); ±5 (below 10% and above 90%) 0.01 

 
Existing literature shows a limited number of 

studies that focus on assessing the risk of overheating 
in existing social housing dwellings that form a large 
proportion of the national housing stock. Against this 
context, this paper systematically conducts empirical 
measurement and statistical analyses of indoor 
temperatures in the living rooms and master 
bedrooms of 42 social housing dwellings (West 
Midlands, UK) during the record-breaking summer of 
2022. 

 
2. METHOD  

A socio-technical approach was adopted which 
included continuous monitoring of indoor and 
outdoor temperatures as well as indoor CO2 levels 
from 1st May 2022 to 30th September 2022. During 
this time, the UK experienced a record-breaking 
summer including five defined heatwaves [9]. Time 
series analysis was conducted at three levels: the 
sample level which included all 42 dwellings, the 
typology level which divided dwellings into four 
categories dependent on their built form, and 
individual dwelling level. Empirical time series data 
was gathered in living rooms using Airthinx IAQ 
sensors, in master bedrooms using Hobo MX1102a, 
and outdoors using Hobo MX2301. Table 1 above 
shows the specifications of the sensors. 

An in-person household survey was conducted to 
gather contextual data about household 
characteristics, occupancy and behaviours. Data on 
building characteristics (dwelling age, construction 
type and building fabric) was derived from Energy 
Performance Certificates (EPC). 

To assess the prevalence and extent of 
summertime overheating, both adaptive and static 
overheating criteria were used following the CIBSE 
TM59 protocol [10,11]. Criterion A is a dynamic 
(adaptive) overheating metric for living rooms using 
threshold comfort temperatures derived from the 
daily running mean outdoor temperatures (Trm,). 
Criterion B is static and consists of night time hours in 
bedrooms which should not exceed 26°C for more 
than 1% of annual occupied hours.  

 
3. RESULTS 

The case study dwellings varied in size ranging 
from 41m2 to 111m2, EPC ratings ranged from EPC C 
to E, and the mean number of residents per dwelling 
was 3, with occupancy ranging from one resident to 
seven residents as detailed in Table 2. 

 
3.1 Living room overheating assessment  

During the monitoring period, a record-breaking 
outdoor temperature of 40.3°C was measured by the 
Met Office [1]. Monitored outdoor temperatures 
were found to reach 39.8°C with an overall mean of 
17.1°C. At the sample level, indoor living room 
temperatures reached 37.3°C with a daily mean of 
24.1°C. Daily mean living room temperatures largely 
imitated the daily mean external temperature profile, 
consistently between 21°C and 30°C indoors and 
between 10°C and 30°C outdoors. Temperatures 
greater than the CIBSE [11] recommended upper 
comfort level of 25°C were marginally exceeded and 
associated with recognised 

Table 2: Household and building characteristics for housing typologies 
Characteristic 6 Bungalows (B)  12 Standard semi-detached (S) 21 Triangular semi-detached (TR) 3 Terraced (T) 
External dwelling 
image 

   
Number of occupants 1-2 1-7 1-6 2-4 
Dwelling area 41m2 79m2 and 111m2 96m2 67m2 and 77m2 
Age of construction 1976-1982 1930-1949 and 1950-1966 1900-1929 1950-1966 
EPC rating C-D D-E D-E C-D 
Wall U-Value 0.37W/m2K 0.37-0.49W/m2K 0.49W/m2K 0.49W/m2K 
Roof U-Value  0.18W/m2K 0.22-0.3W/m2K 0.45W/m2K 0.22-0.29W/m2K 
Ground floor U-Value 0.78W/m2K 0.78-0.87W/m2K 0.75W/m2K 0.77-0.78W/m2K 
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heatwave periods. There was little differentiation 
between occupied and unoccupied hours which had a 
Pearson’s correlation coefficient value of 0.99. The 
daily mean indoor temperature in the living rooms 
was 1.4°C higher than that in the bedrooms (Table 3). 

Table 3: Descriptive statistics for living room and bedroom 
indoor temperature at sample level (n: 42 dwellings) 

  Device  Mean Min Max 
Living room  Airthinx IAQ  24.1°C 10.4°C 37.3°C 
Bedroom  Hobo MX1102a  22.7°C 11.6°C 40.0°C 
Outdoor Hobo MX2301 17.7°C 3.8°C 39.8°C 

Temperatures across five defined heatwave 
periods at the sample level represented the highest 
daily average temperature consistently during 
heatwave four (08/08-17/08, 2022). Diurnal 
temperatures peaked early evening at 29.1°C and did 
not drop below 27.7°C at mid-morning, largely 
presenting discomfort for residents above the 
recommended 25°C [11]. Heatwave period one 
experienced the lowest diurnal temperatures 
reaching 26.3°C during early evening and a low of 
24.2°C mid-morning. Figure 1 shows the distribution 
of indoor temperatures at the sample level across the 
five heatwave periods. Minor differences were 
identified between occupied and unoccupied hours 
suggesting the building's ability to retain heat and 
poor night time ventilation levels to relieve 
discomfort. Outside temperatures had a notably 
lower median compared to indoors, consistently by 4-
6°C. Heatwave two experienced the highest outdoor 
and indoor temperatures yet heatwave four showed 
the highest indoor median temperatures. This period 
experienced six successive days of high temperatures 
with a mean temperature >23°C, not allowing 
effective cooling to occur, compared to three days 
during heatwave two. 

 
Figure 1: Distribution of living room temperatures at sample 
level across occupied and unoccupied hours during the 
defined heatwave periods. 

At the typology level, type B and S experienced 
the highest daily mean and diurnal temperatures 
across the monitoring period with an overall mean of 
24.8°C and 24.6°C respectively, which may be 
attributed to their higher number of exposed sides. 
Typically, typology B had the highest daily mean and 
diurnal temperatures over the monitoring period, 
particularly, the heatwave periods. These were 
predominantly occupied by retired residents who 

spent extended time indoors contributing to internal 
gains. The highest temperature recorded was in 
typology TR reaching 37.3°C, despite this type 
experiencing the lowest mean of 23.7°C. The lowest 
daily average temperatures fluctuated between 
typologies TR and T which had varying construction 
types, but were the oldest typologies. Maximum 
temperatures exceeded 34°C across all typologies, 
implying discomfort. 

Figure 2 shows the distribution of temperature in 
the living rooms of individual dwellings throughout 
the monitoring period. Median values exceeding 25°C 
were notably prevalent in 29% of dwellings, with 42% 
being type S dwellings suggesting the building fabric 
was responsible. Interestingly, when outdoor 
temperatures peaked, T03 exhibited a daily mean of 
28.2°C, whereas, adjoining dwellings recorded at 
26.2°C and 26.5°C respectively, suggesting that 
resident behaviours might be responsible. 

 
Figure 2: Temperature distribution in the living room of 
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Static CIBSE requirements suggest living room 
temperatures remain between 23-25°C [11]. Mean 
living room temperatures showed that 33% of 
dwellings exceeded 25°C, by proportion, 50% of 
bungalows and 41% of standard semi-detached 
dwellings. Very few had south-facing windows but did 
have high levels of occupancy over the average day. 
Mean temperatures below 23°C occurred in 29% of 
dwellings, by proportion, 66% of terraced and 33% of 
triangular semi-detached dwellings. There were few 
similarities between resident occupations, indicating 
considerable variation. This reinforces that higher 
mean temperatures are influenced by resident 
behaviours, while lower temperatures are justified 
through the building fabric and construction. 
However, overheating assessment using the more 
forgiving adaptive overheating method (which is 
based on the running mean outdoor temperatures) at 
the typology level showed that typology B had the 
greatest of 0.6% during occupied hours and 0.1% 
during unoccupied hours. 

Individually, 21% of living rooms failed criterion a, 
exceeding the threshold comfort temperature by at 
least 1°C for more than 3% of occupied hours. 17 
dwellings had an overheating risk between 0.1% and 
3% during occupied hours. The most significant was 
T03, which exceeded 29.2% of occupied hours. This 
mid-terraced dwelling experienced the influence of 
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heatwave periods. There was little differentiation 
between occupied and unoccupied hours which had a 
Pearson’s correlation coefficient value of 0.99. The 
daily mean indoor temperature in the living rooms 
was 1.4°C higher than that in the bedrooms (Table 3). 

Table 3: Descriptive statistics for living room and bedroom 
indoor temperature at sample level (n: 42 dwellings) 

  Device  Mean Min Max 
Living room  Airthinx IAQ  24.1°C 10.4°C 37.3°C 
Bedroom  Hobo MX1102a  22.7°C 11.6°C 40.0°C 
Outdoor Hobo MX2301 17.7°C 3.8°C 39.8°C 

Temperatures across five defined heatwave 
periods at the sample level represented the highest 
daily average temperature consistently during 
heatwave four (08/08-17/08, 2022). Diurnal 
temperatures peaked early evening at 29.1°C and did 
not drop below 27.7°C at mid-morning, largely 
presenting discomfort for residents above the 
recommended 25°C [11]. Heatwave period one 
experienced the lowest diurnal temperatures 
reaching 26.3°C during early evening and a low of 
24.2°C mid-morning. Figure 1 shows the distribution 
of indoor temperatures at the sample level across the 
five heatwave periods. Minor differences were 
identified between occupied and unoccupied hours 
suggesting the building's ability to retain heat and 
poor night time ventilation levels to relieve 
discomfort. Outside temperatures had a notably 
lower median compared to indoors, consistently by 4-
6°C. Heatwave two experienced the highest outdoor 
and indoor temperatures yet heatwave four showed 
the highest indoor median temperatures. This period 
experienced six successive days of high temperatures 
with a mean temperature >23°C, not allowing 
effective cooling to occur, compared to three days 
during heatwave two. 

 
Figure 1: Distribution of living room temperatures at sample 
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temperatures from adjoining dwellings from the 
retention of heat through brick walls due to their high 
thermal mass. Dwelling S08 also experienced 
significant overheating at 18.8% of occupied hours. 
The adjoining dwelling, S07, also exceeded the limit 
for 3.4% of occupied hours. Although identical 
construction methods were used, resident behaviour 
and preferences were suggested to create such 
differences. Results from the adaptive overheating 
assessment in living rooms suggested resident 
behaviour, such as window opening, and preferences 
were the contributing factors regarding the extent of 
overheating risk, as identical dwellings showed vast 
differences.  

 
3.2 Bedroom overheating assessment  

At the sample level, indoor bedroom 
temperatures ranged significantly from 11.6°C to 
40°C, with a mean value of 22.7°C (Table 3), and 
remained below CIBSE’s threshold of 26°C [10]. 
Occupied and unoccupied hours showed little 
difference where temperatures remained high 
overnight.  Figure 3 shows daily mean indoor 
temperature profiles distinctly following daily mean 
outdoor temperatures, as well as the five defined 
heatwave periods notified. Consistently, indoor 
temperatures remained higher than outdoor 
temperatures at all times, generally by 3-4°C, 
although this reduced during heatwave periods. 

 
Figure 3: Bedroom daily mean temperature at typology level 
compared to outside temperature & defined heatwave 
periods 

Diurnal bedroom temperatures, for the most part, 
were highest in typology TR dwellings by about 1°C 
higher than other typologies. TR also experienced the 
greatest temperature variation over the average day 
compared to other typologies due to a high thermal 
mass and poor insulation. Terraced dwellings had the 
lowest diurnal temperature overall and across 
heatwave periods. Since bedrooms in terraced 
dwellings were north-west facing so direct sunlight 
was limited, and most bedrooms had two large 
windows allowing for high levels of natural 
ventilation.  

Figure 4 shows temperature distribution in the 
bedrooms of individual dwellings across the 
monitoring period. Indoor temperatures reached as 
high as 40°C in dwelling S12 around 14:00 during 
heatwave periods. This dwelling housed a family of 
seven residents with many large animals who mostly 

occupied the dwelling at all times which presented 
large internal heat gains. In addition, a south-facing 
bedroom window suggested direct sunlight caused 
interference. The highest mean temperature was 
reached in TR22 at 24.7°C due to a large south-facing 
window. The lowest mean temperature was recorded 
in TR16 at 16.9°C, since the bedroom was on the 
ground floor and had the window open at all times. In 
addition, overgrown shrubbery, copious vegetation 
and large trees provided constant shading of the 
entire dwelling. 

 
Figure 4: Temperature distribution in the bedrooms of 
individual dwellings across the monitoring period. 

Overheating was found to be prevalent using the 
static overheating assessment. Nearly 93% of the 
bedrooms exceeded the static threshold for more 
than 1% of occupied hours. Of these, 48% 
experienced >26°C for more than 10% of occupied 
hours. 60% were associated with south-east, south 
and south-west facing windows. Typologies TR and S 
were most susceptible to high temperatures. Static 
overheating assessment in Table 4 shows typology S 
and TR overheating during occupied hours at 10.1% 
and 10.8%. Roof exposed bedrooms with no 
insulation were most susceptible to high 
temperatures as well as south-facing windows. 

Table 4: CIBSE TM59 overheating assessments at typology 
level in master bedrooms overall and for occupied hours 
Overheating 
metric  

Typology  Overall  Occupied 
hours (%) 

Unoccupied 
hours (%) 

Adaptive 
assessment 
(>3% occupied 
hours) 

B 0.4 0.2 0.4 
S 0.7 0.2 1 
TR 0.8 0.2 1.1 
T 0.4 0.2 0.5 

Static 
assessment 
(>1% occupied 
hours) 

B 9.3 8.3 4.1 
S 11.4 10.1 5.1 
TR 12.7 10.8 5.4 
T 7.3 8 4.0 

Individually, dwelling S05 experienced the longest 
extent of overheating at 26.4% of occupied hours. 
Dwelling TR13 experienced temperatures greater 
than 26°C for 1.1% of occupied hours yet the 
adjoining dwelling with the exact orientation and 
construction experienced static overheating at 15.5%. 
All typologies experienced temperatures remaining 
high or even increasing when occupied leading to 
discomfort impacting the ability to sleep and quality 
of life. This was only evident when using CIBSE’s static 
overheating assessment.  
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Using adaptive overheating risk assessment, the 
overheating risks in bedrooms at sample and typology 
levels were lower, <1% overall and <0.3% during 
occupied hours. The triangular semi-detached 
dwellings overheated the most at 0.8% overall and 
0.2% during occupied hours. Individually, zero 
dwellings failed the adaptive overheating assessment 
during occupied hours. In addition, all mean 
temperatures remained below 26°C. 66% of 
bungalows, 58% of standard semi-detached and 57% 
of triangular semi-detached dwellings had mean 
temperatures below 23°C.  

 
3.3 Air change rates  

The CO2-based decay method calculated air 
change rates (ACH-1) related to ventilation and 
infiltration. Living room air change rates at the 
sample level in Table 5 ranged from 0.02h-1 to 6.25h-1 
with a mean of 0.24h-1. Similar means in the region of 
0.22-0.26h-1 were identified at the typology level, the 
greatest being associated with the standard semi-
detached. This is likely due to 58% of these dwellings 
had a wall grill present in the living room. Typology S 
also experienced the maximum of 6.25h-1, this 
perhaps derived from three differing construction 
methods and locations causing variation in ventilation 
and infiltration. However, typology TR was expected 
to have the greatest ACH due to the high levels of 
infiltration incorporated into the construction. Yet a 
mean of 0.22h-1 revealed one of the lowest in 
addition to typology B. Results could differ as CO2 
values were much higher in typology B, due to 
prolonged occupancy, with a peak recorded value of 
5,000ppm and peak mean value >2,000ppm, way 
beyond recommended threshold. Typology TR had 
the lowest CO2 mean at typology level <1,250ppm. 

Table 5: Descriptive statistics for living rooms and bedrooms 
ACH at sample and typology level 
Analysis 
level 

Living room Bedroom 
Min Max Mean Min Max Mean 

Sample 0.02 6.25 0.24 0.03 2.82 0.25 
B 0.02 1.46 0.22 0.04 2.82 0.25 
S 0.03 6.25 0.26 0.33 1.98 0.24 
TR 0.03 1.38 0.22 0.04 1.15 0.25 
T 0.05 0.9 0.23 0.04 1.37 0.35 

Individually, dwelling S11 had the largest 
interquartile range, greatest median and maximum 
value. The adjoining dwelling, S12, also had a larger 
than average interquartile range, therefore 
suggesting ventilation levels were high likely due to 
the construction. Previous comments from both 
residents expressed concerns about poor thermal 
performance due to airtightness and the leaky 
building fabric. From this, results suggest infiltration 
levels were high. Most other dwellings showed the 
distribution of data to be relatively consistent. 68% 
showed maximum values below 1h-1 and interquartile 

ranges <0.5h-1. These results imply poor levels of 
ventilation occurring which caused CO2 levels to 
decrease slowly whilst also suggesting window 
opening was limited. 

Air change rates in master bedrooms at the 
sample level in Table 5 show a range of 2.79h-1 and a 
mean of 0.25h-1 which infers poor levels of ventilation 
achieved. Similar mean values were also noted at 
typology level, between 0.24-0.25h-1 with the 
exception of typology T at 0.35-1 which benefitted 
from two opening windows for increased levels of 
ventilation. Distinction between the air change rates 
during defined occupied and unoccupied hours was 
evident. During occupied hours, continual exhalation 
of CO2 from residents meant the opportunity for a 
decrease in CO2 in bedrooms overnight was less likely 
even with the window open. Unoccupied means were 
higher across all typologies by 0.07h-1 and 0.16h-1. 
This implied ventilation was greater when unoccupied 
and not contributing to night time cooling to reduce 
the risk of overheating.  

Air change rates >1h-1 occurred in 29% of 
bedrooms. ACH greater than 0.5h-1 were usually 
outliers suggesting ventilation was limited. Dwelling 
B02 experienced the greatest median of 0.4h-1 and an 
upper quartile of 0.75h-1 due to frequent window 
opening. Where CO2 levels remained below 1000ppm 
in bedrooms, these were mostly during unoccupied 
hours. 

 
4. DISCUSSION 

Indoor temperatures frequently exceeded 30°C in 
individual dwellings. High indoor temperatures 
generally correspond to high outdoor temperatures, 
particularly during periods of successively high 
outdoor mean temperatures. Interquartile ranges and 
mean temperatures in the living room showed great 
variation between 20-30°C while bedroom 
interquartile ranges remained between 20-25°C. Such 
differences suggest the influence of occupant 
activities and behaviours. 

Statistical analysis revealed overheating to be 
frequent. Using the adaptive overheating assessment, 
21% of living rooms exceeded the threshold comfort 
temperature by at least 1°C for more than 3% of 
occupied hours. Following the same criteria, 0% of 
bedrooms overheated during occupied hours. When 
applying the static overheating assessment to 
bedrooms, 93% failed, exceeding the static threshold 
of 26°C for more than 1% of occupied hours, whilst 
48% recorded temperatures >26°C for more than 10% 
of occupied hours. Overheating in living rooms was 
generally associated with resident behaviours and 
thermal preferences. Identical adjoining dwellings 
experienced contrasting levels of overheating. 
Overheating in bedrooms was largely dependent on 
dwelling construction. Bedrooms in typology TR with 
no insulation, high thermal mass and roof exposure, 
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dwelling construction. Bedrooms in typology TR with 
no insulation, high thermal mass and roof exposure, 

 

experienced the greatest percentage of static 
overheating. Bedrooms with two windows provided 
effective ventilation and consequently the lowest risk 
of overheating.  

Estimated air change rate calculations revealed 
ventilation to be low, <0.5h-1. Levels of ventilation 
and infiltration were found to be mostly consistent 
throughout dwelling typologies, despite varying built 
forms.  Window opening occurred more so in master 
bedrooms identified by evident differences in 
occupied and unoccupied hours. Living room data 
showed contrasting outcomes between typologies 
which could be influenced by occupancy. Dwellings 
which housed mostly retired residents had higher 
mean indoor temperatures during occupied hours.  
 
5. CONCLUSION 

This paper empirically assessed the magnitude 
and duration of summertime overheating during the 
record-breaking summer of 2022 in 42 existing social 
houses located in West Midland, UK. The study 
sample consisted of four varying typologies that were 
naturally ventilated. Temperature monitoring was 
conducted in the living room and master bedroom of 
each dwelling between May 2022 and September 
2022 at 15-minute intervals. Contextual data was 
collected in the form of household and building 
characteristic surveys by at least one resident. 
Empirical data was assessed using CIBSE’s static and 
adaptive overheating assessment criteria. The two 
different metrics used provided diverging results.  

Despite the divergence, it was evident that 
summertime overheating was prevalent throughout 
all dwellings, particularly when using static 
overheating assessment. Using adaptive overheating 
assessment, most bedrooms passed. Such contrasting 
results represent significant variations in overheating 
metrics used and inconsistencies this causes. This 
needs to be urgently addressed so that the risk of 
overheating in vulnerable social housing dwellings 
can be mitigated.  

Given that overheating was apparent in social 
housing, irrespective of construction, it is vital that 
housing providers consider adequate adaptations to 
increase the comfort for the 4 million existing social 
dwellings already inhabited. It is especially vital for 
residents classified as vulnerable and at increased risk 
to suffer from adverse health implications derived 
from high indoor temperatures. Results suggested 
resident behaviours and activities also affected 
changes in temperatures. Increasing resident 
awareness and knowledge regarding behavioural 
adaptation during periods of extreme heat could 
alleviate the risk of overheating in vulnerable settings 
such as social housing.  
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ABSTRACT: Modernist Brazilian architecture has placed significant emphasis on matters pertaining to comfort 
and environmental quality. While certain figures within this domain have achieved widespread recognition, there 
are Brazilian architects who, despite incorporating diverse bioclimatic principles into their modernist projects, 
have not garnered the recognition they deserve. In this context, Carlos Barjas Millan, a São Paulo-based architect 
renowned for a series of works demonstrating invaluable environmental quality, stands out. This article seeks to 
examine the environmental quality of one of Millan's designed residences – the Nadyr de Oliveira Residence – 
with a focus on thermal, luminous, and acoustic considerations. To accomplish this, a comprehensive case study 
was undertaken, considering all the characteristics and solutions implemented by the architect. The 
methodology employed encompassed field analyses and measurements of thermal, lighting, and acoustic 
aspects during both warm and cold periods. Following the collection and analysis of data, it is apparent that the 
residence exhibits areas for improvement, particularly in relation to thermal comfort during colder periods. From 
the perspectives of natural lighting and acoustics, there is no immediate necessity to propose solutions. 
However, the ongoing maintenance and specific enhancements to buildings with historical and heritage value 
are consistently encouraged. 
KEYWORDS: Environmental quality, Brazilian Modernism, Bioclimatic Project, Corbusian House 
 
 

1. INTRODUCTION  
The Modern Movement emerged in Europe 

during the 20th century, reflecting the socioeconomic 
changes originated in the Industrial Revolution. In 
architecture, it was characterized by the rejection of 
traditional models, the utilization of prefabricated 
materials, the geometrization of shapes, the 
predominance of straight lines, the disassociation 
between structure and walls, and a focus on 
functionality.  

Brazilian Modernist Architecture, which flourished 
between 1930 and 1964, placed a special emphasis 
on considerations related to comfort and 
environmental quality [1]. During this period, building 
design sought to address local microclimatic 
conditions and cultural habits, adhering to bioclimatic 
principles.  

As noted by Marta Romero [2], Bioclimatism 
involves the consideration of environmental aspects 
within the local context of a building, with the goal of 
achieving passive natural environmental conditions 
through an integrated approach to thermal 
attributes, daylight, sound, and colour. Therefore, the 
application of these principles inevitably requires a 

tailored design that is well-suited to the specific 
location and utilizes local materials, showcasing 
historical, cultural, environmental, and technological 
expertise.  

Notable figures associated with this movement 
include Mies van der Rohe, Frank Lloyd Wright, 
Walter Gropius, and Le Corbusier, who defined the 
five points of modern architecture. Several Brazilian 
architects were significant influenced by the 
groundbreaking ideas and architectural principles 
introduced by the French-Swiss personality, especially 
professionals in the Rio de Janeiro-São Paulo axis.  

One notable figure is Oscar Niemeyer, whose 
iconic modernists designs reflect a profound imprint 
of Le Corbusier. João Filgueiras Lima, affectionately 
known as Lelé, stands out as another prominent 
name in the Brazilian Modernist Movement. Lelé was 
a dedicated advocate of bioclimatic principles, 
integrating environmental considerations into his 
designs and prioritizing architectural solutions that 
emphasized natural ventilation and controllable 
daylighting access. While many architects sowed the 
seeds of modern architecture linked to Bioclimatism 
in Brazil, not all received the deserved international 
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ABSTRACT: Modernist Brazilian architecture has placed significant emphasis on matters pertaining to comfort 
and environmental quality. While certain figures within this domain have achieved widespread recognition, there 
are Brazilian architects who, despite incorporating diverse bioclimatic principles into their modernist projects, 
have not garnered the recognition they deserve. In this context, Carlos Barjas Millan, a São Paulo-based architect 
renowned for a series of works demonstrating invaluable environmental quality, stands out. This article seeks to 
examine the environmental quality of one of Millan's designed residences – the Nadyr de Oliveira Residence – 
with a focus on thermal, luminous, and acoustic considerations. To accomplish this, a comprehensive case study 
was undertaken, considering all the characteristics and solutions implemented by the architect. The 
methodology employed encompassed field analyses and measurements of thermal, lighting, and acoustic 
aspects during both warm and cold periods. Following the collection and analysis of data, it is apparent that the 
residence exhibits areas for improvement, particularly in relation to thermal comfort during colder periods. From 
the perspectives of natural lighting and acoustics, there is no immediate necessity to propose solutions. 
However, the ongoing maintenance and specific enhancements to buildings with historical and heritage value 
are consistently encouraged. 
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1. INTRODUCTION  
The Modern Movement emerged in Europe 

during the 20th century, reflecting the socioeconomic 
changes originated in the Industrial Revolution. In 
architecture, it was characterized by the rejection of 
traditional models, the utilization of prefabricated 
materials, the geometrization of shapes, the 
predominance of straight lines, the disassociation 
between structure and walls, and a focus on 
functionality.  

Brazilian Modernist Architecture, which flourished 
between 1930 and 1964, placed a special emphasis 
on considerations related to comfort and 
environmental quality [1]. During this period, building 
design sought to address local microclimatic 
conditions and cultural habits, adhering to bioclimatic 
principles.  

As noted by Marta Romero [2], Bioclimatism 
involves the consideration of environmental aspects 
within the local context of a building, with the goal of 
achieving passive natural environmental conditions 
through an integrated approach to thermal 
attributes, daylight, sound, and colour. Therefore, the 
application of these principles inevitably requires a 

tailored design that is well-suited to the specific 
location and utilizes local materials, showcasing 
historical, cultural, environmental, and technological 
expertise.  

Notable figures associated with this movement 
include Mies van der Rohe, Frank Lloyd Wright, 
Walter Gropius, and Le Corbusier, who defined the 
five points of modern architecture. Several Brazilian 
architects were significant influenced by the 
groundbreaking ideas and architectural principles 
introduced by the French-Swiss personality, especially 
professionals in the Rio de Janeiro-São Paulo axis.  

One notable figure is Oscar Niemeyer, whose 
iconic modernists designs reflect a profound imprint 
of Le Corbusier. João Filgueiras Lima, affectionately 
known as Lelé, stands out as another prominent 
name in the Brazilian Modernist Movement. Lelé was 
a dedicated advocate of bioclimatic principles, 
integrating environmental considerations into his 
designs and prioritizing architectural solutions that 
emphasized natural ventilation and controllable 
daylighting access. While many architects sowed the 
seeds of modern architecture linked to Bioclimatism 
in Brazil, not all received the deserved international 

 

recognition. One such noteworthy figure is Carlos 
Barjas Millan. 

Carlos Millan, born in 1927, graduated in 1951 
from the School of Architecture of Mackenzie 
Presbyterian University. According to Villa [3], Millan, 
years after graduating, had exposure to the School of 
Architecture and Urbanism of the University of São 
Paulo (FAUUSP), where the Modern Movement was 
widely disseminated. Although his architectural 
production was concise due to his early death in 1964, 
it played a significant role in the architecture of São 
Paulo and left a lasting impact on several generations 
of Brazilian architects. 

Against this backdrop, this paper seeks to 
investigate the environmental quality of a Corbusian 
house designed by Millan. Furthermore, a discussion 
is initiated regarding the preservation of modern 
architecture, encompassing the challenges of 
maintaining or adapting these structures in the 
context of ongoing conversations related to 
environmental quality demands and resilience in the 
face of a changing climate. This study is part of a 
broader research project initiated in 2014, with the 
aim of assessing the environmental performance of 
iconic architecture in the city of São Paulo, birthplace 
of the Escola Paulista (São Paulo School) of Modern 
Architecture [4, 5]. 

 
2. CASE STUDY – NADYR DE OLIVEIRA HOUSE 

In 1960, during a period in which his projects were 
more mature, Millan designed the Nadyr de Oliveira 
House (Fig. 1). As reported by Matera [6], some 
solutions in this residence became recurrent in 
conceptual designs conceived by the architect after 
that year, such as: pure and single volumes; building 
program organized around a central nucleus; different 
vertical circulations defined by its uses, isolating the 
service one on an external volume detached from the 
main body of the house; linear kitchen with reduced 
area and illuminated by two horizontal windows (the 
higher one illuminates de centre of the plan and the 
lower one, the work surface) that also favours the 
stack effect; service areas closed by cobogós, with 
permanent ventilation, and located close to the 
bedrooms; exposed concrete structures with lateral 
overhangs and ribbed slabs filled with perforated 
ceramic blocks, reducing the U-factor of the 
construction component; zenithal lighting and 
convective air movement in a multiple-use bathrooms; 
and iron frames painted with orange lead. 

This project is the first apartment-house designed 
by Millan, built on a single floor lifted over pilotis and 
with minimal interference in the original terrain, a 
classic concept spread by Le Corbusier. On the ground 
floor there are the servants' bedroom and bathroom, 
garage, entrance hall, and a social bathroom. The 
geometric floor plan is organized around the access 
space and the volume of the bathroom, around which 

are the three bedrooms, living-room, kitchen, and 
laundry room, all connected through a peripheral 
circulation.  

Natural ventilation stands out in the thermal 
environment of the house, being favoured by the 
design of window frames, strategically positioned. The 
social areas were integrated with the entrance hall on 
the lower floor, enhancing the volume of space. This 
spatial integration fosters convective air movement, 
facilitating the circulation of fresh air. Cross ventilation 
is further facilitated by the opening of doors and 
windows, particularly when the access doors to the 
service area are opened. This area is enclosed by 
cobogós and, as a result, remains permanently 
ventilated. 

On one facade of the living room (North), the 
architect designed a floor-to-ceiling frame consisting of 
upper sliding windows and lower tilting windows, 
ensuring diverse opening possibilities. The placement 
of the upper windows was strategic to privilege the 
views of the area that would later become Parque 
Alfredo Volpi in 1966, and as such, they did not 
incorporate shading, relying on the natural shade 
provided by nearby trees. Conversely, the lower 
windows are externally shaded by concrete cobogós. In 
the bedrooms, the shading arrangement is inverted: 
the smaller lower windows lack shading, while the 
larger upper windows are equipped with an operable 
roller blind – a common solution at the time, known as 
Copacabana shutters. 

Additionally, it is noteworthy that the opaque walls 
of the residence were constructed using cellular 
concrete blocks, which presents a thermal conductivity 
more appropriate for the climatic conditions of São 
Paulo. 

 

 
Figure 1: Nadyr de Oliveira House, 1960. Photos: Acrópole 
Magazine, Rafael Schimidt, and authors. 
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3. METHOD AND ANALISYS  
The methodology employed is experimental and 

inductive, involving fieldwork and measurements of 
thermal, daylighting, and acoustic variables. In 
addition to the data collected on-site, simplified 
calculations were undertaken, when pertinent. 

In the context of thermal ambiance, 
measurements recorded values of dry bulb air 
temperature, globe temperature, air movement, and 
relative humidity. These measurements were taken 
every 15 minutes using HOBO Onset data loggers, 
which were installed simultaneously in the living 
room and a bedroom of the case study during the 
summer and winter periods of 2019 – for the 
purposes of this paper, only data related to the living 
room will be presented. For the warmer period, 15 
days between March and April were selected, 
followed by another 15 days in September to capture 
a cooler period. External temperatures, humidity 
levels, and global radiation measurements were 
recorded in an open space near the house using a 
Campbell weather station. 

For the analysis, data collected over a period of 
seven consecutive days, covering both weekdays and 
weekends, were examined. The selected days 
represented stable conditions, closely resembling 
typical conditions for each respective period. The 
results were analysed comparatively and juxtaposed 
with the comfort zone of 80% acceptability range for 
occupant-controlled naturally conditioned spaces as 
defined by ASHRAE 55 [7]. 

To collect daylight data, HOBO Onset data loggers 
equipped with photocells were utilized. The devices 
were positioned in the centre of the room at a height 
of 75 cm from the finished floor, adhering to the 
position recommended by Brazilian regulations [8] for 
daylight simulations. Illuminance levels were 
recorded every 15 minutes, mirroring the frequency 
of thermal data collection. To estimate external 
illuminance levels, Equation (1), developed by the 
Technological Research Institute of São Paulo (IPT) 
and presented by Alucci [9], was employed.  
 

E = 94 * R (1) 

where   E – Illuminance level (lux); 
R – Solar radiation (W/m²).  

     
As an assessment metric for daylighting data, the 

useful daylight illuminance ranges (UDI fell-short, UDI 
supplementary, UDI autonomous and UDI exceeded) 
established by Nabil and Mardaljevic [10] were 
considered.  

Acoustic measurements were conducted in both 
internal and external spaces under similar sound 
conditions, following the sound level meter 
adjustment recommendations specified by national 
standards [11, 12]. The measurements were 
supported by a Larson Davis sound integrator, Class 1, 

Model 831-RI, equipped with octave and third-octave 
filters and historical time recording capabilities. 

For external data collection, the equipment was 
mounted on a tripod at a height of 1.20 meters from 
the floor and 1 meter from the building envelope. 
Internal measurements involved moving the sound 
level meter within the room to obtain a more 
representative sample of the sound ambiance of the 
evaluated space. 

A-weighted continuous sound pressure level data 
collection extended over a total of ten minutes with a 
10-second integration time for internal and external 
spaces. Additionally, the A-weighted sound pressure 
level was calculated for the entire measurement 
period. 

Furthermore, an airborne sound insulation 
measurement was conducted on the facade of the 
residence's living room. All instruments used in these 
measurements were from the company HBK, including 
a dodecahedron, Model 4292, as a sound source, a 
microphone, Model 4189, to capture the sound 
pressure level, and a sound level meter, Model 2270, 
to measure sound levels and reverberation time. The 
measurements adhered to normative procedures [13], 
and the method employed involved a sound source 
with global speakers providing the difference in sound 
level introduced by a facade when using a real source 
is not feasible. 

Finally, the sound levels and sound insulation of 
the facade were compared with Brazilian legislative 
and normative recommendations [14, 11, 12]. For 
strictly residential areas, as is the case, the 
recommended external sound pressure level during 
the daytime is 50 dB, while during the nighttime 
period, it is 45 dB. Internal measurements 
recommend RLAeq values of 40 dB for the living room. 
 
4. CLIMATIC CONTEXT OF SÃO PAULO 

Regarding to the climate, the city of São Paulo 
(Latitude 23.85° S; Longitude 46.64° W; Altitude 792 
meters above sea level) is situated in a subtropical 
region, characterized by warm-humid summer days 
with predominantly partially cloudy sky, and cool and 
drier winter days with predominantly sunny sky. The 
prevailing wind directions throughout the year are 
South, South-Southeast, and Southeast. Air 
temperatures are moderate for most of the year with 
an annual average temperature of 19.3 °C, according 
to data from the climatological bank of the National 
Institute of Meteorology [15]. Typical warm days with 
clear skies can easily result in temperatures 
exceeding 30 °C in the early afternoon. Conversely, 
on warm days with cloudy skies, air temperatures 
hover around 20 °C. During typical cooler days, solar 
radiation impact can push air temperatures up to 24 
°C, whereas on cooler cloudy days, temperatures 
struggle to rise above 15 °C. According to the Köppen-
Geiger Classification, São Paulo's climate is classified 
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as temperate, featuring no dry season and hot 
summers (Cfa). 

 
5. RESULTS AND DISCUSSIONS 
5.1. Thermal ambiance 

The Nadyr de Oliveira House is currently available 
in the real estate market for purchase or rent, and as 
a result, it is unoccupied. This fact should be taken 
into consideration during the analyses of the 
measurements since it does not present thermal 
loads from occupation and equipment. 

 

 
Figure 2: Measurements of dry bulb air temperature, globe 
temperature and wind speed during warm and cold periods in 
the living-room with external air temperature and solar 
radiation. 

 
During periods of thermal gains in the summer 

week, the highest indoor temperature measured was 
30.7 °C, about 3 °C less than the outdoor temperature. 
When in the absence of solar radiation, the house can 
store thermal loads, guaranteeing internal 
temperatures up to 5.5 °C warmer than the external 
ones.  

During the initial three days of the summer week, 
with external air temperatures ranging between 28.5 °C 
and 30.5 °C, indoor air temperatures consistently 
remained within the comfort range of 80% acceptability 
for naturally ventilated spaces. However, in the 
subsequent days, external air temperatures rose to 

values near 32 °C, resulting in elevated internal 
temperatures that surpassed the upper limit of the 
comfort zone. 

For the climate of São Paulo, controlled 
ventilation is desired when outdoor temperatures 
exceed 30 °C, since the outdoor air that penetrates 
the room arrives at a high temperature, warming it 
up. The globe temperature in warm periods has a 
difference of 1 °C between air temperature in the first 
hours of the day, with a tendency to equalize as solar 
radiation increases throughout the day. 

In the cold period, the lowest measured air 
temperature was 14.6 °C in the coldest dawn, when 
the outdoor temperature reached 12.5 °C. Globe and 
air temperatures tend to be consistent whenever 
there is an overcast sky. Internal air temperatures 
generally remained below the lower limit of the 
comfort zone. On partially cloudy days, when the 
external air temperature reached 22 °C and available 
solar radiation approached values close to 800 
Wh/m², the internal air temperature approached the 
comfort range. If the space were occupied, it is likely 
that temperatures would rise, reaching within the 
comfort range. 

Despite having a thermal lag effect, the peaks of 
indoor temperature coincide with the outdoor one. 
This may be related to the amount of glazed area on 
the facades. To confirm the hypotheses presented, 
simulation studies on the thermal environment of the 
residence should be conducted. 

 
5.2. Daylighting ambiance 

The natural lighting in the residence (Fig. 3) is 
abundant due to the high percentage of glazed 
surfaces, yet not excessive, thanks to the presence of 
vegetation. Additionally, internal bounces are 
facilitated by the white-painted walls and ceiling and 
the unoccupied room. 

During the warm season on clear-sky days, 
internal illuminance levels varied between 1000 and 
1200 lux, while on partially cloudy days, levels were 
around 700 lux. It is noteworthy that, for both sky 
conditions mentioned, illuminance levels close to or 
above 300 lux are predominantly observed between 9 
am and 4:30 pm. The 300 lux threshold indicates that 
the daylight itself would be sufficient for executing a 
significant number of tasks, except for those requiring 
greater visual acuity. Therefore, artificial lighting 
would only be necessary from 5 pm until the early 
morning hours. 

Concerning the winter season, on overcast days, 
illuminances can reach 400 lux during the mornings 
but hardly exceed 200 lux in the afternoons. On 
sunny days, however, values can reach 900 lux during 
the day. 

It is important to note that due to limitations in 
the quantity of equipment, measurements were 
taken for a central point in the room only, and more 
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comprehensive simulation studies are necessary to 
broadly understand the daylighting ambiance of the 
project. Nevertheless, these assessments already 
indicate a good natural lighting quality in the house. 
 

 
Figure 3: Measurements of illuminance levels during warm 
and cold periods in the living-room with estimated external 
illuminance levels. 
 
5.3. Acoustic ambiance 

Regarding the acoustic ambiance of the residence 
(Fig. 4), the measurements indicate values that 
exceed normative recommendations. However, it is 
worth noting that the LA90 data reveals values of 
49.3 dB for the external environment and 40.1 dB for 
the internal environment. LA90 is a statistical 
measure indicating the sound pressure level 
exceeded during 90% of the measurement period, 
excluding sound pressure peaks – elevated sound 
pressure levels result from the proximity of the house 
to airplane routes and local traffic. Its assessment 
shows that the external sound pressure level is within 
the limit recommended by Brazilian regulations, while 
the internal sound pressure level exceeds the limit by 
only 0.1 dB.  

It is essential to recall that the internal 
measurements of the residence were conducted with 
the house entirely unoccupied. The introduction of 
furniture into the room, representing absorbing 
components, would diminish the measured sound 
pressure levels. 

Before evaluating airborne sound insulation, it is 
necessary to classify the area where the project is 
implemented according to the predominant Noise 
Class. The values obtained during measurements 
indicate that Nadyr de Oliveira House is located in a 
Noise Class I area, in which sound pressure level 
incident on the facade equal to or less than 60 dB. For 

this case, the required limits for minimum, 
intermediate, and superior performances of vertical 
enclosures in dwellings are 20 dB, 25 dB, and 30 dB, 
respectively. Therefore, the result of airborne sound 
insulation for the living room's facade does not even 
meet the minimum performance level. However, it is 
emphasized that the evaluation of living rooms, 
kitchens, laundries, and bathrooms is not compulsory 
for the Noise Class in question, with its verification 
being necessary only for Noise Class III. 
 

 
Figure 4: At the top, measurements of internal and external 
sound pressure levels. At the bottom, airborne sound 
insulation information, measured by weighted standardized 
facade level difference of the living room facade. 
 
6. ENVIRONMENTAL ADEQUACY OF MODERNIST 
ARCHITECTURE 

Any heritage building, endowed with historical 
architecture, and cultural values, poses the unique 
challenge of achieving a delicate balance between 
preservation and environmental performance. These 
discussions gain more prominence when considering 
the climate changes already experienced. Adapting 
buildings to meet current demands is an emerging 
challenge, particularly when they are officially listed, 
as is the case with the Nadyr de Oliveira House. 

New materials and construction systems 
introduced by industrial development were 
fundamental to the emerging of the modernist 
architecture. However, the modernist projects were 
originated in a time predating the energy and oil crises, 
when energy resources were perceived as 
inexhaustible, and sustainable development and 
energy efficiency were not yet prevalent concerns.  

Consequently, a considerable number of structures 
from this period feature extensive glazed surfaces in 
their facades. While this design choice ensures 
excellent natural light levels, it also leads to the 
overheating of spaces. Moreover, the abundance of 
window cracks results in high rates of air infiltration, a 
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characteristic that can be advantageous in São Paulo's 
climate during warmer periods but contributes to 
lower temperatures during colder seasons. This also 
has a detrimental impact on acoustic ambiance, as it 
diminishes the sound insulation properties of the 
facades. In these instances, envelope projects typically 
necessitate upgrades to align with contemporary 
environmental requirements. 

In relation to this case study, the replacement of 
windows with others of the same design but more 
airtight and made with innovative materials, such as 
special glass that prevents the passage of solar radiation, 
is a desirable solution. Additionally, the use of thermal-
acoustic mortars that do not alter the project's 
characteristics is also advisable. Disassociated structures 
from the residence could be strategically positioned to 
block the solar radiation. The use of more efficient 
lighting sources, only when natural light is insufficient, 
would also contribute to the reduction of energy 
consumption and the thermal ambiance of the house. 

Finally, an important issue not addressed in the 
studies but directly tied to the utilization and 
preservation of this project is the presence of a sole 
bathroom on the upper floor. Historically, it was 
customary for a single bathroom to be shared by the 
entire family, a practice now deemed inappropriate. 
This factor plays a role in the extended duration the 
residence spends on the real estate market, 
consequently contributing to its gradual deterioration. 
This prompts inquiries about its residential suitability: 
could an architectural studio, for example, potentially 
inhabit the project without compromising the design 
concepts? 
 
7. FINAL CONSIDERATIONS 

This paper presented an assessment of the 
environmental quality of Nadyr de Oliveira House, 
located in São Paulo, and its preservation as a modernist 
heritage building. Despite the existence of some areas 
for improvement, it is crucial to emphasize that 
environmental quality extends far beyond 
measurements of environmental comfort variables. The 
uniqueness of this residence is intricately linked to the 
appropriate integration of various design strategies, 
which harmonizes building techniques, site conditions, 
and environmental strategies on a case-by-case basis. 
In this study case, the ventilation linked to the 
envelope characteristics assumes a distinctive role in 
determining its overall performance.  This approach 
diverges from the notion of relying on predefined rules 
or optimal solutions for achieving adequate 
environmental performance, aligning more closely 
with Bioclimatic principles. 
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1. INTRODUCTION 
With the rapid and continuous process of 

urbanisation, cities are expanding and densifying 
rapidly to accommodate the growing population, 
leading to the potential loss of urban green spaces and 
biodiversity. Opportunities for urban inhabitants to 
interact with nature are diminishing [1]. This has direct 
implications for human health and well-being because 
of the restorative benefits afforded by the experience 
of nature[2].  

The concept of biophilic design has gained 
significant relevance over recent years for its potential 
to improve occupants’ health and well-being through 
the embedded multisensory quality of nature[3]. 
Despite its recent progresses, there are still 
limitations.  

Firstly, multisensory biophilic qualities are 
insufficiently discussed in biophilic design literature. 
The restorative benefits from exposure to biophilic 
environments, including its effects on attention 
restoration[4] and stress reduction[5], have been 
studied almost entirely in the visual domain, instead of 
other sensory domains, especially the thermal sense. 
In practice, the introduction of nature has often been 
reduced to a superficial collection of discrete visual 
elements instead of a synthetic and immersive 
experience. For example, indoor living walls with high 
resource budgets for maintenance and irrigation may 
be introduced as simple add-ons to an otherwise 
irrelevant architectural design scheme, just to render 
a visually pleasant scene.  

In thermal comfort research, the thermal pleasure 
principle, thermal alliesthesia[6], can contribute to the 
understanding of the dynamic thermal experiences in 
outdoor urban and natural settings. Thermal 

alliesthesia indicates that the hedonic tone (pleasant 
or unpleasant) of an environmental thermal stimulus 
depends on the stimulus itself and the individual’s 
internal thermal state. The adaptive approach to 
thermal comfort provides an alternative perspective 
for understanding the rich thermal experiences of our 
interactions with outdoor environments through its 
recognition of the active role played by human 
occupants.  

Secondly, sociocultural contexts have been largely 
overlooked in biophilic design. This is not surprising 
considering biophilia hypothesis is built on a 
biologically evolutionary perspective to human-nature 
relationships. One might observe an international style 
of biophilic architecture regardless of cultural origin. 
Yet, distinctive architectural expressions of nature 
have evolved in history, for example, the Japanese Zen 
Garden embedded in courtyard versus the formal and 
symmetrical French garden. Individual differences in 
restorative experiences[7] need to be explored, 
including not only visual preferences of nature, but 
also thermal preferences.  

Built environment inhabitants with different 
sociocultural backgrounds may have distinct thermal 
preferences towards outdoor environments. 
Knowledge of these differences may contribute to a 
better understanding of individual experiences in 
biophilic outdoor environments. Cultural norms can 
influence an individual’s habits, such as clothing and 
dietary habits, leading to different thermal 
experiences. Moreover, different cultural backgrounds 
may be associated with distinct environmental 
attitudes towards specific weather components, such 
as sunlight[8].  
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This paper aims to address the above-mentioned 
two limitations in biophilic design by exploring the 
interrelationships between thermal pleasure, cultural 
influence, and restorative benefits of semi-outdoor 
environmental experiences.  

 
2. METHOD 

This study adopted an empirical approach. An 
experiment with human subjects was conducted in an 
immersive Virtual Reality integrated climate chamber, 
where the visual, auditory, and thermal conditions of 
two semi-outdoor environmental scenarios were 
simulated. This includes a nonadaptive scenario where 
participants were exposed to strong sunlight with 
breeze but no adaptive opportunity, and an adaptive 
scenario where opportunities to choose between 
sunlight exposure and shade exist. 

 
2.1 Research participants 

Thirty-eight research participants, consisting of 19 
Chinese and 19 Australian participants (male 
participants:15, female participants:23, average age = 
24 ± 5), undertook the study in two experimental 
sessions. All experimental participants have lived in 
Sydney, Australia for at least three months to ensure 
physiological acclimatisation to the local climate.  

 
2.2. Experimental conditions 

The creation of the visual and auditory stimuli for 
the virtual semi-outdoor space was based on an actual 
roof garden – SkyPark in the Central Business District, 
Melbourne. The visual environment was constructed 
in VR using Rhino3D and Unity and delivered to 
participants via a head-mounted display Oculus Rift S. 
Different sunlight conditions were created for sunlight 
only and sunlight + shade scenarios (Figure 1). The 
auditory experience was simulated with Unity's audio 
system, which enables a head-tracking binaural render 
of ambisonic audio recording for achieving an 
interactive urban soundscape experience. 

  

 
Figure 1: Experimental scenarios 

 

Air temperature, airflow, and solar radiation of the 
semi-outdoor environment were simulated using the 
HVAC systems of the climate chambers, an array of 
halogen heat lamps, and digitally controlled bladeless 
fans. A summary of the simulated thermal conditions 
is shown in Table 1. 
Table 1 : Thermal Experimental Conditions (Tair: air 
temperature, Tmrt: mean radiant temperature, RH: relative 
humidity, Vair: air velocity) 

Thermal 
Condition Tair (°C) Tmrt (°C) RH (%) Vair 

(m/s) 

Indoor 24.0 ± 
0.1 24.0 55 0.05 ± 

0.01 
Semi-

outdoor 
Sunlight  

28.0 ± 
0.1 39.7 60 1.00 ± 

0.01 

Semi-
outdoor 
Shade 

28.0 ± 
0.1 28.0 60 1.00 ± 

0.01 

 
The solar radiation was simulated using a bank of 

ten quartz tungsten halogen lamps (250 W per lamp). 
The halogen heat lamps were controlled digitally with 
Arduino microcontroller and power relay, able to 
respond automatically to the user's actions in VR. The 
wind conditions were simulated using two digitally 
controlled bladeless fans to recreate the turbulence 
characteristics of an actual 30-min outdoor wind time 
series, as captured by high-speed (1 Hz) thermal 
anemometer in an urban setting. 

 
2.3 Procedure  

The experiment included three phases, pre-test, 
environmental exposure, and post-test.  

 
 Figure 2: Experimental set-up and procedure 

 
The pre-test was conducted in climate chamber 1 

(Figure 2), simulating a workplace environment. 
Fatigue and stress inductions were administered to 
participants, including a series of cognitive tests 
(Backward Digit-span and Sustained Attention to 
Response Task), and a Trier Social Stress Test. 
Participants’ cognitive performance and stress level 
were measured. 

The environmental exposure took part in climate 
chamber 2 (Figure 2) immediately after the pre-test. 
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Participants experienced the simulated semi-outdoor 
environment for 25 min, during which they could 
freely explore the virtual environment. After the 
environmental exposure, participants completed a 
questionnaire regarding their subjective appraisal of 
the experience. 

In the post-test stage, participants returned to 
chamber 1 and were asked to take the cognitive tests 
again. 
2.4 Data collection 
(1) Backward Digit-span Test (BD) 

BD has been widely used as an indication of 
directed attentional capacity. During the test, 
participants were asked to recall a series of number 
sequences ranging from 3 to 12 in length in backward 
order.  
(2) Sustained Attention to Response Task (SART) 

SART reflects the subject's cognitive capacity to 
sustain attentional focus over an extended time. 
During the experiment, SART was administered to 
participants using Inquisit V6 (Millisecond Software). 
225 digits from 1 to 9 were presented to subjects in a 
pseudo-randomised sequence. Participants were 
asked to withhold their response to the digit ‘3’ but 
respond as quickly and accurately as possible by 
pressing the spacebar button on the keyboard.  
(3) Questionnaire 

A questionnaire was filled out by participants 
regarding their subjective experience of the virtual 
semi-outdoor environment, including perceived 
sensory pleasantness (visual, auditory, and thermal), 
perceived environmental influence on mood, and a 
short-form perceived restorativeness scale. Sensory 
pleasure was surveyed with seven-point continuous 
scale questions (How pleasant did you feel about the 
visual/auditory/thermal environment? 3: very 
unpleasant, 0: neutral, +3: very pleasant). The 
perceived mood influence was based on five bipolar 
scale of basic emotional dimensions (How would you 
describe the effect of the environment on you in terms 
of the following emotions: depressed-elated, unsure-
confident, grouchy-good-natured, anxious-relaxed, 
fatigued-energetic. A five-item short-form perceived 
restorativeness scale[9] was used, with item for each 
restorative component from Attention Restoration 
Theory (fascination, being-away, scope, coherent, 
compatibility)[4]. Fascination refers to the ability of the 
environment to engage ongoing effortless attention. 
Being-away describes the psychological distance of an 
individual to attention demanding mental activities. 
Scope and coherent are important for an environment 
to have sufficient information for exploration and to 
have an ordered structure for comprehension. 
Compatibility refers to the mutual fit between an 
environment’s affordance and the individual’s 
purpose. 

 

3. RESULTS 
3.1 Thermal pleasure and restorative benefits 

Thermal pleasure was significantly associated with 
restorative benefits in SART performance, as indicated 
by D-prime (β = 0.24, p < 0.05), subject's sensitivity to 
task stimuli, CV (β = −0.27, p < 0.05), differences in 
reaction time produced by lapsing attention (Table 2). 
Visual pleasure was associated with Delta Errors (β = − 
0.34, p < 0.01). 

 
Table 2: Statistical Association between Sensory Pleasure 
and SART Performance (* p<0.05, ** p<0.01, ns Non-
significant) 

 β-Value 

 Delta D-
prime Delta CV Delta 

Errors 
Thermal 

Pleasantness 0.24* Ns -0.27* 

Visual 
Pleasantness ns -0.34** ns 

Auditory 
Pleasantness ns ns ns 

F 5.12 10.84 6.48 
R2 0.06 0.11 0.07 

 
Stepwise regression using individual sensory 

pleasantness as predictors for the overall 
environmental influence on perceived mood (sum of 
individual emotional dimensions) showed that among 
the sensory modalities, thermal pleasure was the most 
significant predictor of environmental influence on 
perceived mood (β = 0.52, R2 = 0.43, p < 0.001). There 
was also a significant association between visual 
pleasantness votes and environmental influence on 
perceived mood (β = 0.27, R2 = 0.06, p < 0.05), although 
accounting for much less variance. Auditory 
pleasantness was not a significant predictor. 

Stepwise multiple regression analyses were 
conducted to examine the relationships of individual 
sensory pleasantness votes with the perceived 
restorative components. In Table 4, visual 
pleasantness was positively associated with 
fascination (β = 0.50, p < 0.001), being-away (β = 0.37, 
p < 0.01), coherence (β = 0.30, p < 0.01), scope (β = 
0.38, p < 0.01) and compatibility (β = 0.48, p < 0.01). 
There were positive associations between the sense of 
being-away and thermal pleasantness (β = 0.25, p < 
0.05). 

 
3.2 Cultural influence on thermal experience and 
restorative benefits 

As indicated in Figure 3, thermal pleasure 
assessments between Chinese (Median = − 0.45) and 
Australian groups (Median = 1.75) differed 
significantly during sunlight-only environmental 
exposure (p < 0.001). Chinese participants were more 
likely to experience thermal displeasure when exposed 
to direct sunlight (Tmrt = 39.7C°), while the opposite 
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trend was observed in Australian subjects. In the 
sunlight+shade scenario, the difference between the 
two cultural groups was not significant (p > 0.05), due 
to improvement of thermal pleasure for Chinese 
participants (Median difference = 2.3, p < 0.0001). 

 
Figure 3: Thermal pleasure between groups and scenarios 

 
Figure 4 shows that Australian participants 

received more improvement of their cognitive 
performance than Chinese participants in the sunlight-
only scenario (Mean difference = 0.85, p < 0.05). No 
significant difference was found between the two 
cultural groups in the sunlight + shade scenario (p > 
0.05) due to the improvement of cognitive 
performance for the Chinese group when given 
adaptive opportunity (Mean difference = 0.84, p < 
0.05). A mixed-model Analysis of Variance (ANOVA) 
test on the backward digit-span test performance 
suggests no statistically significant effect of both 
Country of Origin, F (1, 72) = 2.67, p = 0.10, and 
Scenario, F (1, 72) = 0.24, p = 0.62. 

 
Figure 4: Comparison of SART performance between cultural 
groups and scenarios. 

 
Figure 5 indicates the perceived environmental 

influence on mood was significantly positively 
associated with thermal pleasure rating (β = 2.5, R2 = 
0.42, p < 0.001). Given the significant difference in 
thermal pleasure between Australian and Chinese 
cultural groups, the restorative benefit on mood also 
differed significantly (Median difference = 3, p < 0.01). 
Australian participants had a more positive mood after 

the semi-outdoor environmental exposure compared 
to Chinese participants. 

 
Figure 5: Statistical relationship between cultural group, 
thermal pleasure and environmental influence on mood. 

 
4. DISCUSSION 

This section discusses the results’ relevance in the 
existing literature and synthesizes the findings into a 
conceptual model, depicting the process of occupant 
adaptation to the semi-outdoor thermal environment 
during the restorative experience. The implication of 
the findings on biophilic design in architecture is also 
discussed.  

 
4.1 Conceptual model    

Immediate environment (Figure 6) refers to the 
thermal milieu of an individual that directly impacts 
the person’s heat balance and includes air 
temperature, humidity, airflow characteristics, and 
the radiative fluxes from sun, sky, ground, and nearby 
objects. 

 
Figure 6: conceptual model - relationships between the 
thermal realm and psychological restoration 

 
The subjective perceptual response to thermal 

stimuli is determined by the individual’s internal 
thermal state and the capacity of the stimuli to restore 
heat balance of the body. This response is further 
shaped by contextual factors, such as cultural 
backgrounds. In the present study, significant 
differences in thermal pleasure responses were 
observed between Chinese and Australian participants 
when exposed to the same semi-outdoor thermal 
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environment during the sunlight-only scenario. This 
disparity can be potentially explained by a cultural 
difference in the notions of skin beauty (fair vs tanned 
skin tone) which shape attitudes towards sunlight 
exposure. In addition, Australians' affinity to sunshine 
may also be associated with the Australian beach 
culture. The beach occupies a significant and 
multivalent place in Australia and Australian culture. 
The strong positive thermal pleasure derived from 
burning sunshine, cold waves, and cool breeze 
constituents a vital part of the sensory hedonistic 
alliesthesia experience for beachgoers, and 
contributes to Australians' affective bond to the place 
– topophilia[10]. In addition to cultural backgrounds, 
other contextual factors related to personal 
backgrounds and situations may also be relevant, such 
as socio-economic status[11], climatic backgrounds[12], 
purpose and frequency of visit, and perceived 
control[13]. 

Depending on the availability of adaptive 
opportunities in the environment and the individual’s 
current thermal comfort state, adaptive behavioural 
responses may alleviate thermal displeasure or 
enhance thermal pleasure (Figure 6 links 3 and 4). The 
current study observed a significant improvement in 
thermal pleasure for the Chinese participants when 
offered choices during the sunlight + shade scenario 
(Figure 3).  

Significant associations between thermal pleasure 
and restorative benefits of semi-outdoor 
environmental exposure were observed. Thermal 
pleasure was the strongest predictor of participants’ 
subjective mood improvement resulting from semi-
outdoor exposure compared to visual and auditory 
pleasure. The association between mood 
improvement and thermal pleasure can potentially be 
explained through Stress Recovery Theory and 
alliesthesia theory. Stress Recovery Theory views 
stress response and recovery as adaptive processes in 
which quick-onset emotional reactions to the external 
environment are necessary to initiate physiological 
adaptation and motivate avoidance behaviour in 
relation to environmental challenges or threats. 
Recovery occurs when the environment is beneficial to 
human well-being or survival, thereby recharging 
adaptive resources to sustain energy levels for future 
events or opportunities [5]. From an evolutionary 
perspective, it is vital to our species’ survival that the 
alliesthesia mechanism (depending on the thermal 
stimuli’s ability to restore homeostasis) can elicit 
strong affective responses, including sensory 
pleasure/displeasure, activation/recovery of stress 
response, and positive/negative mood.  

The relationship between the thermal realm 
(thermal pleasure, thermal adaptive opportunity) and 
attention restoration was understood through the 
lenses of fascination, being-away, extent, and 

compatibility (Figure 6 links 7 and 8). In the current 
study, thermal pleasure was significantly positively 
associated with being-away (β=0.25, p<0.05), referred 
to as the psychological distance or disengagement 
from the current work task or attention-demanding 
mental activities. To cope with unpleasant thermal 
environmental stressors psychological resources are 
required, thus attenuating the sense of being-away. 
The results also indicate that access to adaptive 
opportunity is associated with higher ratings of 
fascination and being-away. Environments that are 
replete with adaptive opportunities promise more 
diverse experiences to the inhabitants, thereby 
enhancing the quality of fascination. 

 
4.2 Design implication    

The relative importance of sensory modalities in 
human experience has been the subject of much 
conjecture. Although holding great importance as 
input to cognitive processing about the external 
world[14], the visual sense alone may not have the most 
significant influence on our experience of the world, 
certainly not emotional experiences. Findings of the 
current study provide evidence to the theoretical 
discussions of the active role of the thermal sense in 
affecting the emotional experiences of built 
environment inhabitants. 

The potential of the built space to engage a rich 
texture of thermal experiences for its inhabitants has 
been articulated in the book Thermal Delight in 
Architecture[15] as well as scientifically explored in 
Thermal Alliesthesia[16]. This current study further 
supports the discussions around thermal delight in 
architecture with its association with tangible 
restorative benefits to building occupants. The results 
suggest that thermal pleasure contributes 
substantially to the restorative experience, leading to 
enhanced cognitive performance and improved mood 
states. The atmosphere created by the active 
engagement of thermal pleasure in outdoor nature 
fosters an enhanced sense of well-being in 
architecture.  

Understanding thermodynamics in nature and how 
we interact with it physiologically, emotionally, and 
behaviourally has potential application in architectural 
design conception. Metaphors are regarded as 
essential tools of thought for design conception that 
express and articulate human existential experience in 
the world[17]. A departure of the guiding metaphors for 
architectural conception from mechanistic images 
requires a deep understanding and integration of the 
subtlety and dynamic complexity of biological 
phenomena in the natural world. Edward Wilson 
stated in his landmark book Biophilia[18] that “the 
superorganism of a leaf-cutter ants’ nest alone is a 
more complex system in its performance than any 
human invention and unimaginably old” (p.37). 
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supports the discussions around thermal delight in 
architecture with its association with tangible 
restorative benefits to building occupants. The results 
suggest that thermal pleasure contributes 
substantially to the restorative experience, leading to 
enhanced cognitive performance and improved mood 
states. The atmosphere created by the active 
engagement of thermal pleasure in outdoor nature 
fosters an enhanced sense of well-being in 
architecture.  

Understanding thermodynamics in nature and how 
we interact with it physiologically, emotionally, and 
behaviourally has potential application in architectural 
design conception. Metaphors are regarded as 
essential tools of thought for design conception that 
express and articulate human existential experience in 
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Understanding the biological world with the lens of 
our own biological heritage will bring new models for 
the contemporary architecture. This understanding 
cannot be achieved via only visual terms but also the 
multisensory comprehension of the interactions 
between humans and the natural world. Aspirations 
towards an architecture that engages the dynamic 
thermal interaction in nature can be seen in the works 
such as Glenn Murcutt’s Simpson-Lee House, Peter 
Zumthor’s Thermal Vals and Philippe Rahm’s 
Meteorological Architecture[19].  

The current study also emphasises inhabitants’ 
cultural backgrounds as a significant factor in biophilic 
design. The culturally distinct groups of Chinese and 
Australian participants showed pronounced 
differences in their thermal pleasure assessments, 
adaptive behaviours, and restorative outcomes from 
exposure to semi-outdoor environments. These 
findings highlight the need for a shift in biophilic design 
from a generic one-size-fits-all design guideline to a 
more contextualised and nuanced framework taking 
into account local culture, climate, and user’s 
backgrounds. Most of the current biophilic design 
frameworks propose a collection of discrete design 
patterns that attempts to introduce natural elements 
or emulate natural characteristics in the design of the 
physical environment. The successful integration of 
these universally-defined design themes, such as 
thermal & airflow variability, presence of water, and 
prospect & refuge[20], needs to be grounded in the 
specific context of place and people to achieve 
biophilic design’s goal of fostering human well-being. 

 
5. CONCLUSION 
This study explored the potential relationship between 
thermal experience and psychological restorative 
benefits. The findings of current study bring empirical 
evidence to support the key roles of thermal pleasure 
and cultural considerations within the biophilia theme 
in contemporary architecture. 
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ABSTRACT: This article explores the resilience of school buildings in the context of thermal, lighting, and acoustic 
comfort in two Brazilian bioclimatic zones Bioclimatic Zone 1 (Campos do Jordão - SP) and Bioclimatic Zone 3 
(São Paulo - SP), with a specific focus on the direct impact of climate on the thermal and lighting characteristics 
of the structures. Employing a qualitative-quantitative method, the study involves comprehensive measurements 
and evaluations, incorporating comfort descriptors and the application of questionnaires to assess thermal, 
lighting, and acoustic perceptions and preferences. The findings highlight the imperative need for interventions 
aimed at improving the adaptability of buildings to promote resilience. Key insights reveal deficiencies in 
acoustic insulation, ventilation-related challenges affecting thermal comfort, and deficiencies in natural lighting 
in both zones. The proposed interventions cover investments in acoustic insulation, ventilation strategies, 
optimization of lighting design, implementation of lighting control mechanisms, consideration of thermal 
coatings, and exploration of humidity control solutions. 
KEYWORDS: Resilience, Environmental Comfort, Thermal Comfort, Acoustic Comfort, Lighting Comfort.  
 
 

1. INTRODUCTION 
In 2019, approximately 55% of the global 

population lived in urban areas, with a projected 
increase of 13% by 2050 [1]. The rapid growth of 
cities, technological advancements, and 
industrialization, predominantly stemming from the 
industrial revolution, have contributed to alterations 
in global climate patterns [2] and an increase in noise 
pollution [3]. Many of these alterations are indicated 
by researchers due to greenhouse gas emissions 
resulting from the human model of planetary 
occupation.  

The Intergovernmental Panel on Climate Change 
(IPCC), the scientific-political organization responsible 
for assessing climate changes due to anthropogenic 
factors, cautioned in its latest report (AR6) about the 
alarming repercussions of the heightened emissions 
of greenhouse gases (GHGs). This increase is directly 
correlated with the escalation in both the frequency 
and severity of temperature fluctuations and 
catastrophic events on a global scale [4]. 

The building’s exposure to climate is directly 
connected to its thermal and energy performance [5]. 
Climate change presents new challenges to buildings, 
cities, and citizens, requiring solutions to enhance 
constructions’ flexibility and adaptability to constant 
temperature changes. Climate becomes a shaping 
agent of space. 

Considering in this work that resilience in the 
capacity of the built environment to withstand and 
adapt to changes or impacts of carious kinds over 
time [6-9], the resilience of school buildings in terms 

of environmental comfort becomes a crucial aspect to 
ensure an environment conducive to learning and 
occupants’ well-being. 

In the Brazilian context, which encompasses eight 
distinct bioclimatic zones (Fig. 1), comprehending and 
adapting school buildings to face climatic challenges 
is of paramount importance. This paper discusses the 
resilience of buildings within the school context 
concerning thermal, lighting and acoustic comfort in 
two specific bioclimatic zones: Bioclimatic Zone 1 
(Campos do Jordão – SP) and Bioclimatic Zone 3 (São 
Paulo – SP) considering the direct influence of climate 
on the thermal and lighting characteristics of the 
buildings. 

Identifying these factors is crucial to enable 
resilience in the face of climate-derived impacts and 
changes, as well as other socio-environmental 
conditions affecting the comfort of the built 
environment.  

 
Figure 1: Brazilian bioclimatic zones. 
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Figure 1: Brazilian bioclimatic zones. 

 

2. METHOD 
The established method was qualitative-

quantitative through measurement, encompassing 
the evaluation of comfort descriptors in conjunction 
with interviews focused on thermal, luminous, and 
acoustic perception and preference. The equipment 
was positioned within each designated space: 
teachers' rooms, computer rooms, and drawing 
rooms of each building.   

Thermal comfort was assessed by recording air 
temperature, radiant temperature (derived from 
globe temperature), relative humidity, and airspeed 
[10]. The evaluation of lighting comfort was 
conducted through the collection of data from both 
natural and artificial lighting sources. The gathered 
data encompassed illuminance (lux) levels at the task 
plane [11-13]. Acoustic comfort was assessed by 
measuring the sound pressure level (LAeq) with a 
sound level meter [13-14]. 

The data was collected during a typical operating 
day for both buildings and the results of the thermal 
comfort indices were compared with the 
climatological records of the cities São Paulo – SP and 
Campos do Jordão – SP and all the comfort data 
(thermal, lighting and acoustic) with the relevant 
standards. 

Questionnaires were administered to users during 
the established periods of occupancy for the analysis 
of comfort perception. Furthermore, an analysis of 
comfort surroundings and the buildings was 
conducted, with a focus on the building's resilience 
and users' well-being. 

 
3. OBJECT OF STUDY 

The current study focused on analyzing the 
resilience of school buildings in two educational 
institutions: 

 The federal Institute of Education, Science 
and Technology of São Paulo (IFSP) in the 
city of Campos do Jordão (22°44'33'' S, 
45°35'33'' W and 1613 m), belonging to 
Bioclimatic Zone 1 (Z1); 

 The Faculty of Architecture and Urbanism of 
the University of São Paulo (FAU USP) in São 
Paulo (23°33'36'' S, 46°43'47'' W and 741 m), 
belonging to Bioclimatic Zone 3 (Z3).  

In each of these buildings, three common places 
were selected: the teachers' room (TR), the computer 
room (CR), and the drawing room (DR). 

 
4. RESULTS AND DISCUSSION 
4.1 Questionnaire 

Questionnaires were employed to evaluate 
environmental comfort in two distinct Brazilian 
bioclimatic zones, Zone 1 and Zone 3. The survey tool, 
officially sanctioned by the Research Ethics Board 
with CAAE number: 74030723.8.0000.5390, unveiled 

valuable insights into users' perspectives on various 
environmental factors, as depicted in Table 1. 

 
Table 1: Statistical data from user responses regarding the 
comfort within each of the studied rooms. 
 
1. Right now, how do you perceive the temperature in this room? * 

 CR Z1 CR Z3 DR Z1 DR Z3 TR Z1 TR Z3 
Mean 6.78 7.83 6.35 8.22 5.71 8.15 

Median 6.75 8 6 9 5 8.25 
Standard 
deviation 1.72 1.68 1.73 2.27 1.51 1.66 

2. At this very moment, how do you assess the natural ventilation 
in this room? ** 

 CR Z1 CR Z3 DR Z1 DR Z3 TR Z1 TR Z3 
Mean 4.06 2.89 3.67 2.02 2.64 1.73 

Median 4 2.25 3.5 1 1.5 1.75 
Standard 
deviation 2.56 2.6 2.43 2.4 3.35 1.53 

3. Without the fan on, how would you describe the thermal 
sensation in the room? *** 

 CR Z1 CR Z3 DR Z1 DR Z3 TR Z1 TR Z3 
Mean 5.6 2.14 6.1 2.37 5.79 2.04 

Median 5 2 6 1.5 5 1.5 
Standard 
deviation 2.69 1.95 2.5 2.91 3.46 2.56 

4. How would you rate the artificial lighting in this room? ** 
 CR Z1 CR Z3 DR Z1 DR Z3 TR Z1 TR Z3 

Mean 7.22 7.69 7.8 7.83 6.5 7.76 
Median 7.75 8 8.5 8 5 8 

Standard 
deviation 2.34 1.73 2.1 1.82 3.94 1.96 

5. How would you rate the natural lighting in this room? ** 
 CR Z1 CR Z3 DR Z1 DR Z3 TR Z1 TR Z3 

Mean 5.77 6.75 6.5 7.43 4.29 5.39 
Median 5.25 6 6.5 8 2 5 

Standard 
deviation 2.66 2.85 2.01 2.59 3.94 2.69 

6. Can you easily carry out all activities without artificial lighting? 
 CR Z1 CR Z3 DR Z1 DR Z3 TR Z1 TR Z3 

Yes 31% 50% 60% 43% 71% 25% 
No 69% 50% 40% 57% 29% 75% 

7. Considering the quantity and intensity of external noises in this 
room, how do you find it? *** 

 CR Z1 CR Z3 DR Z1 DR Z3 TR Z1 TR Z3 
Mean 4.98 6.68 4.33 3.66 4.29 4.76 

Median 5 6.75 4.5 3 5 4.75 
Standard 
deviation 2.32 2.26 2.49 2.59 2.55 2.23 

8. How often is it necessary to close the windows and doors to 
achieve good audibility? **** 

 CR Z1 CR Z3 DR Z1 DR Z3 TR Z1 TR Z3 
Mean 4.56 5.31 4.98 5.78 4.14 5.05 

Median 5 5 5 5 5 5 
Standard 
deviation 2.91 2.81 3.01 3.24 1.38 2.42 

* 0 - Very cold, 5 - comfortable, 10 - Very hot; ** 0 - unsatisfactory, 
05 - neutral, 10 – satisfactory; *** 0 - uncomfortable, 05 - neutral, 
10 – comfortable; **** 0 - always, 05 - sometimes, 10 - never (20) 

 
The comfort average, established at 5 for question 

1, acted as a benchmark for evaluating the collected 
responses. Interestingly, the findings reveal that in 
Zone 1, participants' responses averaged between 
5.71 and 6.78, indicating a closer proximity to 
comfort. In contrast, respondents in Zone 3 reported 
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averages ranging from 7.83 to 8.22. Notably, these 
results suggest that individuals in the latter zone 
encounter notable discomfort in the analyzed 
environments. 

Concerning ventilation, the average responses 
reflected a widespread sense of dissatisfaction, with 
this sentiment being particularly pronounced in Zone 
3. Participants in this area communicated a 
heightened level of discomfort in the environments, 
particularly when lacking fans. 

In terms of artificial lighting, the average 
responses fell within the range of 6.5 to 7.83, 
suggesting a reasonably satisfactory evaluation. 
However, when assessing natural light, a decline in 
satisfaction is evident, with average responses 
spanning from 4.29 to 7.43. Notably, Zone 1 exhibited 
the lowest satisfaction rates in this regard. 
Surprisingly, a significant majority of respondents 
deem artificial lighting essential for accomplishing 
their daily activities. 

In terms of acoustic comfort, the average 
response falls within the range of 3.66 to 6.68, 
pointing to a generally low perception. In numerous 
instances, the necessity to shut doors and windows to 
guarantee good hearing directly affects both 
ventilation and the sense of thermal comfort, thereby 
amplifying users' discomfort in the rooms examined. 

The results gleaned from the questionnaires offer 
a comprehensive insight into users' perspectives on 
environmental comfort in the two Brazilian 
bioclimatic zones. This information is pivotal for 
grasping the distinct requirements of each region, 
facilitating the formulation of interventions and 
enhancements in the studied environments. 

 
4.2 Acoustic Comfort 

Acoustic comfort is a crucial factor in the 
educational environment, directly influencing the 
academic performance and well-being of students 
and teachers. Brazilian Standard NBR 10.152 
establishes guidelines for the sound pressure level in 
classrooms, recommending a maximum of 35 dB to 
promote an environment conducive to learning. The 
results of acoustic measurements carried out in 
selected environments in Zones 1 and 3 of the 
Brazilian bioclimatic zones revealed significant 
variations in this recommendation (Figure 2). 

In Zone 1, the teachers' room had a measured 
value of 46.5 dB, exceeding the limit recommended 
by ABNT NBR 10.152:2017. The computer room in the 
same zone recorded a higher level, reaching 54.2 dB. 
The drawing room, in turn, showed an even more 
significant value, reaching 60.1 dB. 

In contrast to Zone 1, Zone 3 showed slightly 
more favorable results, although still far from the 
normative recommendation. The teachers' room 
registered 52.6 dB, while the computer room showed 

51.3 dB. The drawing room, although smaller than 
Zone 1, revealed a level of 53.4 dB. 

It is clear that, based on the data obtained, school 
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The data collected through on-site measurements 
in the chosen environments in Brazilian Bioclimatic 
Zones 1 and 3 offers a comprehensive view of 
thermal comfort, a critical consideration for the 
resilience of buildings. The operative temperature 
was obtained by averaging the air temperature and 
the radiant temperature, and was used as a metric 
for evaluation, concerning the parameters 
established by ASHRAE 55 of 2017, which defines the 
range of 22.5°C to 25.5°C for operative temperature 
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Figures 3 and 4 show the results measured 
indoors, highlighting the variations in operating 
temperatures throughout the day, relative humidity, 
and air speed. On 18/09/2023, the outside 
temperature varied between 17°C and 33°C. In the 
CR, TR and DR, operating temperatures fluctuated 
little, but none remained within the parameters set 
by ASHRAE 55, indicating a thermally uncomfortable 
environment for users. 

No significant variation in internal temperatures, 
together with the answers to the questionnaire, 
suggests a consistency between the measured 
environmental conditions and the users' subjective 
perception of thermal comfort. It is important to note 
that the differentiated insolation did not result in 
large variations, pointing to the effectiveness of the 
architectural design due to the potential for thermal 
inertia. 

Relative humidity (RH) varied between 46.4% and 
56%, reflecting an adequate balance for thermal 
comfort in Zone 3. The low ventilation speeds of less 
than 0.05 m/s recorded in all the rooms indicate a 
deficiency in ventilation, corroborating the 
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averages ranging from 7.83 to 8.22. Notably, these 
results suggest that individuals in the latter zone 
encounter notable discomfort in the analyzed 
environments. 

Concerning ventilation, the average responses 
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enhancements in the studied environments. 

 
4.2 Acoustic Comfort 

Acoustic comfort is a crucial factor in the 
educational environment, directly influencing the 
academic performance and well-being of students 
and teachers. Brazilian Standard NBR 10.152 
establishes guidelines for the sound pressure level in 
classrooms, recommending a maximum of 35 dB to 
promote an environment conducive to learning. The 
results of acoustic measurements carried out in 
selected environments in Zones 1 and 3 of the 
Brazilian bioclimatic zones revealed significant 
variations in this recommendation (Figure 2). 

In Zone 1, the teachers' room had a measured 
value of 46.5 dB, exceeding the limit recommended 
by ABNT NBR 10.152:2017. The computer room in the 
same zone recorded a higher level, reaching 54.2 dB. 
The drawing room, in turn, showed an even more 
significant value, reaching 60.1 dB. 

In contrast to Zone 1, Zone 3 showed slightly 
more favorable results, although still far from the 
normative recommendation. The teachers' room 
registered 52.6 dB, while the computer room showed 

51.3 dB. The drawing room, although smaller than 
Zone 1, revealed a level of 53.4 dB. 

It is clear that, based on the data obtained, school 
environments in the two Brazilian bioclimatic zones 
face challenges in terms of acoustic comfort, 
especially in computer and design rooms. Exceeding 
the limits set by the standard suggests the need for 
interventions and corrective measures to optimize 
the sound environment and create conditions more 
conducive to teaching and learning. 

 

 
Figure 2: Values measured in LAeq in each of the rooms. 

 
4.3 Thermal Comfort 

The data collected through on-site measurements 
in the chosen environments in Brazilian Bioclimatic 
Zones 1 and 3 offers a comprehensive view of 
thermal comfort, a critical consideration for the 
resilience of buildings. The operative temperature 
was obtained by averaging the air temperature and 
the radiant temperature, and was used as a metric 
for evaluation, concerning the parameters 
established by ASHRAE 55 of 2017, which defines the 
range of 22.5°C to 25.5°C for operative temperature 
and 65% relative humidity (RH). 

Figures 3 and 4 show the results measured 
indoors, highlighting the variations in operating 
temperatures throughout the day, relative humidity, 
and air speed. On 18/09/2023, the outside 
temperature varied between 17°C and 33°C. In the 
CR, TR and DR, operating temperatures fluctuated 
little, but none remained within the parameters set 
by ASHRAE 55, indicating a thermally uncomfortable 
environment for users. 

No significant variation in internal temperatures, 
together with the answers to the questionnaire, 
suggests a consistency between the measured 
environmental conditions and the users' subjective 
perception of thermal comfort. It is important to note 
that the differentiated insolation did not result in 
large variations, pointing to the effectiveness of the 
architectural design due to the potential for thermal 
inertia. 

Relative humidity (RH) varied between 46.4% and 
56%, reflecting an adequate balance for thermal 
comfort in Zone 3. The low ventilation speeds of less 
than 0.05 m/s recorded in all the rooms indicate a 
deficiency in ventilation, corroborating the 

 

dissatisfaction expressed by users in the 
questionnaires. 

 

 
Figure 3: Temperature and relative humidity data collected 
in São Paulo/SP Zone 3. 

 

 
Figure 4: Air speed data collected in São Paulo/SP Zone 3. 

 
In Zone 1, measurements were taken on three 

different days (09/11/2023, 10/11/2023, and 
13/11/2023), reflecting the specific weather 
conditions. Outside temperatures varied between 
22°C and 18°C. The operating temperatures in the DR, 
CR, and TR remained within the limits set by ASHRAE 
(Fig.5), demonstrating thermally comfortable 
conditions. 

The variation in Relative Humidity (RH) in Zone 1 
was wider, with values in the DR ranging from 57.5% 
to 72.7%, in the CR from 62.3% to 66%, and in the TR 
from 38.8% to 46.4% (Fig.5). This variation did not 

compromise thermal comfort, as indicated by the 
answers to the questionnaires. 

 

 
Figure 5: Temperature and relative humidity data collected 
in Campos do Jordão/SP Zone 1. 

 
Similarly, to Zone 3, inadequate ventilation (below 

0.05 m/s) was observed in the rooms studied (Fig.6), 
coinciding with users' dissatisfaction with ventilation, 
showing a gap in the efficiency of the ventilation 
system in the buildings analyzed. 

 

 
Figure 6: Air speed data collected in Campos do Jordão/SP 
Zone 1. 

 
The data collected in the two bioclimatic zones 

did not reveal efficiency and resilience in the 
buildings analyzed about the factors studied. 
Interventions and adaptations are needed to 
satisfactorily meet the needs of users. In Campos do 
Jordão/SP, Zone 1, characterized by a high-altitude 
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tropical climate, high relative humidity throughout 
the year was observed in the measurements, 
hindering the body's thermal regulation and 
potentially generating discomfort in the internal 
environments. In contrast, São Paulo/SP, Zone 3, with 
a subtropical climate and also high relative humidity, 
can result in considerable discomfort, especially on 
hot days, reducing the effectiveness of the body's 
thermal regulation. 
 
4.4 Lighting Comfort 

Lighting comfort plays a crucial role in the 
educational environment, directly influencing 
academic performance and the well-being of 
occupants. The study on lighting comfort in the two 
Brazilian bioclimatic zones (Zone 1 and Zone 3) has 
revealed valuable information regarding the lighting 
conditions in the selected environments (Fig. 3). 
Measurements were conducted during the use of the 
rooms in the afternoon, between 03:00 PM and 06:00 
PM. This choice of timing allowed for considering the 
influence of both natural and artificial light, given the 
significant contribution of both during this time 
frame. 

 

 
 

Figure 3: Values measured in lux in each of the 
environments measured according to the time of day. 

 
Analyzing the drawing room in Zone 3, the limited 

contribution of natural light stands out, necessitating 
the indispensable use of artificial lighting. Throughout 
the measurement period, recommended lux 
standards were maintained, ranging from 500 lux to 
700 lux, underscoring the need for enhanced 
illumination due to the specific activities conducted in 
this space. 

In the teachers' room in Zone 3, natural lighting is 
restricted, and artificial light manages to remain 
within the range of 300 lux to 400 lux, close to the 
minimum recommended by the Brazilian standard 
(ABNT NBR 5413:1992). This condition persists almost 
throughout the measurement period, emphasizing 
the importance of adjustments or improvements in 
the lighting of this environment. 

In the Zone 3 computer room, stability in lighting 
was observed, staying above 300 lux throughout the 
measurement period. Additionally, the presence of 
sunlight contributes to these values, highlighting the 
effectiveness of the combination of natural and 
artificial light in this specific space. 

In Zone 1, the teachers' room demonstrates a 
significant contribution from sunlight, maintaining 
considerable values between 700 lux and 900 lux 
during measurements. This result underscores the 
importance of architectural design and the 
arrangement of openings to optimize the entry of 
natural light into this environment. 

In the Zone 1 computer room, characterized by 
smaller openings, the entry of natural light is limited. 
However, artificial light plays a fundamental role, 
allowing the illumination to stay between 500 lux and 
600 lux for the majority of the measurement period. 

Finally, in the drawing room of Zone 1, large 
openings provide a substantial entry of natural light, 
complemented by artificial light to meet the specific 
lighting demands of the space. Measurements 
indicated that the illumination remained between 
700 lux and 900 lux, highlighting the efficiency of the 
architectural design in promoting ideal conditions for 
drawing activities. 

 
5. CONCLUSIONS 

The results obtained from the on-site 
measurements indicate that the rooms analyzed had 
deficiencies in sound insulation, allowing external 
noise to enter that exceeds the limits established by 
NBR 10.152 for internal environments. This finding 
suggests the urgent need for interventions to 
improve the acoustic insulation of the buildings 
studied. The use of acoustic insulating materials and 
the evaluation of physical barriers to reduce external 
noise are essential recommendations for promoting 
quieter environments that are conducive to user 
comfort. 

The rooms maintained moderate thermal 
amplitudes owing to their good thermal inertia; 
however, the absence or inadequacy of ventilation 
led to discomfort for the occupants. Despite Zone 1 
staying within acceptable temperature parameters 
for comfort, Zone 3 fell short of meeting these 
criteria. Enhancing thermal comfort calls for the 
implementation of effective ventilation strategies, 
including the adoption of strategic openings, cross 
ventilation, and the utilization of technologies that 
support air circulation. Additionally, exploring the 
application of thermal coatings can contribute to 
more efficient management of thermal conditions in 
the rooms. 

High relative humidity was observed in Zone 1, 
indicating the need for ventilation mechanisms to 
improve thermal comfort. Body thermal regulation 
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becomes challenging in conditions of high humidity, 
justifying the implementation of adequate ventilation 
systems to reduce feelings of discomfort. Strategies 
such as natural ventilation, dehumidifiers, and 
mechanical ventilation systems can be considered to 
optimize humidity management and improve 
occupants' thermal sensation. 

The limited natural light in all the rooms 
underscores the necessity for interventions to comply 
with regulatory standards and guarantee ample 
lighting conditions for users. Evaluating and refining 
the lighting design is recommended, incorporating 
more efficient light sources evenly distributed 
throughout the spaces. The implementation of 
systems for utilizing natural light and controlling 
lighting, such as presence sensors, can contribute to 
resilience and optimize energy consumption and 
creating well-lit environments. 

To promote the resilience of buildings, it is 
essential to implement strategic interventions that 
improve their overall efficiency. In this context, 
investing in acoustic insulation materials is an 
essential measure to mitigate the entry of external 
noise, contributing significantly to the quality of the 
internal environment. In addition, the 
implementation of ventilation strategies, such as 
strategic openings and air circulation systems, 
emerges as a crucial solution for optimizing thermal 
comfort, considering the thermal inertia already 
present in the spaces studied. Such enhancements 
not only fortify building resilience but also underscore 
the interplay of acoustic and thermal considerations 
in fostering an environment conducive to occupant 
well-being. 

Evaluating and adjusting the lighting design, 
incorporating more efficient light sources, as well as 
introducing lighting control mechanisms, not only 
meet regulatory requirements but also promote 
better-lit and energy-efficient environments. In 
addition, the consideration of the application of 
thermal coatings aims to improve the management of 
thermal conditions in environments, while the 
exploration of specific solutions for humidity control, 
such as dehumidifiers or mechanical ventilation 
systems, represents a comprehensive approach to 
holistically improving environmental comfort. These 
integrated interventions, when applied in a 
coordinated manner, have the potential to make 
buildings more resilient, providing sustainable and 
comfortable environments for occupants. 
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ABSTRACT: A novel approach to understanding the anatomy of wood in more detail in order to quantify the 
properties relevant to architectural developments forms the core idea of the project. This specifically relies on 
the active use of the mostly negatively perceived hygroscopic behavior of wood. The concept is based on the 
moisture-related phenomenon of opening and closing pine cones, which acts as a bionic inspiration for exploring 
climate-sensitive structures. Based on defined parameters, targeted changes to the wood properties can be 
brought about in order to combine and produce homogenized and professionally “meteoactive” veneers as so-
called bi-layers. Due to the temperature and humidity-dependent swelling and shrinking of the bi-layer veneers, 
the bending can be controlled, for example in the form of shading elements, without the use of electricity or me-
chanical systems. 
KEYWORDS: bi-layer, veneer, moisture, temperature, resource-efficiency 

1. RESEARCH QUESTION
Instead of making mechanical systems more and 

more efficient, we should work on more economical 
solutions that approach a zero-energy state. So how 
can a decentralized system be generated that creates 
a naturally controlled filter layer, similar to human 
skin or the breathing organism? This motivating ques-
tion is the central theme of the research and high-
lights the author’s fascination with circular construc-
tions. Furthermore, the continuous testing of the 
knowledge already gained is essential for a sustaina-
ble architecture and realistic application processes. 
This includes the research question to be investigat-
ed: How can the research parameters for condition-
ing the wooden elements be selected accordingly in 
order to make the system more weather-resistant 
and be able to be used in different climate zones? 
The hypothesis is the selection of suitable types of 
wood depending on the climate zone, the thickness 
of the bilayer veneers and the investigation of a semi-
permeable wood coating that simultaneously allows 
moisture exchange with the environment.  

2. STATE OF TECHNOLOGY
The hygroscopic material behavior of wood has 

been a current topic being tested by research teams 
at several universities (e.g. University of Stuttgart, 
Swiss Federal Institute of Technology Zurich) for 
many years in order to develop methods for the fea-
sibility of movable constructions in architecture. The 
moisture-dependent protective reaction of pine 
cones serves as inspiration from nature. The cone 
scales only open when it is dry and allow the seeds to 
be spread by the wind; when it is wet, they remain 

closed to protect their offspring. Similar to the princi-
ple of a heated bi-metal strip, the scales consist of 
two layers of material that react differently to the 
humidity. In combination, the dimensional change in 
the lower layer causes a bending and thus closure of 
the entire scale. When the bottom layer dries, the 
scale is pulled back down to open. According to find-
ings by Poppinga and Speck from the University of 
Freiburg, fossil cones are also capable of bending 
movements even after millions of years [1]. This in-
teresting behavior of the pine cones acts as an exam-
ple of bionic and autonomously reacting flap systems.  

The first wooden prototypes using the natural in-
fluencing factors: temperature and humidity are, for 
example, the “Urbach Tower” and the HygroSkin” 
pavillon of the research team at the University of 
Stuttgart under the leadership of Menges and Knip-
pers [2]. The desired curvatures of the elements can 
be achieved through certain drying and swelling pro-
cesses. The research is based on studies by 
Reichert regarding the potential use of the hygroscop-
ic properties of the complex wood structure and their 
dimensional changes [3]. This embody a no-tech con-
cept, which can be naturally controlled in the form of 
wooden control elements.  Another invention that 
uses the hygroscopic material behavior of wood are 
the “solar trackers” by the scientist Rüggeberg from 
the EMPA research center and the ETH Zurich Univer-
sity. It is a timber-construction, which aligns solar 
modules towards the sun based on the bi-layer prin-
ciple [4].  

This level of knowledge serves as a valuable the-
matic template and provides an incentive to investi-
gate further options for optimizing and controlling 
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the responsiveness of wood, especially for outdoor 
applications, as well as its bending behavior.  
 
3. APPROACH 

The main idea of the research project is the active 
use of the hygroscopic behavior of wood by combin-
ing different types of wood in the form of bi-layer 
veneers to apply them for instance as sun shading 
facilities. Therefore, it is essential to analyse the mi-
crostructure of the natural material in much more 
detail.  

Regarding to the references [1-4, para. 2.], an as-
pect to be further developed is the choice of wood 
species appropriate to the environment. It is im-
portant to clarify the criteria according to which the 
woods are examined individually. For the durability of 
the products, it is advantageous to choose types of 
wood that are more suitable for outdoor use (e.g. 
oak, ash, robinia, eucalyptus). Against the background 
of the future fundamental restructuring towards 
resilient mixed deciduous forests, the authors sug-
gests the increased use of deciduous wood species. A 
further way to specify the bi-layer system is the ap-
propriate choice of components. Instead of being 
limited to one type of wood, the combination of two 
different types in form of an active and passive layer 
(detailed explanation in para. 5. PROJECT FINDINGS) 
results in higher deformation potential and control 
over the bending direction. 

The research-method relies on a clear concept of 
consecutive, systematic approach. The first part con-
sists of experiments regarding the targeted analysis 
of different parameters to describe the material be-
havior of wood under different temperature and 
humidity scenarios. The combinatorics and precise 
analytics of the properties of different types of wood 
in a flat composite make it possible to control the 
bending. The strategies consist of examining the 
wood structure by generating a µCT scan as micro-
computed tomography and the deformation of wood 
veneer samples at different humidity levels at differ-
ent time intervals using a climate-chamber. At the 
same time, the bending states of respective humidity 
stages from 40 to 90 % RH (relative humidity) were 
recorded using a 3D scan in order to use them to 
generate a computer-aided parametric simulation 
model. With this approach, precisely defined values 
can determine the curvature of the elements and, 
depending on the selected parameter, generate the 
desired result.  

In the next step, the design potential of the de-
veloped solution was examined by projecting it onto 
a sample façade. The parameters such as the dimen-
sion, shape and arrangement can be regulated as 
desired. This is intended to illustrate the possibilities 
and limitations of the approach in practical applica-
tion.  

4. PARAMETERS 
In order to initially achieve significantly lower 

scattering results, the deformation behavior can be 
influenced by the:  
 

§ type of wood 
§ veneer cutting technique  
§ woodcut areas  
§ arrangement of the fiber direction  
§ thickness of the test specimens 
§ shape and dimension of the test specimens  

 
4.1 Woodcut areas 

How much a wooden board shrinks or swells de-
pends on which part of the tree trunk it was cut from 
and how the cells are arranged. The structure shows 
extremely developed anisotropic material behavior. 
The directional dependence is reflected in the follow-
ing areas: longitudinal (in the direction of the fibers), 
radial (across the annual rings) and tangential (along-
side the annual rings). The swelling and shrinkage 
behavior is therefore most pronounced in wood that 
has been cut from the tangential area. This occurs 
much weaker in woods from the radial zone and least 
in the longitudinal direction of the fibers [5].  

The swelling and shrinkage values differ depend-
ing on the type of wood and indicate its staying pow-
er. Depending on the area of application, a most 
suitable wood with appropriate values can be select-
ed. The target (in front of the ongoing and becoming 
more and more intensive resource efficiency debate) 
should be to use all the material (leaving the former 
way of selecting the material) by precisely (automat-
ed) analyzing the individual micro-structure and to 
modify the properties by processing the veneers 
using laser machining.  
 
4.2 Cutting technique 

Depending on the type of preparation, different 
results and veneer appearances can occur. When flat 
slicing the halved trunk is cut from the outside. In the 
outermost area of trunk, veneer leaves lively flake 
markings (horizontal annual rings) because the annu-
al rings are cut at a shallow angle. If the cut moves 
closer to the trunk, the veneers show a stripy struc-
ture due to the increasingly rectangular cut (vertical 
annual rings). With the circular peeling technique, the 
tree trunk is clamped along its central axis and then 
peeled in spiral shape from the outside. The result of 
veneer pattern then shows an irregular and flaky 
pattern similar to the shapes of nests or eyes [6]. 

In relation to the hygroscopic behavior of wood, 
the selection of the appropriate cutting technique 
and thus the cutting area is also of high importance. If 
you compare these techniques with the swelling and 
shrinkage zones, the flat sliced veneer reacts more 
strongly to the ambient humidity with horizontal 
annual rings than that with vertical rings.  
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4.3 Type of wood 
Due to different raw and drying densities, the 

types of wood can be divided into two categories: 
hardwoods and softwoods, which show different 
reactions the ambient humidity. If the drying density 
is above 550 kg/m3, it is considered as hardwood; 
anything below that is classified as softwood [7]. 

The moisture behavior was examined with initial 
experimental tests on veneer samples using a water 
spray bottle and a hand-held moisture meter. The 
samples measuring 10 x 12 cm in the cross-grain 
direction were clamped into a specifically designed 
holder and sprayed with water from one side. The 
moisture dose was then gradually increased so that 
development from the initial stage to around 30 % 
moisture could be documented photographically. 

It became clear that the softwoods (pine and 
limba) formed a stronger sample curvature than the 
denser hardwoods (oak and walnut). Based on the 
results, one can generally assess that the hardwood 
samples are more resistant to moisture than the 
softwoods, but still show a pronounced bending reac-
tion (Fig. 1, 2). 

 
   initial stage            10 %               20 %                 30 %  

 
Figure 1: Hardwood moisture test (oak veneer)  
 

 
Figure 2: Softwood moisture test (pine veneer)  
 

In order to investigate the reaction in more detail 
in further experiments, specifically selected veneer 
was used from the FSG veneer and sawn wood trad-
ing company in Borsdorf. Its facility has a large hall 
where various types of veneer are dried and stored. 
For the next investigative step, the sliced hardwoods 
with a tangential cut: larch, oak, ash and beech con-
taining high strength and elasticity properties were 
chosen, as well as the lighter and easy-to-machine 
softwoods: spruce (flat sliced, tangential cut), pine 
(flat sliced, radial cut) and birch (peeled). With this 
selection, the different types of veneer processing 
could be checked at the same time and tested in 
combination in the next phase.  
 
4.4 Fiber direction 

When moisture is added, the direction of the 
grain determines the type of bending of the wood 

veneer. The wood fibers, as elongated wood cells, not 
only serve to strengthen the wood, but also act as 
“muscles” that cause the structure to move actively. 
The swelling is initiated by the binding of water mole-
cules only along the fiber structure of the cellulose 
fibers between the stablilizing lignin. If you try this 
process by adding moisture to one side of the veneer 
sheet, the fibers swell and stretch the section trans-
versely to the direction of the fibers more than in the 
longitudinal direction. As a result, the veneer curves 
towards the wet side because that is where the water 
binding takes place first.  
 
5. PROJECT FINDINGS 

The parameters described above were combined 
in the next phase in form of a bi-layer – strategy 
(Fig. 3). This means that the bending direction and 
the reaction of the respective layer to ambient hu-
midity can be adjusted and then controlled inde-
pendently without mechanical or electrical influence. 
Previously, the bending direction of the veneer sheet 
could only be determined by spraying water from one 
side. If moisture is applied from all sides when used 
outdoors, it is not possible to predict or control exact-
ly in which direction the element will bend. This cer-
tainty about the curvature behavior is extremely 
important when using the element as a shading panel 
in order to allow as much light to pass through by 
opening the façade when the humidity is high and to 
shade the building by bending the elements back 
when the humidity is low and the sunlight is strong.  

This principle can be achieved by connecting an 
active and passive layer. The active layer forms a type 
of wood that has a high swelling and shrinkage value 
and can absorb a lot of moisture. The passive layer is 
a more moisture-resistant type of wood that reacts as 
little as possible to the ambient humidity and remains 
rigid. When the air humidity is high during the swell-
ing process, the active layer “pushes” the element in 
the direction of the passive layer and, during the 
shrinking process, back in the opposite direction. 
Within the bi-layer composite, the alignment of the 
fibers and the woodcut area (tangential/radial) from 
which the veneer was obtained must also be consid-
ered.  

     
Figure 3: bi-layer strategy 
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As the knowledge gained was further developed, 
the application of the system was limited to outdoor 
areas as a shading system. Therefore, in the next 
step, only types of wood that were suitable for out-
door use were selected. These include: oak, larch and 
eucalyptus. The native wood species oak has the 
highest differential tangential swelling and shrinkage 
value of this selection at 0,36 %. In addition, it also 
has high strength and elasticity values (13,000 
N/mm2) [8] and is weather-resistant. The tangentially 
sliced oak (tangential annual rings) acts as an active 
element in the bi-layer composite. 

The eucalyptus veneer was used for the passive 
layer. This type of wood is often used in garden furni-
ture construction, as decking or window frames, as it 
is also very robust, weatherproof and resistant to 
fungus. Eucalyptus is a tree species that comes from 
Australian and Tasmanian virgin forests, so it would 
be irresponsible to use wood from overexploited 
plantations. As an alternative, FSC-certified eucalyp-
tus wood can be grown sustainably in the European 
forest area of Galicia, Spain. The tree species Eucalyp-
tus globulus, introduced in the 19th century, was able 
to adapt well to the Spanish climate and spread mas-
sively. The property of rapid growth of 50 cm per year 
is also particularly sustainable, enabling a growth 
height of up to 60 m. This type of wood also has a 
higher raw density of up to 910 kg/m3 than oak 
(770 kg/m3) and is therefore very sustainable for the 
resistant layer. So that it reacts even less to moisture, 
the veneer was chosen in a radial cut (vertical annual 
rings) with a differential swelling and shrinkage value 
of 0,25%. Its external appearance, with its interesting 
light reddish-brown colour and gently shimmering 
grain, also forms a harmonic combination with the 
light to medium brown oak veneer.  
 
5.1 Microscopic examination 

In order to explore the structural components of 
the two hardwoods of the bi-layer: oak and eucalyp-
tus in relation to their moisture reactions, a micro-
scopic examination was also carried out. For this 
purpose, support was provided by the Polyclinic for 
Dental Conservation and Periodontology at Leipzig 
University Medical Center and its research team 
made a microcomputed tomography (µCT) scan pos-
sible. The one-month study focused on comparing dry 
and moistened veneer samples. The result of the 
scanned veneer shows very clear and detailed images 
in cross section and longitudinal section as well as a 
3D model (Fig. 4).  
With the help of these representations, the complex 
“organism” of the two woods can be illustrated and 
understood very well. Since no visual differences 
could be found between the dry and wet samples, an 
analysis of the pore sizes was carried out for both 
types of veneer. So far, these have shown very differ-

ent behavior patterns in the volume change of the 
pores. Only in one wet eucalyptus sample did the 
pores shrink, as expected. To achieve statistical cer-
tainty, more samples would have to be examined in 
the future. The first insight and investigation ap-
proach into the wood structure opens up many inter-
esting facts that still need to be explored.  
 

 
 

 
 250 Px = 500 µm = 0,5 mm 

 
Figure 4: µCT scan - Oak, Polyclinic for Dental Conservation 
and Periodontology at Leipzig University Medical Center  
 
5.2 Climate chamber experiments 

Using the initially applied investigation strategy 
of the bi-layer principle using water spray bottles, it 
was only possible to estimate the moisture added to 
the wood samples and to read the content using the 
moisture meter. When using the wooden elements 
outdoors, the humidity in the surroundings and how 
this affects the wood are of great importance. There-
fore, the experiments were moved to a climate 
chamber with precise measuring methods.  

For the investigations, a constant temperature of 
20°C was chosen as the average summer temperature 
in Germany. At the same time, this creates good cli-
matic conditions for a faster development of air hu-
midity, because the warmer the air temperature, the 
more water it can absorb. In relation to the tempera-
ture, the prevailing external humidity, for example in 
Berlin, was then gradually adjusted from 40 to 90 % 
RH (relative humidity). In order to determine the 
point in time at which the moisture content changes 
in the climate chamber, the equilibrium moisture 
content of the two veneers oak and eucalyptus, must 
be determined in advance. If the veneer is adjusted to 
a new climate too early, residual deformation from 
the previous moisture state occurs and leads to inac-
curacies. As long as the veneer absorbs moisture, its 
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mass increases; when there are no changes, equilib-
rium is reached and the time interval for adjustment 
is known.  

After selecting the appropriate wood glue (PUR 
glue) for a shear-resistant connection of the two 
wood layers and setting up a sample holder, the 
moistening in the climate chamber could be started. 
During the humidification process from 40 to 90 % 
RH, different bending movements such as curvature 
and torsion could be examined. This made it possible 
to check the initial thesis for plausibility (Fig. 5). 

  

 
Figure 5: climate chamber tests of bi-layer veneers 
 

 
 

Figure 7: Simulation script of façade shading elements 

The key question to be tackled was how to measure 
the discontinuous bending of the test specimens 
contact-free, precise and especially quick. Therefore, 
a 3D-Scanning-Tool (Artec Leo) has been used to 
create a parametric simulation model. As a prepara-
tory measure for the scan of the climate chamber 
tests, the creation of target points on a background 
poster was essential. These are target points that the 
3D scanner captures during the scanning process to 
place the object in the same position in the coordi-
nate system with each scan (Fig. 6). 
 

 
Figure 6: Target points detection of the 3D scanner 
 

 
 

Curvature analysis 
 

1. Import of the 3D scans as meshes 
2. Conversion of the meshes into patches  
3. Digital reversal of the samples  
4. UV direction sorting  
5. Curvature sorting  
6. Animation surface control points 
7. Animation area + loft generation 

 
Façade projection 
 

1. Element alignment to the façade 
2. Scaling of elements 
3. Element distribution in the façade grid 
4. Element thickness adjustment  
5. Rounding the edges of the mold 
6. Material allocation  
7. Element multiplication per window 

Curvature analysis 

Façade projection 

Façade projection 
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5.3 Parametric model  
In the next step, the processed and optimized 3D 

scan models were imported into computer-aided 
modelling software and linked to a self-developed 
simulation script (Fig. 7). This enabled the generation 
of an algorithmic bending simulation as a loft surface 
that can interpolate between the individual phases of 
the veneer deformations. The created loft surface 
serves as the basis for projecting the shading ele-
ments onto a sample building façade. This can be 
aligned with the window, scaled accordingly and 
distributed in the façade grid. Since the interior 
rooms on the west and east sides are exposed to the 
highest levels of sunlight in summer, the digital script 
was supplemented with a parameter that enables the 
arrangement of several shading elements per win-
dow. Basically, the shading elements are intended to 
protect the window from heat input (shrinkage) when 
the relative humidity is low and the sunlight is high 
(Fig. 8) and to open the window front again when the 
relative humidity is high and the sunlight is low 
(swelling), (Fig.9).  
 

 
Figure 8: Curvature state of shading at 40 % RH 
 

 
Figure 9: Curvature state of shading at 90 % RH 
 
6. INNOVATION POTENTIAL 

The use of renewable resources, the continuous 
exchange of the material with the surrounding cli-
mate and the low material consumption defines the 
core elements for a sustainable shading solution 
based on the ingenious use of natural phenomena. 
Therefore, this research focuses on the topic: Archi-
tecture for human resilience and well-being (includ-

ing biophilic design, nature-based solutions, climate 
adaption strategies). In contrast to most existing 
technologies, individual slats can be easily replaced, 
which ensures minimal maintenance costs. Their 
meteoactive and noiseless functionality would also 
contribute to a better indoor climate. The innovative 
approach to be developed: breathable wood coating 
+ meteosensitive bending of bi-layer slats, also con-
tains a high disruptive potential.  
 
7. FUTURE PROJECT STEPS 

Since this is a research in progress, the following 
options where considered as a outlook for the topic 
of climate-sensitive shading:  

§ Testing of bi-layer thicknesses for a more 
practical and weather-resistant solution  

§ Multi-seasonal analysis of wood behavior af-
ter multiple swelling and shrinking processes 

§ Functional investigation of the shading sys-
tem in relation to other climate zones  

§ Development of an inorganic-organic hybrid 
layer based on sol-gel systems for wood  

§ Developing a strategy to affect the bending 
behavior or veneer based on annual ring 
analysis and individualized laser processing 

§ Creation of a digital weather analysis by im-
porting desired weather data into the para-
metric simulation model of the shading ele-
ments  
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1. INTRODUCTION
Summer 2022 was the joint hottest on record in 

the England, with outdoor temperatures exceeding 
40 C for the first time since records began [1]. The 
UK Health Security Agency (UKHSA) issued Level 3 
Heat Health Alerts for five distinct heat periods from 
June to August 2022. During these periods, excess 
deaths were 6.2% above the five-year average [2], 
with older populations most affected. These statistics 
are reminiscent of findings from studies following the 
Europe-wide heatwave of August 2003, when excess 
mortality during the ten-day heatwave in England 
was 33% in those aged 75 and over, and only 14% in 
the under-75’s [3, 4], with a quarter of heat-wave-
related deaths occurring in care homes and mortality 
in London increasing by 3% for every 1 C increase in 
daily average temperature over 21.5 C [5].  

Public Health England (now UKHSA) identified 
24.5°C as the threshold above which excess heat-
related mortality may become apparent [6], 
principally through cardiovascular and respiratory 
disease. Rising temperatures and heatwaves increase 
risks to physical and emotional health, but also have 
significant financial implications in terms of the cost 
of adapting buildings, operating active cooling 
systems, and potential reduction in productivity [7].  

The Climate Change Committee’s 2022 report [8] 
identified key characteristics that affected whether 
individual buildings overheat during hot weather: 
location (London and the south of England 
experiencing more frequent and intense extreme 
high temperatures than the rest of the UK); 
urbanisation (the urban heat island effect); Building 

type (flats and well insulated buildings having an 
increased risk of overheating); occupant behaviour 
(e.g. window-opening and curtain-closing patterns).  

The UK Government’s Climate Change Risk 
Assessment report [9] and the 2018 National 
Adaptation Programme [10] have identified 
summertime overheating in care settings as a key risk 
and research priority for the health and social care 
system. The design and operation of care settings in 
the UK has historically focussed on keeping residents 
warm since they are vulnerable to cold [11]. At the 
same time, there has been a relative lack of attention 
to the risk of summertime overheating in unprepared 
care homes [12].  

Summertime overheating is widespread, even in 
newer buildings [13]. The characteristics of new-build 
energy-efficient housing – airtight and well insulated 
– can make them particularly prone to this problem.
In addition, features such as heated corridors 
(common in elderly care settings but not normally 
found in general housing), and the use of window-
opening restrictors, may also contribute to 
overheating. Increasing thermal mass and improving 
ventilation can help when designing new care homes, 
with additional ventilation and solar shading 
strategies also beneficial [14].  

Several studies have investigated care homes 
using computer simulations with predicted climate 
scenarios. Others have conducted longitudinal 
monitoring in a small sample of care homes. This 
paper presents analysis of longitudinal environmental 
monitoring gathered from 41 care homes across 
England, allowing consideration of a wide range of 
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are reminiscent of findings from studies following the 
Europe-wide heatwave of August 2003, when excess 
mortality during the ten-day heatwave in England 
was 33% in those aged 75 and over, and only 14% in 
the under-75’s [3, 4], with a quarter of heat-wave-
related deaths occurring in care homes and mortality 
in London increasing by 3% for every 1 C increase in 
daily average temperature over 21.5 C [5].  

Public Health England (now UKHSA) identified 
24.5°C as the threshold above which excess heat-
related mortality may become apparent [6], 
principally through cardiovascular and respiratory 
disease. Rising temperatures and heatwaves increase 
risks to physical and emotional health, but also have 
significant financial implications in terms of the cost 
of adapting buildings, operating active cooling 
systems, and potential reduction in productivity [7].  

The Climate Change Committee’s 2022 report [8] 
identified key characteristics that affected whether 
individual buildings overheat during hot weather: 
location (London and the south of England 
experiencing more frequent and intense extreme 
high temperatures than the rest of the UK); 
urbanisation (the urban heat island effect); Building 

type (flats and well insulated buildings having an 
increased risk of overheating); occupant behaviour 
(e.g. window-opening and curtain-closing patterns).  

The UK Government’s Climate Change Risk 
Assessment report [9] and the 2018 National 
Adaptation Programme [10] have identified 
summertime overheating in care settings as a key risk 
and research priority for the health and social care 
system. The design and operation of care settings in 
the UK has historically focussed on keeping residents 
warm since they are vulnerable to cold [11]. At the 
same time, there has been a relative lack of attention 
to the risk of summertime overheating in unprepared 
care homes [12].  

Summertime overheating is widespread, even in 
newer buildings [13]. The characteristics of new-build 
energy-efficient housing – airtight and well insulated 
– can make them particularly prone to this problem.
In addition, features such as heated corridors 
(common in elderly care settings but not normally 
found in general housing), and the use of window-
opening restrictors, may also contribute to 
overheating. Increasing thermal mass and improving 
ventilation can help when designing new care homes, 
with additional ventilation and solar shading 
strategies also beneficial [14].  

Several studies have investigated care homes 
using computer simulations with predicted climate 
scenarios. Others have conducted longitudinal 
monitoring in a small sample of care homes. This 
paper presents analysis of longitudinal environmental 
monitoring gathered from 41 care homes across 
England, allowing consideration of a wide range of 

 

building typologies and characteristics and how these 
may affect care homes’ propensity for overheating. 
 
2. METHODOLOGY 

Hobo MX1101 and MX1102A (accuracy of ±0.21 
C, ±2% RH) devices monitored air temperature and 
RH in indoor rooms categorised as bedrooms (115 
resident rooms, occupancy varying from nights only 
to 24/7; day hours 07:00-22:00), lounges (46 
communal rooms used by multiple residents and staff 
during the day; occupied hours 08:00-20:00), and 
offices (34 staff-only rooms; occupied hours 09:00-
17:00). Weather-proofed Hobo MX2301 (accuracy of 
±0.2 C, ±2.5% RH) devices monitored outdoor 
temperature and relative humidity (RH) at each care 
home. The devices were shielded from radiation. 
Note that whilst operative temperature is the ideal 
measure to calculate overheating, differences in 
operative and dry bulb (air) temperature tend to only 
be significant in indoor spaces with high levels of 
exposed thermal mass or high indoor air velocity [15], 
neither of which applied to the case study care 
homes. Furthermore, the Hobo devices used cost less 
and were smaller and more discreet than operative 
temperature monitors, and therefore more 
appropriate for deploying over long periods.   

Care homes serve as both domestic spaces for the 
residents and non-domestic spaces for the staff. 
CIBSE’s three overheating metrics were investigated 
with this in mind. CIBSE Guide A defines overheating 
when 1% or more of occupied hours exceed 28 C in 
living areas or 26 C in bedrooms. Fixed maximum air 
temperatures do not allow for occupants’ ability to 
adapt to their environment. Therefore, CIBSE TM52 
was considered, deriving threshold comfort 
temperature Tthreshold from the running daily mean of 
outdoor temperatures. The metric has three criteria: 
(1) no more than 3% of occupied hours (May-Sep) 
more than 1 C above Tthreshold; (2) daily weighted 
exceedance We <6 (where We = (DT x HDT), 
DT=temperature difference above Tthreshold and 
HDT=hours spent above DT); (3) maximum indoor 
temperature <4 C above Tthreshold. Overheating is 
deemed to have occurred if at least two of the three 
criteria are failed. CIBSE TM59 combined dynamic 
and static criteria: (A) no more than 3% of occupied 
hours (May-Sep) more than 1 C above Tthreshold; (B) 
No more than 1% of overnight hours in bedrooms 
over 26 °C annually; (C) no more than 3% of occupied 
hours > 26 °C annually. Overheating is deemed to 
have occurred if any of these criteria are failed. 
Criteria B and C consider proportions of annual hours. 
The data available therefore provide indicative results 
for TM59 rather than definitive results. 

Typology analysis considered the characteristics of 
the care homes. Building age groups were informed 
by Standard Assessment Procedure (SAP) building age 

bands: Pre-1930, 1930-1976, 1977-2002, and Post-
2002. ‘Locality’ consisted of three groups: urban 
(surrounded by shops, hospitals, offices etc), 
suburban (residential neighbourhoods), and rural 
(countryside or small villages). Regional locations 
were defined as North (from Merseyside to Tyne and 
Wear); Midlands (Northamptonshire, Warwickshire, 
Oxfordshire, and Gloucestershire), South (Hampshire, 
West Sussex, and the Isle of Wight); and Greater 
London. ‘Proximity to coast’ defined coastal care 
homes as those located within 10 km of the coast (a 
definition used in agriculture to identify the effect of 
coastal climates). Care home build type considered 
whether the building was purpose built or converted 
from a previous use. Care home size was based on 
number of bedrooms (small: <30, medium: 30-59, 
large: 60 or more). In addition, the floor and 
orientation of rooms were considered.  
 
3. RESULTS FOR THE 41-CARE HOME SAMPLE 
 
3.1 Temperature 

Monitored indoor temperatures varied widely 
over the Jun-Aug 2022 period, exceeding 40 C in 
three care homes and exceeded 35 C in 14 care 
homes (Error! Reference source not found.). Outlier 
low temperatures were in unoccupied (and therefore 
unheated) bedrooms, indicating that many care 
homes maintained some level of background heating 
provision throughout the whole year. Analysis 
focussed on occupied hours as defined above (all 
hours for bedrooms). (Average temperatures were 
25.2 C (mean) and 25.0 C (median), with a quartiles 
of 23.7 C and 26.4 C.   

 

 
Figure 1 Boxplot showing the distribution of monitored 
temperatures during occupied hours (lounges and offices) 
and all hours (bedrooms) across the 41-care home sample. 

Analysis of temperatures distributions for 
monitored locations disaggregated by different 
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categories revealed interesting findings, both in 
differences and similarities between the groups.  

Disaggregating by location revealed London care 
homes were 1.8-2.2 C warmer (mean/median) than 
those in other regions. The 25th C for London (25.2 C) 
was almost the same as the 75th Cs in the north and 
south care home groups (25.4 and 25.5 C 
respectively). Bedroom night-time hours in London 
were 1.8-2.2 C (mean) warmer than bedrooms in 
other regions. There was little to distinguish between 
temperature distributions in the care homes in the 
north, midlands and south. 

Urban and suburban care homes were 0.8-1.0 C 
(mean) warmer than rural care homes. Compared to 
rural bedrooms, urban and suburban bedrooms were 
1.3-1.4 C (mean) warmer during the day and 1.2 C 
(mean) warmer at night. Inland care homes were 1.0 
C (mean) warmer than coastal care homes.  

Differences depending on building age were less 
pronounced. Pre-1930 care homes were 0.5-0.8 C 
(mean) cooler than care homes built after 1930. 
However, these older care homes also had the most 
extreme outliers, exceeding 45 C in once instance. 
Bedrooms in care homes built in the oldest two 
groups (i.e. pre-1977) experienced the greatest 
differences between day and night temperatures, a 
0.4-0.5 C drop at night compared to 0.1-0.2 C drop 
in bedrooms in the newer care homes, possibly due 
to thermal mass in older buildings. Grouping care 
homes by size or build type (purpose built or 
converted/extended) made no significant difference 
to indoor temperature distributions. 

Ground floor rooms (including rooms in single-
storey buildings) were 0.8-0.9 C cooler than those on 
middle and top floors. Room orientations were 
defined thus: rooms facing SE, S or SW were grouped 
as Southerly, those facing NW, N or NE were 
Northerly, those facing SE, E or NE as Easterly, and 
those facing NW, W or SW as Westerly. Some rooms 
were therefore in two groups, others were internal 
rooms. Consequently, the sample size was different 
for this stage of the analysis. Interestingly, southerly 
orientated rooms were not significantly warmer than 
northerly rooms, with means, medians and quartiles 
all within 0.0-0.2 C of one another. Easterly 
orientated rooms were around 0.5 C warmer (mean, 
median, quartiles) than westerly rooms. 

 
3.2 Relative humidity 

Relative humidity (RH) within the monitored care 
homes varied widely over the Jun-Aug 2022 period, 
with lows below 30% and highs above 80%. While 
peaks above 70% were rare, lows below 30% were 
common and found in all but one care home. During 
occupied hours, the overall mean and median RH 
were 45.6% and 45.3% respectively, with a lower 
quartile of 39.7% and upper quartile of 51.0%. This 

lower quartile indicates that across the whole 
dataset, more than a quarter of RH readings were 
below the recommended 40-60% range during 
occupied hours. 

RH in London care homes was 4.8-10.9% lower 
(mean) than in other regions. Care homes in the 
South tended to have higher RH, likely due to their 
coastal proximity: coastal care homes had mean RH 
6.6% higher than inland care homes; inland care 
homes had RH below 40% for a third of occupied 
hours compared to only 9% of occupied hours for 
coastal care homes. Only 48% of occupied hours were 
within the 40-60% recommended RH range in London 
care homes, with more than half of occupied hours 
below 40% (Figure 2). In contrast, rooms in care 
homes across the rest of England had RH between 40 
and 60% for 70-80% of occupied hours. 

 

 
Figure 2 Stacked bar chart showing percentage of occupied 
hours within the recommended 40-60% RH range, grouped 
by region. 

RH in rural care homes was 3.9-4.8% higher than 
in urban and suburban localities, and within 40-60% 
RH for almost 80% of occupied hours compared to 
69% (suburban) and 63% (urban). Only 11% of 
occupied hours were below 40% in rural care homes, 
compared with 26% (suburban) and 31% (urban). 
Rural care homes’ surroundings (trees, bushes, grass, 
water etc.) would raise the outdoor RH levels. Pre-
1930 care homes had higher RH than those built 
later. Building size and type made little difference to 
distributions of RH. 
Monitored ground floor rooms had higher RH than 
those on middle or top floors. More than three 
quarters of occupied hours in ground floor rooms 
were in the 40-60% RH range, compared to only 61-
63% of occupied hours in middle and top floor rooms. 
Ground floor rooms were below 40% RH for 17% of 
occupied hours compared to 31-35% of occupied 
hours in middle and top floor rooms. Room 
orientation made no significant difference to RH 
distribution. 
 
3.3 Overheating 

Overheating was investigated for the 33-care 
homes (149 rooms) sub-set which had monitoring 
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Overheating was investigated for the 33-care 
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data covering the full May-Sep 2022 non-heating 
period. Overheating was endemic during this period, 
with 95% of rooms failing CIBSE Guide A metric, 62% 
of rooms failing CIBSE TM52 metric and 99% of rooms 
failing CIBSE TM59 metric. The binary pass/fail for 
these overheating metrics did not help identify the 
severity of overheating. Therefore, analysis also 
considered how often locations were overheating 
according to each metric.  

CIBSE Guide A found overheating in all 50 
monitored locations in London care homes, and in 93-
94% of monitored rooms across the rest of England. 
CIBSE TM52 was much more forgiving: 43-44% of 
monitored rooms in the Midlands and South 
overheating compared to 63% in the North and 82% 
in London (Figure 3). The cooler climate in the north 
meant lower threshold comfort temperatures and 
consequently more rooms failing this metric. Whilst 
London’s warmer outdoor temperatures raised 
threshold comfort temperatures, this was not enough 
to prevent over 4/5ths of monitored rooms to 
overheat. Metric TM59 was the least forgiving metric, 
with all but two monitored locations overheating. 

 

 
Figure 3 Grouped by region, proportion of monitored 
locations found to be overheating according to CIBSE Guide 
A (top) and TM52 (Bottom). 

For each overheating metric/criterion, the 
proportion of monitored occupied hours when the 
temperature threshold was exceeded has been 
considered. For CIBSE Guide A, bedrooms were more 
likely to fail than lounges and offices due to the lower 
temperature threshold (Figure 4). London bedrooms, 
lounges and offices exceeded temperature thresholds 
much more than those in other regions. The three 
criteria for TM52 produced quite different results, but 
with similar trends. London bedrooms failed Criterion 
1 far more often than bedrooms in other regions. 
Criterion 2 (daily weighted exceedance) was failed far 
less often in north and midlands care homes than 
those in the south and London. Criterion 3 

(temperatures <4 C above Tthreshold) was rarely failed 
and only for a very small percent of occupied hours. 

Whilst most rooms failed CIBSE Guide A, the few 
that did not fail were in either the oldest Pre-1930 
care homes or the newest ones built post-2002. The 
oldest care homes were more likely to have rooms 
fail CIBSE TM52 compared to care homes built after 
1930. There was little to distinguish between building 
age groups in terms of how often they exceeded 
temperature thresholds. More recently built care 
homes, particularly those purpose built since 2002, 
were not overheating much more or less than those 
built in the decades or even centuries before. 

 

 
 
Figure 4 Clustered by region and grouped by room type, 
proportion of occupied hours above temperature threshold 
according to CIBSE Guide A (26 C bedrooms, 28 C lounges 
and offices) and CIBSE TM52, Criterion 1. 

Rooms in both purpose-built and converted/ 
extended care homes were almost equally likely to 
fail CIBSE Guide A. CIBSE TM52 was failed in a higher 
proportion of rooms in converted/extended care 
homes than from rooms in purpose-built care homes. 
There was very little to distinguish between the two 
build-type groups when considering CIBSE Guide A in 
more detail. There was very little to differentiate 
between lounges and offices in purpose-built and 
converted/extended care homes for any of the three 
TM52 criteria. There was little to distinguish between 
bedrooms in converted/extended and purpose-built 
care homes with regards to TM59 criterion 2. In 
summary, the differences between rooms in 
converted/extended and purpose-built care homes 
were minimal, with only very subtle differences found 
for specific criteria. 

All seven of the monitored locations to pass CIBSE 
Guide A were located on the ground floor. Ground 
and middle floor rooms were significantly more likely 
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to pass CIBSE TM52 compared to rooms on the top 
floors (41-42% pass compared to only 26% pass 
respectively). Both rooms which passed TM59 were 
both located on the ground floor. Bedrooms on the 
ground floors exceeded 26 C much less often than 
those on middle or top floors. Ground floor bedrooms 
that exceeded the temperature threshold defined by 
CIBSE TM52 Criterion 1 did so far less often than 
bedrooms on middle or top floors. In summary, 
ground floor rooms – particularly bedrooms – 
exceeded the temperature thresholds less often than 
rooms on middle or top floors of the care homes. 
Although there were subtle differences, rooms on 
middle and top floors tended to have similar 
temperatures and overheating results as one 
another. This contradicts findings of other studies 
suggesting that top-floor rooms/flats may be more at 
risk (e.g.[16, 17], although these studies tend to have 
investigated high-rise apartment blocks rather than 
buildings such as care homes and hotels with only a 
few floors and larger footprints). 

Despite the southerly orientated rooms 
experiencing significantly more solar gains than those 
facing in a northerly direction, the temperature 
distributions and overheating characteristics of the 
two groups were remarkably similar. The differences 
between easterly and westerly rooms were much 
more significant than differences between northerly 
and southerly rooms. Bedrooms and lounges that 
were orientated westerly exceeded the overheating 
temperature thresholds less often those orientated 
easterly. Whilst both orientations should in theory 
receive similar levels of solar gains over the course of 
a day, easterly rooms will receive these in the 
mornings. The resulting higher temperatures would 
remain throughout the day. Westerly orientated 
rooms would not receive solar gains until later in the 
day, with the opportunity to purge some of this heat 
overnight coming much sooner. 

 
4 Discussion 

This paper has gathered and analysed 
temperature and RH data gathered from 41 care 
homes (195 rooms) from Jun-Aug 2022, and 
overheating in a subset of 33 care homes (149 rooms) 
from May-Sep 2022, with a focus on identifying 
significant differences in these data streams 
depending on the characteristics of the care homes or 
rooms. Regarding the overheating metrics, 95% of 
monitored rooms failed CIBSE Guide A, 99% failed 
CIBSE TM59, but only 62% failed CIBSE TM52.It is 
worth considering that since most residents spend 
most/all of their time indoors, outdoor temperatures 
may not have much influence on their comfort 
temperatures, particularly compared to staff who 
come and go from the building much more often. 
Furthermore, the ability of elderly residents to adapt 

physiologically to their local environmental conditions 
may be reduced, particularly those with underlying 
health concerns. Key findings can be grouped 
according to care home locations, care home 
buildings and individual room characteristics.  

With regards to location, rooms in London care 
homes were around 2 C warmer than rooms in other 
regions. Consequently, they were much more likely to 
fail overheating metrics, particularly TM52, and to 
exceed the temperature thresholds of these metrics 
for much greater proportions of occupied hours. 
Rooms in rural locations were around 1 C cooler 
than rooms in suburban and urban locations. Rural 
rooms were less likely to fail CIBSE Guide A and much 
less likely to fail TM52. Rural bedrooms exceeded the 
overheating temperature thresholds less often than 
bedrooms in suburban and urban care homes. 
Coastal care homes were around 1 C cooler than in 
inland care homes. Consequently, coastal rooms were 
less likely to fail CIBSE Guide A and TM52, and when 
they did fail, coastal rooms exceeding overheating 
temperature thresholds less often than those inland. 
With regards to the care home buildings, the oldest 
age group of care home (Pre-1930) had slightly lower 
temperatures than care homes built since 1930. 
However, the relationship between build age and 
overheating performance was difficult to define: 
Monitored rooms in Pre-1930 and Post-2002 care 
homes exceeded CIBSE Guide A temperature 
thresholds less often than monitored rooms in care 
homes built in between. This distinction was not seen 
when measured against TM52. Large care homes 
experienced less extreme temperatures than small 
and medium care homes, but their overall 
temperature distributions were very similar. 
Differences in how often overheating metrics were 
failed were only marginal.  

With regards to individual rooms, rooms located 
on ground floors were almost 1 C cooler than those 
on middle and top floors. There was little difference 
between rooms on middle or top floors. There was 
surprisingly little to distinguish between rooms 
orientated to the north and rooms orientated to the 
south. However, rooms orientated to the west were 
around 0.5 C cooler and exceeded overheating 
thresholds less often than those orientated east.  

The findings from this study should provide useful 
insights for those involved in the design of new care 
homes or the refurbishment of existing care homes. 
Characteristics that make buildings or individual 
rooms more vulnerable to overheating should be 
considered and, where possible, measures taken to 
mitigate these risks. To minimise installation and 
running costs, as well as carbon emissions, passive 
solutions (shading, enhanced natural ventilation, use 
of thermal mass) should be prioritised over active 
cooling measures (air conditioning). 
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5 Conclusion 
This study has provided useful insights into which 

typologies/groupings have the most significant 
differences in indoor environment/overheating. 
Clearly, each location has a unique combination of 
characteristics. The use of CIBSE overheating metrics 
(Guide A, TM52 and TM59) revealed endemic 
overheating across the care homes. Peak 
temperatures exceeded 40oC within three care 
homes and 35oC within 14 care homes. London care 
homes were nearly 2oC warmer than those 
elsewhere. Upper-floor rooms were significantly 
warmer than ground floor rooms, urban/suburban 
care homes significantly warmer than rural care 
homes, and inland care homes significantly warmer 
than coastal care homes. Other characteristics 
(building age, size, room orientation) showed much 
less significant differences in temperature 
distributions between groups. Identifying precisely 
which occupancy and building characteristics have 
the most influence room-by-room with regards to 
overheating is a complex statistical challenge. 

Care homes present several distinctive challenges 
to designers. The reliability and performance of 
equipment is paramount since the provision of a 
comfortable environment is a critical part of 
providing effective care [11]. However, care home 
residents tend to find cool air-conditioned air 
unacceptably cold and draughty. Adaptive behaviours 
(changing clothing, changing food and drink intake, 
and opening windows) provide low tech and low-cost 
alternatives and are more feasible to implement.  

One important practical constraint to any 
potential retrofit measures is the fact that care home 
buildings are in constant use [18]: even a light-touch 
retrofit could cause significant disturbance to the frail 
and sensitive residents. Careful planning could allow 
some quick-to-deploy retrofit measures to be taken 
in conjunction with scheduled redecoration/ 
refurbishment. However, this often occurs piecemeal 
as and when rooms become available ‘between 
residents’, making it difficult to integrate retrofit 
measures that require physical materials and labour 
which would be much more efficiently deployed in 
one go. Another constraint specific to care home 
settings is that safety regulations mean window 
openings are limited to a maximum 10 cm, both for 
security against outsiders coming in and to prevent 
residents – particularly those with dementia – from 
climbing out [12]. 
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ABSTRACT: Indonesia has pledged to achieve net-zero emissions by 2060, as announced at the UN Climate 
Change Conference in 2021 (COP 26). While the government has put frameworks and policies in place to reach 
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1. INTRODUCTION 
Indonesia has a hot and humid equatorial tropical 

environment, with little seasonal variations in the 
weather [1]. Indonesia's average land temperatures 
are approximately 28°C along the coast, 26°C inland, 
and about 23°C higher up in the mountains [2]. 
Indonesia also receives high levels of solar radiation, 
with an average Global Horizontal Irradiation (GHI) of 
4.8 kWh/m2 per day [3]. As a result, buildings acquire 
the most heat through radiation rather than 
conduction or convection, and the majority of heat 
transfers into buildings occur through the roof. As a 
result, the roof design must incorporate, ideally, a 
passive cooling approach, such as reflective thermal 
insulation. In Southeast Asia, reflective insulation is 
the most effective type of roof insulation and when 
comparing reflective insulation-covered roofs to 
uninsulated roof attics, a reduction in ceiling heat flux 
of 80% has been observed [4]. The use of reflective 
and radiative roofs, such as white-coloured roofs, is 
also recommended as a strategy to improve the 
thermal performance of buildings [5][6].  

However, roof insulation has received inadequate 
attention from the Indonesian government in terms 
of building standards and regulations. For example, 
the roof of an Indonesian elementary school building 
prototype was designed with just clay tiles and no 
roof insulation, resulting in diminished thermal 
comfort inside the classroom throughout the day 
(Figure 1). 

Figure 1: An elementary school building in Jakarta, 
Indonesia, with clay roof tiles with no insulation. Source: 
author 
 
2. METHOD 

This research evaluated the thermal performance 
of a prototype elementary school building design 
based on the Technical Guidelines in the Circular 
Letter published by the Indonesian Ministry of Public 
Works and Housing. A comparative analysis was 
undertaken, using DesignBuilder dynamic thermal 
simulation software [7], to evaluate the school's 
performance using different roof insulation 
configurations. EnergyPlus Weather (EPW) files were 
specifically generated for the designated location 
(Jakarta), using the climate software Meteonorm [8]. 
To assess future thermal performance Meteonorm 
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of building standards and regulations. For example, 
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(Figure 1). 

Figure 1: An elementary school building in Jakarta, 
Indonesia, with clay roof tiles with no insulation. Source: 
author 
 
2. METHOD 

This research evaluated the thermal performance 
of a prototype elementary school building design 
based on the Technical Guidelines in the Circular 
Letter published by the Indonesian Ministry of Public 
Works and Housing. A comparative analysis was 
undertaken, using DesignBuilder dynamic thermal 
simulation software [7], to evaluate the school's 
performance using different roof insulation 
configurations. EnergyPlus Weather (EPW) files were 
specifically generated for the designated location 
(Jakarta), using the climate software Meteonorm [8]. 
To assess future thermal performance Meteonorm 

also generated EPW files for 2050 and 2080 using a 
Representative Concentration Pathway RCP of 4.5 [9]. 
Additionally, the study used the life cycle assessment 
software One Click LCA [10] to evaluate the total 
(operational and embodied) carbon emissions for 
each roof option.  

3. CASE STUDY – ELEMENTARY SCHOOL BUILDING
PROTOTYPE DESIGN
The Indonesian standard school building design

prototype employs conventional structural systems, 
such as on-site reinforced concrete constructions. 
The school building design standardisation using 
conventional structures varies based on the type of 
school. For elementary schools, the design standard 
for a one-storey classroom is measured at 7m x 8m in 
plan, with a capacity of 28 students, a total floor area 
of 56m², and a floor-to-ceiling height of 3.5m [11]. 
Typically, an elementary school building consists of 
one or three classrooms with pitched roofs, a 
connecting corridor in front of the classrooms, and 
separate building masses for toilets, a library, prayer 
rooms, and teacher rooms. For a long time, clay tiles 
with timber trusses have been commonly used as 
roof construction for school buildings; however, the 
use of metal roofs with steel trusses is increasing 
nowadays. The 3D visualisation of the elementary 
school building design prototype is illustrated in 
Figure 2. However, for the building simulation, the 
single classroom building with a clay roof tile is used 
as the base model. 

Figure 2: 3D Visualisation of Elementary School Building 
consists of 3 classrooms based on the prototype design. 
Source: Technical Guidelines in the Circular Letter published 
by the Indonesian Ministry of Public Works and Housing.   

The roof combinations shown in Table 1 were 
selected for the school simulations in DesignBuilder 
after an examination of typical Indonesian school 
buildings. For each roof simulation, the school 
model's floor and walls remained unchanged. 

3.1 Site Location 
Jakarta, Indonesia was chosen as the site location 

for the building simulation. Jakarta is situated on the 

northwest coast of Java and has a latitude of -6.13 °N 
and a longitude of 106.75 °E. It is the largest city in 
Southeast Asia, one of the world's most populous 
islands, and serves as the diplomatic capital of the 
Association of Southeast Asian Nations (ASEAN). 

Table 1. Constructional Layers for Building Simulation. 
Source: DesignBuilder 

Figure 3: Jakarta is located on Java's northwest coast. 

The location was chosen because there is a nearby 
weather station that ensures accurate and reliable 
weather data collection. The temperature in Jakarta 
remains stable year-round, ranging from 27 to 29°C 
with minimal daily fluctuations. At 9.00 AM, the level 
of humidity spikes to a high of 88-94%, while at 3.00 
PM, it remains uncomfortably high at around 67-77%. 
It is worth noting that the city's average dew point is 
approximately 24°C [12]. 

3.2 Climate Classification 
The climate of the site location for the case study 

is justified using various climate classification sources, 
which include the ASHRAE and Köppen-Geiger 
climate maps. The weather files obtained from 
Meteonorm for use in DesignBuilder classify this case 
study as belonging to ASHRAE climatic zone 0A, which 
is classified as very hot and humid. According to the 
Köppen-Geiger climate classification, the climate of 
this location is considered a Tropical rainforest 
(Köppen climate classification: Af). This area has a 

Case Roof Constructional 
Layers 

U-Value 
W/m²K 

R-Value 
m²K/W 

1 20mm Clay Tiles Roof 3.226 0.310 
2 0.4mm Metal Roof 3.448 0.290 

3 0.4mm White Metal 
Roof,0.8mm Bubble Foil  

1.535 0.651 

4 0.4mm White Metal 
Roof,8mm Aluminium 
Foil,25mm glass wool  

0.889 1.125 

5 0.4mm White Metal 
Roof,8mm Aluminium 
Foil,50 mm rock wool 

0.571 1.750 
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tropical climate with consistent precipitation of at 
least 60mm throughout the year, low wind speeds, 
and an average temperature above 20°C, as per the 
Köppen-Geiger climate classification. The sun shines 
from the south for half the year and from the north 
for the other half [13]. 
 
4. SIMULATION RESULT AND FINDINGS 

The impact of each roof configuration on the 
operative temperature was evaluated during the 
hottest and coldest months, in October, and 
February, respectively. The energy consumption of 
this building was simulated in DesignBuilder based on 
contemporary weather data for only interior lighting 
since the building is naturally ventilated. 
Furthermore, the operative temperature was chosen 
as it represents the average of the mean radiant 
temperature and ambient air temperatures.  

 
4.1 Temperature Distribution and Comfort 

Table 2 shows that, based on current and 
projected weather data, Case 2 had the highest 
operative temperatures and Case 4 had the lowest 
operative temperatures in both the coldest and 
hottest months.  

 
Table 1. Mean Monthly Operative Temperature in the 
Hottest and Coldest Months, source: DesignBuilder 

 
Moreover, these different roof configurations' 

impacts on the operative temperature were 
compared during the hottest and coldest months in 
February and October, respectively. The results 
(Table 2, Figure 4, and Figure 5) show that all the 
insulated roofs (Cases 3, 4, and 5) performed better 
than the uninsulated roofs (Cases 1 and 2) in keeping 
a lower indoor temperature for both periods. 
Therefore, Case 2 had the highest operative 
temperature and Case 4 had the lowest operative 
temperature in both the coldest and hottest months 
based on contemporary and future weather data 
according to RCP 4.5. The data indicates that Case 5, 
which utilized 50mm rock wool insulation, exhibited a 
higher operative temperature than Case 4, which only 
had 25mm glass wool insulation. 

Figure 4: Comparison of the Mean Operative Temperature 
in February (the coldest month) based on the current and 
projected weather data. Source: DesignBuilder. 
 

Figure 5:  Comparison of The Mean Operative Temperature 
in October (the hottest month) based on the current and 
projected weather data. Source: DesignBuilder. 
 
4.2 Overall Life Cycle Assessment 

The carbon emissions of the buildings in this 
section were comprehensively analysed throughout 
their life stages using the life cycle assessment 
software in One Click LCA for the contemporary 
climate. It consists of embodied carbon energy from 
materials (A1-A3), transportation (A4), construction 
(A5), energy for maintenance and replacement (B1-
B5), operational energy use (lighting only) (B6), and 
carbon emissions at the end of life (C1-C4). The 
carbon emissions levels of the building under study 
using One-Click Life Cycle Assessment software were 
based on Embodied Carbon Benchmark CH Q3 2021 
Global - primary school since there is currently no 
specifically established benchmark for elementary 
school buildings in Indonesia. The embodied carbon 
benchmark results showed that Case 1 building, 
classed A had 245 KgCO₂e/m² of greenhouse gas 
emissions, and Case 2 in. class B, had 259 KgCO₂e/m² 
of emissions. On the other hand, Cases 3, 4, and 5 
were in class C with 312 KgCO₂e/m², 316 KgCO₂e/m², 
and 320 KgCO₂e/m² of emissions, sequentially. A 
summary of the global warming emissions in the life 
cycle stages is presented in Table 3.  

 

C
a
s
e 

Contemporary 2050 2080 
Feb 
(⁰C)  

Oct 
(⁰C) 

Feb 
(⁰C)  

Oct 
(⁰C) 

Feb 
(⁰C)  

Oct 
(⁰C) 

1 27.5 28.7 28.3 29.9 28.8 30.3 
2 27.6 28.8 28.4 29.9 28.8 30.4 
3 27.0 28.1 27.8 29.2 28.2  29.7 
4 26.8 27.9 27.6 29.0 28.0 29.5 
5 26.8 28.0 27.6 29.0 28.1 29.5 
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4.2 Overall Life Cycle Assessment 

The carbon emissions of the buildings in this 
section were comprehensively analysed throughout 
their life stages using the life cycle assessment 
software in One Click LCA for the contemporary 
climate. It consists of embodied carbon energy from 
materials (A1-A3), transportation (A4), construction 
(A5), energy for maintenance and replacement (B1-
B5), operational energy use (lighting only) (B6), and 
carbon emissions at the end of life (C1-C4). The 
carbon emissions levels of the building under study 
using One-Click Life Cycle Assessment software were 
based on Embodied Carbon Benchmark CH Q3 2021 
Global - primary school since there is currently no 
specifically established benchmark for elementary 
school buildings in Indonesia. The embodied carbon 
benchmark results showed that Case 1 building, 
classed A had 245 KgCO₂e/m² of greenhouse gas 
emissions, and Case 2 in. class B, had 259 KgCO₂e/m² 
of emissions. On the other hand, Cases 3, 4, and 5 
were in class C with 312 KgCO₂e/m², 316 KgCO₂e/m², 
and 320 KgCO₂e/m² of emissions, sequentially. A 
summary of the global warming emissions in the life 
cycle stages is presented in Table 3.  
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e 

Contemporary 2050 2080 
Feb 
(⁰C)  

Oct 
(⁰C) 

Feb 
(⁰C)  

Oct 
(⁰C) 

Feb 
(⁰C)  

Oct 
(⁰C) 

1 27.5 28.7 28.3 29.9 28.8 30.3 
2 27.6 28.8 28.4 29.9 28.8 30.4 
3 27.0 28.1 27.8 29.2 28.2  29.7 
4 26.8 27.9 27.6 29.0 28.0 29.5 
5 26.8 28.0 27.6 29.0 28.1 29.5 

 

Table 3. Global Warming Life Cycle Stages. Source: One Click 
LCA 

  
A building's life cycle evaluation examines every 

aspect of the building, including the materials, use, 
energy use, and end of life. Since this study was 
limited to the configurations of roof materials, Figure 
6 examines the effects of these components on roof 
elements exclusively. Therefore, the Embodied 
Carbon of the buildings based on building elements is 
illustrated in Figure 7. Embodied carbon is the total 
impact of all greenhouse gas emissions related to a 
material's life cycle, from its extraction and 
manufacturing through its end-of-life phases. It is also 
known as Global Warming Potential (GWP) and is 
measured in kilogrammes of Carbon Dioxide 
Equivalent (KgCO₂e). The following are included in the 
calculation of embodied carbon: material extraction 
(module A1), transport to manufacturer (A2), 
manufacturing (A3), transport to site (A4), 
construction (A5), use phase (B1), maintenance (B2), 
repair (B3), replacement (B4), refurbishment (B5), 
deconstruction (C1), transport to end of life facilities 
(C2), processing (C3), and disposal (C4). Therefore, 
Case 1 had the lowest potential for global warming, 
while Case 5 had the highest potential for global 
warming, as shown by Figures 6 and 7. 

 

 
Figure 6:  Life Cycle Assessment - Global Warming Potentials 
(Roofs Only). Source: One Click LCA 

 
Figure 7:  Embodied Carbon based on Building Elements. 
Source: One Click LCA 
 
5. COMPARATIVE ANALYSIS AND DISCUSSION OF 

RESULTS 
5.1 Indoor Thermal Comfort 

The thermal comfort of school buildings is not 
explicitly regulated in Indonesia. However, earlier 
thermal comfort studies conducted in Indonesia, 
demonstrated that citizens of significant cities like 
Jakarta felt comfortable at air temperatures of 27.7 
°C [14]. Therefore, the 27.7 °C temperature was 
chosen as the upper-end value of the comfort range 
for the thermal discomfort hours assessment.  

Furthermore, as shown in Table 4, Case 2 had the 
largest percentage of discomfort hours for both 
current and future climates, while Case 4 had the 
lowest. Inserting thermal insulation, resulted in a 
considerable reduction in overall discomfort hours. 

 
Table 4. Annual Discomfort Hours of the Case Study, source: 
DesignBuilder 

 
 
 

Case  Global Warming Life Cycle Stages (KgCO₂e) 

 A1-A3  A4  A5 B1-B5  B6  C1-C4  
1 11,362 242 792 1,835 93,135 284 
2 12,191 241 902 1,835 93,734 263 
3 15,136 245 1,123 1,835 91,278 272 
4 15,349 245 1,140 1,835 91,200 272 
5 15,546 245 1,156 1,835 91,120 273 

 Contemporary 2050 2080 
                                Hours at or above 27.7 °C 

Case Hours % Hours % Hours % 
1 829.1 49.3 1009.3 60.1 1097.5 65.3 
2 837.6 49.9 1018.3 60.6 1105.1 65.8 
3 743.2 44.2 933.7 55.6 1031.3 61.4 
4 712.4 42.4 905.2 53.9 1006.0 60.0 
5 718.6 42.8 912.0 54.3 1012.9 60.3 
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5.2 Life Cycle Assessment 
Following the overall life cycle assessment in 

section 4.2, it has been determined that Case 5 
registered the highest total carbon emissions 
(operational and embodied) with 110,177 KgCO₂e, 
based on current weather data. It was followed by 
Case 4 with 110,042 KgCO₂e and Case 3 with 109,890 
KgCO₂e. Conversely, Case 1 marked the lowest total 
carbon emissions with 107,651 KgCO₂e, followed by 
Case 2 with 109,167 KgCO₂e. Notably, despite having 
lower total carbon emissions, Cases 1 and 2 
consumed more energy (B6) when compared to Cases 
3, 4, and 5. 

Furthermore, based on Figure 8, it was observed 
that Case 1 emitted the least total carbon emissions 
in both current and projected years, while Case 5 had 
the highest total carbon emissions in current years, 
and Case 3 produced the most total carbon emissions 
in 2050 and 2080. However, it was found that Case 2 
produced the highest B6 emissions for both current 
and projected years. 

 
Figure 8: Total Carbon Emissions (embodied and energy) 
based on Current and Projected Weather Data. Source: 
DesignBuilder and One Click LCA. 

 
Therefore, this study highlights that electricity 

generation poses the most significant potential for 
global warming, consuming no less than 83% of 
energy across all analysed roof configurations. Apart 
from electricity, external wall materials (envelope, 
structure, and finishes), foundations, and roof 
materials contribute significantly to global warming. 
Other materials, such as mortar and roof insulations, 
also have high emission levels. The material 
contributions to global warming rely on the building's 
roof system and the amount of material used in the 
building. 

 
 

6. CONCLUSION 
As analysed using a school case study with 

contemporary and future weather data, Case 4 
provided better thermal comfort than uninsulated 
roofs. It was found that a building with white metal 
roofs and glass wool foil (Case 4) had an average of 
about 53.88% hours above the comfort temperature 
of 27.7⁰C, while the base model with clay roof tiles 
without insulation (Case 1) had 60.08%. A building 
with the uninsulated metal roof (Case 2) had 
approximately 60.61% above the same temperature 
benchmark. In terms of carbon impact, Case 4 had 
4,327 KgCO₂e higher embodied carbon than Case 1 
which had the least carbon impact on the 
environment. However, it is essential to note that if 
the building is designed to install mechanical cooling, 
Case 1 may not be the most energy-efficient option 
since it would have a higher energy consumption 
than Case 4. Case 4 can be a better choice in terms of 
reducing energy consumption and its impact on 
global warming. Overall, these findings highlight the 
importance of a balanced strategy to improve 
comfort without producing significant carbon 
emissions.  

Moreover, according to the analysis performed 
using a case study, Case 4 had the roofing that is most 
suitable for buildings housing elementary schools in 
tropical regions. The roof configuration for Case 4 
consists of a 0.4mm white metal roof, a 10mm higher 
air cavity, 4mm of aluminium foil, 25mm of glass 
wool, 4mm of aluminium foil, and 50mm of lower air 
cavity, which used reflective insulation and radiant 
barrier as thermal insulation technologies for energy 
efficiency. As per the findings in Section 4.1, it is 
observed that 25mm glass wool insulation performed 
better than 50mm rock wool insulation in building 
simulation. This suggests that thicker insulation may 
not be appropriate for this type of building. 
Consequently, radiant heat transmission was more 
effectively prevented by thermal insulation that uses 
reflecting technology, such as radiant barriers and 
reflective insulation, which employs a very thin 
coating of low-emittance aluminium foil [15] which is 
applied on the Case 4 roof configuration. Shrestha 
and Rijal also discovered that using Glass Wool 
insulation can reduce the operative temperature of a 
building by 2°C. [16] 

Therefore, based on the overall building life cycle 
assessment using One Click LCA for the current 
climate, it is evident that Case 5 is the least 
sustainable building option. It had approximately 
19,056 KgCO₂e of embodied carbon. On the other 
hand, Case 1 (the base model) is the most 
environmentally friendly choice, with 14,515 KgCO₂e 
of embodied carbon. As for the other cases, Case 2 
had 15,433 KgCO₂e of embodied carbon, Case 3 had 
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contemporary and future weather data, Case 4 
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roofs. It was found that a building with white metal 
roofs and glass wool foil (Case 4) had an average of 
about 53.88% hours above the comfort temperature 
of 27.7⁰C, while the base model with clay roof tiles 
without insulation (Case 1) had 60.08%. A building 
with the uninsulated metal roof (Case 2) had 
approximately 60.61% above the same temperature 
benchmark. In terms of carbon impact, Case 4 had 
4,327 KgCO₂e higher embodied carbon than Case 1 
which had the least carbon impact on the 
environment. However, it is essential to note that if 
the building is designed to install mechanical cooling, 
Case 1 may not be the most energy-efficient option 
since it would have a higher energy consumption 
than Case 4. Case 4 can be a better choice in terms of 
reducing energy consumption and its impact on 
global warming. Overall, these findings highlight the 
importance of a balanced strategy to improve 
comfort without producing significant carbon 
emissions.  

Moreover, according to the analysis performed 
using a case study, Case 4 had the roofing that is most 
suitable for buildings housing elementary schools in 
tropical regions. The roof configuration for Case 4 
consists of a 0.4mm white metal roof, a 10mm higher 
air cavity, 4mm of aluminium foil, 25mm of glass 
wool, 4mm of aluminium foil, and 50mm of lower air 
cavity, which used reflective insulation and radiant 
barrier as thermal insulation technologies for energy 
efficiency. As per the findings in Section 4.1, it is 
observed that 25mm glass wool insulation performed 
better than 50mm rock wool insulation in building 
simulation. This suggests that thicker insulation may 
not be appropriate for this type of building. 
Consequently, radiant heat transmission was more 
effectively prevented by thermal insulation that uses 
reflecting technology, such as radiant barriers and 
reflective insulation, which employs a very thin 
coating of low-emittance aluminium foil [15] which is 
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Therefore, based on the overall building life cycle 
assessment using One Click LCA for the current 
climate, it is evident that Case 5 is the least 
sustainable building option. It had approximately 
19,056 KgCO₂e of embodied carbon. On the other 
hand, Case 1 (the base model) is the most 
environmentally friendly choice, with 14,515 KgCO₂e 
of embodied carbon. As for the other cases, Case 2 
had 15,433 KgCO₂e of embodied carbon, Case 3 had 

 

18,612 KgCO₂e of embodied carbon, and Case 4 had 
18,842 KgCO₂e of embodied carbon. 
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ABSTRACT: Nature-based solutions (NbS) have emerged in the past years in Europe as critical instruments to 
achieve climate-resilient cities. Due to their complexity, systemic functioning, contextual embeddedness, and 
multifunctionality, designing NbS eludes the practice of conventional urban design, architecture, and landscape 
architecture. This study follows discussions of a participatory design process in Hungary, meeting the standards 
of NbS scholarship to argue for a new design theory suitable for NbS. Using a grounded theory approach, it is 
presented that concepts and principles of service design was ubiquitous in the sampled design process, even 
though the service design framework was never explicitly used. The experiences are leveraged to argue that 
adopting service design would create a shared language for participatory design, prime designers to apply a 
systems perspective, and integrate operational requirements from early design phases – all of which are 
pertinent to overcome the design challenges stemming from NbS complexity. The contribution of this study is 
providing case evidence for a service design approach to NbS design.  
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1. INTRODUCTION 
Nature-based solutions (NbS) are critical 

components in hybrid engineered-ecological systems 
of adaptation for climate-resilient cities. NbS leverage 
biophysical, biochemical, and ecological processes to 
perform as in an urban green-and-blue infrastructure. 
Furthermore, they perform more than one function, 
in fact, the same NbS can serve different roles 
simultaneously, for example offering nutrients, 
regulating urban water cycles, filtering air from 
pollutants [1]. Furthermore, as they become large, 
city-shaping features, often public, semi-public 
spaces, their distribution, and design have a justice 
aspect, and it is critical to subject them to 
participatory planning and governance [2].  

Of the several barriers hindering NbS uptake, 
informational barriers are critical. A general lack of 
information and high degree of uncertainty on NbS 
performance and design persists [3]. Despite multiple 
cycles of research projects, NbS knowledge appears 
unable to penetrate from academic discourse. In 
practice, NbS are designed by architects, landscape, 
or urban designers, overseen by public institutions 
prone to fragmentation of responsibilities. This does 
not only limit the value and novelty to be captured 
from NbS [4], but also hinders long-term 
maintenance, crucial for NbS performance [5]. In 
short, while NbS researchers highlight the complexity 
of their object, stemming from multifunctionality, 

systemic nature, and the need for participation, NbS 
production is stuck on conventional planning 
practices led by siloed departments [6].  

The objective of this study is to identify a 
conceptual framework for integrated design process 
that accounts for NbS complexity and has the 
potential to bridge the gap between academia and 
practice. Thus, our research question is how should 
an NbS design problem be conceptualized to afford 
effective discourse in a participatory design process? 

The research question can be translated to the 
selection of an appropriate design theory to be fit for 
integrated and participatory NbS design. This is an 
ambitious goal, and a definitive answer is beyond the 
possibilities of this study. What is presented here is 
an argument to the pertinence of one design theory: 
service design. Service design is a theory where the 
design object is one or multiple service(s), and the 
design discourse is centred around experiences and 
interactions between the service provider, the service 
itself, and the user [7]. Our hypothesis is that service 
design offers the conceptual framework for 
answering the research question. 

 
2. MATERIALS AND METHODS 
2.1 Methodology: grounded theory 

To ascertain whether service design provides an 
adequate conceptual framework for NbS design, we 
rely on a grounded theory approach, that is, the 
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rely on a grounded theory approach, that is, the 

 

systematic coding of qualitative data to arrive at 
concepts, categories, and eventually, a theory [8]. 
However, the result of the process in this case is not 
the development of a new theory, but evidence 
whether service design is a viable theory for NbS 
design. The research question is answered by 
matching the concepts emerging from the grounded 
theory analysis with concepts of service design.  

The data of the study comes from the joint 
participatory design of two NbS projects, a public 
park and a nearby schoolyard in the town of 
Szombathely, Hungary – meaning the findings are not 
generalizable. The project consisted of a four-part 
workshop series organized by an international 
research consortium, with local expert and layperson 
stakeholders, focusing on: (1) strategic placement of 
the NbS, and identification of objectives, (2) 
conceptual programming and design of the NbS, (3) 
critical evaluation of NbS concept alternatives, and 
(4) specification of monitoring indicators. What 
makes this project a suitable case study is that each 
workshop was preceded by internal discussions of the 
project team – a single municipal department and 
commissioned experts – with the exact same scope. 
The workshop series models a holistic approach, 
managed by NbS researchers, whereas the internal 
discussions model a conventional green space 
development project. The coding itself relies on 
memos, contents created by workshop participants, 
and written observations.  
 
2.2 Conceptual framework: service design 

The main tenet of service design is a shift from 
putting material artefacts and goods as the object 
design to services, originating from a wider service 
shift in the areas of marketing, economics, 
engineering, and management [7]. Service is the core 
concept, which is defined by a set of common 
characteristics (Figure 1). Most importantly, 
Shostack’s tangibility continuum is used to distinguish 
goods from services. Anything of value can be 
described as an interconnected bundle of 
components, and the dominance, with services being 
more intangible than tangible [9]. Second, services, 
though intangible, are encountered through tangible, 
material experiences, also called evidence [10], 
service encounters [11], or touchpoints [12], either 
essential or peripheral to the service. Third, a service 
does not exist autonomously and continuously, rather 
it is co-produced by service users and providers in 
lived, embodied performances in staged 
environments [13]. This means each service is unique 
– to an extent – to the actors and context in which it 
plays out.  Finally, due to all the above, activities of a 
service are split into a domain of interface, where 
exchange takes place, and a domain of infrastructure, 
which facilitates it [7]. The service shift in essence is 

expanding the focus of design from the infrastructural 
with the interface.  

The service characteristics paint a different design 
practice, which has not yet seeped into all design 
fields [7]. It calls for a multidisciplinary practice 
integrating applied behavioural sciences (e.g., 
marketing), technological expertise (e.g., ICT), and a 
design field (e.g., graphic design) that allows 
simultaneous design of material elements and 
intangible interactions [14]. During service design, the 
starting point is the service outcome, which helps 
identifying evidences or touchpoints, where material 
arrangements can be made [10]. A service outcome 
can be anything of value for the user, can be tangible 
or intangible, lasting or temporary. Service outcomes 
are co-produced with users, as long as the service 
prerequisites, the necessary resources are in place 
[15]. What is in control of the designers, is to (1) 
describe the core and supporting services as the 
service concept that addresses real user needs, (2) 
imagine a realistic model of unique user processes as 
a set of actions that generate service outcomes, and 
(3) specify the service system, i.e., the resources 
necessary for the service process to materialize. 
These three areas form the three main tasks of 
service design (Figure 1). 

 
Figure 1: Service design conceptual framework 
 

Each of the three design tasks require a different 
language. When formulating service concepts, 
discussions focus on values, form and function, 
experiences, the service outcomes [16]. Behavioural 
sciences are used to argue for or against a service 
concept, evaluating them in terms of perceptions, 
pleasure, flow of time, memories [17-18]. User 
processes on the other hand are input-output 
models, with a flow of user-based and operational 
activities [19]. They are usually drawn up as scripts, 
and the main success factor is the fidelity of the 
design script to the user scripts [20]. Finally, the 
service system includes the service prerequisites to 
facilitate the service, including staff, physical and 
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technical environments, organisational and control 
activities; and the users themselves, described by 
their knowledge, capabilities, scripts, and states of 
mind [15]. The service defines the roles users, staff, 
and the provider organization assume, and a good 
service system optimizes their relationships for 
efficiency, satisfaction, perceived control, and 
autonomy [13]. The ultimate guiding principle of 
design is the performance of the service system 
during the service process. What should happen in 
broad terms during an encounter with a service is 
broken into how it should happen in more detail, 
which provides performance standards for design. 
Better descriptions of sub-processes are the ones that 
are more easily relatable to design dimensions, and 
better fitting to evaluate solution alternatives [19].  

 
3. RESULTS AND DISCUSSION 

The results show that the discourse during the 
workshops bears the hallmarks of the service design 
framework. In this section, we present the clearest 
examples of each concept introduced in section 2.2 
and opine how this might influence NbS design.  

 
2.3 Identified service design concepts. 

Most notably, the workshop discussions 
reproduced Shostack’s (in)tangibility continuum and 
evidence concepts. Stakeholders tend to describe 
NbS as a sequence of tangible and intangible 
offerings, where the intangible ones are evidenced by 
a tangible clue. Places to sit, somewhere to go with a 
dog, things children can do outside, and protection 
from traffic noise came up among intangible 
components, but tangible items, like chess boards, 
playgrounds, and flower beds were also mentioned. 
When pressed for what they imagine, intangible 
components like places to sit were tied to different 
shreds of evidence, like stone benches or wooden 
platforms. Landscape designers have a crucial role in 
decoding intangible experiences to a variety of 
tangible elements in an open dialogue. For example, 
during the workshops, the intangible need to interact 
with nature more than just looking at it was first 
translated to a rerouted river with aquatic playground 
elements, then to a barefoot thematic and 
educational pathway in the schoolyard (Figure 2).  

 
Figure 2: Concept design for the schoolyard. Educational 
pathway is in the bottom right, the vegetable garden is in 
the top left corner. 

Exposure to users from the start also nudged the 
designers to think less in terms of design visions are 
more in terms of user processes. For most design 
choices, like a Miyawaki microforest (Figure 3), and 
Tetris-style modular benches, the designers had to 
prove their utility while talking about how it would be 
used. Specifically with the modular benches, the issue 
of vandalism came up, conflicting some user scripts of 
damaging the furniture with the idealized designer 
scripts of creatively rearranging them. The 
participatory design sessions led to a gradual shift 
from rationalizing design choices by adherence to a 
design narrative, towards by telling stories of what 
people will be able to do. For example, the designers 
were instructed earlier to include rainwater 
harvesting, because it fits the NbS narrative. 
However, this feature was later evaluated by its 
ability to reduce maintenance costs by providing 
irrigation water. It also meant that the designer’s 
attention naturally shifted from the infrastructural to 
towards the interface domain of their designs.  

 
Figure 3: Concept design for the small park. Miyawaki micro 
forest is in the top, the river on the right side. 
 

Another notable shift was a better representation 
of the maintenance perspective. Both the school 
director and the municipal green space management 
representatives signalled their inability to operate 
costly and complicated solutions. For all core 
components of the interventions, there was an 
ongoing brainstorming on how to link the exploitation 
of the new green spaces to distributing maintenance 
duties. For example, the school received vegetable 
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gardens, the most popular solution, specifically 
because they would be tended to by a children’s 
cooking club (Figure 2), whereas a resident with 
carpentry experience expressed interest in teaching 
others how to protect timber structures in the small 
park. This line of discussion fits the design of the 
service system, assigning roles and resources not 
simply for the upkeep of physical elements (like the 
timber structures), but specifically to sustain a service 
(vegetables for the cooking class). The workshop 
addressed the importance of service system 
elements, including user competencies, staff 
competencies, organizational activities, and technical 
environments. In the schoolyard, elements like the 
skills of the students, teachers' available time, 
cooking class schedules, and raised vegetable beds 
were prioritized. The system also includes 
educational activities, for which the garden was 
designed for. No physical element was confirmed 
before considering maintenance. Aside from 
landscaping, the design also included the 
coordination between the school board and director 
for the organisation of training and planting 
workshops, the engagement of students, especially 
teenagers, through diverse activities such as art calls 
and outdoor events, and the crucial involvement of 
parents in weekly tasks like watering and planting. 
One observation included the necessity to broaden 
the range of activities beyond mere planting 
workshops. The prospect of implementing such 
diversified activities on a medium-term basis was 
considered, with the potential of functioning as an 
exemplary project for other educational institutions. 

An interesting element of the local service system 
discussed was the role of local fauna, particularly 
beavers, that ascend rivers and damage trees in 
public parks. This topic emerged during a workshop 
with local water authority representatives. In service 
design, understanding the context isn't just about 
producing immediate solutions, but fostering 
relationships between various actors that could 
influence the transition from the current to future 
states. This principle implies that actors, even non-
human ones like beavers, are integral to the system 
model. As Kimbell (2010b) asserts, design for services 
focuses on the relationships between elements and 
actors within systems, rather than the objects 
themselves [21]. Consequently, the boundaries of 
design become blurred, necessitating considerations 
beyond the intervention site. These include beaver 
habitat protection efforts, culling policies, and 
broader ecological relationships. Thus, non-human 
users also become part of our service system model. 
 
3.2 The value of service design 

While service design was not a guiding principle 
for the design process, the presence of related 

concepts offered a glimpse into the benefits of 
explicitly applying the service design framework. In 
our opinion, the three most important benefits are: 
(1) having a common language between laypeople 
and various experts involved in participatory design; 
(2) introducing a system thinking mindset to the 
design process, (3) consciousness of operational 
requirements in early design phases.  

The workshops diverted discussions very soon 
from technical problems to understanding who was 
involved in the functioning of the NbS, who the users 
are and what are their needs. This is exactly the 
starting point of Shostack’s service blueprinting, and 
subsequently every service design [10]. 
Understanding the users and their perspectives 
helped guide the formulation of problems and 
evaluation of design solutions, focusing on interface 
elements and user experiences. Additionally, the use 
of service design aids in the development of new 
services and understanding of user needs. It 
highlights the significance of adding new 
functionalities and actors in the NBS context during a 
service's operational lifetime to assess quality and 
identify necessary redesigns. 

On the one hand, NbS are infrastructural 
components, managing rainwater, modulating the 
microclimate, mitigating environmental pollution and 
hazards. On the other hand, they are interfaces, 
providing irrigation water, sheltering from summer 
heat, and dampening traffic noise. Discussions in 
terms of user processes not only provide useful 
information for designers to make better choices but 
also raise the awareness and approval of NbS – a 
concept unheard of in the study city before the 
workshops.  

 Service systems are of particular value for NbS 
design, given how they also function as systems 
embedded into larger systems themselves. 
Conventional landscape architectural practice does 
not routinely capture the different larger systems 
suggested by the different NbS roles. For example, it 
is not common in Hungary for a landscape architect 
to conduct microclimate simulations to see how 
specific green and blue arrangements influence 
outdoor comfort through shading, wind patterns, and 
evapotranspiration. Similarly, the project team did 
not consider beavers as potential hazards for trees.  

Much like a service, an NbS is an embodied 
performance of human and non-human actors, not a 
set of tangible objects with clear boundaries. 
Adopting service design primes the designers to start 
asking questions about the systems at play and 
involve the necessary disciplines as soon as possible. 

Finally, talking about user processes and expected 
benefits, and experiences opened the possibility to 
discuss NbS operation, use, and maintenance even 
before the first design concepts emerged. If 
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embedded into urban infrastructure, the importance 
of urban greens increases, and the different 
infrastructural roles prescribe different quality 
requirements landscape architects may not yet 
routinely consider. For example, a sedimented 
bioswale is not only an eyesore, it also impedes 
runoff reduction. Each of these NbS roles can be 
reformulated in the language of services, and having 
operational expertise from public utilities represent 
the customers would guarantee that a service design 
approach to NbS systematically responds to diverse 
operational requirements.  
 
4. CONCLUSION 

The research question inquires on an appropriate 
design theory to conceptualize NbS in a participatory 
design process. Appropriateness in this sense means 
that it affords effective communication among 
designers and stakeholders. According to our case 
study contrasting conventional and NbS literature-
compliant design processes, service design is one 
possible answer. This is demonstrated in the 
presence of service design concepts in the holistic, 
research-led, and participatory design process, as 
opposed to its absence in the conventional, siloed, 
linear approach. 

The novelty of this study is in suggesting that a 
grounded theory of NbS design may coincide with 
service design. The suitability of service design for 
NbS has not yet been proven – to the knowledge of 
the authors. The significance of linking an existing, 
well-known design theory lies in the opportunity that 
mature concepts, methodologies can be relied on to 
deliver NbS, meeting the standards of the NbS 
literature. This allows designers not so close to the 
research of NbS to engage in NbS, as opposed to 
conventional landscape projects. More case studies in 
different contexts, and different NbS types would 
reinforce this claim, while a dedicated methodology 
of service design of NbS is warranted to deductively 
test the suitability of the theory – since grounded 
theory is an inductive method.  

Critical reflection on the way NbS is designed in its 
best practices is essential to identify design theories 
that open the process to more practitioners. It would 
be interesting to see if other design theories could be 
interpreted from ongoing research projects, and how 
different NbS they would produce. The link between 
design and improvement in services is frequently tied 
to its cross-disciplinary character. When we consider 
NbS, service design boosts the exchange of 
information among stakeholders, organizations, and 
local communities. Implementing service design from 
the outset is a fluid process. It fosters ongoing 
innovation among varied groups in ever-changing 
scenarios. Adopting service design, or other proven 
design theories could lead to a systematization of 

designing NbS, accelerating their widespread 
integration into urban systems, and contributing to 
improved urban resilience.  
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ABSTRACT: Traditional Mediterranean homes are known for their passive cooling strategies, relying on natural 
ventilation and high thermal mass envelopes. However, climate change and  occupant behaviour challenge their 
efficacy. This study explores the real-world interaction between thermal mass and occupant behaviour in three 
existing dwellings: two traditional heavyweight, one modern mediumweight. Indoor air temperature was 
longitudinally monitored in 27 rooms of nine apartments from April 2018 to May 2019. 68 questionnaires captured 
12 residents’ behaviours and thermal perceptions during the same period. T-Tests and Mann-Whitney U Tests 
were used to estimate the statistical significance of the comparison. Traditional construction consistently 
maintains cooler temperature due to higher thermal mass, smoothing indoor temperature peaks and reducing 
fluctuations from solar gain and human activity. Prolonged window opening for ventilation in summer minimizes 
the passive cooling effect. High thermal mass homes were found comfortable at lower temperatures, and 
occupants wear more clothing insulation than those in the other existing building. The study suggests the potential 
of traditional buildings for climate change resilience, future research needs to tackle building and occupant 
interaction in extreme conditions such as hot summers and/or during heatwaves. 
KEYWORDS: Thermal mass, Adaptive Comfort, Residential 
 
 

1. INTRODUCTION 
Traditional Mediterranean homes, constructed 

with dense materials like stone, clay, or earth in thick 
walls and horizontal structures, are renowned for their 
high thermal mass [1]. Empirical evidence extensively 
demonstrates that these stone buildings remain cool 
during summer, with temperatures often falling within 
comfortable ranges without the need for air 
conditioning [2,3]. Research by [4] further illustrates 
the impact of thermal mass through simulations, 
indicating that even a small alteration, such as 
replacing a masonry stone external wall with a cavity 
one (transitioning from high to medium thermal 
mass), can lead to a significant increase in peak hourly 
temperatures in summer days. 

Nighttime ventilation associated with high thermal 
mass buildings is a strategy widely implemented in 
buildings for energy saving and thermal comfort [5,6]. 
The heat stored in the envelope mass during the day is 
discharged at night when outdoor air is cooler. 
Research by Givoni et al. [7,8] in desert and arid 
regions highlights that this strategy is the most 
efficient when the summer diurnal temperature 
variation falls between 15–20 °C, with maximum 
daytime temperatures ranging from 30 to 36 °C. 
Similarly, Shaviv et al. [9] observed the benefits of this 
approach in a hot and humid Mediterranean climate, 
where the typical diurnal temperature variation is 
around 7 °C. They found that night ventilation coupled 
with high thermal mass can passively reduce room 
temperatures by 3 to 6 °C during the summer months.  

Currently, Mediterranean cities face the 
detrimental impacts of climate change. Elevated 
nighttime temperatures and more frequent heat 
waves contribute to decreased diurnal outdoor 
temperature variations, reducing the efficacy of night 
ventilation and high thermal mass. The risk of long-
term overheating in high-thermal mass buildings 
increases when there is no mechanism to dissipate 
absorbed heat during the day [10]. Similarly, 
insufficient ventilation and indoor heat generation 
from occupant behaviour can further impede the 
cooling capacity of high thermal mass envelopes. 
However, no study has previously addressed these 
conditions in a real-world experiment. Therefore, it is 
crucial to assess the vulnerability of traditional homes 
to climate change, by empirically observing their 
thermal performance and occupant comfort and 
behaviour. 

This study investigates the dynamic interaction 
between buildings and occupant behaviour in a real-
world case study set in the Mediterranean region, 
where traditional buildings are constructed with stone 
and rely on natural ventilation. Understanding the 
thermal performance and occupant behaviour in this 
context is important as the Mediterranean region is 
one of the world's most densely populated areas and 
is particularly vulnerable to the effects of climate 
change. As a result, homes in this region may undergo 
retrofitting with energy-intensive systems to adapt to 
climate change. 
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daytime temperatures ranging from 30 to 36 °C. 
Similarly, Shaviv et al. [9] observed the benefits of this 
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where the typical diurnal temperature variation is 
around 7 °C. They found that night ventilation coupled 
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term overheating in high-thermal mass buildings 
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conditions in a real-world experiment. Therefore, it is 
crucial to assess the vulnerability of traditional homes 
to climate change, by empirically observing their 
thermal performance and occupant comfort and 
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This study investigates the dynamic interaction 
between buildings and occupant behaviour in a real-
world case study set in the Mediterranean region, 
where traditional buildings are constructed with stone 
and rely on natural ventilation. Understanding the 
thermal performance and occupant behaviour in this 
context is important as the Mediterranean region is 
one of the world's most densely populated areas and 
is particularly vulnerable to the effects of climate 
change. As a result, homes in this region may undergo 
retrofitting with energy-intensive systems to adapt to 
climate change. 

 

The primary objective of this study is to assess the 
actual thermal conditions through longitudinal 
measurements of homes with diverse thermal mass 
envelopes. Additionally, the study aims to survey 
occupant comfort and behaviour to comprehensively 
evaluate the building's performance. The research 
questions addressed are as follows: 

(1) Does the envelope thermal mass difference 
affect air temperatures when rooms have no internal 
heat gains and windows are closed?  

(2) Does the envelope thermal mass difference 
affect air temperatures when rooms are occupied? 

(3) Does occupant activity and overall comfort 
change when living in traditional high thermal mass 
homes compared to other existing buildings? 

1.1 Case Study 
Catania is a coastal Mediterranean city whose 

climate is classified "Csa" according to the Köppen 
Climate Classification ("hot dry-summer" - 
Mediterranean Climate). Catania's yearly average 
temperature is 17.5°C. August is the hottest month 
and historical peak temperature are at 26.2°C. The 
historical daily variation is between 7-20°C, sourced 
from the Sigonella Airport weather station stored in 
“SIAS - Servizio Informativo Agrometeorologico 
Siciliano”. These climatic conditions can maximize the 
cooling potential of night ventilation and high thermal 
mass. These conditions maximize night ventilation and 
thermal mass cooling potential. Catania, with 311,584 
residents in 182.90 km2, is prone to urban heat island 
effect. The city is surrounded to the north by the Etna 
volcano whose eruptive activity has provided the 
basalt stone for centuries. Today, the basalt stone is 
still among the most used construction materials 
locally. 

Figure 1 shows the case study dwellings. They are 
all located less than 2 km from the historical city 
centre. Two dwellings were built before the 1960s. In 
this time, basalt stone was the main material for load-
bearing walls, while the horizontal construction is 
shielded by a decorative false vault that hides the 
thermal mass of the structure. The third dwelling was 
built after 1960s when structures were made of 
concrete and walls with clay hollow bricks. The U-value 
and the thermal mass classification are widely 
discussed in the [2]. The traditional dwellings have a 
heavyweight construction (following the ISO 52016-
1:2017 classification), while those built after the 1960s 
were classified as mediumweight construction. TM2 
and TM1 were used as bespoke labels to identify the 
two traditional buildings (Thermal Mass 2 – TM2) and 
TM1 for the rest (Thermal Mass 1 – TM1).  

 

 
Figure 1: Case study buildings: TM2 (left – traditional high 
thermal mass buildings) and TM1 (right – modern medium 
thermal mass building ). 

2. METHOD 
Pairwise tests in a simulation environment were 

developed to assess the effects of thermal mass under 
different ventilation models of [11] on room 
temperature. The baseline case was the TM2, 
validated against longitudinal measurements of room 
and surface temperatures. The latter helps to identify 
the active surface in the heat transfer of a high thermal 
mass envelope. The infiltration rate was used as a 
calibration parameter. The methodology has been 
extensively discussed in [4] study. A change from 
heavyweight to mediumweight construction was 
applied on a single external wall. This test was 
important to establish the role of thermal mass in the 
overall heat balance of a room in a worst case 
scenario: when windows are opened and when an 
external wall thermal mass with a high glazing ratio is 
reduced. Early simulation results (discussed in section 
3.1) showed a significant impact of thermal mass 
changes on room temperature also when windows 
were opened, which led to the implementation of the 
monitoring and survey campaign. 

The room air temperature (Ta) was longitudinally 
monitored in 27 rooms in nine apartments from the 4th 
of April 2018 to the 1st of May 2019. Four apartments 
were in the TM2 buildings and three in TM1. The 
number of apartments monitored was in total 50% of 
the total number of apartments in use, therefore those 
selected were considered representative of the case 
study. The instruments used for the monitoring were 
the stand-alone IButton sensors. Each apartment was 
equipped with three IButtons monitoring: a 
living/kitchen room, a bedroom, and a low-
occupied/unoccupied room simultaneously. Living and 
kitchen rooms as well as unoccupied rooms are 
exposed to the south, while bedrooms are exposed to 
the north. The consistency in the space layout across 
the sample facilitated the implementation of the pair-
wise comparison in field settings.  

A total of 12 residents aged between 40 and 70 
were surveyed and a total of 68 questionnaires were 

TM2 
TM1 
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collected. The survey revealed that the heating system 
is extensively used from January to March. As the 
study intends to picture naturally ventilated 
conditions, this period was excluded from the sample. 
Meanwhile, the survey revealed also that ACs are 
rarely used and often just to cover the hottest hours of 
the day. Therefore, the ACs equipped rooms were kept 
as part of the sample. Residents, who were likely to 
influence environmental changes because they spend 
long hours at home, were surveyed. Each resident 
completed a questionnaire every two months. The 
questionnaire design adapted this work [12] to the 
local practices and building properties (i.e. AC use and 
Shading). The questionnaire comprises three sections: 
context, subjective environmental assessment, and 
pattern of behavior. The context section gathers data 
on time, date, weather conditions, occupancy, 
clothing levels, and metabolic activity. The subjective 
environmental assessment gathers data on concurrent 
thermal sensation, preference and acceptability, and 
overall comfort, including aspects such as acoustic, air, 
and light comfort. The pattern of behaviour section 
gathers data on window, shading, heating, fan, and AC 
usage; as well as personal adaptive actions such as 
consuming warm food or wearing additional clothing. 
The total number of questions were 63, some answers 
were reported into a numerical scale (7-point ASHRAE 
55 scale for thermal votes), 5-point frequency scale 
(never, rarely, sometimes, often, always).  

The data was then grouped into TM2 and TM1 the 
continuous normally distributed data (e.g. room air 
temperature) was analyzed through T-Test 
comparison; while ordinal data (frequency scores) 
through the Mann-Whitney U Test for non-normally 
distributed data. The statistical comparison is 
significant when the p-value is lower than alpha which 
is set at 0.1. When a significant difference is observed 
between the two groups, it indicates that they are 
independent from each other, thereby establishing 
evidence of the effects of high thermal mass on rooms 
and people. 

3. RESULTS AND DISCUSSION 
This section explores the early simulation tests 

results (3.1) and the outcomes of longitudinal 
monitoring and survey campaigns (3.2-3).  

3.1. Pairwise Comparison 
The model in [4] was used to compare the two 

different thermal mass levels and their effect on 
indoor temperatures. The study demonstrates: (i) 
reducing the thermal mass of a single external wall 
raises peak temperatures. Here, the sensitivity of (i) to 
different ventilation modes and prolonged exposure 
to summer heat is shown in Figure 2. The daily 
maximum and mean air temperatures were simulated 
over a summer under different ventilation modes as 
per [11], and the temperatures were subtracted to the 

lower thermal mass case scenario (TM1 - cavity wall). 
All ventilation modes are insufficient to achieve the 
same relative temperature advantage when windows 
are closed or opened at night. This underscores the 
importance of examining occupant behaviour in real-
world scenarios, as night ventilation may not always 
be practical, and opening windows could impact the 
effectiveness of thermal mass.  

 
Figure 2: Change in maximum and mean hourly indoor air 
temperature (Ta) from the base wall model TM1 

3.2. Room temperatures 
Only unoccupied rooms were selected to validate 

the simulation results in a real-world setting. Given the 
absence of internal gains and windows being closed, 
the observed conditions are predominantly influenced 
by the thermal mass effect of the building envelope.  

 
Table 1 presents the hourly distributions of 

unoccupied room temperatures for each season. TM2 
rooms exhibit significantly cooler temperatures than 
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collected. The survey revealed that the heating system 
is extensively used from January to March. As the 
study intends to picture naturally ventilated 
conditions, this period was excluded from the sample. 
Meanwhile, the survey revealed also that ACs are 
rarely used and often just to cover the hottest hours of 
the day. Therefore, the ACs equipped rooms were kept 
as part of the sample. Residents, who were likely to 
influence environmental changes because they spend 
long hours at home, were surveyed. Each resident 
completed a questionnaire every two months. The 
questionnaire design adapted this work [12] to the 
local practices and building properties (i.e. AC use and 
Shading). The questionnaire comprises three sections: 
context, subjective environmental assessment, and 
pattern of behavior. The context section gathers data 
on time, date, weather conditions, occupancy, 
clothing levels, and metabolic activity. The subjective 
environmental assessment gathers data on concurrent 
thermal sensation, preference and acceptability, and 
overall comfort, including aspects such as acoustic, air, 
and light comfort. The pattern of behaviour section 
gathers data on window, shading, heating, fan, and AC 
usage; as well as personal adaptive actions such as 
consuming warm food or wearing additional clothing. 
The total number of questions were 63, some answers 
were reported into a numerical scale (7-point ASHRAE 
55 scale for thermal votes), 5-point frequency scale 
(never, rarely, sometimes, often, always).  

The data was then grouped into TM2 and TM1 the 
continuous normally distributed data (e.g. room air 
temperature) was analyzed through T-Test 
comparison; while ordinal data (frequency scores) 
through the Mann-Whitney U Test for non-normally 
distributed data. The statistical comparison is 
significant when the p-value is lower than alpha which 
is set at 0.1. When a significant difference is observed 
between the two groups, it indicates that they are 
independent from each other, thereby establishing 
evidence of the effects of high thermal mass on rooms 
and people. 

3. RESULTS AND DISCUSSION 
This section explores the early simulation tests 

results (3.1) and the outcomes of longitudinal 
monitoring and survey campaigns (3.2-3).  

3.1. Pairwise Comparison 
The model in [4] was used to compare the two 

different thermal mass levels and their effect on 
indoor temperatures. The study demonstrates: (i) 
reducing the thermal mass of a single external wall 
raises peak temperatures. Here, the sensitivity of (i) to 
different ventilation modes and prolonged exposure 
to summer heat is shown in Figure 2. The daily 
maximum and mean air temperatures were simulated 
over a summer under different ventilation modes as 
per [11], and the temperatures were subtracted to the 

lower thermal mass case scenario (TM1 - cavity wall). 
All ventilation modes are insufficient to achieve the 
same relative temperature advantage when windows 
are closed or opened at night. This underscores the 
importance of examining occupant behaviour in real-
world scenarios, as night ventilation may not always 
be practical, and opening windows could impact the 
effectiveness of thermal mass.  

 
Figure 2: Change in maximum and mean hourly indoor air 
temperature (Ta) from the base wall model TM1 
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absence of internal gains and windows being closed, 
the observed conditions are predominantly influenced 
by the thermal mass effect of the building envelope.  
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predominantly influenced by the thermal mass effect 
of the building envelope.  

 
Table 1: t-test results (t and p-value) between room groups 
of hourly temperature distributions (Ta) for each season 

Season 
Texternal (°C) 

Ta (°C) t p-
value 

TM2 TM1   

 

Spring  
19±4.2 22±0.7 22.6±0.5 -17 

<0.1 

Summer 
28±3.5  27±1.7 28±1.4 -23 

Autumn 
23±2.0 20.7±2.0 24±1.0 -57 

Winter 
15±2.8 18.3±1.7 18.9±1.8 -10 

Figure 4 and Figure 3 depict the hourly 
temperature distribution of bedrooms and 
living/kitchen rooms. Mean temperatures in both 
living/kitchen and bedrooms are higher than those in 
the unoccupied rooms, with the highest mean 
observed in the living/kitchen rooms. This 
temperature difference is attributed to internal heat 
gains. Peak occupancy and peak solar gains occur 
around lunchtime for living/kitchen rooms as surveyed 
(Table 2). These rooms remain exclusively reliant on 
natural ventilation throughout the monitoring period, 
a factor that, in conjunction with heat gains, 
contributes to the observed variations in temperature 
distribution. Bedrooms serve as a means of ventilating 
the apartment during the daytime, as indicated in 
Table 4. Moreover, during the summer season, they 
are actively used for artificial cooling through air 
conditioning (AC). Notably, the data in Table 3 reveals 
that AC usage in bedrooms occurs more often during 
midday than at night suggesting a strategic cooling 
approach. In autumn, bedrooms have the largest 
temperature range which is likely attribute to cooler 
outdoor temperatures (4.7±1.51 oC cooler outdoor 
temperatures on average – Table 1) and shorter 
window’s opening. 

Table 2: Occupancy profile derived from survey data. 
Occupancy in Living/Kitchen 

 Weekday Weekend 
 06 - 16:00 20 - 23:00  

Mean 
duration in 
hours 

1.6±1.2** 3  

Physical 
Activity 

Light* Sedentary* 
 

Presence Often* Always* Often* 
* the total number of observations is higher than 90% 
** covers lunchtime duration 

 
Figure 3: Distribution of hourly living/kitchen air temperature 

 

 
Figure 4: Distribution of hourly bedroom air temperature 

Table 3: AC recorded use in Bedrooms.  
AC use in Bedrooms 

  Frequency  
Mean Setpoint 23 ±1.8°C  

Start and end time 12 - 16:00 Sometimes* 

19 - 23:00 Rarely* 
*the total number of observations is higher than 90% 

Table 4: Window’s recorded opening use. 
 Window’s opening  
 Other seasons Summer 

Mean opening 
duration  

1.4±0.15 hours All day 

Start and end time 08-10:00 08-23:00 
Rooms used for 
ventilation 

Bedrooms and living/ 
kitchen rooms* 

*the total number of observations is higher than 90% 

 TM2 living/kitchen rooms are significantly cooler 
than in TM1. Even though living/kitchen rooms are 
subject to higher solar gains during these seasons, 
TM2 can rely on more thermal mass to delay daily 
peaks and absorb excess heat. The temperature 
distribution in TM1, on the other hand, reflects higher 
temperatures and greater variability. In contrast, 
bedrooms, primarily used for natural ventilation and 
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artificial cooling experience a less pronounced thermal 
mass effect.  

3.3 Thermal adaptation 
Thermal sensation votes were grouped by thermal 

mass levels and outdoor mean running temperature. 
The average seasonal thermal sensation votes were 
plotted against the ASHRAE 55 Adaptive thermal 
comfort model. The mean operative temperatures 
were derived from the longitudinal measurements of 
room temperatures and assuming the air speed is 
below 0.1 m/s.  

Figure 5 shows that in winter, TM2 occupants feel 
warmer than those in TM1. As TM2 room 
temperatures were significantly lower than those in 
TM1, this finding highlights a form of thermal 
adaptation to indoor conditions in high thermal mass 
buildings. Below 20°C  operative temperature, TM1 
occupants feel “cold -2” and TM2 feel “slightly cool -
1”. Furthermore, at 15 °C outdoor running mean 
temperature, both groups feel “neutral 0” at a much 
lower temperature than the one specified by the 
Adaptive Model. The personal adaptive strategies 
shown in Table 6, reveal that the occupants in TM2 are 
more likely to use an additional blanked and wear 
more clothes in winter than those in TM1 buildings.   

Interestingly, the summer mean thermal sensation 
vote did not differ significantly between TM2 and TM1: 
they both feel “neutral 0” at about 28°C operative 
temperature. This consistency may be attributed to 
the practice of prolonged opening of windows in 
summer which predominantly influences the thermal 
sensation over the thermal mass effect.  

 
Figure 5: Group Mean Thermal Sensation Vote (TM2 group – 
blue, TM1 group – red), plotted against the ASHRAE 55 
Adaptive Thermal Comfort Model. 

Table 6: Frequency scores for the following actions: 
additional blanket, wear more clothes and windows closed; 
the comparison between TM2-TM1 via Mann-Whitney U 
Test. 

 No per Score 
 

Additional 
Blanket 

Wear 
More 
Clothes 

Window 
closed 

 

 TM2 TM1 TM2 TM1 TM2 TM1 
Never  1  3 1  
Rarely  2     
Sometime
s 2 1 2    

Often 5 1 4  5 2 
Always 1    1 3 

 Mann-Whitney U Test 
U 5.06 6.17 2.78 

p-value <0.1 

4. CONCLUSION 
This study aims to evaluate the passive cooling 

effectiveness of high thermal mass in traditional 
buildings compared to medium-weight modern 
constructions. What distinguishes this comparison is 
its reliance on real measured data and the integration 
of occupant behaviour and thermal sensation. As a 
result, it marks the first comprehensive assessment of 
traditional Mediterranean homes and their occupants. 

The results demonstrate that rooms in traditional 
buildings consistently maintain cooler temperatures 
throughout the year, even those with high internal 
gains like living/kitchen spaces. The higher thermal 
mass of the traditional envelope appears to play a key 
role in smoothing indoor temperature peaks caused by 
solar and internal gains. Bedrooms’ temperatures are 
slightly different as heat gains are limited and windows 
are used for ventilating the apartment during the day. 
In summer, the duration of windows opening is 
excessive as it is opened for all day. This undermines 
the temperature difference between thermal mass 
groups. Therefore, the ventilation strategy needs to be 
addressed and optimize the thermal mass effect. 

In winter, the occupants in traditional homes are 
thermally neutral at lower operative temperatures 
compared to those in modern homes. They often add 
extra clothing insulation, even while sleeping, and 
tend to close windows more frequently. On the other 
hand, the thermal sensation in summer for both 
groups reflects the ASHRAE 55 Adaptive Comfort 
Model. This result shows that the effect of natural 
ventilation is more significant than the thermal mass 
difference in summer. 

The methodology presents a noteworthy limitation 
which is the small number of returned answers. This 
incomplete response pattern poses a potential source 
of bias in the analysis, as the missing data could impact 
the comprehensive understanding of occupant 
behaviours and perceptions. To address this in future 
research, design fewer but essential questions could 
help mitigate this limitation. 

Passive cooling features such as high thermal mass 
and natural ventilation offer viable solutions in existing 
homes but require optimization. Retrofitting with 
active systems to compensate for inefficient 
behaviours, as excessive summer ventilation, risks 
increasing energy bills. Therefore, careful 
consideration and occupant engagement with passive 
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4. CONCLUSION 
This study aims to evaluate the passive cooling 

effectiveness of high thermal mass in traditional 
buildings compared to medium-weight modern 
constructions. What distinguishes this comparison is 
its reliance on real measured data and the integration 
of occupant behaviour and thermal sensation. As a 
result, it marks the first comprehensive assessment of 
traditional Mediterranean homes and their occupants. 

The results demonstrate that rooms in traditional 
buildings consistently maintain cooler temperatures 
throughout the year, even those with high internal 
gains like living/kitchen spaces. The higher thermal 
mass of the traditional envelope appears to play a key 
role in smoothing indoor temperature peaks caused by 
solar and internal gains. Bedrooms’ temperatures are 
slightly different as heat gains are limited and windows 
are used for ventilating the apartment during the day. 
In summer, the duration of windows opening is 
excessive as it is opened for all day. This undermines 
the temperature difference between thermal mass 
groups. Therefore, the ventilation strategy needs to be 
addressed and optimize the thermal mass effect. 

In winter, the occupants in traditional homes are 
thermally neutral at lower operative temperatures 
compared to those in modern homes. They often add 
extra clothing insulation, even while sleeping, and 
tend to close windows more frequently. On the other 
hand, the thermal sensation in summer for both 
groups reflects the ASHRAE 55 Adaptive Comfort 
Model. This result shows that the effect of natural 
ventilation is more significant than the thermal mass 
difference in summer. 

The methodology presents a noteworthy limitation 
which is the small number of returned answers. This 
incomplete response pattern poses a potential source 
of bias in the analysis, as the missing data could impact 
the comprehensive understanding of occupant 
behaviours and perceptions. To address this in future 
research, design fewer but essential questions could 
help mitigate this limitation. 

Passive cooling features such as high thermal mass 
and natural ventilation offer viable solutions in existing 
homes but require optimization. Retrofitting with 
active systems to compensate for inefficient 
behaviours, as excessive summer ventilation, risks 
increasing energy bills. Therefore, careful 
consideration and occupant engagement with passive 

 

cooling strategies are essential to ensure energy-
efficient and sustainable solutions for residential 
buildings. 
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1. INTRODUCTION  
In Egypt, new cities are planned to extend the 

urban axis to the desert from large governorates, free 
from old urban fabric constraints. They offer 
opportunities for schools with different shapes to be 
built so they are better integrated with their 
neighbourhoods and adapted to the climate of these 
regions. The Egyptian government, through the 
General Authority of Educational Buildings (GAEB), has 
designed several public-school prototypes that are 
built throughout the country with similar structural 
and construction specifications. These prototypes do 
not respond to the different hot-arid climate zones 
existing in Egypt. Regulations specify that 20% shading 
is required when designing schoolyards [1], regardless 
of where prototypes is built. However, recent public-
school prototypes designed by GAEB contain passive 
elements such as semi-enclosed and enclosed 
courtyards, which can potentially enhance the thermal 
condition of outdoor spaces if appropriately designed 
and adapted to different climatic regions. It is, 
therefore, important these new designs respond to 
the climatic and microclimatic conditions of these new 
areas, thus allowing schoolyards to play their key roles 
in enabling appropriate outdoor activities.  

Thermal comfort is essential in the design of 
schoolyards for promoting children's well-being and 
physical and mental health. It also plays a pivotal role 
in enhancing children's general performance [2]. To 
date, little attention has been paid to the appropriate 
design of schoolyards to achieve outdoor thermal 
comfort [3], particularly in hot arid regions, where 
outdoor spaces are subject to high heat and radiation, 
leading to excessive temperatures during the hot 
seasons [4]. Findings from field measurements, 
surveys, and simulations conclude that lack of 

greenery, shading, and the presence of direct solar 
radiation are the main causes of outdoor thermal 
discomfort in Egyptian schools [5]–[7]. Various shading 
strategies are proposed to enhance the thermal 
environment of schoolyards and reduce heat stress 
while improving student thermal comfort, e.g., sun sail 
shading [7], vegetation [6], and shading units and trees 
[5]. However, none of these studies considered the 
role of enclosed courtyards in alleviating heat stress. 

Mahmoud and Abdallah [5] and Elgheznawy and 
Eltarabily [7] assessed the thermal conditions of semi-
enclosed schoolyards in Asyut (Southern Upper Egypt 
zone) and Port Said (North Coast zone), respectively. 
They concluded these semi-enclosed yards suffered 
from strong heat stress in a hot Autumn and an early 
summer day, but they did not examine OTC conditions 
during the summer as a whole or more 
comprehensively throughout mid seasons.  

This paper explores on an hourly basis the 
contribution of enclosed courtyards to alleviate 
thermal stress in school sites in three different hot-
arid climate zones and for how many students. It 
highlights missing opportunities that current 
prototypes proposed by the Egyptian government 
could cater for if fine-tuned to different climate 
contexts. 
 
2. METHODOLOGY  

OTC is assessed using the Universal Thermal 
Climate Index (UTCI), which adopts an advanced 
human thermal model and is appropriate for all 
climate zones and seasons [8]. The assessment uses 
the workflow and post-processing method proposed 
in [9].  

The workflow developed using the Ladybug toolkit 
for Grasshopper encompasses several key stages. 
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the workflow and post-processing method proposed 
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The workflow developed using the Ladybug toolkit 
for Grasshopper encompasses several key stages. 

 

First, the selected school site, building, and 
surroundings were modelled in Rhinoceros 3D. 
Subsequently, the Urban Weather Generator (UWG), 
through the Dragonfly plugin, is employed to model 
urban microclimate and urban heat island effects of 
three climate zones represented by the cities of 
Alexandria, Cairo, and Assiut. The Mean Radiant 
Temperature (MRT) was then calculated considering 
the long and short-wave radiations by using validated 
simulation engines (Energy Plus and Radiance). MRT 
was combined with air temperatures, Relative 
Humidity (RH), and wind speed, to calculate the hourly 
UTCI for 5m x 5m grid located at 1.1m height 
throughout the whole school outdoor area. UTCI 
results were recorded for the three cities during 
typical school operating hours from 8:00 to 15:00 
throughout the year, including summer holidays, to 
account for summer activities the open and close yards 
might accommodate beyond the teaching period. 

Results were post-processed based on a designer’s 
perspective, similarly to [9], across the seasons for the 
three cities using the following steps:  

 Assessing spatially averaged UTCI value 
distribution over the seasons to provide 
insights into the thermal conditions and the 
characteristics of each climate zone.  

 Exploring frequencies of thermal stress 
categories and comfort to assess if climate 
zones differ in seasonal OTC conditions. 

 Assessing seasonal spatial distribution of MRT 
side-by-side with the percentage of time in 
comfort to understand the potential role of 
the prototype in improving OTC conditions. 

 Understanding the role of shading and the 
overshadowing potential of the prototype to 
improve annual OTC conditions. 

 Exploring the percentage of time the 
schoolyard is in comfort at each operating 
hour to assess how effective the prototype is 
in improving OTC conditions. 

 Calculating the number of pupils in comfort 
for the morning and lunch school break times 
to assess if the prototype potential to cater 
for outdoor usage differs in each climate 
zone.  

 
3. CASE STUDY 

A site with 9266 m2 in Badr city, one of the new 
cities in Cairo Governorate, was selected for the study. 
It hosts a GAEB detached courtyard school building 
prototype. This is the most used prototype in Badr, 
corresponding to 54% of public-school building shapes 
in the city (as per observation in Google Earth). The 
prototype has 3 storeys, 42 classrooms, and two 
central rectangular courtyards (ratios of 0.9 
height/width and 1.14 length/width) with a long axis 

oriented towards the NW-SE direction in an angle of 
14.18o from the north (Figure 1).  

Simulation inputs (Table 1) considered geometrical 
and construction parameters based on the schools’ 
Specs and Bill of Quantities Item prescribed by GAEB 
[10]. The thermal properties of construction materials 
were set following the study of [11] and [12]. 
Schedules and activities were determined based on 
the Egyptian school year and operating hours. All 
school spaces are naturally ventilated through 
openings and have only ceiling fans. Zone loads were 
set following a study of [11]. 
 

 
Figure 1: Prototype, site, and surroundings. 

 
Table 1: Simulation inputs considered geometrical and 

construction parameters prescribed by the GAEB in Egypt. 
Parameters Value for school 

Material THK 
(cm) 

U-value 
(W/m

2
K) 

Albedo 

Exterior Walls (Red brick)  30 2.809 0.25 
Roofs 24.4 0.847 0.15 

Typical Floors 21 3.711 - 
Ground floor 34.4 1.113 - 

School Ground (Dry sand) 30 0.87 0.35 
Window (6mm single clear) SHGC 0.81, U-Value 5.77 

Window-to-Wall Ratio 33% 
Infiltration 0.0003 m

3
/s-m

2
 

 

Simulations were conducted using the 
configuration displayed in Figure 1 and the data in 
Table 1 for the cities of Alexandria (31.2001°N, 
29.9187°E), Cairo (30.0444°N, 31.2357°E), and Asyut 
(27.1783°N, 31.1859°E), representing the three 
climate zones which contain most of the cities in Egypt; 
respectively Northern Coast, Delta and Cairo, and 
Southern Upper Egypt zones. Although Egypt is 
characterised by a hot-dessert climate (BWh) 
according to Koppen’s climatic classification, there are 
variations in climate conditions that enable the 
country to be further sub-divided into different 
climatic zones [13].  

Figure 2 illustrates the characteristics of each of 
the three selected cities, showing Asyut has a harsher 
climate than the others, particularly with lower RH, as 
low as 24.3%, and relatively high average-hourly 
radiation rates, both global and direct due to relatively 
high frequency of clear days. Average annual wind 
speeds are similar for all three cities. High average 
summer dry bulb temperatures were observed, with 
the highest value of 31.2°C in Asyut decreasing by 
1.2°C and 2.6°C, respectively, in Cairo and Alexandria.  
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Figure 2: Monthly average Dry Bulb Temperatures and 
Relative Humidity (Top), Monthly average Global Horizontal 
Radiation and Direct Normal Radiation (bottom). 
 
4. RESULTS AND DISCUSSION 

The distribution of the spatially averaged UTCI 
results for the three climates is displayed in Figure 3, 
showing the relationship between UTCI values and the 
different stress categories, e.g., moderate cold stress, 
comfort, moderate heat stress, etc. 

 
Figure 3: Spatial Avg. UTCI distributions over the seasons. 

 

Results show all cities suffer from heat stress in 
Summer, whereas they are in comfort during winter. 
Results vary for the Spring, showing the Median UTCI 
of Asyut is 2.8oC and 5.07oC higher than Cairo and 
Alexandria, respectively. Whereas in Autumn, Cairo 
showed a higher Median value than the two cities. The 
results highlight that spring conditions have different 
needs in each zone. Asyut has the highest maximum 
UTCI within the interquartile range (IQR) over the 
seasons. While Alexandria showed lower values 
compared to the other cities. Results also show that 
UTCI distribution ranges tend to be wider in Asyut, 
particularly in spring and summer, meaning seasonal 

and daily variations need to be carefully examined in 
all zones to ascertain seasonal and hourly needs.   

Figure 4 shows the percentage of time each city is 
in comfort or under different stress categories. This 
data is taken from each test point in the schoolyard 
rather than the spatial average results shown in Figure 
3. Results discriminate findings from Figure 3 in terms 
of magnitude of stress, showing comfort percentages 
are insignificant in the Summer and around 1/3 in the 
Autumn for all cities. Winter is comfortable more than 
2/3 of the time in all cities, whereas spring condition 
varies from Alexandria to Asyut, showing the former is 
1/2 of the time in comfort, whereas the latter is 2/3 of 
the time under heat stress.  

A range of 17-28% of moderate heat stress in mid-
season suggests that schoolyards could achieve higher 
comfort levels if appropriately designed. It also 
indicates that if moderate heat stress is acceptable, 
schoolyards will be comfortable around 50% of the 
time in Cairo and Asyut, while in Alexandria, this could 
be around 75% of the time. These differences and data 
from Figure 2 suggest climate zone-based mitigation 
strategies might be needed potentially due to 
variations in solar radiation across the three cities. This 
hypothesis is consistent with sensitivity analyses from 
a previous study [14], which indicate that MRT is the 
main contributor to OTC in hot-arid climates. 

 
Figure 4: Frequencies of thermal stress over the seasons. 

 

Figure 5 displays green bars from Figure 4 in space, 
whereas Figure 6 shows the spatial distribution of 
seasonal average MRTs in an attempt to explain 
differences across the three climate zones. Maps show 
that the overshadowing provided by the building 
significantly alleviates OTC conditions and 
substantially reduces the average MRT values. They 
also show significant differences between the open 
and enclosed yards in all climates, suggesting 
prototypes with enclosed yards can effectively 
improve OTC conditions in each investigated climatic 
zone. These findings agree with Natanian et al. [14], 
who found that the courtyard building shape had the 
highest OTC performance in three climatic zones of a 
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Figure 5 displays green bars from Figure 4 in space, 
whereas Figure 6 shows the spatial distribution of 
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hot climate when compared to the other building 
shapes. 

 

 
Figure 5: Percentage of time in comfort over the seasons. 

 

 
Figure 6: Average MRT over the seasons. 

 
The maps show that the enclosed yards are mostly 

comfortable in winter, and more than 50% of their 
area remains comfortable in the autumn. In the spring, 
the enclosed yards are comfortable in Alexandria, with 
around a third of their area remaining comfortable in 
Asyut. However, the enclosed yards represent only 5% 
of the total schoolyard area, meaning adjustments to 
their size are needed for this prototype to contribute 
to OTC conditions more effectively. The maps indicate 
the limited shading impact of the surroundings, 
suggesting the need for mitigation strategies in the 
open yards to enhance their thermal conditions, 
especially in mid-season and summer. 

Thermal stress in all climate zones is severe in the 
whole schoolyard over the summer. This agrees with 
the findings from [7], who investigated a semi-
enclosed courtyard of a school in a coastal city with a 
climate like Alexandria and proposed a shading ratio of 
60% to mitigate the heat stress recorded on a summer 
day in the exposed courtyard. However, it is unclear if 
shading alone can alleviate harsh OTC conditions in 
this season as average MRTs in the open yards during 
summer can reach up to 80°C, probably due to higher 
radiation fluxes. The dry sand used to pave 
schoolyards potentially contributes to the reflected 
radiation, which could lead, among other factors, to 
increased MRT in the exposed parts of the 
schoolyards. Further investigations are needed to 

ascertain the potential contribution of shading to 
alleviate OTC conditions in these climate zones. 

 
Figure 7: Percentage of time in comfort for different shading 
conditions. 

 

Table 2: Annual Shade Index Range recorded from the results 
of the test points in the open and enclosed yards. 

 Alexandria Cairo Asyut 
Enclosed yards  63 - 87% 58 - 86% 54 - 84% 

Open yard 2 - 71% 2 - 68% 1 - 66% 
 

Figure 7 illustrates the percentage of time in 
comfort that can be achieved with no shading or 100% 
shading for the three climate zones. Full shading was 
calculated considering a horizontal surface at 2.5 m 
height above the ground. Shading in the open and 
enclosed yards considered the amount of shading 
delivered by both the school building and site 
surroundings. Extremes are shown as references, with 
100% shading highlighting the role of this mitigation 
strategy in each climate zone. It is evident that shading 
is beneficial in the mid-seasons and summer, with 
notable benefits to comfort conditions in Spring 
(around 65% to 85% of the time) and in autumn 
(between 70% to 75%), despite the slight decrease in 
comfort observed in winter. Interestingly, in summer, 
it seems to benefit Asyut more than Cairo, showing it 
is difficult to achieve more than 40% to 18% of the 
time in comfort. In any case, Figure 7 illustrates 
shading is effective to be used potentially alone in the 
mid-season but in combination with other strategies in 
the summer.   

Table 2 shows the contribution of the prototype 
and surroundings in shading conditions in the three 
climate zones. The shading index (SI) based on [15] 
was used to assess the shading levels in the 
schoolyards. Annual SI values were calculated for each 
test point and converted to percentages for 
comparability with the reference cases. The open 
yards exhibit the widest range of annual SI across all 
cities ranging from 1-2% to 66-71%. Lower values 
indicate exposure to direct solar radiation, while 
higher values suggest shaded areas potentially 
provided by the prototype. In contrast, the enclosed 
yards show higher annual SI values compared to the 
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open yards, ranging from 54% to 63% at the minimum 
and reaching up to 87% at the maximum. This implies 
that courtyards with an aspect ratio of 0.9 tend to 
provide shade, reducing direct solar radiation, which 
positively impact their thermal performance in these 
three climate zones. Given the proven benefits of 
shading, prototypes of this kind are worth to be 
deployed in these climate regions. However, variations 
in SI among the cities highlight the need for further 
investigation into courtyard aspect ratio, fine-tuning 
them to the latitude for higher shading percentages. 

 
Figure 8: Percentage of time in comfort during school 
operating hours over the seasons for open and enclosed 
yards highlighting school break times. 

 

Figure 8 disaggregates findings from Figure 6. It 
shows the comfort conditions of the open and 
enclosed yards throughout the school day for the 
different seasons across the three climate zones. Grey 
columns highlight morning and lunch break times 
when most school children are in the outdoor area. 
Results show clear differences between OTC 
conditions in the mornings and afternoons, with 
comfort conditions dramatically dropping from 8am to 
12pm, particularly in the mid-seasons.  

In the Autumn, open yards are in comfort 40% to 
50% of the time during the 10am break time, whereas 
the enclosed yards are in comfort from 65% to 70% of 
the time. This difference between the percentage of 
time in comfort becomes higher at lunchtime when 
the enclosed yards are around 30% more comfortable 
than the open yard. During this season, OTC conditions 
for the three climate zones are fairly similar, and the 
effect of the prototype is notable, particularly in the 
afternoon when enclosed yards contribute to 
increasing the percentage of time in comfort by at 
least 30% in all climates.  

In the Spring, OTC conditions for the open and 
enclosed yards are similar in pattern but different in 
magnitude for the three climate zones. Similarly, to 
the Autumn, during the 10 am break time, open yards 
are in comfort 40% to 55% of the time, whereas 
enclosed yards are in comfort between 60% to 80% of 
the time. At lunchtime, the percentage of time in 

comfort for the enclosed yard in Asyut is similar to the 
percentage of time in comfort for the open yard in 
Alexandria, whereas in the afternoons, the enclosed 
yard is at least 60% of the time in comfort in Alexandria 
but no more than 40% of the time in Asyut. During this 
season, the effect of the prototype is less notable in 
Asyut, where differences in OTC conditions between 
the open and enclosed yards are no more than 20%. 

In the winter, break times are at least 50% of the 
time on comfort with the open yard notably better 
than the enclosed yard in the mornings, and the 
enclosed yard better than the open yards in the 
afternoons. In the summer, OTC conditions are very 
similar for the three climates, with enclosed yards 
contributing to alleviate thermal stress at the 10 am 
break by around 15% of the time in Alexandria and 
Asyut but no more than 10% of the time in Cairo, 
showing neither the climate zone nor the prototype 
make a difference in this case. 
 

Table 3: Maximum number of students in comfort outdoors 
during morning and lunch breaks. 

Ci
ty

 Yard Autumn Winter Spring Summer 
10:
00 

12:
00 

10:
00 

12:
00 

10:
00 

12:
00 

10:
00 

12:
00 

Al
ex

an
dr

i
a 

Open  537 185 1204 1071 751 449 21 2 

Closed  54 33 57 62 60 46 18 0 
Total 591 218 1261 1133 811 495 39 2 

Ca
iro

 Open  494 173 1204 973 670 232 4 0 

Closed  50 33 57 64 63 33 8 0 
Total 544 206 1261 1037 733 265 12 0 

As
yu t 

Open  711 153 905 911 550 170 30 0 
Closed  55 30 40 54 50 20 20 0 
Total 766 183 945 965 600 190 50 0 

 

Table 3 explores results from Figure 8 in relation to 
how different climate zones and a prototype with 
enclosed yards impact the design by showing the 
number of students in comfort outside at 10am and 
during lunch breaks. Figures from Table 3 were 
calculated by dividing the average area in comfort at 
break times by the minimum area per student share of 
outdoor space as prescribed by the GAEB 
(5m2/Student). Considering public school regulations 
limit the number of students to 40 per cohort [1], it is 
possible to conclude that the enclosed courtyards can 
host no more than 1.5 cohorts, a very small number of 
students. At 10am break times, enclosed yards can 
host more than 1 but less than 2 cohorts of students in 
the autumn, winter, and spring but less than half a 
cohort during summer. At 12pm break times, enclosed 
yards can host less than 1 cohort of students in the 
mid-season, except for the spring in Alexandria. 
Almost no cohort can be hosted in the summer. These 
numbers show the benefits provided by the prototype 
with an enclosed yard are very similar to school end-
users across the three climate zones.  

However, when looking at the OTC conditions of 
the open yard at 10am, one can see that Asyut can 
host 5 more student cohorts outside than Alexandra in 
the Autumn, whereas the exact opposite can happen 
in the Spring. When looking at OTC conditions at 
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numbers show the benefits provided by the prototype 
with an enclosed yard are very similar to school end-
users across the three climate zones.  

However, when looking at the OTC conditions of 
the open yard at 10am, one can see that Asyut can 
host 5 more student cohorts outside than Alexandra in 
the Autumn, whereas the exact opposite can happen 
in the Spring. When looking at OTC conditions at 

 

12pm, one can see that Asyut and Alexandria have 
similar capacity to host around 4 cohorts of students 
outside in the Autumn but that the latter can host 5 
more cohorts than the former in the Spring. Whereas 
the summer condition seems almost hopeless in any of 
the three climate zones, winter capacity to host 
students outdoor is higher in Alexandria and Cairo 
compared to Asyut by 8 student cohorts at 10am and 
between 2 to 4 cohorts at 12pm. These large 
differences show a higher impact on end-users and 
justify fit-for-purpose mitigation strategies for each of 
the three climate zones in the open yard. 
 
5. CONCLUSION 

The study shows significant spatial and temporal 
variations in OTC conditions delivered by the GAEB 
prototype with enclosed yards when deployed to 
different hot-arid climate zones. These variations 
significantly impact the number of end-users that can 
comfortably perform outdoor activities in each climate 
zone, justifying fit-for-purpose regulations and design 
guidelines per zone. These guidelines should be 
developed considering the following aspects: 
 Maximise percentage of shading on open yards, 

taking advantage of neighbouring buildings and 
the school building, mainly aiming to provide 
shading from mid-day throughout the afternoon, 
when OTC conditions are less favourable in mid 
seasons and summer;  

 Deliver specific mitigation measures in addition 
to shading during the summer season, as 
shading alone will not enable almost anyone to 
stay outdoors during school break times; 

 Increase the size of enclosed yards to cater for 
more students in them if appropriate, as they 
notably increase shading and reduce MRTs but 
are not enough to effectively host more than 1 
and a half student cohorts; 

 Adjust the aspect ratio of courtyards when 
increasing their size to ensure more than 50% of 
the shading area so they can still provide 
favourable OTC conditions to cater for outdoor 
activities. 

Further studies should focus on undertaking a 
sensitivity analysis for this prototype in each of the 
three climate zones, considering enclosed yards with 
various aspect ratios to identify the range of courtyard 
proportions suitable for each climate zone. Ideally, the 
sensitivity analysis should be tied to the size of the 
school and the number of student cohorts it can host. 
This way, massing studies in early design stages would 
cater for a forgotten design parameter, normally 
considered a byproduct of design, rather than a design 
target from the beginning. 
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ABSTRACT: Self-built houses offer an affordable housing option in countries like Mexico, where 57% of homes are 
constructed in this manner. However, the construction characteristics of such homes often lack quality because 
they are built without professional oversight. This deficiency can adversely affect indoor environmental quality, 
which has been underexplored in this context. This research evaluates the thermal comfort and indoor air quality 
of self-built homes in San Quintin, Mexico. House archetypes were developed based on their construction features 
to achieve this, and the three most common archetypes were selected for further analysis. In situ measurements 
were obtained in one representative house for each archetype. Dry bulb temperature, relative humidity, and CO2 
levels were recorded over 5 days. The recorded levels revealed deficiencies in all the houses, with CO2 levels 
exceeding 1000 ppm throughout the monitoring period, contravening international standards. While average 
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1. INTRODUCTION  
Indoor Environmental Quality (IEQ) refers to a 

building's performance in achieving an indoor 
environment that meets the needs of its occupants. It 
is mainly composed of four parameters: thermal 
comfort, air quality, visual comfort, and acoustic 
comfort. These parameters have a direct impact on 
the health, productivity, and well-being of the 
occupants [1]. The most extensively studied aspects 
are thermal comfort and indoor air quality. The former 
is highlighted due to its identified role as the 
parameter with the greatest impact on an individual's 
comfort and well-being. The latter is crucial for its 
implications on health and is also more 
straightforward to study due to the equipment 
involved [2]. These are affected by factors inherent to 
the occupant, such as their physiology and clothing, as 
well as environmental conditions. Unlike those related 
to occupants, environmental conditions can be 
objectively measured with the appropriate 
equipment. An important factor determining the 
environmental conditions of a space is the 
construction characteristics, as they have a direct 
impact on all IEQ parameters [3]. 
 
1.1 Self-built houses 

Self-built houses are homes in which families 
makethe most important decisions about the process, 
like the design, the location of the land or choosing 
what materials to use. In Mexico, 57% of the housing 

stock corresponds to this type of dwelling [4]. It 
represents a more affordable way to access housing 
since intermediaries are eliminated, and they are often 
built progressively, starting with small spaces or 
deficient materials, and expanding or modifying them 
over the years. 

However, a problem associated with this type of 
production is the lack of technical knowledge used in 
construction, which results in unsuitable indoor 
environments [5]. In this regard, in Mexico, there is the 
Housing Backlog Index, used by Mexico's National 
Housing Commission (CONAVI), to determine 
dwellings that do not meet adequate housing 
requirements: Overcrowded spaces, building some or 
all of their walls, roof, or floor with waste materials, 
and/or limited access to basic services such as 
drainage or electricity [6]. The research focuses on the 
San Quintin region on the northwest coast of Baja 
California, Mexico. There, more than 80% of the 
homes are identified as inadequate. However, the 
index does not provide detailed information about the 
state of the houses, much less about their 
environmental conditions, which are not taken into 
account.  

This region is predominantly rural, with irrigation 
agriculture as the primary economic activity. It is 
located 200 kilometers from the southern border with 
the United States. Due to these characteristics, 
migration from other parts of the country has played a 
significant role in the region's development since the 

542



PLEA 2024 WROCŁAW 
(Re)thinking Resil ience  

 

Indoor Environmental Quality in the Building Archetypes of 
Self-built Houses: 

A Case Study in San Quintin, Mexico. 
 

ABNER OCAMPO-MENDOZA1, CRISTINA SOTELO-SALAS2 
 

1Facultad de Ingeniería, Arquitectura y Diseño, Universidad Autónoma de Baja California, Ensenada, México 
2Facultad de Arquitectura y Diseño, Universidad Autónoma de Baja California, Mexicali, México 

 
 

 
ABSTRACT: Self-built houses offer an affordable housing option in countries like Mexico, where 57% of homes are 
constructed in this manner. However, the construction characteristics of such homes often lack quality because 
they are built without professional oversight. This deficiency can adversely affect indoor environmental quality, 
which has been underexplored in this context. This research evaluates the thermal comfort and indoor air quality 
of self-built homes in San Quintin, Mexico. House archetypes were developed based on their construction features 
to achieve this, and the three most common archetypes were selected for further analysis. In situ measurements 
were obtained in one representative house for each archetype. Dry bulb temperature, relative humidity, and CO2 
levels were recorded over 5 days. The recorded levels revealed deficiencies in all the houses, with CO2 levels 
exceeding 1000 ppm throughout the monitoring period, contravening international standards. While average 
indoor temperatures were higher than outdoor, most of the time, the temperature remained outside the comfort 
zone. The gathered information identifies a genuine need for intervention to improve current housing conditions, 
with overcrowding, poor envelope insulation, and inadequate ventilation being the primary issues. 
KEYWORDS: Indoor environmental quality, indoor air quality, thermal comfort, self-built houses, building 
archetypes 
 

1. INTRODUCTION  
Indoor Environmental Quality (IEQ) refers to a 

building's performance in achieving an indoor 
environment that meets the needs of its occupants. It 
is mainly composed of four parameters: thermal 
comfort, air quality, visual comfort, and acoustic 
comfort. These parameters have a direct impact on 
the health, productivity, and well-being of the 
occupants [1]. The most extensively studied aspects 
are thermal comfort and indoor air quality. The former 
is highlighted due to its identified role as the 
parameter with the greatest impact on an individual's 
comfort and well-being. The latter is crucial for its 
implications on health and is also more 
straightforward to study due to the equipment 
involved [2]. These are affected by factors inherent to 
the occupant, such as their physiology and clothing, as 
well as environmental conditions. Unlike those related 
to occupants, environmental conditions can be 
objectively measured with the appropriate 
equipment. An important factor determining the 
environmental conditions of a space is the 
construction characteristics, as they have a direct 
impact on all IEQ parameters [3]. 
 
1.1 Self-built houses 

Self-built houses are homes in which families 
makethe most important decisions about the process, 
like the design, the location of the land or choosing 
what materials to use. In Mexico, 57% of the housing 

stock corresponds to this type of dwelling [4]. It 
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environments [5]. In this regard, in Mexico, there is the 
Housing Backlog Index, used by Mexico's National 
Housing Commission (CONAVI), to determine 
dwellings that do not meet adequate housing 
requirements: Overcrowded spaces, building some or 
all of their walls, roof, or floor with waste materials, 
and/or limited access to basic services such as 
drainage or electricity [6]. The research focuses on the 
San Quintin region on the northwest coast of Baja 
California, Mexico. There, more than 80% of the 
homes are identified as inadequate. However, the 
index does not provide detailed information about the 
state of the houses, much less about their 
environmental conditions, which are not taken into 
account.  

This region is predominantly rural, with irrigation 
agriculture as the primary economic activity. It is 
located 200 kilometers from the southern border with 
the United States. Due to these characteristics, 
migration from other parts of the country has played a 
significant role in the region's development since the 

 

1970s. Initially, in temporary work camps, and later 
settling in the area in their own homes. Before this 
process, the region was practically uninhabited [7]. In 
recent years, there has been a significant urbanization 
process and an increase in the number of dwellings.  

 
1.2 Similar studies 
A similar study was conducted in La Huasteca, a 

Mexican region in the south of the country where the 
annual mean temperature oscillates from 21.5 to 
31.9°C. Four different types of housing were identified 
based on their construction materials: Traditional 
houses with vegetable materials and construction 
systems typical of the region, some with a circular floor 
plan and others with a rectangular floor plan; Hybrid 
houses that use concrete blocks in walls but retain 
traditional roofs; and replaced houses that exclusively 
use concrete in both walls and roof. They monitored 
11 houses distributed in 3 localities for 9 months. The 
results show that during the warm season, houses with 
vegetal elements exhibited better thermal 
performance, while those made entirely of concrete 
responded better in winter [8]. 

Another study was conducted in the region of the 
Lower Papaloapan River Basin, located in the southern 
part of Mexico, where temperatures range from 15°C 
to 42°C throughout the year. The study examined 77 
homes in 17 different communities, characterizing 
them based on the material of their roofs. Four 
common types of roofing materials were observed in 
self-built homes: zinc, asbestos, concrete, and palm 
leaves. They carried out a comparative study and an 
indoor thermal comfort analysis, simulating the 
thermal performance over a year. The findings 
revealed that homes with palm roofs had the best 
performance, while housing with zinc roofing 
produced the worst results. In the case of a false 
ceiling, a standardizing effect was observed for all 
types of roofing [9]. 

A research study focused on the thermal 
performance of self-built houses in Ulaanbaatar City, 
Mongolia. Researchers conducted surveys in two areas 
of the city to identify the most common type of self-
built housing. A total of 16 houses were entered and 
surveyed. The findings revealed that all the self-built 
houses included in the study were poorly constructed, 
and this negatively impacted their energy efficiency. 
This leads to increased consumption of carbon and 
wood, worsening air pollution levels [10]. 

Indoor environmental quality (IEQ) in this type of 
housing is rarely studied due to its very heterogeneous 
characteristics. Even so, research that addresses it 
tends to focus solely on thermal performance and 
leaves aside possible interactions with other 
components of IEQ. 

 
 

1.3 Objectives 
This research aims to identify deficiencies and 

problems in self-built houses in San Quintin 
concerning their thermal comfort and indoor air 
quality with their construction characteristics. The 
goal is to pinpoint the most significant opportunities 
for improvement, generating recommendations to 
enhance the indoor environmental quality conditions 
of homes and consequently improve the quality of life 
for their inhabitants without increasing energy 
consumption. 

 
2. METHODS 
 
2.1 Study area  

Based on the 2020 population census [11], the five 
largest localities of the San Quintin region had a total 
of 58,369 inhabitants. Among these, the locality with 
the highest percentage of inadequate housing 
conditions was chosen to represent the region. This is 
the locality of Emiliano Zapata (30°46'N, 116° 0'W) 
with 9636 inhabitants. According to the same census, 
Emiliano Zapata comprises 2422 households, out of 
which 1077 were subject to analysis due to resource 
availability. The study area is presented in Figure 1. 

 

 
Figure 1: Location of the study area. San Quintin region (left). 
Emiliano Zapata locality (right). 
 

The climatological conditions are categorized as 
‘‘hot desert” (BWh) in the Köppen-Geiger climate 
classification [12]. The average annual temperature is 
17°C, with a relative humidity (RH) of 79%, and an 
average annual rainfall of 80.4 mm. In the coldest 
month, the average temperature is 13.7°C, and in the 
warmest month, it is 21.2°C. The study period falls 
within the transition from the warm to the cold 
season, where the average temperature is 16.1°C [13]. 
 
2.2 Study design 

The methodological design of the research consists 
of three main phases: (a) Classification of self-built 
houses into different archetypes based on their 
constructive features; (b) Measurement of 
environmental parameters; (c) Analysis of the 
correlation between the observed indoor 
environmental parameters and the construction 
characteristics of the analyzed houses. 
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2.3 Preliminary study. 
A photographic survey of houses was conducted 

through walking tours across the locality. Google Earth 
images and drone photographs of the area were also 
utilized to determine their location and other 
parameters not visible at street level. 

Due to resource availability, a smaller area within 
the entire locality was surveyed. According to official 
data, a total of 1761 houses are located in the 
surveyed area [11]. Out of these, 1308 were 
photographed, and 231 were discarded due to unclear 
details. Therefore, the final total of analyzed houses 
was 1077. 

Recorded construction characteristics were limited 
to those observables from the exterior, including the 
outline of the architectural floor plan and the materials 
of walls and roofs. Sets were defined for further 
analysis by shared construction characteristics. 

 
2.4 Measurement of environmental parameters. 

Fieldwork measurements of indoor parameters 
were carried out on one representative home from the 
three most common archetypes.  Indoor dry bulb 
temperature (DBT), relative humidity (RH), and CO2 
levels were continuously monitored every half hour on 
an alternating basis for five days in both the social area 
(SA) and the bedroom (BR) of each house. Two Extech 
CO210 Data Loggers were utilized one for each room. 
The equipment was positioned at a height of 1.5 
meters following ISO 16000 guidelines to avoid 
interference from people's respiration [14]. The data 
loggers (Figure 2) were placed as far from the wall as 
possible without affecting the normal functioning of 
the dwelling.  

 

  
Figure 2: Monitoring equipment on-site: Data logger (left), 
weather station (Right). 
 

Meteorological data was also collected during the 
monitoring period using a portable AcuRite Atlas 
model 06059 weather station. This station was 
positioned on the roof of a centrally located home in 
the locality, at a height of 9.5 meters above ground 
level, to record outdoor dry bulb temperature (DBT) 
and relative humidity (RH) values. The equipment 
specifications on both the data logger and the weather 
station are shown in Table 1. 

 

Table 1: Monitoring equipment specifications. 
 

Parameter Range Accuracy 
Indoor DBT 1 -10 to 60°C ±0.6°C 
Indoor RH1 0.1% to 99.9% ±3% (10 to 90%) 
Indoor CO21 0-9999ppm ±(5%rdg+50ppm) 
Outdoor DBT. 2 -40°C a 70°C ±0.55°C 
Outdoor RH2 1-100 % ±2% HR 

Note: (1. Data logger; 2, Weather station) 
 
2.5 Data analysis. 

To analyze the temperature and its relationship 
with the thermal requirements of the population, 
Neutral Temperature (Tn) is used. In this study, the 
thermal comfort model of Auliciems and Szokolay [15] 
was employed, as it is widely accepted globally. 
Equation (1) allows us to determine Tn based on the 
average outdoor temperature. 

 
 Tn= 17,6 + 0,31Tmed (1) 

where  
Tn- Neutral temperature; 
Tmed-Monthly mean temperature. 

 
The comfort zone (CZ) is established based on the 

range recommended by the authors, within ±2.5 °C 
from the Neutral Temperature (Tn), with a 90% 
acceptability rate. Relative humidity (RH) was assessed 
against the ISO 7730 standard which defines an 
optimal range between 30 and 70% RH [16] and CO2 
levels with the ISO 1600 which sets a threshold of 1000 
ppm [14]. 

 
3. RESULTS 
 
3.1 Preliminary study 

The results of the photographic survey reveal that 
89% of the houses are single-story. Concerning 
orientation, 40% face East-West, 37% face North-
South, and 23% lack a predominant orientation. 

In terms of layout, 50% of the houses have a 
rectangular floor plan. Additionally, 26.9% feature a 
porch, 12.8% have an attached volume, primarily used 
as a bathroom, and 7.2% include a garage. Regarding 
external wall materials, 79% of the houses use 
concrete blocks exclusively, 16% use plywood sheets, 
and 6% employ a combination of both. Other materials 
such as brick and siding account for less than 1%. 

Roofing materials consist of 68% wood, 29% 
concrete slabs, and 2% metal sheets. The prevalent 
materials for covering wooden roofs are sanded 
cardboard and asphalt shingles, together comprising 
79%. The primary roof shape is gabled and inclined, 
while the concrete slabs, with occasional exceptions, 
are flat. Out of the 1077 houses, only 12 have 
chimneys, and seven were identified with air 
conditioning equipment. 
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The results of the photographic survey reveal that 
89% of the houses are single-story. Concerning 
orientation, 40% face East-West, 37% face North-
South, and 23% lack a predominant orientation. 

In terms of layout, 50% of the houses have a 
rectangular floor plan. Additionally, 26.9% feature a 
porch, 12.8% have an attached volume, primarily used 
as a bathroom, and 7.2% include a garage. Regarding 
external wall materials, 79% of the houses use 
concrete blocks exclusively, 16% use plywood sheets, 
and 6% employ a combination of both. Other materials 
such as brick and siding account for less than 1%. 

Roofing materials consist of 68% wood, 29% 
concrete slabs, and 2% metal sheets. The prevalent 
materials for covering wooden roofs are sanded 
cardboard and asphalt shingles, together comprising 
79%. The primary roof shape is gabled and inclined, 
while the concrete slabs, with occasional exceptions, 
are flat. Out of the 1077 houses, only 12 have 
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3.2. Development of archetypes. 
For the development of archetypes, the following 

criteria were chosen based on observations in the 
preliminary study: 1) levels, 2) architectural layout; 3) 
wall materials; 4) roof material; 5) roof shape; and 6) 
use of porch or garage. 

The three most common construction archetypes 
(AT) were identified as follows: 
▪ AT1: Single-story, rectangular layout, concrete 

walls, gable wooden roof (84 houses). 
▪ AT2: Single-story, rectangular layout, concrete 

block walls, flat concrete slab roof (69 houses). 
▪ AT3: Single-story, rectangular layout, plywood 

sheet walls, gable wooden roof (56 houses). 
All of them are without porches or garages. Based 

on this classification, the case studies were selected 
and are presented in Figure 3. A determining factor in 
the selection of these homes was the occupants' 
willingness to participate in the study. 

 

  

 
 

  
Figure 3: Case studies and equipment placement. (BR: 
Bedroom; SA: Social Area; number in parentheses indicates 
the quantity of people sleeping in the room) 
 

House 1 (H1) has a surface area of 63 m2 and 9 
occupants; House 2 (H2) has 44 m2 and 6 occupants; 
House 3 (H3) has 84 m2 and 4 occupants. In all three 
houses, the SA comprised a single space serving as the 
kitchen, dining room, living room, and bedroom during 
the night. The three houses have the same material on 
the interior and exterior walls. None have a false 
ceiling or use any climate control devices such as fans 
or air conditioners. All the doors are of the flush type, 
except the main door of H3, which is a metal screen 
door with a fabric curtain. All windows in H1 and H3 
are single-pane with aluminum frames. H2 lacks 
windows; however, it has openings at the junction of 
the wall and the roof, allowing air exchange with the 
exterior. 

3.3. Thermal comfort 
The thermal performance of the three houses is 

illustrated in Figure 4. A Tn of 22.6 °C was established, 
with a range from 20.1 to 25.1 °C.  

H1 and H2 consistently record temperatures higher 
than outdoors at all times. H1 exhibits a greater 
temperature difference when temperatures are 
cooler, while H2 does so when is warmer outdoors. On 
average, H1 has temperatures 4.5 °C higher in BR and 
4.6 °C in SA compared to the outdoor. As for H2, these 
figures are 3.3 °C in BR and 2.8 °C in the SA. H3 shows 
less temperature variation throughout the day than 
outdoors. The average temperature is higher by 1.2 °C 
in BR and 1.7 °C in SA compared to the outdoors. 
Although it manages to reduce the temperature during 
the afternoon, this result is counterproductive. 

 

 

 

 
Figure 4: Indoor DBT measurements.  

 
The relative humidity (RH) is depicted in Figure 5. 

In H1, the average levels are 61% in BR and 59% in SA. 
For H2, RH has average values of 65% in BR and 68% in 
SA. H3 exhibits an RH of 81% in BR, 73% in SA, and 75% 
outdoors. The RH average values are 61% in BR and 
59% in SA, both in the optimal range. RH in both BR 
and SA is outside the optimal range, with an average 
RH of 81% and 73%, respectively.  

AT1: House 1 

AT3: House 2 

AT2: House 3 
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Figure 5: Relative Humidity (HR) measurements.  

 
When analyzing the percentage of time that the 

conditions are in the comfort range (Table 2), H1 
shows the best performance, while H3 has the worst 
in all the parameters. 

 
Table 2: Percentage of time within the comfort range. 
 

 Comfort zone RH optimal range 
OD BR SA OD BR SA 

House 1 17% 32% 36% 42% 90% 90% 
House 2 5% 18% 20% 51% 63% 47% 
House 3 10% 0% 2% 30% 2% 22% 

Note: Highlighted values indicate conditions that are 
worse than outdoor conditions 
 
3.4. Air quality 

Figure 6 presents the CO2 levels. H1 shows the 
highest concentrations in both rooms, averaging 2180 
ppm in BR and 1753 ppm in the SA. The maximum 
recorded concentration reached 4842 ppm, occurring 
at 6 am in SA. H2 exhibits a similar performance 
between both rooms, 823 ppm in BR and 825 ppm in 
SA. Nevertheless, during the nights, the values remain 
at levels close to 1000 ppm, with occasional peaks 
around 6 am exceeding 1500 ppm. H3 shows an 
average concentration of 666 ppm in SA. In contrast, 
the BR presents average levels of 1400 ppm. 

 

 

 
Figure 6: CO2 levels measurements 
 
4.DISCUSSION 

Differences were observed in all of the registered 
parameters among the three case studies. H1 with an 
occupancy density of 7m2 per person presented the 
highest levels of CO2. During cool nights, windows are 
closed, promoting the accumulation of CO2. 
Approximately 70% of the time, the concentration is 
above the suggested limit of 1000 ppm. Additionally, a 
peak is recorded in SA around 6 am, likely due to the 
use of the stove. Indoor temperatures average 20.3°C 
for the BR and 20.5°C for the SA. While it barely beats 
the minimum range of the CZ set at 20.1°C, it falls far 
short of the Tn of 22.6°C.  

H2 has a similar occupancy density to H1 (7.3m2 
per person). However, 70% of the recorded CO2 levels 
are below the concentration threshold in both rooms. 
These relatively low CO2 levels can be attributed to the 
gaps between the roof and walls, facilitating a 
constant exchange of air with the exterior, despite the 
absence of windows. Nevertheless, it shows spikes in 
CO2 levels around 6 am and 5 pm when the stove is 
used for cooking. The average temperatures are more 
than 4°C below the Tn.  

H3 has an occupancy density three times lower 
than H1 and H2 (21m2 per person). This difference is 
noticeable, as 96% of the registered data in SA is below 
the 1000 ppm threshold. In BR, it is only 42.5%. This 
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are below the concentration threshold in both rooms. 
These relatively low CO2 levels can be attributed to the 
gaps between the roof and walls, facilitating a 
constant exchange of air with the exterior, despite the 
absence of windows. Nevertheless, it shows spikes in 
CO2 levels around 6 am and 5 pm when the stove is 
used for cooking. The average temperatures are more 
than 4°C below the Tn.  

H3 has an occupancy density three times lower 
than H1 and H2 (21m2 per person). This difference is 
noticeable, as 96% of the registered data in SA is below 
the 1000 ppm threshold. In BR, it is only 42.5%. This 

 

discrepancy is because the SA has a greater surface 
area, a higher number of windows, and the presence 
of a door connecting directly to the outdoors, which 
enhances ventilation. Mean temperatures in BR and 
SA are 7.1°C, and 6.6°C below Tn, respectively. 

The study presents certain limitations that should 
be taken into account. During the selection of case 
studies, characteristics such as interior distribution, 
door material, thickness of building elements, their 
thermal properties, and window-to-wall ratio, were 
not included due to resource constraints. These 
aspects shall be addressed in future studies to improve 
representativeness. 

 
5. CONCLUSION 

This research aimed to identify deficiencies in self-
built houses in San Quintin concerning their thermal 
comfort and indoor air quality. To achieve this, the 
houses were categorized into archetypes (AT) based 
on observed building characteristics. One house was 
selected for each AT, and monitoring of DBT, RH, and 
CO2 levels was carried out over 5-days in each case. 

The three prevalent housing ATs are single-story 
with a rectangular outline layout: AT1 features 
concrete walls with a gable wooden roof, AT2 includes 
concrete block walls with a flat concrete slab roof, and 
AT3 exhibits plywood sheet walls with a gable wooden 
roof.  The recorded data indicates that all the houses 
exhibit conditions of low heating and high 
concentrations of CO2 for the majority of the time. 
AT3 stands out with the poorest thermal performance, 
as 99% of temperature recorded data falls outside the 
CZ. In contrast, AT1 shows the highest concentrations 
of CO2, averaging 2180 ppm in BR and 1753 ppm in SA. 

Three major issues were identified in these houses: 
overcrowding, poor envelope insulation, and 
inadequate ventilation. Overcrowding causes high 
CO2 concentrations even with constant ventilation. 
Occupants in the three ATs expressed a desire to 
expand their homes. However, this alone may not 
improve the Indoor IEQ of the houses. Materials that 
increase thermal gains and retain heat for extended 
periods are necessary. Also, mechanisms facilitating 
ventilation without substantial heat loss are crucial, 
both in existing spaces and new constructions. 

To achieve a more accurate comparison, it would 
be optimal to monitor all houses simultaneously 
throughout an entire year to gain a more 
comprehensive understanding of IEQ performance. 
Despite these limitations, the gathered information in 
this work identifies a genuine need for intervention to 
improve the current housing conditions. Furthermore, 
it provides an approach for the development of future 
studies aimed at proposing cost-effective solutions to 
the IEQ problem in San Quintin, self-built houses. 
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1. INTRODUCTION
The right to adequate housing, as recognized by 

the United Nations, encompasses various essential 
conditions such as security of tenure, availability of 
services, affordability, habitability, accessibility, 
location, and cultural adequacy [1]. The concept of 
adequate housing by UN-Habitat focuses on rights 
and universal standards, emphasizing accessibility 
and basic services, while habitability considers quality 
of life and individual perceptions, incorporating 
cultural aspects. Both aim for human well-being but 
differ in approach: one normative, the other 
subjective and contextual. Despite global efforts to 
address housing inadequacies, challenges persist, 
with millions lacking adequate housing worldwide [2]. 
Ensuring access to adequate housing is crucial not 
only for fulfilling human rights obligations but also for 
promoting health and social well-being, particularly 
among vulnerable populations [3, 4]. 

In Spain, the absence of unified legislation on 
housing habitability has prompted calls for 
establishing minimum national standards [5]. 
Conversely, studies focusing on habitability 
conditions in Barcelona stress the need for housing 
rehabilitation programs and user-centric urban 
planning [6, 7]. These contrasting viewpoints highlight 

the complexity of addressing housing issues in Spain, 
where a balance between national legislation and 
localized interventions is crucial for ensuring livable 
housing conditions. Various studies have explored the 
relationship between living space proportions and 
housing standards, emphasizing the impact of 
physical dimensions on well-being and social stability.  

Conflicting evidence suggests that while some 
studies in Latin America emphasize the importance of 
integrating physical and psychosocial aspects in 
housing design in Argentina [8] other research 
underscores the significance of habitability factors 
such as thermal, lighting, acoustic, and olfactory 
components [9]. This divergence in perspectives 
highlights the intricate nature of housing design 
considerations, indicating a necessity for a holistic 
approach that addresses both the biopsychosocial 
well-being of residents and the environmental factors 
contributing to overall comfort and functionality. 
However, there is a gap in achieving residents' needs 
satisfaction when housing conditions and urban 
contexts are precarious [10]. 

Research on habitability in precarious housing in 
the Metropolitan Area of Oaxaca reveals that despite 
the influence of construction materials on dwelling 
quality, inhabitants do not perceive their housing as 
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approach that addresses both the biopsychosocial 
well-being of residents and the environmental factors 
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contexts are precarious [10]. 

Research on habitability in precarious housing in 
the Metropolitan Area of Oaxaca reveals that despite 
the influence of construction materials on dwelling 
quality, inhabitants do not perceive their housing as 

 

precarious. The study identifies deficiencies in 
services, sanitation issues, and the crucial role of 
community solidarity due to limited governmental 
and non-governmental support [11]. This challenges 
the conventional understanding of habitability and 
emphasizes the subjective perception of residents in 
assessing the quality of their living conditions, 
highlighting the complex interplay between physical 
aspects of housing and the social context in which it is 
situated.  By integrating strategies for climate 
resilience, urban planning, and sustainable housing 
practices, it is possible to work towards enhancing 
the habitability and adequacy of housing in 
marginalized urban areas  

In Mexico, the National Housing Plan 2019-2024 
prioritizes the attention to social housing, specifically 
addressing those with social disadvantages [12]. 
Within the framework of the National Strategic 
Programs, known as PRONACES (CONAHCYT, 2021), 
there are National Research and Advocacy Projects, 
known as PRONAII, the research presented here is 
part of the Project titled “Adequate housing, 
sustainable habitat, and social cohesion. Alternatives 
to impact urban poverty conditions in vulnerable 
priority areas in three cities in Mexico (Ciudad Juarez, 
Merida, and Mexicali)” [13]. 

This article analyzes the characteristics of 
precarious housing and its surroundings based on the 
perception of habitability conditions in an extremely 
hot-dry climate context. The results of the case study 
in Mexicali, Baja California, are presented. 

 
2. METHOD 
2.1 Study area   

   Mexicali is located in the desert strip of 
northwestern Mexico, at 32º39´48” N and 
115º28´04” W. Based on the Köppen climate 
classification modified by Garcia, Mexicali’s climate is 
type BW (h”) hs (x”) (e”) which indicates a dry arid 
hot climate, with extreme thermal oscillation [14]; its 
mean annual temperature is 23.7°C with winter rains 
(Fig. 1).  

Figure 1: Annual Dry Bulb Temperature, Mexicali. CBE Clima 
Tool (2024). 

 
Statistical data from 1981-2010 show a critical 

season due to high temperatures in the months of 
June through August, with average high temperature 

of 42.9 °C, and extreme high temperature of 45 °C. 
Additionally, it presents a cold season in the months 
of December through February with minimum mean 
temperature of 6.8 °C and extreme minimums of 3.4 
°C, as shown in Fig. 2. Extreme maximum mean 
temperatures of up to 52 °C were recorded on July 
28, 1995 [15]. 

 
2.2. Sample space definition 

In Mexicali, according to the 2020 Population and 
Housing Census [16], the 2010 CONEVAL 
marginalization polygons [17] and the Priority 
Attention Polygons [18, 19] 27 Basic Geostatistical 
Areas (BGA) were identified.  

Within the tiers of social lag in Mexicali, extreme 
critical conditions of social lag (low level) are not 
shown, since high and medium levels of social lag 
prevail (Table 1). 

 
Table 1: Population and housing, Social Lag (SL) Zones, 
Mexicali, 2020 

 

Area Socia l  lag BGAs
Popula-

tion
Hous ing

Mexica l i , Mexica l i High 6925 399 115

Mexica l i , Mexica l i High 7228 259 87

Mexica l i , Mexica l i High 7779 1060 328

Progreso, Mexica l i High 6304 34 9

Progreso, Mexica l i High 6319 128 43

Progreso, Mexica l i High 7637 76 20

Puebla , Mexica l i High 7798 26 8

Sta. Isabel , Mexica l i High 6395 73 24

Mexica l i , Mexica l i Medium 3812 908 307

Mexica l i , Mexica l i Medium 3969 3137 986

Mexica l i , Mexica l i Medium 5946 537 168

Mexica l i , Mexica l i Medium 5965 339 112

Mexica l i , Mexica l i Medium 6018 4443 1366

Mexica l i , Mexica l i Medium 6910 539 174

Mexica l i , Mexica l i Medium 7641 938 295

Mexica l i , Mexica l i Medium 768A 246 68

Mexica l i , Mexica l i Medium 7694 535 170

Progreso, Mexica l i Medium 5611 213 69

Progreso, Mexica l i Medium 6287 46 14

Puebla , Mexica l i Medium 5700 2241 715

Sta. Isabel , Mexica l i Medium 5113 719 202

Sta. Isabel , Mexica l i Medium 558A 114 32

Sta. Isabel , Mexica l i Medium 6338 486 133

Sta. Isabel , Mexica l i Medium 6342 87 27

Sta. Isabel , Mexica l i Medium 6376 462 133

Sta. Isabel , Mexica l i Medium 686A 50 18

Sta. Isabel , Mexica l i Medium 7529 257 76

Total 18,352 5,699    
 
The main areas of concentration of the population 

were located in the eastern sector of the city, 5,432 
people distributed in 1740 houses in an area of 
270.07 hectares; the southern sector with 7,580 
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people distributed in 2352 homes in an area of 
236.33 hectares; and the western sector, where 5,432 
people were located, distributed in 1607 homes in an 
area of 560.39 hectares. Most of these sectors are 
part of the periphery of the urban area of Mexicali. 

 
2.3. Sample design  

We worked with a random sampling of a finite 
population, composed of the 27 AGEBs of study, 
leaving 10 areas, according to their proximity by 
spatial location. To more precisely identify the 
dynamics of concentration of the urban population in 
conditions of poverty in relation to housing, the 
census block was defined as the geographic unit of 
analysis. 

The stratified random sampling technique of the 
blocks that concentrate the population in 
overcrowded homes was used, since this variable 
allows us to observe, as a whole, the concentration of 
the population and the physical habitability 
characteristic of the home. For the sample, a 
population of 18,352 inhabitants grouped in 5,699 
homes was taken as a base, separating the cluster by 
the census variable “Average occupants per room in 
inhabited private homes” greater than 2%, 
considered as overcrowded homes. 

The free access software STATCALC-Sampling Size 
Power from Epi Info™ [20] (CDC, 2022) was used to 
calculate the sample. The design parameters were 
adjusted to a real prevalence of 50% and 5% as a 
confidence limit, with a sample size of 90%, yielding a 
total of 267 surveys, which were adjusted to 300, due 
to the availability of financial and human resources to 
reduce field time and increase the accuracy and 
quality of data in the field. 

For the spatial distribution of the survey points, 
the Sampling Design Tool for ArcGIS [21] was used; 
This open access tool creates random points stratified 
in spaces defined by polygons of interest. Once the 
sample points are generated, they are imported into 
the Qgis software [22], for analysis and cartographic 
adjustment, as well as for the design of maps for the 
work of collecting information in the field. To 
facilitate the distribution of the survey locations and 
surveyors, the field maps were exported in KML 
format, for the location of the sample points on 
mobile devices such as tablets and cell phones that 
have data, using the My maps application available at 
the Google suite. 

 
2.4 Research design and instruments 

The survey design was based on the United 
Nations' concepts of adequate housing. A 
questionnaire with 114 questions was developed.  

In the urban context, the availability of services, 
materials, facilities, and infrastructure was 
considered, as well as the urban perception of these 

elements. Regarding housing, the quantity of spaces, 
dimensions of the spaces, type, and quality of 
materials, and construction systems were taken into 
account. For the analysis of habitability, structural, 
spatial, environmental, and sanitary aspects were 
considered. 

Environmental habitability considers [9]: a) 
Thermal habitability, b) Luminous habitability, c) 
Acoustic habitability, d) Olfactory habitability and e) 
Spatial habitability. These variables were studied 
qualitatively. 

 
2.5. Fieldwork 

The survey was applied in person, during the 
months of October to December 2022 (Fig. 2). 308 
valid questionnaires were obtained. The survey 
applied was reviewed and transferred to a digital 
format in Google Forms.  

 

  
 
Figure 2: Fieldwork, Social Lag Zones, Mexicali, 2022. 

 
2.6 Statistical analysis 

The statistical analysis was carried out based on 
frequencies. Mainly the nominal variables related to 
the profile of the inhabitants, general characteristics 
of the home, environmental habitability conditions 
and structural conditions of the home were analyzed.   

 
3. RESULTS  

 
3.1 Profile of the inhabitant of Social Lag Areas 

The age range of those interviewed was 2.6% 
under 19 years of age, 13.7% from 20 to 29 years of 
age, 14.7% from 30 to 39 years of age, 20.8% from 40 
to 49 years of age, 18.9% from 50 at 59 years old and 
29.3% aged 60 and over. This means that 
approximately 50% of the population is 50 years old 
or older. 62.5% are female and 37.4% are male.   

It is observed that 49.1% of the homes are 
inhabited by two to three people, 36.1% by four to 
five people, 11.7% by six to seven people and 3.1% by 
eight or more people. 

This means that approximately 50% of the 
population is 50 years old or older. Around 50% of 
the homes are inhabited by four or more people, 
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which generates overcrowding due to the number of 
rooms available for sleeping.  

 
3.2. Characterization of housing in vulnerable areas   

Two large general groups of housing typologies 
were identified, those self-built or self-produced and 
those acquired at the Baja California Housing 
Institute. The first group corresponds to a non-
standardized design, use of diverse materials 
(concrete block and wood, among others); and use of 
materials in poor condition. The second group 
corresponds to a standardized housing model, called 
“progressive model”, with an area of 21 square 
meters.  

The inhabitants have not increased the size of 
their home, especially in the “progressive” model, 
since around half of the population lives in homes of 
20-30 sqm (Fig. 3).  

 

 
 

Figure 3: House Construction Area, Social Lag Zones, 
Mexicali (Percentage) 

 
Regarding the number of rooms, 36.5% have 

three rooms, 25.7% have four rooms, 15.6% have two 
rooms. In 97.7% of the homes there is at least one 
bathroom inside the home, while the rest have none. 

Regarding the predominant construction systems 
in walls, they are concrete blocks (51.5%), followed 
by wood (20.2%) and brick (16.3%). Meanwhile, 
21.5% of roofs are made of wood, 21.2% are made of 
wood and galvanized sheet metal, and 15% are made 
of deck insulated concrete. Fig. 4 shows a house built 
with brick and another with waste materials. 

 

 
 

 

Figure 4: Constructive systems in study area housing, Social 
Lag Zones, Mexicali 

 

Regarding the services and equipment of the 
home, in these areas the home has access to drinking 
water, drainage and sewage services, electricity 
services, and the use of gas tanks for cooking.   

Regarding the equipment of the home, 76.2% 
have some air conditioning equipment, 7.5% with an 
evaporative cooler, 8.8% with fans and 7.5% with no 
equipment. Even though a high percentage has air 
conditioning equipment, it is generally of low energy 
efficiency and most houses do not have thermal 
insulation in walls or ceilings.   

 
3.3. Perception of environmental habitability 
conditions  

Thermal habitability conditions are strongly 
affected in the warm season, as shown in Fig. 5. It is 
observed that 67.5% present some problem due to 
warm conditions, mainly as a consequence of the 
impact of the climate conditions and the housing’s 
envelope characteristics. 
 

 
Figure 5: Perception of thermal habitability, precarious 
housing, Mexicali (Percentage). 

 
Regarding luminic habitability, it is observed that 

lighting in the house, both natural and artificial, 
shows good acceptance levels by the inhabitants 
(Table 2).  

 
Table 2:  Perception of natural and artificial illumination. 

 
Ilumination Perception (Percentage) 

Good Regular Bad 
Natural 60.9 32.2 6.8 
Artificial 64.5 29.3 6.2 

 
In general terms of acoustic habitability, 40.1% 

reported that they sometimes hear noises from the 
outside, and 23.8% reported always hearing them, 
but they did not consider it a problem (Fig. 6).  
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Figure 6:  Perception of noise, Outdoor and Indoor, 
Percentage  

 
Regarding the perception of odors, 30.3% 

reported that they always or almost always perceive 
odors from outside, 31.6% mention that occasionally 
perceive them and 38.1% that they do not perceive 
discomfort due to odors. The perception of odors was 
also not reported as a problem. 

 
3.4. Other important aspects for habitability from 
the inhabitants’ perspective 

In the perception of the quality of public services 
in the neighborhoods, the drinking water service has 
a predominant good perception (67.1%); drainage 
and sewage is perceived as bad (47.9%) and 
electricity is perceived as good (70%). 

In garbage collection services, 61.6% are 
perceived as good, 24.1 as average, 12.4 as bad and 
the rest did not respond. While the conservation of 
streets, pavements and sidewalks, 71% reported that 
they were in poor condition, 19.5% in fair condition 
and 8.1% that they were in good condition. 

A relevant aspect in the perception of housing 
habitability conditions and its immediate context is 
safety (Fig. 7). At housing level, security is often 
obtained through guard dogs and the use of metal 
fences. 

 

 
 

Figure 7:  Neighborhood safety, Mexicali, Percentage. 
 
In general, 68% consider that the main problem in 

these areas is the lack of security; 44.8%, the lack of 
public transportation; 35.5%, the distance to pay for 

services; 16.3%, the poor quality of housing; and 8.7% 
domestic violence, among others.  

The inhabitants mentioned that the main reason 
for living in those areas or neighborhoods, 35.2% 
answered “because it is my home”; 25.7%, have no 
other option; 16.9%, because their family is close; 
12.7%, because they like it, and only 2.6% mention 
they live there because its cheap or affordable.  

 
4. CONCLUSIONS 

The research findings show that, although in 
Mexicali, there are no critical conditions of social lag, 
compared to other areas of the country, effects due 
to the extreme weather conditions are identified. 

Around half of the inhabitants of housing in areas 
of social lag do not have thermal habitability 
conditions neither in the hot nor in the cold season. 
Around 60% report that they perceive a good quality 
of natural lighting, even when the home feels “dark.” 

The predominance of self-construction without 
technical assistance and the lack of financial 
resources generated serious habitability problems, 
such as homes with a lack of thermal insulation, a lack 
of natural lighting, with minimum heights that do not 
facilitate natural ventilation, a lack of spatial 
functionality, with the use of materials not suitable 
for the climate, among others. 

Making housing compatible as a human right, 
which allows inhabitants to have habitable 
conditions, regardless of socioeconomic level and in 
an extreme climate, remains a significant challenge. 

Future quantitative studies are suggested to 
contrast with the qualitative responses of the 
inhabitants through measurements of indoor 
temperature, indoor relative humidity, lighting levels, 
air movement patterns, and air quality levels, to 
determine the indoor environmental conditions. 
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ABSTRACT: The availability of energy usage, water usage, and carbon emissions data plays a key role in the 
pursuit of researching sustainable design strategies. However, given that this data includes many different 
metrics for many buildings, analysing and visualizing this data remains challenging. This paper proposes an 
unsupervised learning pipeline using neural networks to generate vector embeddings – defined as 𝑓𝑓 : 𝐷𝐷 → ℝn 
where data 𝐷𝐷 is embedded into an n-dimensional vector – to convert the many metrics of building performance 
into a singular vector for each building. This paper presents a case study using this methodology on multifamily 
buildings in New York, USA using the “Energy and Water Data Disclosure for Local Law 84 2022” dataset. From 
this, 64-dimension vector embeddings are generated for 13,500 multifamily buildings, embedding 26 building 
performance metrics. The resulting vectors are plotted using a t-SNE dimensionality reduction and analysed 
using K-Means clustering to group them into categories based on similar building performance. Relative analysis 
between vectors is also performed by measuring Euclidian distance and Cosine Similarity. This approach offers 
great potential as a novel methodology for visualizing and analysing building energy usage, water usage, and 
carbon emissions data for a wide range of stakeholders. 
KEYWORDS: Energy and Water Usage Embeddings, Unsupervised Feature Learning, Vector Embeddings, Building 
Energy Consumption and Emission Profiles, Building Performance Visualization 

1. INTRODUCTION
The built environment is a key contributor to 

worldwide carbon emissions and energy 
consumption, with research into decarbonization 
efforts being paramount. However, while access to 
building energy, water consumption, and carbon 
emissions data has started to become more 
accessible for researchers, mapping and drawing 
insights from this data remains a difficult process. 
Recent work [1] has sought to create a data sharing 
platform to catalogue the many building performance 
datasets. While this process makes it much more 
seamless to search for relevant building data, it works 
primarily as a repository. Given that many datasets 
related to building performance emerging from 
initiatives such as New York’s “Energy and Water 
Data Disclosure for Local Law 84” contain many 
discrete measurements and metrics (249 
attributes/categories describing ~30,000 buildings for 
the 2021 dataset) [2], it is important to define a 
pipeline for mapping and classifying this data such 
that insights can be drawn efficiently to help inform 
decision making and research. 

At present there exists a key research gap 
regarding the accessibility of this building 
performance data by designers, architects, and 
developers to extract insights from these metrics and 
put them into action. This gap, which exists both in 
research and practice has a significant impact on 

preventing thorough precedent research for 
stakeholders interested in either finding buildings 
similar to their proposal from which they can learn 
from, or to understand the scope and potential 
opportunity of a given energy retrofit from either a 
research or business perspective. Having access to a 
system which provides a relative similarity score 
(such as a score between 0-1) for energy usage, water 
usage, and carbon emissions between buildings fills a 
key research gap and provides pertinent data to the 
many stakeholders who play a role in the building 
development process to learn from precedents and 
to make climate positive decisions. 

This paper proposes leveraging a process of 
unsupervised feature learning on building energy 
usage, water usage, and carbon emissions datasets to 
create “building performance profiles”. These 
“profiles” are vector embeddings, created using 
unsupervised feature learning which is defined as the 
following: 𝑓𝑓 : 𝐷𝐷 → ℝn where data 𝐷𝐷 is transformed 
into an n-dimensional vector in a latent space. This 
allows for the efficient mapping and comparison of 
many disparate metrics within a dataset (such as the 
many energy, water, and carbon metrics) by 
embedding a series of vectors to each describe an 
individual object such as a building. These vectors 
serve as a proxy for energy usage, water 
consumption, and carbon emission. This approach is 
chosen due to its proficiency in cataloguing 
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multidimensional data into a consistent vector which 
can be compared and studied at scale by measuring 
the distance and angles between vectors (via 
Euclidian distance and Cosine Similarity respectively), 
and from which relative insights can be drawn that 
would otherwise be hidden in the raw data. 
 
2. LITERATURE REVIEW AND RELATED WORK 

An extensive literature review was conducted to 
study similar work in this area as a point of departure. 
Literature related to the underlying technological 
approach for the proposed methodology in this 
paper, as well as research from other domains that 
utilized a similar approach was also studied. 
 
2.1 Neural Networks and Building Performance 

The use of neural networks in the pursuit of 
developing sustainable buildings has largely focused 
on the prediction of building performance and energy 
consumption. This is largely applied using regression 
where models are trained to identify the relationship 
between independent variables and a dependent 
variable. In the realm of the two key machine 
learning paradigms – supervised and unsupervised – 
regression models are situated in the former, where a 
model is trained on a labelled dataset with input data 
corresponding to labelled output data. 

This approach can be used to train deep learning 
models using remotely sensed data or building 
characteristics – including street view, aerial images, 
building height data, glazing area, orientation, 
occupancy, among other variables [3-7] – to 
understand the relationship between those variables 
and the building energy usage. This can be used to 
predict the energy usage/performance of buildings 
using those aforementioned characteristics. This is 
done to increase the availability of energy usage data 
without on-site visits or in areas where access to this 
data is limited [4]. It is also possible to use these 
models to identify which of these building 
characteristics disproportionally contribute to energy 
inefficiency [3]. 

Other research in this area has also used this 
approach to forecast energy usage data from a large 
set of existing of data points, also known as a Time 
Series Forecasting Method [8, 9]. This data and 
prediction can be based on long-term data (yearly) [4, 
8], or short-term energy usage (hourly) [4, 10, 11]. 
This predictive data can be used to optimize the 
performance of existing smart buildings [9, 12]. 

As neural networks become more successful in 
predicting and aggregating data, there have been 
initiatives to catalogue this data [10]. However, it is 
becoming increasingly important for this data to be 
available in an accessible format for designers, 
architects, developers, and other stakeholders such 
that insights can be extracted. As a result, there exists 

a research gap in the space of accessible visualization 
and analysis tools that catalogue building 
performance data. 

Recent work including “The Building Data Genome 
Directory” [1] begins to bridge this gap by aggregating 
datasets for building energy performance that can 
filtered based on a wide range of metrics. While this 
increases data accessibility, it remains in a tabular 
form. Similarly, it exists mainly as raw data which 
renders large scale comparison and analysis between 
buildings difficult. Also, given the wide range of 
metrics which define building performance – 
including energy and water usage, gas emissions, 
among many others [2] – it is important for any 
visualization to map all these values to create a 
comprehensive system of analysis for a building. 

Given the multi-dimensional and complex nature 
of this data and the related metrics, it is necessary to 
return to neural networks to visualize, process, and 
analyse them – albeit from the perspective of vector 
embeddings as opposed to the predictive regression 
models. 
 
2.2 Vector Embeddings and their Visualizations 

Vector embeddings leverage an unsupervised 
process, where models strive to search for patterns in 
an unlabelled dataset. As opposed to the supervised 
models which require a sufficiently large training 
dataset labelled or categorized by a human reviewer, 
unsupervised models can find patterns and clusters in 
large unlabelled datasets from which insights can be 
drawn [9]. The creation of vector embeddings using 
unsupervised feature learning is defined as the 
following: 𝑓𝑓 : 𝐷𝐷 → ℝn where data 𝐷𝐷 is transformed 
into an n-dimensional vector in a latent space. Vector 
embeddings use a process of dimensionality 
reduction, where complex data can be captured in a 
n-dimension latent space and represented as vectors 
where processes such as clustering (grouping similar 
vectors into categories) can occur [9]. 

Given that this process of vector embedding is 
very successful at converting raw data into an n-
dimensional latent space, it initially emerged in 
natural language processing research via word2vec 
[13-15]. Recently it has been adapted for mapping 
spatial data [16-18], however to the best of the 
author's knowledge it has yet to be adapted for the 
purposes of studying building performance metrics. 

Vector embeddings have become very effective at 
capturing complex, multi-dimensional data and 
allowing it to be synthesized into a singular vector 
which can then be visualized and processed 
efficiently. This paper will utilize this approach to 
synthesize the many relevant building performance 
metrics for each building into a vector such that 
buildings can be mapped and analysed in relation to 
each other. 
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3. METHODS 
This paper utilized the “Energy and Water Data 

Disclosure for Local Law 84 2022 (Data for Calendar 
Year 2021)” dataset for New York, NY from NYC 
OpenData [2]. It consists of 249 attributes/metrics 
describing 29,842 buildings. 

 
3.1 Data Processing 

Of these 249 attributes comprising of metrics 
ranging from energy use to property address to gross 
floor area, 26 of the metrics most relevant to overall 
building energy and water consumption, and carbon 
emissions were selected as defined in Table 1: 
 
Table 1: Selected Energy and Water Consumption / Emission 
Attributes from the Energy and Water Data Disclosure for 
Local Law 84 2022 Dataset for Buildings in New York, NY 
 

Consumption / Emission Attribute Unit 
Largest Property Use Type - GFA (ft²) 

Year Built (year) 
Site EUI (kBtu/ft²) 

Weather Normalized Site EUI (kBtu/ft²) 
National Median Site EUI (kBtu/ft²) 

Site Energy Use (kBtu) 
Weather Normalized Site Energy Use (kBtu) 
Weather Normalized Site Electricity (kWh/ft²) 

Weather Normalized Site Natural Gas (therms/ft²) 
Source EUI (kBtu/ft²) 

Weather Normalized Source EUI (kBtu/ft²) 
National Median Source EUI (kBtu/ft²) 

Source Energy Use (kBtu) 
Weather Normalized Source Energy (kBtu) 

Natural Gas Use (kBtu) 
Electricity Use - Grid Purchase (kBtu) 

Electricity Use - Grid and Generated 
from Onsite Renewable Systems (kWh) 

Total GHG Emissions (MTCO2e) 
Direct GHG Emissions (MTCO2e) 

Indirect GHG Emissions (MTCO2e) 
Net Emissions (MTCO2e) 

Property GFA - Calculated (Buildings) (ft²) 
Indoor Water Use (All Sources) (kgal) 

Outdoor Water Use (All Sources) (kgal) 
Municipally Supplied Potable Water (kgal) 

 
The 29,842 unique buildings were defined as a 

variety of different programmatic types including 
“Multifamily Housing”, “K-12 School”, “Office”, 
“Multifamily Housing, Parking”, and “Multifamily 
Housing, Retail Store”. For the purposes of this 
research, 13,500 of the buildings defined exclusively 
as “Multifamily Housing” were selected to comprise 
the training dataset to minimize the noise from 
differing programmatic types. For this data to be 
processed by the neural network, it was also 
necessary to normalize all the individual metrics to be 
between 0 and 1 using min-max normalization. 

 
 

3.2 Generating the Vector Embeddings 
As mentioned previously, this paper and 

methodology uses vector embeddings to map and 
process building performance data. This technique 
allows for the efficient mapping and comparison of 
many disparate metrics within a dataset by 
embedding a vector to describe each building’s 
energy usage, water usage, and carbon emissions. 

In order to create the vector embeddings this 
paper utilizes an autoencoder, which consists of an 
encoder and decoder. Mean Squared Error (MSE) is 
chosen as the loss function and the Adam optimizer is 
also used. The architecture for the autoencoder is: 

§ Encoder: 
o 26 → 48 neurons fully connected 

layer, 
o ReLU activation function, 
o 48 → 64 neurons fully connected 

layer 
§ Decoder: 

o 64 → 48 neurons fully connected 
layer, 

o ReLU activation function, 
o 48 → 26 neurons fully connected 

layer 
In the autoencoder, the encoder takes an input of 

26 (which corresponds to the number of unique 
metrics) and transforms it through two fully 
connected layers - with the first layer having a hidden 
representation of 48 dimensions and a ReLU 
activation, followed by a second layer which maps the 
representation from 48 to 64 dimensions. The 
decoder takes this output and reverses the process, 
eventually mapping it back to the original input 
dimension. There were 1000 epochs used and the 
best validation loss for this training was 0.0817. 

The resulting embeddings can be reduced in 
dimensionality (64 to 2 dimensions) using t-SNE, such 
that the embeddings and resulting vectors can be 
visualized. This process allows the conversion of 
many unique datapoints per building representing 
energy performance into a single consistent 64-
dimensional vector for each building, which allows for 
large scale comparison between buildings as a 
function of their performance. 

For the purposes of replicability, it is important to 
note that the unsupervised learning nature of this 
process will likely result in some variation between 
training iterations. Nonetheless, the general clusters 
and similarity values should remain consistent. 
However, it does likely mean that comparing datasets 
embedded at different times will likely result in some 
variance and, as a result, buildings should only be 
compared with those in the same dataset. 
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4. RESULTS 
This paper defined an approach for generating 

vector embeddings of building energy usage, water 
usage, and carbon emissions data using unsupervised 
learning. As more data is being collected by 
municipalities and cities through open data 
initiatives, this seeks to define a pipeline for the 
large-scale analysis and comparison between building 
performance based on metrics such as energy and 
water usage, direct and indirect greenhouse gas 
emissions, among many others [2]. These vectors can 
be compared to each other and grouped based on 
Euclidian distance and Cosine Similarity (measuring 
the angle between vectors). 
 
4.1 Visualizing Data using t-SNE 

Using t-SNE, dimensionality can be reduced (64 to 
2-dimensions) such that the embeddings and 
resulting clusters can be visualized (Fig. 1). From this, 
it is possible to identify which buildings have a similar 
performance profile. Buildings with good 
performance (low carbon emissions, low energy and 
water usage) will appear in the same region, and the 
opposite will as well, with all other buildings grouped 
respectively across the vector latent space. 

 
Figure 1: Multifamily Building Energy & Water Usage 
Embeddings Visualized Using t-SNE Visualization 
 
It is also possible to perform cosine similarity on the 
vector embeddings to identify buildings with the 
most similar profiles to a selected building. 
 
Table 2: Cosine Similarity for a selected building (a value 
closer to 1 means that building is more similar to 750 
Riverside Dr.). This table is showing the 4 most similar 
buildings to 750 Riverside Dr. in the dataset. 

As shown in Table 2, the buildings with a similar 
cosine similarity to 750 Riverside Dr. all appear to 
have very similar energy usage, greenhouse gas 
emissions, and property gross floor areas, showing 
how this approach can successfully map and compare 
all of these metrics effectively. 

Through this approach, identifying a building with 
good building performance metrics will allow for the 
identification of other similar performing buildings 
given that they will be near in the latent space. 
 
4.2 Visualizing Categories using K-Means Clustering 

This paper also uses the K-Means algorithm to 
categorize the resulting vectors into an k number of 
clusters (Fig. 2). K-means groups the data (in this case 
the building performance vectors) into the prescribed 
number of clusters based on the Euclidian distance 
between every vector [19]. 

 
Figure 2: Multifamily Building Energy & Water Usage 
Embeddings Visualized Using t-SNE Visualization and K-
Means Clustering 
 

As a result, the building vectors can be grouped 
based on their vector similarity where the nearest 
vectors are grouped together to result in a k number 
of clusters. This paper defined k as 20 clusters that 
the building vectors were grouped into. The resulting 
graph (Fig. 2) showcases the vector embeddings 
(which have been reduced to 2-dimensions using t-
SNE) classified into the 20 unique clusters. 
 
5. DISCUSSIONS 

This methodology provides a pipeline to translate 
complex and multifaceted data into a consistent and 
comparable vector. This allows for a much more 

Address Cosine 
Similarity 

Year 
Built 

Site 
Energy 

Use (kBtu) 

Electricity 
Use – Grid 

(kBtu) 

Total GHG 
(MTCO2e) 

Direct 
GHG 

(MTCO2e) 

Indirect 
GHG 

(MTCO2e) 

Property 
GFA (ft²) 

750 Riverside Dr. 1 1920 4439305 166418.9 247.5 205.6 41.9 43123.0 
2501 Newkirk Ave. ~0.9999861 1931 4541227.3 187933 254.5 207.1 47.3 44800.0 
8742 Elmhurst Ave. ~0.9999822 1932 4848383.7 193400.9 271.2 222.5 48.7 45850.0 
536 Beach 22nd St. ~0.9999803 1932 4062261.7 136404.7 225.4 191 34.3 36500.0 
5801 14th Avenue ~0.9999798 1927 3882438.6 162421.1 217.7 176.8 40.9 38410.0 
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effective process for conducting precedent research 
when it comes to analysing building performance. It 
has great potential to support the work of 
researchers, architects, designers, developers, and 
other stakeholders in the pursuit of developing more 
sustainable buildings. It similarly acts as foundational 
approach from which many other research 
trajectories could leverage to synthesize the multi-
dimensional data of building performance and 
predict/understand which variables affect building 
energy efficiency. 

Use cases for this methodology include studying 
the feasibility of conducting building retrofits using a 
specific approach, which can be done by studying the 
number of buildings which sit within a relevant 
cluster that holds a reference project. Also, it is 
possible to identify buildings most in need for a 
retrofit based on their similarity to previously 
identified buildings. 
 
5.1 Limitations 

It is important to mention the potential 
limitations of this methodology. First relates to the 
access and availability of data. While the availability 
of energy usage, water usage, and carbon emissions 
datasets are becoming more commonplace, not all 
municipalities and cities publicly release or even 
collect this data. As a result, it may be difficult for this 
methodology to be applied to a city that doesn’t 
release this type of data. 

The second potential limitation is the issue of 
inconsistent data. It is common for many cities that 
do collect this data to do so in either differing units or 
metrics, or to not collect certain values at all. This 
inconsistency can require additional pre-processing 
as well as the removal of relevant data points and 
metrics which were provided by one municipality but 
not the other to create a consistent dataset. Both of 
these limitations, however, help define the next steps 
of this research. 
 
5.2 Next Steps 

The issue of data availability is key as inconsistent 
or missing data of a given regions renders that entire 
region unable to be mapped and prevents the 
subsequent vector embeddings/profiles from being 
generated. However, one of the key next steps is to 
invert the pipeline of data → vector embeddings and 
instead leverage other independent variables to 
predict the vector embeddings. In lieu of all the 
necessary energy usage, water usage, and carbon 
emissions data, it is possible to use other sources of 
publicly available data – including street view images, 
aerial images, building orientation, etc. – to train 
machine learning models to predict the vector 
embeddings of those buildings. This approach is 
similar to other regression analysis that has taken 

place in this area of research [3-7], but instead of 
trying to predict a singular metric or building energy 
efficiency score, a vector would be predicted which 
represents a much more comprehensive capture of 
building performance. This would require a 
sufficiently large dataset of vectors for a wide range 
of buildings (which this paper provides) in a similar 
climatic region. This proposed pipeline offers an 
alternative to generating the necessary vector 
embeddings should the data for a specific 
municipality be unavailable or not be made public. 

This does, however, raise another point of 
discussion when it comes to the potential limitations 
of scaling this methodology, especially across 
different regions around the world and between 
different program types. Even if similar metrics are 
present in datasets for two climatically differing cities 
– such as New York and Amsterdam for example – the 
respective design strategies to create buildings which 
suit those climates are different. The design and 
detailing of buildings in one region will vastly differ 
from the other (as will the building performance) to 
even maintain the same level of comfort inside the 
building. Other lifestyle factors due to both climatic 
and cultural differences can also have an impact on 
building performance values and profiles. As a result, 
for this methodology to be impactful, buildings 
should only be mapped and compared to other 
buildings of both a similar programmatic type and in 
similar regions or climatic environments. As a result, 
issues of inconsistent data between different 
municipalities and cities can be of less concern 
(especially if they are vastly different in climate) since 
buildings should primarily be compared in similar 
regions. Datasets within each region are expected to 
be sufficiently large enough and capture a wide range 
of metrics to prove fruitful in a relative comparison 
process, even if not all of the data is consistent 
between cities. Similarly, since one of the key 
attributes of vector embeddings is the ability to 
compress inconsistent data into a consistent n-
dimensional vector, a sufficiently large dataset should 
for suitable for intra-dataset (and subsequently intra-
city) comparison and analysis. 

Another next step is to integrate this data it into a 
building genome system which allows for someone to 
search up a building based on its performance 
characteristics and metrics, and then find buildings 
similar to that one. It would also be pertinent to have 
this data be accessible in a map format so buildings 
can be more easily studied and compared in a spatial 
interface. Making this information accessible via an 
interface or map allows possible stakeholders to have 
further access to this data and allows them to extract 
valuable insights without needing a technical 
background. 
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6. CONCLUSIONS 
This paper proposes an approach for the 

generation of vector embeddings for building 
performance data including energy usage, water 
usage, carbon emissions, and other metrics. This 
process is used to map many discrete metrics that 
define building performance and energy efficiency 
into vectors such that comparisons between building 
performance “profiles” can be mapped and analysed. 

It is also possible to map these vectors against 
other environmental or social factors to study how 
they can impact building energy usage, water 
consumption, and climate emissions. Given that the 
pursuit of sustainable design is multifaceted, it is 
important to understand the many other factors 
which have an impact on building efficiency and 
performance. 

Future work also includes integrating multiple 
years of datasets into the embeddings to track 
progress and see if similar buildings are trending in 
the same direction from a performance standpoint. 
This can identify which buildings are getting either 
more or less efficient relative to their peers. 

As more building energy usage, water usage, and 
carbon emissions data gets collected in the pursuit of 
sustainable design, it is important for this multi-
dimensional data to be catalogued and mapped in a 
way that allows for further comparison and analysis. 
Using a dataset which catalogues the energy and 
water usage of 13,500 multifamily buildings in New 
York, USA, this paper introduced a methodology that 
leverages a technique known as vector embeddings 
to generate a 64-dimension vector to capture the 
building performance and efficiency for each building. 
This approach allows for building performance 
vectors to be compared to each other using Euclidian 
distance, Cosine Similarity, and K-Means clustering. 
This methodology proposes a novel approach for 
visualizing and analysing building energy usage, water 
usage, and carbon emissions data and offers great 
potential for making this data more accessible in the 
pursuit of creating more sustainable buildings. 
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1. INTRODUCTION
Providing fresh air in naturally ventilated classroom 

settings is essential for the health and well-being of 
students and teachers. The latter became of great 
importance during the COVID-19 pandemic to reduce 
airborne transmissions. However, providing fresh air is 
not always an easy endeavor for schools that are 
located in polluted outdoor air conditions, such as high 
concentrations of particulate matter (PM2.5 or PM10 ) 
like those located in central and south-central regions 
of Chile, frequently exceeding international standards 
frequently [1,2].  Firewood is used extensively in these 
regions for space heating, causing high concentrations 
of particulate matter indoors and outdoors during the 
heating season [from May to October].  This is in part 
due to the lack of energy efficiency standards and 
stricter building codes on building envelope 
construction which has led to high thermal 
transmittance of most residential building envelopes. 
In addition, the high cost of electricity in Chile has led 
users to find cheaper forms of space heating, like 
firewood, for locations in cold Mediterranean and 
oceanic climates located south of Santiago.  

In addition, fresh air can only occur in these types 
of schools by opening a window, and this is limited 
during the cold winter season when outdoor 

temperatures are low, impacting users ’comfort when 
these schools cannot afford to provide heating 
systems in their classrooms. School design in Chile, as 
well as residential design, lacks indoor environmental 
quality (IEQ) standards, such as the international 
standards ASHRAE 55 or ISO 7730. Most schools do not 
have heating or cooling systems due to prohibitive 
associated costs; thus, energy poverty also applies to 
school buildings [3]. Chilean educational investment 
capital is limited, and, in many cases, there are no 
funds to cover such operational costs, particularly in 
public schools.  

Indoor air quality in schools has been evidenced to 
be poor due to insufficient air ventilation rates and 
high student density [4 - 7]. Previous studies have 
shown difficulty in delivering indoor air quality in 
classrooms with high occupancy, which leads to high 
CO2 concentration due to respiration.  

CO2 concentrations can also be used as a proxy for 
indoor air quality in the classroom, as shown in the 
study by Chatzidiakou et al. [8,9]. Low CO2 
concentration is correlated with the dilution of indoor  
pollutants and the purge of airborne particles. 
Therefore, finding proven and cost-effective methods 
to reduce indoor pollutants in naturally ventilated 
classrooms is essential, particularly for children who  
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importance during the COVID-19 pandemic to reduce 
airborne transmissions. However, providing fresh air is 
not always an easy endeavor for schools that are 
located in polluted outdoor air conditions, such as high 
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like those located in central and south-central regions 
of Chile, frequently exceeding international standards 
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regions for space heating, causing high concentrations 
of particulate matter indoors and outdoors during the 
heating season [from May to October].  This is in part 
due to the lack of energy efficiency standards and 
stricter building codes on building envelope 
construction which has led to high thermal 
transmittance of most residential building envelopes. 
In addition, the high cost of electricity in Chile has led 
users to find cheaper forms of space heating, like 
firewood, for locations in cold Mediterranean and 
oceanic climates located south of Santiago.  

In addition, fresh air can only occur in these types 
of schools by opening a window, and this is limited 
during the cold winter season when outdoor 

temperatures are low, impacting users ’comfort when 
these schools cannot afford to provide heating 
systems in their classrooms. School design in Chile, as 
well as residential design, lacks indoor environmental 
quality (IEQ) standards, such as the international 
standards ASHRAE 55 or ISO 7730. Most schools do not 
have heating or cooling systems due to prohibitive 
associated costs; thus, energy poverty also applies to 
school buildings [3]. Chilean educational investment 
capital is limited, and, in many cases, there are no 
funds to cover such operational costs, particularly in 
public schools.  

Indoor air quality in schools has been evidenced to 
be poor due to insufficient air ventilation rates and 
high student density [4 - 7]. Previous studies have 
shown difficulty in delivering indoor air quality in 
classrooms with high occupancy, which leads to high 
CO2 concentration due to respiration.  

CO2 concentrations can also be used as a proxy for 
indoor air quality in the classroom, as shown in the 
study by Chatzidiakou et al. [8,9]. Low CO2 
concentration is correlated with the dilution of indoor  
pollutants and the purge of airborne particles. 
Therefore, finding proven and cost-effective methods 
to reduce indoor pollutants in naturally ventilated 
classrooms is essential, particularly for children who  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
spend a significant amount of their life in school and 
are more susceptible to long-term health damage due 
to low IEQ.  

The need for a low-cost intervention to reduce 
indoor pollutants in classrooms is relevant and urgent. 
This research aims to investigate the efficacy of low-
cost interventions in naturally ventilated schools in 
southern Chile during the winter season. In addition, 
our understanding of occupants  ’adaptive behavior, 
occupancy patterns, and indoor pollutant 
characterization can be found in naturally ventilated 
classrooms.  

 
2. METHODOLOGY 
2.1 Field study location  

The study design was a pragmatic controlled trial, 
wherein two classroom interventions were tested 
against the usual ventilation in three classrooms across 
two schools—one located in the city of San Pedro de la 
Paz and the other in the city of Chiguayante—during 
the winter season of 2023. Both cities are part of the 
metropolitan area of Concepción, in southern Chile, at 
36°49' South Latitude, 73°2' West longitude and 15 
meters above sea level. Climate conditions for 
Concepción, based on the updated Köppen-Geiger 
climate classification for continental Chile [10], are 
temperate Csb, with cold, mild winters and mild dry 
summers. Based on TMYx.2004-2018 data, 
Concepción has 2044 HDD (18°C), with an annual 
average temperature of 13°C (55°F), an average 
minimum of 2°C (36°F), and an average maximum of 
26°C (79°F) [11]. 

 
2.2 Case Study  

The selected criteria for the schools included: 1) 
accessibility to public/public-subsidized middle school 
grade levels (6th to 8th); 2) classrooms with the same 
orientation (i.e., facing north); 3) naturally ventilated 
classrooms; 4) no HVAC system and limited heating. In 
addition, occupant density is set to be a minimum of 
1.1m2/student (11.8 ft2) and a volume of air of 
3m3/student [12]. Figure 1. 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 1: inside views of classroom topology in both schools. 
In red square shows the location of IEQ cart. 
 
 
 
2.3 Data Collection  

Physical measurements of environmental 
parameters indoors and outdoors (i.e., T, RH, CO2, 
PM0.3, PM0.5, PM1.0, PM2.5, PM5.0, PM10, O3, and TVOCs) 
were collected during four consecutive weeks (the 
most representative of this year’s winter) at each 
school through novel field analysis. A IEQ cart was 
placed at the back of each classroom, to avoid 
interference with classroom activities, and avoiding 
blocking student’s view to the board, and access to a 
wall plug as seen in Figure 2 & 3. Datalogger sensors 
were placed in accordance with EN15251 & ASHRAE 
62.1 and 55. HOBO Onset MX1102, Graywolf 3016 
particulate counter, and Graywolf DS-II were used to 
collect data indoors (Figure 2). For outdoor data, 
purple air particulate counter datalogger and Onset 
MX2301 for air temperature and relative humidity 
were used. Intervention includes using air purifiers, 
one from a local manufacturer [Jonas] and one 
designed and built by the research study group 
[REVEAL], as seen in Figure 4. Particulate matter 
concentrations were compared with the United States 
Environmental Protection Agency (EPA) Air Quality 
Index (AQI), the WHO Air Quality Guidelines (AQG), 
and local Ministry of Environment (MMA) of Chile.  

 
 
 
 

 

 

 
Figure 3: Classroom layout and equipment setup for school 1 & 2. Image left and middle show location of air purifies REVEAL and IEQ 

cart at the back of the classroom. Image on the right show floor plant view of location of Jonas air purifier front of the classroom. 
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Figure 2: Top image shows the location of IEQ cart at the 

back of the classroom. Image below, show thermal 
comfort and air quality dataloggers used for the study 

 
In addition, building characterization was collected 

through a checklist, based on the literature review of 
POE. A summary of the variables collected during 
classroom visits is shown in table 1.   

 
Table 1: Architectural description of case studies 

 School 1 School 2 
 S1_C1 S1_C2 S1_C3 S2_C1 S2_C2 S2_C3 
Classroom 
seating 
capacity 

36 35 35 46 44 46 

Classroom 
area (m2) 43.0 43.0 43.0 53.0 53.0 53.0 

Occupant 
density 
(m2/stude
nt) 

1.19 1.22 1.22 1.15 1.20 1.15 

Classroom 
ceiling 
height 

3.0 3.0 3.0 3.0 3.0 3.0 

Classroom 
Volume 
(m3) 

129 129 129 159 159 159 

*S1= School 1, S2= school 2. C1= Classroom 1, C2= Classroom 2, & 
C3= Classroom 3. Classroom seating capacity is based on the 
maximum number of tables present in each classroom during 
fieldwork visits.  

 
2.4 Design of low-cost Air Purifier   

Our study designed and built a new version of 
Corsi Rosenthal Box, which incorporated local 
materials and dimensions that could be incorporated 
in a Chilean classroom setting. The design process 
included: 1) determining the amount of exterior 
airflow in the room based on [13]; 2) air exchange per 
hour (6 ACH); 3) calculation of the amount of CO2 
generated in air by specific classroom size based on 
[14]; and 4) selection of fan dimension and efficiency 

(minimum of 860m3/hr.). The final design included a 
small and a stacked version, which were tested in the 
field. Figure 4.  

 
2.5 Data Analysis   

Data cleaning was done to remove 
measurements that were lost, and to match 
corresponding timestamp. Descriptive statistical 
analysis was done for all measured environmental 
parameters. For each variable the following was 
calculated: average, median, minimum, maximum, 
variance and skewness.   

Normality tests were performed, along with 
visual analyses, to decide whether to use parametric or 
non-parametric tests of hypotheses. We opted for the 
latter and utilized the Kruskal-Wallis one-way analysis 
of variance to assess whether mean differences were 
significant among the three independent sample 
groups. Subsequently, to identify which intervention 
differed significantly from the control (REVEAL or 
JONAS) in each classroom, the post-hoc Tukey's 
Honestly Significant Difference (HSD) test was 
conducted at a significance level of 0.05. 
 

3. RESULTS 
3.1 Characterization of IAQ in classrooms  
Physical characterization of classroom and 
architectural attributes are shown in table 1 and 2. 
 

   
Figure 4: top image, air purifier designed and built by the 
research study group [REVEAL], bottom image air purifier from 
a local manufacturer [Jonas]. Image on the bottom right show 
new and used MERV-13 filters after 4 days of use.  
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*S1= School 1, S2= school 2. C1= Classroom 1, C2= Classroom 2, & 
C3= Classroom 3. Classroom seating capacity is based on the 
maximum number of tables present in each classroom during 
fieldwork visits.  

 
2.4 Design of low-cost Air Purifier   

Our study designed and built a new version of 
Corsi Rosenthal Box, which incorporated local 
materials and dimensions that could be incorporated 
in a Chilean classroom setting. The design process 
included: 1) determining the amount of exterior 
airflow in the room based on [13]; 2) air exchange per 
hour (6 ACH); 3) calculation of the amount of CO2 
generated in air by specific classroom size based on 
[14]; and 4) selection of fan dimension and efficiency 

(minimum of 860m3/hr.). The final design included a 
small and a stacked version, which were tested in the 
field. Figure 4.  

 
2.5 Data Analysis   

Data cleaning was done to remove 
measurements that were lost, and to match 
corresponding timestamp. Descriptive statistical 
analysis was done for all measured environmental 
parameters. For each variable the following was 
calculated: average, median, minimum, maximum, 
variance and skewness.   

Normality tests were performed, along with 
visual analyses, to decide whether to use parametric or 
non-parametric tests of hypotheses. We opted for the 
latter and utilized the Kruskal-Wallis one-way analysis 
of variance to assess whether mean differences were 
significant among the three independent sample 
groups. Subsequently, to identify which intervention 
differed significantly from the control (REVEAL or 
JONAS) in each classroom, the post-hoc Tukey's 
Honestly Significant Difference (HSD) test was 
conducted at a significance level of 0.05. 
 

3. RESULTS 
3.1 Characterization of IAQ in classrooms  
Physical characterization of classroom and 
architectural attributes are shown in table 1 and 2. 
 

   
Figure 4: top image, air purifier designed and built by the 
research study group [REVEAL], bottom image air purifier from 
a local manufacturer [Jonas]. Image on the bottom right show 
new and used MERV-13 filters after 4 days of use.  

 

 

 
 
In general classrooms presented a very high 

student density compared to other developed 
countries per square meters for each student, 
however both schools comply with the minimum area 
of 1.1 m2 per student set by local code regulation.  
 

Descriptive statistical summary of indoor and 
outdoor physical environmental parameters for both 
schools in all 6 classrooms during control and 
interventions is summarized in table 3 & 4.  

 
During the fieldwork (2 ½ months in winter), the 
average outdoor temperature was 10°C, with an 
average of 81% relative humidity. Particulate matter 
concentrations were higher than international 
standards such as ASHRAE 62.1 & WHO. The latter also 
exceeds the local government's annual average 
maximum by the Ministry of Natural Environment 
(MMA) of 20 µg/m3.  
 
Table 3 shows a summary of the IAQ  parameters 
measured. Due to the high density in the classroom, 
high CO2 concentration levels were measured, which 
exceeded the current national regulation of 700 ppm 
maximum (an average of 2,210 ppm and a maximum 
of 4,201 ppm). Also, particulate matter concentrations 
are much higher than outdoor concentrations for 
PM2.5 and PM10 by more than a factor of 2. The latter 
can be inferred by the leaky building envelope in the 
schools, in which higher concentrations were observed 
at night when students and teachers were not in the 
classroom. Low outdoor temperatures increase 
heating demand at night, resulting in more wood-
burning usage.   
 
 
 
 
 
 
 
 
 
 
 
 

The average indoor air temperature in all 
classrooms, was 18°C, only 8 degrees higher than the 
average outdoor temperature. Average indoor relative 
humidity was 65% during the fieldwork campaign, with 
a maximum measured value of 80%. Total volatile 
organic compounds (TVOC) concentration measures 
the total concentration of all measured VOCs. Indoor 
VOCs come from many indoor sources, including 
building materials, furnishings, consumer products, 
tobacco smoking, people and their activities, and 
indoor chemical reactions. An average of 1,492 was 
measured inside the classroom, with a maximum of 
13,750.  

 
Kruskal-Wallis one-way test analysis of variance 

was used to assess whether mean differences were 
significant among the three independent sample 
groups, Table 5.  

 
Table 4: Descriptive statistics of outdoor environmental 
parameter measurements 

 T°C RH% PM2.5 PM10 

Average 10.5 80.9 55.73 66.71 

Median 11.0 80.8 51.24 61.63 

Min 10.9 79.4 10.34 14.72 

Max 11.1 82.7 186.20 221.12 

SD 2.04 7.29 31.48 36.41 

VAR 4.16 53.12 991.20 1325.50 
 
 
Table 5: Summary of test Kruskal-Wallis for different IEQ 
parameters.  

Null Hypothesis Test Sig.  Decision 

Air temperature 
distribution is the same 
within intervention 
categories received at 
the test 

Kruskal-Wallis .000 Reject Null 
hypothesis 

Relative Humidity 
distribution is the same 
within intervention 
categories received at 
the test 
 
Continue in next page… 
 

Kruskal-Wallis .000 Reject Null 
hypothesis 

    Table 3: Descriptive statistics indoor environmental parameter measurements at both schools 
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Particulate Matter 2.5 
distribution is the same 
within intervention 
categories received at the 
test 

Kruskal-Wallis .000 Reject Null 
hypothesis 

Particulate Matter 10.0 
distribution is the same 
within intervention 
categories received at the 
test 

Kruskal-Wallis .000 Reject Null 
hypothesis 
 

CO2 distribution is the 
same within intervention 
categories received at the 
test 

Kruskal-Wallis .000 Reject Null 
hypothesis 

    

    

    

 
*One-way analysis of variance to assess whether mean differences 
were significant among the three independent sample groups 

 
In addition to poor indoor air quality evidenced by 

this study during winter months, poor thermal comfort 
measurements were collected. During fieldwork, 
observation notes were collected, evidencing cold 
envelope surfaces, which promote interior 
condensation, mold growth affecting construction 
materials, and, worse, students' and teacher's health 
and well-being. 
 
 

 
Figure 5: shows the values for particulate matter 2.5 & 10 

concentrations for each classroom intervention. The 
performance of the REVEAL air purifier surpasses that of the 

control and Jonas by more than 2.5. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. CONCLUSION 

As part of the evidence contributed by this 
research, new attention should be paid to the night-
time IEQ conditions inside classrooms for leaky 
building envelopes. These conditions can be 
worrisome in the early hours of school if no strategy is 
implemented to refresh the air before students come 
in. The incorporation of air purifiers can help mitigate 
the reduction of indoor pollutants, as seen in Figure 5 
& 6. However, more extreme building design retrofit 
interventions should be implemented for school 
locations with high outdoor air pollution during winter.   
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Figure 6: compares the concentrations values for particulate 
matter 2.5 & 10 at each school (S1 & S2). The performance 
of school 1 was notorious better in comparison with school 

2, where the IAQ was much worse 
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ABSTRACT: Cities with high building density increasingly suffer from urban heat islands (UHI) due to climate 
change, as sealed surfaces retain heat and limited ventilation proves inadequate for cooling. To counteract these 
effects, our study investigates the potential of Convertible Urban Shades to mitigate UHI by offering a diurnally or 
seasonally adjustable shading solution for urban areas, thereby fostering resilient urban microclimates. Utilizing 
a physical mock-up in Stuttgart, Germany, we compared the impact of no, fixed and convertible shades. Results 
from the measurement campaign carried out during a heatwave period showed that by using the no-shade 
scenario as baseline, convertible shades outperform fixed shade, by providing peak reduction of street surface 
temperature of ~16°C during daytime, and up to ~3°C colder at nighttime. The study also explored the architectural 
impacts of different shading structures in a street canyon. A scaled mock-up of the street canyon was used to 
involve stakeholders in a participatory design process to discuss design and implementation policies. The findings 
highlight Convertible Urban Shades' role in promoting resilient urbanism. 
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1. INTRODUCTION
In the face of escalating climate change impacts, 

urban areas stand at the nexus of both vulnerability 
and opportunity. Rapid urbanization has led to 
reduced green cover, compromised air quality, and 
amplified building energy consumption [1]. Especially 
for cities with high building density, the high degree of 
sealed / impervious surfaces retain heat longer while 
limited urban ventilation often proves insufficient in 
cooling these surfaces [2]. This affects the quality of 
public spaces and poses adverse health risks. 

This paper presents an introductory, yet holistic, 
investigation into “Convertible Urban Shades" as a 
scalable design solution for locally reducing 
temperatures in high-density urban areas. 
"Convertible Urban Shades" are lightweight, tensile 
shading structures designed for urban spaces, such as 
plazas, courtyards, and wide street-canyons, offering 
adjustable shade as needed.  

These shading structures respond quickly to 
leverage the diurnal swings of temperature and 
radiation-balance in the Urban Canopy Layer (UCL). 
During daytime they deploy to minimize solar gains 
and retract at night to allow for cooling through long-
wave radiation exchange with the night sky and 
increased convection. Thus, they serve as an agile 
response to the urgency of stabilizing urban 
microclimates amidst climate change and intensifying 
heatwaves. 

The research presented in this paper focuses on 
the applicability of these shading structures in high-

density, central and southern European cities, using 
Stuttgart, Germany, as a case study. It explores three 
interconnected factors: (i) the potential for 
improvement in the urban microclimate through the 
reduction of air and surface temperatures (at the 
pedestrian and façade level) in the Urban Canopy 
Layer compared to traditional fixed shading; (ii) the 
structural and architectural evaluation; (iii) and an 
integral component focusing on communication and 
participation strategies. The latter is dedicated to 
understanding stakeholders' perceptions and 
facilitating their direct involvement in the design and 
implementation process. 

2. LITERATURE REVIEW
The field of urban climatology has historically 

concentrated on adaptation strategies that emphasize 
the influence of blue-green infrastructure [3], and the 
surface properties of the built environment (albedo, 
thermal heat capacity) [4]. However most existing 
sidewalks in dense central European cities like 
Stuttgart have existing infrastructure such as sewage 
and electrical systems underneath sidewalks. This 
urban sub-surface infrastructure poses a hard limit on 
easy integration of dense tree plantations necessary to 
achieve required canopy thickness for sufficient shade 
[5]. Hence alternative adaptation strategies need to be 
explored for such situations. 

In recent years a growing body of research shows 
that shading of public urban space has also proven to 
be an effective strategy for reducing the urban heat 
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structural and architectural evaluation; (iii) and an 
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participation strategies. The latter is dedicated to 
understanding stakeholders' perceptions and 
facilitating their direct involvement in the design and 
implementation process. 

2. LITERATURE REVIEW
The field of urban climatology has historically 

concentrated on adaptation strategies that emphasize 
the influence of blue-green infrastructure [3], and the 
surface properties of the built environment (albedo, 
thermal heat capacity) [4]. However most existing 
sidewalks in dense central European cities like 
Stuttgart have existing infrastructure such as sewage 
and electrical systems underneath sidewalks. This 
urban sub-surface infrastructure poses a hard limit on 
easy integration of dense tree plantations necessary to 
achieve required canopy thickness for sufficient shade 
[5]. Hence alternative adaptation strategies need to be 
explored for such situations. 

In recent years a growing body of research shows 
that shading of public urban space has also proven to 
be an effective strategy for reducing the urban heat 

island (UHI) effect on the macroclimate level [6], as 
well as for improving the pedestrian comfort on the 
microclimate level [7] [8]. Hence urban shading is 
regarded as an effective strategy for climate 
adaptation. However, most urban planning research 
on shading is primarily concerned with the effects of 
self-shading street canyons and trees, such as the 
works of [3] [9] [10]. Limited studies focusing on 
specifically designed urban shading devices are found 
in literature. [11] [12] [13] investigate the impact of 
colour, material and geometry of fixed shading 
structures deployed in streets and plazas and found 
improvement in the outdoor thermal comfort. The city 
of Seville, Spain is one example of successful 
implementation of such seasonally fixed shading 
devices in urban areas of Europe. 

The effectiveness of these shading devices in a 
plaza typology could also be further improved by 
making them diurnally adjustable to limit the solar 
heat gain during daytime and allowing for cooling 
through radiation to the night sky by retracting these 
shades at night, as shown by [14]. The large folding 
umbrellas in the Holy Prophet’s Mosque in Medina, 
KSA are a famous demonstration of this strategy in a 
plaza typology [15]. While such convertible urban 
shading devices are also listed as a basic strategy 
against UHI in [16], limited evaluation of the 
improvement of thermal environment in a variety of 
urban typologies is provided. This paper attempts to 
bridge this gap on convertible urban shades (CUS) by 
providing measured data on their thermodynamic 
effectiveness, and by calibrating a TRNSYS thermal 
simulation model for further analysis of these devices. 

3. HOLISTIC EVALUATION
3.1 Proof-of-Concept & TRNSYS calibration 

A proof-of-concept mock-up was constructed on 
the rooftop of the ABK Stuttgart building to collect 
measured data for air and surface temperature for 
three configurations – no-shade, fixed shade, and 
convertible urban shade (CUS). The measurement 
campaign was carried out in Stuttgart, Germany during 
the period of summer heatwaves (July to September 
2023). 

The experimental setup consisted of lightweight 
boxes with an overall outer dimension of 104 x 136 x 
94 cm (width/length/height). The floor consisted of 
three layers of massive bricks, for a thermodynamic 
representation of  the top layer of a common street 
surface (brick specification: 240 x 115 x 71 mm, 2000 
kg/m3, 0.96 W/m·K). The brick layers were placed in an 
OSB wooden box (internal dimension of brick volume: 
60 × 60 × 21.3 cm), insulated with an 10 cm layer of 
hard polystyrene. Such a setup allowed to mimic an 
isolated section of an infinitely large urban plaza, with 
negligible heat exchange to surrounding surfaces. 
Surface temperature sensors were fixed at the top 
surface of the brick volume, as well as depths of -7,1cm 

and -14,2cm. Air temperature sensors (rain-protected) 
were placed in the box. The setup is illustrated in 
Figure 1. 

Figure 1: Mock-up cross and longitudinal section. 

For the two boxes with shading (fixed and CUS), an 
identical shading material was used – a white PVC 
fabric from SergeFerrari (Flexlight Advanced 902-S2; 
Tsol = 0.07; Rsol = 0.80; ABSsol = 0.13). Additionally for 
the box with CUS, the shading was retracted everyday 
around sunset and activated again next morning. 

For interpreting sample results of the floor surface 
temperature measurement campaign presented in 
Figure 2, the no-shade scenario serves as the baseline, 
representing status quo. For the fixed shade, it was 
found that it provides peak reduction of ~14°C during 
daytime but can get ~1°C warmer at nighttime. The 
CUS was found to outperform the fixed shade, by 
providing peak reduction of ~16°C during daytime, and 
up to ~3°C colder at nighttime, when compared to the 
baseline no-shade scenario. 

Finally, a detailed TRNSYS micro-climate simulation 
model was setup for the experimental setup, with the 
goal to calibrate the model with the measured data. 
Figure 3 shows the final calibrated model achieved an 
average R2 of over 0.94. This validation sets the 
ground for more detailed simulations in the future. 
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Figure 2: Measured Temperatures – No Shade, Fixed and 
Convertible Shade. 

Figure 3: Correlation between Measured and Simulated 
Temperatures. 

3.2 Structural and architectural evaluation 
As mentioned in the introduction, "Convertible 

Urban Shades" are lightweight, load bearing, tensile 
structures, which allow maximum utilization of the 
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3.2 Structural and architectural evaluation 
As mentioned in the introduction, "Convertible 

Urban Shades" are lightweight, load bearing, tensile 
structures, which allow maximum utilization of the 

strength of the material (e.g. membranes). They 
optimize the mechanical characteristics of the material 
by eliminating inefficient bending stresses etc [17].  

The great advantage of such tensile-only load-
bearing structures is the “foldability” that they offer, 
making them ideally suited in applications such as 
movable and adaptable shading strategies. They offer 
a simple, reversible, and complete change in the 
geometry of a load-bearing component, which allows 
for swift adaptation of the structure to respond to a 
myriad of stimuli such as weather changes/climatic 
factors, acoustic boundary conditions, requirements 
for thermal behavior, lighting and exposure conditions 
etc [18] [15]. Such shading structures can also cover 
large spans without needing space-consuming, bulky 
supporting structures, making them suitable for use in 
large urban spaces like public squares etc. 

From a structural design perspective, Convertible 
Urban Shades can be broadly classified into two main 
categories: (A) pneumatically pre-stressed 
construction and (B) mechanically pre-stressed 
construction. Both can be used to realize a variety of 
transformation principles [18] [19] [20]. 

(A) Pneumatic pre-stressed construction can be 
further classified into six sub-categories based on the 
transformation principle: (i) push-through cushions, 
(ii) inverting hoses, (iii) tires with membrane retraction 
in beads, (iv) rolled hoses, (v) cushions, and finally (vi) 
convertible multi-cells [18]. 

(B) Mechanically pre-stressed construction can 
also be further classified into three sub-categories 
based on their transformation principle: (i) membrane 
as a convertible component within a non-convertible 
primary system e.g. centrally gathered roof, (ii) 
membrane that follows the transformation of the 
primary structure e.g. umbrella, and finally (iii) 
membrane as a component of a convertible primary 
system whereby the membranes change their position 
in space, but not their geometry, when the primary 
system moves, e.g. movable roof. 

Additionally, mechanically prestressed structures 
can also be classified into four styles based on the 
direction of movement during the transformation 
process: (i) parallel, (ii) central, (iii) circular, and (iv) 
peripheral moving constructions. The textile 
membranes are either gathered, folded, or rolled [19] 
[21]. 

However, Convertible Urban Shades introduce 
special constraints on the choice of the membrane 
material due to changes in shape during the travelling 
process. Hence high-strength fabrics made of organic 
fibers, PVC-coated polyester fabrics, PTFE fabrics, and 
Aramid fabrics are needed for such an application. 

Convertible shading structures are also 
significantly more complex in terms of design, 
construction, and maintenance, as compared to a 
typical fixed shading structure [17]. 

Therefore, from an architectural design 
perspective, fixed vertical textile lamellas were also 
briefly studied besides adaptive membrane structures 
for more holistic evaluation. The advantages of fixed 
lamellas are their comparatively low planning and 
execution requirements in comparison to adaptive 
systems, and they also ensure a continuous ventilation 
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Three distinct system geometries were conceived 
and investigated as seen in Figure 4. The underlying 
consideration was a street in an east-west orientation 
in Stuttgart, with a total length of 140 meters, a width 
of 14.5 meters, and buildings with an average height 
of 14 meters (eaves height). The variants differ in 
terms of their horizontal distance and the vertical 
extension of the membrane. Variant 1 features 
lamellas at a horizontal interval of 2 meters and a 
height of 3 meters. In Variant 2, the distance increases 
to 5 meters and the lamella height to 4 meters. Finally 
Variant 3 has a horizontal distance of 10 meters with a 
lamella height of 7 meters. 

As a preliminary evaluation, a direct sunlight hours 
study of the 3 variants demonstrates that all show 
similarly good shading of the street. Future studies will 
evaluate the detailed microclimate using the 
calibrated TRNSYS model from this study.  

Regarding the architectural impact, Variant 3 
shows a significant reduction in terms of overall 
material consumption and assembly effort.  

The suspension cable could serve as one of the 
most efficient structural design solutions that can be 
used for such fixed shading system – the membrane is 
simply attached to the suspension cable, and either 
allowed to hang freely or is stabilized by an additional 
ballast. Such simple cable structures offer high tensile 
strength and their low weight enable them to bridge 

Figure 4: Sun hours study for different vertical lamellas. 

569



large spans with minimal material use. Such a 
rudimentary tensile suspension cable structure can 
also be easily and firmly anchored into the building 
façade. Common materials used for suspension cables 
are galvanized steel, stainless steel, and other high-
strength modern composite materials, which 
significantly contribute to the longevity of the 
constructions. Further structural options such as 
frames, tensioning of the membrane, or stiffening with 
battens, will be examined more closely in future 
publications as part of the ongoing research process. 

3.3 Research-related Communication and 
Participation   

The transformation of urban public spaces towards 
climate adaptation requires broad acceptance in 
society, considering a large number of different 
stakeholders. Based on a stakeholder analysis, specific 
communication strategies were developed for each 
target group, adhering to the recommendations of the 
National Institute for Science Communication (NAWik) 
[22]. The goal was to engage, involve, and facilitate 
interdisciplinary exchanges among participating 
stakeholders. Furthermore, insights were gained 
through interactions with diverse stakeholders affect 
the development of individual shading strategies.  

First, a dedicated project website communicates 
climate change challenges, provides updates on 
current research, and allows for idea contributions. It 
caters to both experts and laypeople. Second, a public 
symposium was also organized to spread awareness, 
featuring lectures and discussions aimed to bring 
together a diverse array of stakeholders and 
perspectives, including architects, structural 
engineers, urban climatologists, city officials, and the 
public. Third, a large-scale physical model and 
traveling exhibition format – named “U°CA On Tour”, 
was created. This platform facilitated participatory 
evaluation, allowing various interest groups to interact 
with different design typologies and collect user 
preferences, concerns as well as, suggestions. The 
model informs, engages, collects feedback, promotes 
transparency, and encourages collaboration. The 
model proves to be particularly accessible, 
communicative, and inclusive.   

Positive feedback from the implemented formats 
helped to strengthen the efforts in knowledge transfer 
and stakeholder involvement. In the next phase, a 
communication strategy will be employed to further 
involve the city administration and planning 
stakeholders. This will enable the collection of 
additional information regarding implementation and 
planning processes. 

Scientific pursuits on climate change adaptation, 
often remain inaccessible to the common people due 
to their highly specialized subject matter. 
Communication and participation strategies 
accompanying such research can help counteract this, 

by engaging in public discourse around the 
opportunities and challenges related to such 
measures, as evidenced by the paradigm adopted in 
this work.  

4. CONCLUSION
This paper presented a holistic investigation of 
Convertible Urban Shades, encompassing 
measurement campaigns, thermodynamic validation 
of computer models, architectural and structural 
design considerations as well as participatory 
engagement.  

Climate change exacerbates the urgency of 
rethinking urban spaces. Traditional architectural 
interventions pertaining to blue-green infrastructure 
may fall short due to long implementation timelines 
and potential disruptions to existing infrastructure. 
Alternative solutions such as Convertible Urban 
Shades offer a promising avenue, embodying 
flexibility, and efficiency. Our measurement 
campaigns showed their potential to reduce ground 
surface temperatures at day by 16°C and at night by 
upto 3°C compared to the status quo. By combining 
architectural innovation with user-driven 
acceptability, this research contributes to the 
discourse of sustainable architecture and urban design 
for climate resilience. 
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ABSTRACT:. In the UK, Dementia residential assessment wards are used to assess needs of people living with late 
stage dementia and  behaviours that challenges, where personalized care plans are drawn. Poor homeostasis is 
a condition of ageing, people living with late-stage dementia who express thermal discomfort among other 
heath confounders using agitation and aggression as a proxy. To reduce agitation and provide thermal comfort, 
indoor temperatures are generally maintained between 22-24C, responding to a higher energy demand than 
other building typologies. This research investigates the impacts of tight indoor temperatures ranges, scenarios 
of climate change and a push by legislation to adopt passivehaus standards. An award-winning facility is used as 
a case study to assess changes on building energy demand per m2 to remove confounders of inappropriate 
design on results. And provide generalizability to other facilities. Results predict that climate change has a 
profound effect on reducing heating energy demand. The use of more insulative building fabric can also achieve 
noticeable energy reductions. A combination of more insulted building fabric and Climate change is predicted to 
decrease energy demand by 30%, but due diligence needs to maintain indoor air quality. 
KEYWORDS:  Dementia, Climate change, thermal comfort, agitation, energy demand  

1. INTRODUCTION
The UN, World Meteorological Organization 

announced alarmingly on Thursday the 30th of 
November 2023, in the Annual Climate Change 
conference in Dubai (The independent reporting from 
COP28 Climate summit), that climate change is 
indisputable and  2023 continued the trend observed 
over the last decade, reaching the highest hottest 
year on record. The World Meteorological 
Organization also warned that the average 
temperature for the year rose by 1.4 degrees Celsius 
from pre-industrial times – a mere one-tenth of a 
degree under a target limit for the end of the century 
as laid out by the Paris climate accord in 2015.   

Climate change is expected to increase the 
frequency of prolonged heat waves, unpredictable 
patterns of cold weather, rainfall and draughts, forest 
fires and concentration of air pollution, and most 
importantly have implications on health and 
specifically on an ageing population. Global average 
warmings are projected to reach about 2.5 °C if 
emissions continue to rise at the current level, 
following the projections represented by the IPCC 
Representative Concentration Pathway 6.0 (RCP6.0) 
and may reach 8.5C.[1] 

Globally, neurological disorders are increasingly 
recognized, after cardiovascular diseases, as the 
second cause of death [2]. Dementia Modelling of the 
UK suggests a 57% increase in the number of people 
with dementia from 2016 to 2040, with an estimated 

1·2 million people living with dementia in 2040 in the 
UK [3]. This is compounded by the UK’s ageing 
population where The number of people aged 65–74 
years in the UK is expected to increase by 20% 
between 2019 and 2040, and the number of people 
aged 85 years and over to increase by 114%. The 
prevalence rate of dementia among older people in 
the UK is estimated to be 7.1% [4].  

Although research has progressed in 
understanding the core symptoms, of 
neurodegenerative disease, such as dementia, and 
their impacts on cognitive deterioration, increasing 
dependency on care providers and having impaired 
social functioning, there is meagre research on the 
impact of thermal comfort on agitation and 
aggression, and the impact of thermal comfort needs 
on building energy demand in a context of climate 
change. 

In the past decade studies highlighted the risk of 
climate change on older populations, reporting 
predicted increases in incidents of heat stress, heat 
exhaustion, heart stroke and hypothermia [5-7] 
People living with Dementia have been found to have 
significant circadian dysfunction in core body 
temperature, which may precede the clinical onset. 
This which underlines a metabolic hypothesis that 
people living with dementia will be more affected by 
the phenomenon of global climate change [8-9], and 
will need to live in air conditioned spaces. 
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over the last decade, reaching the highest hottest 
year on record. The World Meteorological 
Organization also warned that the average 
temperature for the year rose by 1.4 degrees Celsius 
from pre-industrial times – a mere one-tenth of a 
degree under a target limit for the end of the century 
as laid out by the Paris climate accord in 2015.   

Climate change is expected to increase the 
frequency of prolonged heat waves, unpredictable 
patterns of cold weather, rainfall and draughts, forest 
fires and concentration of air pollution, and most 
importantly have implications on health and 
specifically on an ageing population. Global average 
warmings are projected to reach about 2.5 °C if 
emissions continue to rise at the current level, 
following the projections represented by the IPCC 
Representative Concentration Pathway 6.0 (RCP6.0) 
and may reach 8.5C.[1] 

Globally, neurological disorders are increasingly 
recognized, after cardiovascular diseases, as the 
second cause of death [2]. Dementia Modelling of the 
UK suggests a 57% increase in the number of people 
with dementia from 2016 to 2040, with an estimated 

1·2 million people living with dementia in 2040 in the 
UK [3]. This is compounded by the UK’s ageing 
population where The number of people aged 65–74 
years in the UK is expected to increase by 20% 
between 2019 and 2040, and the number of people 
aged 85 years and over to increase by 114%. The 
prevalence rate of dementia among older people in 
the UK is estimated to be 7.1% [4].  

Although research has progressed in 
understanding the core symptoms, of 
neurodegenerative disease, such as dementia, and 
their impacts on cognitive deterioration, increasing 
dependency on care providers and having impaired 
social functioning, there is meagre research on the 
impact of thermal comfort on agitation and 
aggression, and the impact of thermal comfort needs 
on building energy demand in a context of climate 
change. 

In the past decade studies highlighted the risk of 
climate change on older populations, reporting 
predicted increases in incidents of heat stress, heat 
exhaustion, heart stroke and hypothermia [5-7] 
People living with Dementia have been found to have 
significant circadian dysfunction in core body 
temperature, which may precede the clinical onset. 
This which underlines a metabolic hypothesis that 
people living with dementia will be more affected by 
the phenomenon of global climate change [8-9], and 
will need to live in air conditioned spaces. 

Research on the link between dysfunctional 
haemostasis due to dementia and its impact on 
universal neuropsychiatric symptoms, such as apathy, 
agitation, depression, delusion, agitation, and sleep 
disturbance remains lacking. Although incidents of 
aggression are rare, about 1 % of the building 
occupied time, they can be as burdensome for the 
person and their carers, as the cognitive deterioration 
from the disease itself [10-13]. Due to the body's 
impaired ability to regulate temperature, exposure to 
fluctuating temperature can lead to  increasing the 
risk of thermal stress on patients and increasing the 
uptake of harmful psychotropic drug treatment for 
mental disorders [14].  

Although there is an increased interest in 
published guidelines for the design of Dementia 
friendly environments [15] that specifies material 
finishes, colours, and the need to create ‘appropriate’ 
thermal, visual, and acoustic measures, quantification 
of energy use for these environments under climate 
change is lacking. Thermal guidelines exist for 
hospital environments [16], less is understood on the 
range of comfort temperatures for people living with 
dementia in different climates and cultures, and the 
impacts of climate change on the need to provide 
climatically controlled environments for people living 
with neurodegenerative disease.  

This research aims to look at the impacts on 
heating and cooling energy demand of residential 
assessment Dementia wards under scenarios of 
climate change. The paper extends predictive 
scenarios to look at implications of current trends in 
constructing and refurbishing the NHS stock to 
Passivhaus standards under climate change scenarios. 

  
The objectives of the research are: 

1- Correlating reliable and validated agitation 
records and indoor monitored environments to 
deduct comfort thermal ranges for people living with 
dementia. 
2- To predict changes to cooling and heating energy 
demand under scenarios of climate change for 
maintaining environmental conditions that reduce 
agitation levels 
3- To predict changes to cooling and heating demand 
if Passivhaus standards are pursued in new 
construction and refurbishment. 
 
2. THE BASE CASE 
To reduce the impact of poor design on the 
assessment of energy demand, the base-case is based 
on the state of the art, award winning design for a 
specialized dementia care assessment unit for people 
living with advanced stage dementia. Figure 1, shows 
a zonal diagram and isometric of the building. The 
building is a single storey ‘pavilion’ designed around 
three indoor courtyards. Acknowledging that care 

frameworks are equably important as the physical 
building environment, in this facility care frameworks 
are designed on individual basis and are more about a 
person’s needs and individual comfort than a 
collective medical diagnosis. This leads to a high level 
of one-to-one patient to nursing staff ratio, in 
addition to 2 doctors and 4 cleaning staff.  
The building comprises two single gender wards with 
10 rooms each and 4 (swing) rooms that can be used 
if more females or male occupants are admitted, 
totalling 24 rooms. 
Spaces are designed to reflect a non-institutional 
home like interior design with interior decoration 
relatable to patients such as pictures of football 
players, movie stars and abstract art of landmarks of 
the region.  
 
 
 

 
 

Swing 
rooms 

Patients’ rooms  
Admin+ clinical rooms 
Quiet Rooms 
Common Rooms 
 
 

Main Entrance  
Family area 
Kitchen 
Corridors 
 
 Figure 1I: Isometric and diagrammatic zoning 
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Key elements of the design are divided into ‘patient 
and care provision’ space, and ‘staff only’ spaces. 
 
Patient and care provision spaces: 
▪ Single occupancy bedrooms with an ensuite 

toilet. 
▪ An out of ward area for patients to meet with 

family.  
▪ A common room to encourage social 

interaction, watching TV, listening to music, and 
dining.   

▪ Quiet rooms: small-scale areas that accompany 
the development of person-centred activities, 
accessible from the common room. 

▪ An entertainment room, where movies and 
games nights can take place between patients, 
family, and staff. 

▪ Single sided corridors that circulate around a an 
enclosed greenspace ‘courtyard’ for wandering, 
and in summer for sitting out and gardening 
activities.  

▪ All indoor spaces provide obstacle free paths 
that incorporate universal design elements such 
as wheelchair accessibility, sufficient clearance 
for turns, and ergonomic accessible railings. 

▪ Dedicated spaces for daily household activities 
in the therapeutic kitchen, where patients and 
staff can prepare simple meals.  

▪ An assessment kitchen to assess the person’s 
ability to be self-independent. 

▪ On ward medical assessment room 
▪ A hairdresser 
Staff only spaces are: 
▪ On-ward meeting room,  
▪ ward manager room  
▪ next to the common room a nursing station for 

passive observation and managing patients’ 
clinical requirements. 

▪ Out of ward storage,  
▪ staff changing rooms,  
▪ a larger team meeting room  
▪ laundrettes  
 

The intensive and personalized care frameworks 
lead to an architectural programme divides the space 
equally to a 50-50% for patient rooms and for staff. 
The indoor garden space is rarely used in winter 
except for visual relief and a connection with the 
outdoors. In summer doors are opened to manually 
purge ventilation or allow patients outside on the 
rare occasion of a sunny summer day. 
There are two mechanical systems. 
An underfloor heating system is used throughout to 
avoid the need for installing radiators that are 
considered a tripping hazard for patients. 

In the common area and in quiet rooms a VRF air 
conditioning is used to control the levels of 
simultaneous heating and cooling needed. 
In summer the nurses have an override control on the 
air conditioning system to open the upper skylights in 
the saw-toothed structure to allow for purge 
ventilation. 
 
3. Methodology 

This study looked at a sample population of 
resident patients in an award winning purpose-built 
inpatient building for people with severe dementia 
with associated behavioural and psychological 
complications of dementia (BPSD). Indoor thermal 
and humidity levels were measured for a year and 
correlated to the Cumbria, Northumberland, Tyne 
and Wear Trust’s “Talk First” Dataset which records 
all incidents of verbal and physical aggression through 
a robust incident reporting system. 

To find the range of indoor operative 
temperatures that reduce patient agitation, a full 
year of air and globe temperatures were monitored in 
3 minute intervals over a full calendar year from 
September 2022-September 2023. Areas monitored 
were the wards common rooms and corridors, 
bedroom monitoring was trailed then stopped as 
patients perceived the equipment to be spying on 
their privacy and they always attempted to dismantle 
it.  Due to the long study period, small, unobtrusive, 
and self-contained data acquisition devices were used 
to ensure that they do not interfering with the 
occupants’ regular activities. The HOBO MX1104 
Analog/Temp/RH/Light data logger measures and 
transmit data wirelessly from indoor environments to 
a mobile device or computer using Bluetooth Low 
Energy (BLE) technology. The MX1104 also includes 
one analogue input that was used to measure globe 
temperature. As the building has a low air velocity of 
less than 0.3m/sec, operative temperature is 

Table 1: Model Data Input Unit 

No. of floors 1  
Plot area 2229 m2 
Pitched roof height 4.5 m 
External wall insulation U-value: 0.52  W/m2-K 
Roof insulation U-value: 0.51 W/m2-K 
External window  U-value: 1.96 W/m2-K 
Passivhaus triple glazing U-value: 0.8 W/m2-K 
Passivhaus External wall 
insulation U-value: 0.15  W/m2-K 

Passivhaus Roof insulation U-value: 0.15 W/m2-K 
System type                            Variable refrigerant flow (VRF) 
Maximum supply air temp 23oC  
Minimum supply air temp 22oC  
Heating set back  22°C  
Cooling set back 24oC  
CoP 2.5  
Model infiltration  Constant 0.7 ac/h 
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Key elements of the design are divided into ‘patient 
and care provision’ space, and ‘staff only’ spaces. 
 
Patient and care provision spaces: 
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calculated as a mathematical average of air and globe 
temperature.  

Building energy performance analysis were 
undertaken using Design builder software (version7), 
with building materiality as specified in Table 1.  
CIBSE climate change Test Reference Year (TRY) 
predictive files were used, to simulate the annual 
changes in heating and cooling energy demand. The 
weather files use a baseline from 1984-2013. Files are 
presented for 2020,2050 and 2080. As 2013 was the 
6th highest year on record and 2023 is the highest yet 
on record according to the World Meteorological 
Organization, with the earth temperature already 
increasing by 1.4C before the 2030 expected IPCC 
pledge, therefore this research used the high 
emission scenario, with emissions predicted to reach 
a 4C increase by 2080. Cooling is needed for the 
summer months from May till September. 

As our understanding of the climate system and 

our ability to model it improves, and as computing 
power increases, it is likely that future projections will 
be refined. A consequence of these expected 
improvements is that both the model projections and 
probability distribution for a given outcome are likely 
to evolve in the future. This is not a reason for 
delaying carrying out a risk assessment but may 
impact on the actions taken to build resilience [16] 

 
4.ANALYSIS AND DISCUSSION 

The building HVAC system setpoints for 
cooling and heating respectively were between 22-
240C. Monitored data indicate that the building 
fluctuated between 21-25.50C However, monitoring 
the indoor environment and the correlations to a 
database of recorded incidents of agitation (Figure 2) 
suggests that people living with Dementia and BPSD 
are less tolerant to temperature fluctuations. 
Providing a comfortable environment that reduces 
agitation requires adhering to the narrower range for 
thermal comfort guidelines for hospitals [17]. 

Figure2: Aggressive behaviour incidents 
against indoor temperatures 

Figure3: Changes in energy demand due to climate change (CC) and application of PassiveHaus standards 
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Figure2, indicates that operative temperatures that 
coincided with the least agitation recorded incidents, 
as incidents of agitation tend to increase in severity 
outside these temperatures. Table2 and Figure 3, 
show that narrowing down the indoor temperature 
range to two degrees, can lead to a substantial use of 
energy for heating and building operation per 
Kwh/sq,m 

 However, the warmer ambient temperatures 
is predicted to decrease heating demand. This paper 
sought to look into changes in heating demand 
combining the effect of climate change and a 
regulatory framework to increase insulation of health 
care facilities to Passivehaus standards . If passivhaus 
standards are implemented it would help the 
reduction of energy demand due to the need to 
tighten the indoor thermal conditions to only 2C 
difference from 22-24C 

  If the current annual trend of increasing earth 
temperature continues to 4C by 2080, then heating 
loads are predicted to decrease by 19.77%. Climate 
change combined with Passivhaus standards will 
substantially decrease heating loads by 30.89%.  

CONCLUSIONS 
Energy demand for heating and cooling is 

increased due to poor homeostasis in older people 
and the need to constantly provide thermally 
comfortable environments to reduce behavioural and 
psychological symptoms of dementia  

Incidents of agitation and aggression although 
amounting to 1% of building occupancy time, have a 
major effect on staff provision, medication and care 

frameworks. Our studies show a reduced tolerance to 
temperature changes by this group, and an increase 
in behaviours that challenge when indoor 
temperatures are slightly outside the narrow range of 
22-24C. This necessitates an extremely efficient HVAC 
system and a well-insulated building fabric. Currently 
air conditioning systems attempting to control indoor 
temperatures between 22-24C are still inefficient and 
our monitoring found that the building experiences 
fluctuations between 18-25C. 

There is a substantial energy demand penalty of 
attempting to control the indoor environment to a 
narrower range of temperatures of 22-240C, when 
compared to other building typologies where 
temperature is usually controlled between 18-210C . 

As the pavilion design, with its circulation corridor 
around a courtyard is the most advocated design for 
Dementia patients to relieve agitation and wandering 
syndrome effects, this leads to a higher exposed 
building fabric. Refurbishment to a higher standard of 
insulation such as Passivhaus standard will lead to a 
substantial energy saving around 18%, However, this 
comes with a caveat of increased refurbishment cost, 
as current wall systems may not accommodate the 
levels of thicknesses of insulation, and in addition, a 
with tighter infiltration control, there is a needs to 
monitor for indoor air quality.  

Table 2 and Figure 3, indicate that climate 
change scenarios are impactful on reducing the 
overall building energy demand in 2050, and more in 
2080. This decrease is equal to increasing the 
insulative properties of the building envelope to the 
stringent passivhaus standard under current climatic 

Table 2: comparison between effects of Climate change and refurbishment to Passivhaus standard on annual energy demand 

 Energy Demand in KW/m2/ month- Base Case (BC). Climate Change (CC) 

2020 Base Case (BC) 2020 P.Haus BC+2050 CC BC+2050 CC+P.Haus BC+2080 CC BC+2080 CC+P.Haus 

Jan 45.89 39.27 33.17 28.07 31.62 26.75 

Feb 32.34 26.39 29.67 24.19 28.94 23.58 

March 29.72 22.30 26.33 20.63 25.47 20.02 

April 20.84 15.08 18.57 14.81 17.8 14.47 

May 17.33 13.74 15.66 13.52 15.05 13.31 

June 14.06 12.40 13.09 12.13 12.86 12.01 

July 13.57 12.50 13.07 12.40 12.91 12.31 

August 14.70 13.16 12.92 12.23 12.71 12.08 

Sept 16.37 14.04 14.07 12.97 13.67 12.75 

October 23.81 19.06 18.66 16.13 17.50 15.54 

Nov 33.45 28.11 26.96 22.76 25.25 21.41 

Dec 44.70 38.52 33.83 29.08 32.42 27.88 

Total 306.89 254.56 256.01 218.91 246.21 212.11 

% Change from BC -17% -16.5% -28.67% -19.77% -30.89% 
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Jan 45.89 39.27 33.17 28.07 31.62 26.75 
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conditions. The decision of not to refurbish to 
passivehaus standard and rely on sustainable 
renewable energy generation from solar panels 
maybe considered as an alternative but with a caveat 
that mounted renewable systems need a substantial 
roof space and a southerly orientation. 

Therefore, a combination of insulating the 
building to passivhaus standard and the predicted 
tendency of increased ambient temperatures due to 
climate change may decrease energy demand. It is 
worthwhile considering that the changes in ambient 
temperatures have adverse effects on increasing the 
rainy season and flooding effects in temperate 
climates, these will need to be considered in 
refurbishment of healthcare buildings 
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ABSTRACT: The study investigated the conditions of thermal and ergonomic comfort during the pandemic and 
periods of social distancing. To achieve this, two housing complexes involved in initiatives led by the Housing 
Department of the São Paulo Municipal Government within the Água Espraiada Joint Urban Operation were 
explored. The first is the Corruíras Housing Complex, and the second is the Jardim Edite Housing Complex. 
Consequently, the research sought answers regarding how socially-oriented housing accommodates thermal and 
ergonomic conditions during periods of social isolation. The methodology involved scrutinizing architectural 
projects to assess how they implemented bioclimatic strategies and addressed ergonomics for daily living 
activities. This was followed by the development and administration of a questionnaire to residents, considering 
functions relevant during periods of social isolation. The conclusion drawn was that these buildings, 
acknowledged for their significance in producing socially-oriented housing, accommodated both scheduled and 
unscheduled activities during periods of social distancing, thereby facilitating adaptations in living during these 
times.  
KEYWORDS: Affordable Housing, Pandemic, Thermal Comfort, Ergonomic, Community.  
 
 

1. INTRODUCTION 
This study investigated the conditions of thermal 

and ergonomic comfort during the pandemic and 
social distancing periods. To do so, two residential 
complexes that are part of the social actions 
promoted by the Housing Department of the 
Municipal Government of São Paulo – SEHAB/PMSP 
were explored within the Água Espraiada Consortium 
Urban Operation: The Corruíras Housing Complex 
(Fig. 1 and 3) designed by Boldarini and Associates 
office between 2008 and 2012, it features 244 
housing units among two different housing types[1] 
and, The Jardim Edite Housing Complex (Fig. 2 and 4) 
designed by MMBB + F+H offices in 2010, it features 
252 housing units among seven different housing 
types, as well school restaurant, basic health unit and 
a nursery [2].  

 

 
Figure 1: Site plan of The Corruíras Housing Complex. 

The housing complexes are nationally recognized 
for their architectural potential in relation to 
accommodating both programmed and community 
activities of living.  

 

 
Figure 2: Site plan of The Jardim Edite Housing Complex. 
 

        
Figures 3 and 4: External view of The Corruíras Housing 
Complex and The Jardim Edite Housing Complex. 

 
Therefore, this research aimed to address its 

central question: how to ensure that social housing 
units consider thermal and ergonomic conditions 
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Therefore, this research aimed to address its 

central question: how to ensure that social housing 
units consider thermal and ergonomic conditions 

 

during periods of social isolation, and address issues 
where the user becomes vulnerable in an atypical 
scenario, understanding that one of the major impacts 
of the pandemic was the increased use of homes for 
work, education, and study purposes [3]. 

The secondary objectives of the research were the 
presentation of the simplified diagnosis of the 
conditions of thermal and ergonomic comfort in times 
of social isolation of the most representative housing 
units of the case studies. It is important to refine new 
projects to prepare homes for the living conditions 
imposed during the COVID-19 pandemic, considering 
the activities within the architectural program. As we 
have witnessed, the design of dwelling spaces has 
undergone transformations throughout history due to 
adaptations necessary to meet sanitary requirements 
[4]. 

 

 
Figures 5 and 6: Example of typical plan of the housing unit 
of Corruíras (unit type 1) and Jardim Edite (unit type 3). 
 
2. METHOD 

The research development was based on data 
collection regarding the historical background of case 
studies, followed by the creation of a photographic 
archive depicting the current situation of the 
complexes, and the collection of project graphic 
materials.  

The next phase involved the development of São 
Paulo's climatic diagnosis. Simultaneously, insolation 
studies of the complexes were conducted to assess 
whether the recommended bioclimatic strategies had 
been incorporated into the projects.  

To evaluate ergonomic comfort, habitual living 
activities were listed, encompassing non-habitual 
activities up to the onset of the pandemic, such as 
remote classes and work. 

The compilation of these stages provided the 
foundation for creating a questionnaire subsequently 
administered to residents of the two complexes. 
Following the questionnaire's implementation, data 
tabulation, result analysis, and conclusions were 
drawn. 
 

3. THERMAL COMFORT: CLIMATIC CONTEXT AND 
DESIGN STRATEGIES 

The city of São Paulo (latitude 23.85°S; longitude 
46.64°W; altitude 792m) is situated in a region with a 
humid subtropical climate (Cfa), according to Köppen 
[5], being characterized by warm-humid summer days 
with predominantly partially cloudy sky and cool and 
drier winter days with predominantly sunny sky. 
Prevailing wind directions are south and northeast 
during the summer months and southwest and north 
during the winter months. Air temperatures are 
moderate for most of the year with an annual average 
of approximately 19°C. Additionally, due to the 
subtropical conditions and the 60 percent annual 
frequency of overcast sky, diffuse radiation in São 
Paulo can reach approximately 50 percent of the total 
global radiation on the horizontal plan along the year, 
therefore, having a significant impact on buildings solar 
gains. 

Lessons resulting from the climatic context, it was 
possible to confirm that the main bioclimatic 
strategies indicated for the city of São Paulo is the 
natural ventilation, shading of openings in hot 
periods and thermal mass for heating [6]. 

 

 
Figure 7: Example of insolation studies of The Jardim Edite 
Housing Complex. 
 

The plots of the complexes feature their largest 
extensions facing the southwest orientation. 
Consequently, both implementations - aiming for the 
best solar relationship - directed the majority of the 
openings of the housing units towards the southwest 
and northeast directions. Considering that the 
northeast facade receives the most sunlight 
throughout the year and being aware of the impact of 
diffuse radiation on the southwest facades, the 
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projects incorporated architectural elements for solar 
protection, such as external blinds, cornices, and 
perforated elements (cobogós), to fulfill the strategy 
of shading the openings. (Fig. 7 to 11) 

For the implementation of the natural ventilation 
strategy, the complexes opted for a set of openings 
with sufficient apertures positioned to facilitate the 
percolation of cross-ventilation. Consequently, all 
areas within the housing units, especially those 
intended for prolonged occupancy, can benefit from 
this strategy. (Fig. 12 and 13) 
 

  
Figures 8 and 9: Architectural elements for shading and 
natural ventilation of The Corruíras Complex- View of the 
main facade featuring openings and perforated elements, 
and view of the common circulation area, emphasizing the 
use of perforated elements. 

 

  
Figures 10 and 11: Architectural elements for shading and 
natural ventilation of The Jardim Edite Complex- View of the 
internal facade featuring openings and view of the common 
circulation area, emphasizing the use of perforated 
elements. 

 

 
Figures 12 and 13: Architectural elements for natural 
ventilation of The Jardim Edite Complex- View of the 
internal facade featuring openings and view of the common 
circulation area, emphasizing the use of perforated 
elements. 

 

These findings aided in formulating the questions 
posed to the condominium residents, operating on 
the premise that only the common uses of dwelling 
were considered in the design development of the 
complexes, without contemplating the simultaneous 
use of spaces by all residents - a factor that increases 
internal thermal load and may worsen discomfort 
conditions due to heat during hot periods but also 
improve thermal comfort during cold periods.  

 
4. ERGONOMIC COMFORT  
The autonomous housing units within the 

complexes encompass spaces intended for communal 
living: a living room, bedrooms, kitchen, dining area, a 
complete bathroom, and an internal service area 
within the autonomous unit equipped with space for 
a washing machine, sink, and clothes-drying area 
(clotheslines). In Brazil, where the demand for 
housing is about 5,9 million households [7], 
particularly for the target population, the complex 
projects aimed to include as many housing units as 
possible. This led to the autonomous spaces being 
designed with sufficient area for their intended use. 
(Fig. 13 and 14) 

 

 
Figure 13 and 14: Internal layout of housing units. 

 
However, during periods of social isolation, the 

use of these living spaces expanded to encompass 
activities not initially envisioned in the projects. This 
included simultaneous usage of spaces by all 
occupants for leisure, work, and remote learning. 

In Brazil, concerning functionality and 
accessibility, there exists a set of laws and regulations 
for building performance and accessibility that ensure 
resident satisfaction during the use and performance 
of daily activities. These instruments provide 
indications regarding the size and shape of rooms, as 
well as minimum ceiling height, and criteria 
regulating the possibility of expanding ground-floor 
units and the functioning of plumbing installations 
considering the potential for simultaneous use, for 
example. 

Regarding ceiling height, the minimum height 
cannot be less than 2.50 meters, except for 
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vestibules, halls, corridors, sanitary facilities, and 
pantries where a reduction to 2.30 meters is allowed. 

There are also normative specifications regarding 
the minimum availability of spaces for the use and 
operation of housing, indicating environments, 
furniture, equipment, and minimum circulation. 

Regarding suitability for people with reduced 
mobility, requirements are related to the necessary 
common and private areas such as: access and full 
use of facilities, limitation of slopes and spaces to 
traverse, use of ramps or elevators, minimum 
corridor and door width, height and position of 
sanitary fixtures, availability of handles and support 
bars, among others. It should also be ensured that 
the floor system for the private area is adapted for 
housing people with physical disabilities or reduced 
mobility. 

The research evaluated housing complexes in 
terms of functionality and accessibility based on 
architectural designs, laws, and regulations, and both 
comply with the criteria and the compilation of data 
helped in the development of the quiz applied to 
residents. 
 
5. SURVEY WITH THE RESIDENTS 

Based on the observations made during the 
project surveys, fieldwork, and analyses, inputs 
emerged for formulating a questionnaire with 
questions intended for the residents. According to 
the Brazilian research code, whenever investigations 
involve human subjects, obtaining approval from the 
national ethics committee is essential. Thus, the 
research project underwent this stage and received 
approval to conduct the survey. 

The questionnaire was developed to obtain 
empirical insights from the inhabitants of the studied 
complexes and to gain an understanding of their 
perception of space in everyday life and during the 
pandemic. Google Forms was used as the platform to 
structure the questionnaire, which consisted of 57 
questions divided into four sections. 

The first section gathered information about the 
users (residents), including questions about: age; 
gender; occupation; disability; place of residence in 
the complex; duration of residence in the complex; 
number of residents in the housing unit and their 
ages; residents' occupations; residents' work and 
study schedules; and residents' work and study 
locations. 

The second section contained questions about the 
housing unit, focusing on the need for additional 
furniture during social isolation; satisfaction level 
regarding: the building (common areas), the housing 
unit (private areas), building location, size of the 
housing unit, room distribution, and size of windows 
and their openings. 

The third section addressed apartment comfort 
with questions about natural ventilation in summer; 
use of blinds and curtains; use of cooling and/or 
heating equipment; frequency of window and door 
openings; artificial light usage patterns; and 
perceived amount of natural light. 

The fourth section was dedicated to the use of 
equipment, appliances, and furniture, inquiring about 
their types, characteristics, and frequency of use in 
the apartment. 

The responses were collected between January 
and February 2022, with 20 questionnaires 
administered per condominium, totaling 40 complete 
responses. 
 
6. RESULTS 

About the housing unit the residents who 
responded to the surveys in Corruíras Complex 
considered the overall project as good to excellent 
(70%), with good dimensions (50%), good to excellent 
conditions for layout disposition (95%), and good 
window opening sizes (70%). The residents who 
responded to the surveys in Jardim Edite Complex 
regarded the overall project as excellent (70%), with 
excellent dimensions (65%), good conditions for 
layout disposition (70%), and excellent window 
opening sizes (80%). (Fig. 15 and 16) 

 

 
Figures 15 and 16: Perception of complex residents 
regarding the housing unit. 
 

The results regarding thermal comfort in the 
warm period, pointed out that most respondents 
consider the temperatures great or good (Fig. 17), 
computing for the housing complex Jardim Edite and 
housing complex Corruíras, respectively 85.0% and 
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88.9% but a significant number of 15.0% and 11.2% 
describes the conditions as bad or very bad. (Fig. 18) 

 

 
 

Figure 17: Corruíras and Jardim Edite perceptions of internal 
temperature in the warm period. 

 

   

 
Figure 18: Corruíras and Jardim Edite perceptions about 
natural ventilation in the warm period. 

 

During the warm season, in Corruíras complex, 
90% of residents keep their windows fully open 
during the morning, and 15% do so during the night; 
27.8% of residents reported solely relying on natural 
ventilation for cooling, 61.1% used artificial fans, and 
11.1% used air conditioning. In contrast, at Jardim 
Edite complex, all residents keep their windows fully 
open during the morning, and 25% do so during the 
night; 20% of residents relied solely on natural 
ventilation, 65% used artificial fans, 15% used air 
conditioning, and 10% utilized air humidifiers. It is 
evident that although a majority of residents consider 
natural ventilation during the warm season as 
excellent to good, they predominantly employ 
various equipment for ambient cooling purposes. 

Regarding thermal comfort during the cold season 
within the Corruíras complex, 27.8% of residents find 
indoor temperatures excellent, 55.6% consider them 
good, 5.6% find them poor, and 11.1% very poor. 
Window seals in this complex are rated excellent by 
58.9% of residents, good by 44.4%, and poor by 
16.7%. Concerning window management, 75% affirm 
opening them in the morning and 70% completely 
closing them at night. The majority of residents 
(94.1%) do not use air heating equipment during the 
cold season, while 5.9% use halogen heaters. 

In Jardim Edite during the cold season, 15% 
consider indoor temperatures excellent, 70% deem 
them good, and 15% find them poor. Window seals in 
this complex are rated excellent by 50% of residents, 
good by 45%, and poor by 5%. Regarding window 
management, 75% stated opening them in the 
morning, while 90% completely close them at night. 

Most residents (64%) do not use air heating 
equipment during the cold season, 21% use halogen 
heaters, and 15% use other types of heating. 

This research showed that during the period of 
social isolation caused by the COVID-19 pandemic, 
spatial changes were made in most of the housing 
units surveyed. The changes were made by the 
residents themselves to adapt the residential spaces 
to house activities not foreseen in the project. 

Only 20% of respondents in both complexes 
indicated they had not made adjustments to their 
apartment furniture. The research demonstrated that 
concurrent use of spaces by all residents led to 
alterations in the majority of residents' internal 
layouts. Adjustments to existing furniture 
arrangements accounted for 57% in Corruíras and 
35% in Jardim Edite. There was a need to remove 
furniture for adaptation during social isolation in 18% 
of Corruíras apartments and 10% of Jardim Edite 
apartments. The addition of furniture occurred in 5% 
of cases in Corruíras and 35% in Jardim Edite – in all 
these instances, residents reported no intention to 
remove the added furniture after the period of social 
isolation. (Fig.19) 

 

 

 
Figure 19: Corruíras and Jardim Edite furniture adjustments 

in the pandemic and social distancing periods. 
 
The spaces utilized for remote learning and study 

activities, common during the studied period, were 
divided among the living room, bedroom, and 
kitchen, with the living room being the most 
frequently used in both complexes. This type of usage 
was not observed in 25% of Corruíras apartments and 
50% of Jardim Edite apartments. (Fig. 20 and 21) 

 

 
 

Figure 20: Corruíras spaces used for remote classes. 
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Figure 20: Corruíras spaces used for remote classes. 
 

 

 
 

Figure 21: Jardim Edite spaces used for remote classes. 
 

For remote work, the most preferred spaces were 
the bedrooms, followed by the kitchen and living 
room. It is important to note that all interviewees 
from the Corruíras complex expressed the need to 
conduct work activities within their apartments, while 
only 15% of those interviewed from the Jardim Edite 
complex did not engage in work activities during the 
period of social isolation. (Fig. 22 and 23) 

 

 

 

 

 
Figures 22 and 23: Corruíras and Jardim Edite spaces used 
for remote work. 

 
7. CONCLUSION 
The results point to the necessity of a more attentive 
approach to address demands for the development of a 
social housing program that encompasses discussions 
on spaces for remote work, study, and leisure activities, 
as well as interactions stemming from concurrent space 
usage. It was observed that dwellings requiring furniture 
removal were precisely those with a higher number of 
residents, including children who had a greater need for 
open spaces. Nevertheless, despite simultaneous use by 
all residents, significant issues of thermal discomfort 
were not reported. Even with intensified internal 

activity, perceptions of comfort during the warm period 
remained favorable. 
Following an analysis of the field survey data, it was 
concluded that the buildings, recognized for their 
significance in social housing production in the city of 
São Paulo, were able to accommodate both planned 
and unplanned activities during periods of social 
distancing, facilitating adaptation in living experiences 
during these times. 
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ABSTRACT: In Brazil, the most populated country in Latin America, approximately 11 thousand favelas (local 
terminology for slums) are the home to around 16 million people (census 2022). The city of Rio de Janeiro (latitude 
23°S) has the largest territory covered by slums in the country - approximately 19%. Given the warm and humid 
conditions of the local climate, natural ventilation and shading are key strategies for thermal comfort in buildings 
throughout the year. In this context, this paper presents a closer look to the reality of the environmental conditions 
in a favela in Rio de Janeiro - Community Morro Azul, focusing on qualitative and empirical evaluations, including 
a photographic record of the built environment, a survey with residents, and indoor measurements in loco. Exposed 
brick walls (without render), small windows and light-weight metal roofs were seen as usual features related to 
the risks of overheating. In the worst-case scenario, measurements in loco showed peak indoor temperatures 
reaching 38°C whilst outdoors was around 28°C. To cope with warm conditions, almost 90% of interviewed 
occupants use mechanical funs, and 37% declared the adoption of air-conditioning. The outcomes from fieldwork 
informed recommendations to improve the thermal resilience of slums residences in Rio de Janeiro, including the 
increase of thermal resistance and reflection of external walls and roofs. 
KEYWORDS: Informal City, Self-Built, Thermal Conditions, Tropical Climate, Fieldwork 
 
 

1. INTRODUCTION 
Since the late 20th century, living in buildings in an 

informal city has become an act of social and 
environmental resilience, given the lack of 
infrastructure as well as the poor quality of the built 
environment. In Brazil, the most populated country in 
Latin America, there are approximately 11 thousand 
favelas, according to the 2022 Census (a 40% increase 
in the number of people living in slums in the country, 
since the last census in 2010), being the home to 
approximately 16 million people and 6.6 million 
households [3].  

The city of Rio de Janeiro (latitude 23°S) has the 
largest territory covered by slums in the country, with 
the percentage of informal households in favelas (local 
terminology for slums) of approximately 19%, 
accounting for 763 favelas [3]. Given the predominant 
warm and humid conditions of the Rainy Tropical 
Climate (Aw - Savannah Climate, under the Koppen 
climate classification), constant natural ventilation 
accompanied by shading are key building design 
strategies for thermal comfort in Rio de Janeiro 
throughout the year [5]. 

In this context, this paper presents a closer look to 
the reality of the environmental conditions in a favela 
in Rio de Janeiro called Community Morro Azul, 
focusing on qualitative and empirical evaluations, 
including a photographic record of the built 
environment, a survey with residents, and indoor 
measurements in loco. This work is part of a series of 
papers about the environmental conditions of the 

informal city in Brazilian cities, published by the same 
research group in PLEA 2014, 2018 and 2022 [2, 4, 6]. 
 
2. CLIMATE 

The city of Rio de Janeiro (latitude 22.91°S; at sea 
level) is in a region of tropical savanna climate (Aw) 
within proximity to an area of tropical 
monsoon climate (Am) [5]. This is essentially a warm 
and humid climate during the whole year round. The 
average annual temperature is 23.6°C. February is the 
hottest month with an average minimum temperature 
of 24°C and average maximum of 31°C.  

The highest relative humidity occurs in March 
(82%) and the lowest in November (73%). The average 
hourly horizontal global solar irradiation in the 
summer is around 960 W/m2, falling to 590 W/m2, in 
the coolest month. Given the predominant warm and 
humid conditions, constant natural ventilation 
accompanied by shading are key design strategies for 
thermal comfort in Rio de Janeiro (RJ) during the whole 
year. Because of the significance of global radiation, 
attention should be put into the thermal resistance of 
the building envelope, particularly regarding solar 
gains from the roof. In addition, it is a hypothesis of 
this research that thermal mass can assist in 
moderating high temperatures, especially if coupled 
with night-time ventilation.  
 
3. CASE STUDY: COMMUNITY MORRO AZUL 

Located in the south zone of the city of Rio de 
Janeiro, among the neighborhoods Flamengo, 
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3. CASE STUDY: COMMUNITY MORRO AZUL 
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Figures 1a and 1b: Above - Aerial view of Community Morro 
Azul, Rio de Janeiro. Photo: Google Earth. Below – Map of the 
location of Morro Azul with its vicinities (in red – case-study 
residential building).  
 
4. RESEARCH METHODS 
        Fieldwork in the case study of the Community 
Morro Azul included three complementary activities: 
technical assessment of photographic record of the 
built environment; survey with the residents; and 
measurements in loco of the thermal conditions in a 
typical residential building. 
 
5. PHOTOGRAPHIC ASSESSMENT  
5.1 Methodological approach 

A technical assessment of more than 100 
photographs taken between 2020 and 2023 was 
carried out, highlighting positive and negative building 

features for the indoor environmental conditions, 
following the experience of the precedent project for 
the UN Habitat [4]. This assessment created the basis 
for refurbishment guidelines of residential units, 
contemplating specific, but replicable and technically 
simple modifications of materials and building 
components, aiming for better internal thermal 
conditions. The existing positive environmental 
building features as well as the problematic ones were 
systematized as Adequate Existing Characteristics and 
In Need for Interventions. Both (positive and negative) 
features informed the formulation of an initial list of 
recommendations for the self-built refurbishment of 
those homes.  

This initial critical assessment of the favela 
buildings was drawn from principles of environmental 
design, applicable to the local tropical climate and 
included mainly: 1. The thermal properties of the 
construction (meaning the insulation of the building 
fabric – U value); 2. General treatment of facades and 
roofs (color and shading); and 3. Apertures for 
ventilation (type, size and location). In this paper, two 
reference cases were selected to exemplify the 
applicability of such environmental technical 
assessment, covering a range of features and issues 
associated with the self-built practice, commonly 
found in the local built environment. 

 
5.2 Reference Cases 

Case-Study 1: Alley Buildings (Fig. 2): 
 

 
Figure 2: Case-Study 1 – Alley Building. Typical narrow street 
in Community Morro Azul, RJ. Photo: P. Paixao. 
  

Adequate Existing Features (circled in blue): (1) 
Windows of different sizes and aperture types, 
facilitating natural ventilation and occupants’ control. 
The “maximum-air” aperture at the top level of the 
windows increments stack effect; (2) Lower floors are 
shaded by the front buildings, mainly, and by narrow 
horizontal elements. 
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In Need for Interventions (circled in red): (1) 
External walls rendered with cement and unpainted – 
at the top floors (unobstructed), these facilitate heat 
gains mainly from impinging solar radiation due to 
high U values and high solar absorption; (2) Narrow 
canyon - limits the view of the sky and daylight access, 
in addition to restricting air movement between 
buildings. However, it results in a significant shaded 
façade area, particularly on the lower floors; (3) Small 
overhang is not enough to shade the window below 
for most of the sun hours on the facade; (4) External 
bare solid brick or hollow ceramic block walls - these 
facilitate heat gains mainly from impinging solar 
radiation and temperature difference due to its high U 
Value (Heat Transfer Coefficient), besides reducing 
daylight in the space between buildings; (5) Small and 
unshaded windows hindering natural ventilation, 
whilst allowing direct solar gains. 

Case-Study 2: Main Street Buildings (Fig. 3): 
 

 
Figure 3: Case-Study 2 – Main Street Buildings. Typical main 
street in Community Morro Azul, Rio de Janeiro. Photo: P. 
Paixao.  
   Adequate Existing Features (circled in blue): (1) As in 
the previous case - windows of different sizes and 
aperture types, facilitating natural ventilation and 
occupants’ control. The “maximum-air” aperture at 
the top level of the windows increments stack effect; 
(2) External walls rendered and painted in light colors 
– an effective strategy to reduce solar gains through 
the building fabric; (3) Shaded terraces - the 
suspended metal roofs reduce a portion of the direct 
solar gains onto the last floor slab; (4) Metal roofs 
painted in light colors reflect over 85% of the 
impinging horizontal solar radiation, approximately, 
protecting the terraces (occupable open spaces) and 
the slabs from direct solar gains.  
     In Need for Interventions (circled in red): (1) 
External walls rendered and unpainted - as in the 
previous case study; (2) External bare solid brick or 

hollow ceramic block walls: as in the previous case 
study; (3) Small overhang: as in the previous case 
study; (4) Metallic roof in natural grey color and 
without an internal slab, leading to significant 
amounts of solar gains to the room below, due to the 
high U value; (5) Unobstructed external façades in dark 
colors, increasing solar absorption into the rooms; (6) 
Terraces enclosed with unshaded large windows, 
transforming originally shaded open spaces (often 
exposed to wind) into indoor spaces with high 
concentrations of solar gains (also due to the thermally 
weak roof component) and limited exposure to air 
movement; (7) the use of air conditioning regardless 
the façade material. 
 
5.3 Key findings 

The completed sample of referential cases 
indicates a few common features that characterize the 
self-built environment of the favela Comunidade 
Morro Azul in Rio de Janeiro (known to be the same 
across other informal settlements in the city). In this 
context, the most common features that contribute to 
the risk of overheating are presented below alongside 
initial recommendations derived from this 
environmental critical assessment:  

Lack of facade treatment: Hollow ceramic or 
concrete bricks and, occasionally, solid earth brick 
walls without external rendering or paint. This results 
in reasonably high U values and high absorption that 
facilitate solar gains through the fabric. 
Recommendation: External rendering acts reducing 
heat gains from impinging solar radiation and high 
temperatures (above 30 to 320C) through walls, whilst 
adding material protection against the typical 
intensive tropical sun and rain. Guidelines from local 
building standards say: External walls – light-weight 
and of reflective color, U Value ≤ 3,60 W/m2.K; Roofs - 
light-weight and of external reflective color, U Value ≤ 
2,30 W/m2.K. The U value of bare solid bricks is 3,70 
W/m2.K (close to the local standards), whereas the 
perforated ceramic brick without render is 
2.93  W/m2.K, going down to  2,48 W/m2.K with 
external render.  

Small windows: insufficient window apertures for 
effective natural ventilation, particularly during the 
warm periods of the year. Often, the same 
standardized aluminum-based frame windows, 
generally used for social housing developments across 
the country, is commonly adopted here. Guidelines 
from local standards say: Window apertures > 40% of 
the room floor area; shading of all apertures and cross 
ventilation in all rooms for the whole year. Despite its 
general use across the country, technical studies have 
proved its inefficiency to provide the required air 
changes for natural cooling, according to the local 
standards [5]. In addition, windows are often without 
external proper shading. Recommendation: The 
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informality of the self-built practice also generates a 
range of window types, including those with wider 
apertures (although these are less common), which 
should be encouraged, with the addition of external 
shading, such as louvers and awnings (Figure 4).  

Metal Roofs: When covering open terraces with 
single metal sheets, such thermally fragile roof 
component poses threat to thermal comfort due to 
the transmittance of long-wave heat irradiation. 
Furthermore, the geometry of such roofs still allows 
direct solar penetration in terraces, which are usually 
bare concrete slabs that transmit solar gains to the 
rooms below (Fig. 4). In the worse cases, rooms are 
covered directly with metal sheets, without the slabs, 
increasing solar gains. Guidelines from local standards 
say that roofs should have ventilated cavities. 
Recommendations: Metal roof sheets with external 
light-colored paint, increase thermal resistance of 
terrace slabs with the insertion of thermal insulation, 
for example. 

 

 
Figure 4: Range of window and roof types found in 
Community Morro Azul. Diagrammatic sketches drawn from 
the photographic record. 
 
6. RESIDENTS’ SURVEY  

A questionnaire regarding the general perception 
of the built environment as well as the internal 
conditions was applied to over 100 residents, including 
topics of thermal, acoustic, and visual comfort and 
health conditions associated with solar access and 

fresh air. Despite the technical focus of this research 
on thermal conditions, the residents’ survey was an 
opportunity to capture a more holistic perspective of 
the occupants, to improve the final recommendations 
for refurbishment. The responses to eight key 
questions are presented in Figure 5.   

Initially, half of the interviewed people declared 
that their homes are generally warm during the year. 
This is related to incoming solar gains, due to a general 
lack of solar protection (96%) on windows and poor 
ventilation (65%). On the other hand, the majority 
(63%) finds their homes drafty in the cooler days, 
pointing out to leaky window frames. Regarding other 
cooling strategies, 52% of the residents interviewed 
have air-conditioning machines – a significant amount. 
In addition, the great majority declared to have 
mechanical funs - a low energy strategy to increase 
thermal comfort by increasing air movement. With 
respect to other qualities, according to the residents 
interviewed, the majority of the houses are not dark 
during the day but are noisy – an issue that imposes 
challenges to the improvement of natural ventilation. 

 
 

 
 
 

 
Figure 5: Results from 8 questions extracted from the 
questionnaire applied in the Community Morro Azul. 
 

In parallel to that, more in-depth conversations 
with some residents gave insights into people’s 
resilience and their ability to adapt to discomfort and 
challenging environmental conditions, following the 
Story-telling methodology [8]. On an individual level, 
the conversations revealed personal preferences and 
strategies to adapt to discomfort. For example, in the 
case of the resident (Fig. 6a) who feels rather 
thermally uncomfortable and declares the wish to live 
with the air conditioning on (if affordable), however, 
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only turns it on during very hot nights, because the 
other resident absolutely dislikes air conditioning. 

 

Figures 6a and 6b: Left: External view of the house - Right: 
The alley houses Photos: P. Paixao. 

On another situation, a resident that lives in an 
alley (Fig. 6b) complaint about mold in the internal 
walls all year round and the frequent health problems 
because of excessive humidity. In this case, high 
internal humidity levels can be associated with 
restricted air changes and lack of solar access. For 
another resident, his house is warm all year round, 
situation that became worse with a wall built by the 
neighbor, blocking the east breeze from Guanabara 
Bay (Fig. 7a and Fig. 7b). 

 

         

Figures 7a and 7b: Left: space between houses before the 
construction of the neighboring wall. Right: after the wall 
that blocks the east breeze. 
   
7. MEASUREMENTS IN LOCO 

A particular aspect of Morro Azul is the replicability 
of the housing typology - a 40 m² two-story building 
with two bedrooms, a living room, a kitchen and a 
bathroom, being different from other favelas that 
follow a slightly more random self-construction layout 
(Fig. 8 and Fig. 9). The case-study house is located at 
the top of the hill, without any major obstruction, with 
windows oriented towards North - capturing most of 
the annual solar radiation, and East.  In this case, the 
external walls (U value = 2.37 W/m².K) were 
completely rendered and painted in light color, the 
terrace is covered with the typical metal sheet roof 
and windows follow the standardized aluminum frame 
model, with different sizes in different rooms, being 
the larger one in the living room (with four glass panels 
– two sliding, plus smaller top openings).  A family of 5 
people live in the house.  One of them spend the week 

days out for work and comes back home at night. The 
others spend most of the time usually at home. 

 

 

Figure 8: Floor plans of the case-study house 
 

 

Figure 9: The case-study building. Photo: Google Maps. 

Measurements in loco of the thermal conditions 
were taken during a summer and a winter period of 
three weeks, in three rooms, being the living room, 
facing west and one bedroom in the 1st floor, and 
another bedroom in the 2nd floor, both facing east. In 
this paper, the results of one day of measurements 
during the summer period, February 27th, 2023, were 
selected to illustrate the worse existing thermal 
conditions in the house (Fig. 10 and Table 1).  

Whilst peak external temperatures stay around 
28°C, all rooms surpass the higher limit of the comfort 
zone during most of the day. The top floor bedroom, 
with windows closed (due to no occupation), shows 
temperatures as high as 38°C. In the first floor, the 
bedroom, which is closed during the day, has peak 
temperatures around 34°C, whilst in the living room, 
in the same floor, peak temperatures stay around 31°C 
In the covered (metallic sheet) roof terrace, 
temperatures reach 33°C, showing that the 
microclimate in the favela is warmer than in the 
closest meteorological station. This is probably caused 
by the transmitted irradiation through the roof, 
coupled with limited air movement.  

At night, the indoor temperatures drop to close or 
below the limit of the comfort zone (ASHRAE 55). The 
high temperatures in the bedrooms are associated 
with the absence of natural ventilation, coupled with 
excessive solar gains, which are even more significant 
on the terrace slab, despite the metal sheet roof. In the 
worst case (2nd floor bedroom) the peak temperature 
is 10°C higher than the outdoor. Indoor temperatures 
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drop at night due to windows open because of 
occupation, but still remain reasonably high, close to 
the top of the comfort zone, around 5°C higher than 
the outside and possibly being comfortable to sleep. In 
the nighttime situation, when indoor temperatures 
are around 28-29°C, the use of fans (a popular 
adaptive strategy identified in the residents’ survey, is 
proved to be an effective means to improve the 
thermal conditions. 

 
Figure 10: Indoor and outdoor temperatures in different 
rooms the case-study building, during the 27th of February - 
a summer day. 

Table 1: Internal Temperatures of rooms in the residential 
case-study building, showing the maximum and minimum 
temperatures in three rooms, alongside the respective DT of 
space room, in the hottest day of summer period of 
measurements, February 27th, 2023. 
 

  HOUR MAX. 
TEMP. 

°C 

HOUR MIN. 
TEMP. 

°C 

T 
°C 

Living 
Room 

14:30 31,5 06:45 27,2 4,29 

Bedroom 
1st floor 

12:15 33,8 07:00 27,5 6,30 

Bedroom 
2nd floor 

12:00 38,0 06:45 27,2 10,7 

Roof top 
terrace 

13:15 33,1 02:15 25,1 7,49 

INMET 12:00 28,2 01:00 22,5 5,70 
 
8. FINAL CONSIDERATIONS 

By bringing together a technical analysis of physical 
aspects of the built environment (by means of 
photographs), with views of the residents and 
measurements in loco of a typical unit, this research 
project identified specific aspects for improvement, 
whilst also considering the occupants’ preferences and 

abilities to adapt and adjust their environmental 
conditions. A systematic compilation of the outcomes 
from all three phases of the fieldwork informed the 
elaboration of effective physical interventions to 
improve the thermal resilience of residential buildings 
in slums in the tropical city of Rio de Janeiro.  

From the fieldwork, a few common features that 
dominate the self-built environment of Community 
Morro Azul (and most of the favelas in Rio de Janeiro) 
and contribute to the potential of overheating 
(identified in the case-study of the fieldwork, with 
internal temperatures up to 10o higher than the 
outside in the extreme case) are: 1. Lack of façade 
treatment, revealing ceramic or solid earth brick walls 
without external rendering and paint. External 
rendering is one of the main advisable strategies to 
reduce heat gains from impinging solar radiation on 
walls, whilst adding material protection against the 
typical tropical rain; 2. Predominance of reasonable 
small windows (the same standardized aluminum 
frames used for social housing developments across 
the country), with inefficient opening for the 
necessary ventilation; and 3. When covering open 
terraces with metallic sheets, the negative impact of 
such thermally fragile roof construction can still pose a 
threat to thermal comfort due to long-wave heat 
irradiation, if not painted in light color. 

Looking forward, the outcomes from the fieldwork 
also informed the elaboration of analytical scenarios in 
which designed alterations of different features of the 
existing residential building were tested and 
compared, including alternatives for the treatment of 
external walls, roofs and different sizes and solar 
protection on windows. Such analytical studies are the 
subject of future publications.  
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3.3. Re-thinking resilience through renovations and adaptations 
of buildings and spaces (including cultural and natural heritage 
retrofitting, methods to improve performance of existing 
buildings and spaces)
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ABSTRACT: Energy policy has a significant impact on the state of the environment and, therefore, on residents' 
health and life expectancy, especially in highly urbanized areas. Reducing emissions is currently one of the 
necessary actions that must be taken at the scale of individual countries to ensure sustainable development. The 
article aims to indicate the best ways to develop energy policy by assessing development scenarios in terms of 
extending the life of city residents. This study proposes an advanced methodology for assessing development 
strategies by integrating the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)  and 
incorporating them into a multicriteria decision-making (MCDM) support system. The TOPSIS model allowed for 
the illustration of the features of many criteria and the identification of relationships between ways, allowing for 
selecting the best way to develop energy policy. 
KEYWORDS: public health, extending the life of residents, sustainable energy policy of countries 

1. INTRODUCTION
Sustainable development of urban areas is a 

growth pattern that will meet residents' current and 
future needs while protecting the natural environment 
[1]. Therefore, the international community has 
undertaken several activities to assess the impact of 
emissions on the environment and the quality of life 
and health of residents while attempting to measure 
indicators and parameters enabling their 
implementation [2]. The sustainable development 
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2018 and based on the report of the Stiglitz-Sen-
Fitoussi Commission, including the measurement of 
economic and social performance [4], require an 
expansion of the set of parameters and indicators used 
to monitor progress while focusing on a small number 
of indicators appropriate for all countries. 
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types of capital by addressing the many interactions 
that shape sustainable development and sustain 
future prosperity (natural, human, social, and 
economic capital).  

A factor that directly impacts residents' quality of 
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energy certification and the modernization and 
renovation of energy-inefficient buildings in the 

construction and architecture sector. The success of 
the energy transformation, despite the top-down 
guidelines of the European directive, depends mainly 
on the individual actions of local authorities and 
property owners and the investment financing policy. 
The essential factor applies to almost all existing 
residential buildings that do not meet the increased 
requirements for new buildings, including emission-
free standards [5]. An important factor in activities for 
sustainable development is energy, including new 
concepts of its development and the assessment of 
existing energy systems in terms of their compliance 
with the principles of sustainable energy development 
[6].  

Access to clean energy positively impacts societies, 
and over-extraction of fossil fuels and population 
growth are accelerating climate change and 
environmental degradation. Implementing an energy 
policy that rationalizes energy consumption while 
increasing the share of renewable energy is a way to 
find a balance between energy's positive and negative 
impact on society [7, 8]. The consequences of the 
transition to sustainable and clean energy for energy 
security and its impact on society are issues that have 
not been sufficiently researched. 

The energy sector can now be assigned two 
strategic functions [9, 10]. The first concerns the 
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stability and efficiency of the energy system. Its 
strength is necessary for the implementation of most 
economic processes, and any deficit reduces the 
population's level and quality of life and slows 
economic growth. The second function concerns 
environmental protection [9, 10, 11]. Improving the 
quality of the environment corresponds to the rational 
use of clean energy based on renewable energy 
sources. Sustainable consumption and resource-
saving associated with clean energy improve the 
quality of life. The state's energy policy plays a key role 
here, promoting clean energy and reducing social 
inequalities, undoubtedly enhancing the quality of life 
[12, 13]. 

Research on the relationship between energy 
systems and society's quality of life is a fundamental 
element in creating a framework for the effective and 
efficient implementation of sustainable energy policy. 
Nadimi et al. [7] analyzed data on the quality of life 
index as a function of final energy consumption per 
capita, establishing a strategy of actions to reduce 
poverty, CO2 emissions, and a sequence of increasing 
energy consumption for three types of countries: pre-
development, developing and developed. In this 
research, the authors proposed energy consumption 
sequences and their priorities for individual groups of 
countries, which fulfills one of the key postulates 
related to the rationalization of energy consumption. 
Adeeb et al. [14] have created a model to support 
policymakers and relocation analysts in assessing the 
performance of smart cities and setting performance 
improvement targets to transform urban 
development towards a more sustainable, resilient, 
and livable pattern. Chen and Dagestani proved that 
the development of clean energy contributes to the 
low-carbon development of smart cities based on 
research on existing smart city pilot projects that 
significantly impact energy security and sustainable 
development [15].  

Wang et al. [16] traced the direction of causality 
between CO2 emissions, renewable energy 
consumption, the linear and circular economy, and 
globalization, revealing that economic growth and 
globalization increase CO2 emissions intensity. On the 
other hand, using renewable energy sources helps to 
increase environmental integrity [17]. Renewable 
energy development in accordance with the concept 
of a circular economy should be based on the locality 
of energy production and consumption. Installations 
enabling energy recovery from waste require their 
transport, which also translates into an increased 
carbon footprint [18]. 

Implementing the energy transformation in 
practice requires coordinated actions, which should be 
included in the energy policy framework. Energy policy 
may concern various stakeholders depending on the 
scale of the investment and the type of activities 
undertaken. Based on the European Green Deal 

framework agreement, an energy policy at the 
European Union level was adopted in 2021 [19]. These 
issues are also managed within national policies and 
those adopted for smaller areas. These may be 
administrative units such as regions or provinces, but 
non-governmental organizations may also refer to the 
issue of local energy policy. As research shows, 
unfortunately, the level of stakeholder awareness of 
the need to consider activities supporting the energy 
transformation is still low in some communities. That 
applies to people representing both public 
administration and the social sector [20]. Other 
studies have shown that participants' level of 
awareness in the energy transformation process is 
crucial for their support of systemic activities in the 
field of renewable energy [21]. To convince these 
stakeholders to make an effort to transform the 
existing system, data-verified knowledge is needed 
about the extent to which a sustainable energy system 
is related to society's quality of life. Mainly since 
investments in the renovation and modernization of 
buildings will be individually financed, despite the 
systemic support from financial institutions, which, 
due to the very high costs of such projects, may be 
associated with a decline in the quality of life and even 
impoverishment and homelessness of a large part of 
the population. Global benefits are difficult to 
translate into individual benefits in the initial phase of 
transformation, requiring lifestyle changes and 
investments with an organizational dimension that 
exceeds the capabilities of many people. The problems 
that will arise in implementing the energy 
transformation are multi-threaded, as they concern 
technical, social, organizational, and legal issues 
related to, among others, property rights. 

Integrating renewable energy into the 
conventional grid is another key development benefit. 
Blasi et al. [22] note that such integration increases the 
ability to implement emission reduction programs, 
ultimately allowing for achieving sustainable 
development and decarbonization goals. Including 
renewable energy sources in cities can also reduce 
electricity production costs [23].  

Analyzing the available literature, it was noticed 
that there was a need to undertake research aimed at 
assessing policies based on various criteria, which 
would be focused on criteria related to the life and 
health of residents and the implementation of 
sustainable energy activities. Hence, the article aims to 
identify the development path based on the criteria 
that have the most significant impact on residents' 
health and life extension in the sustainable energy 
policy of countries. 
 
2. MATERIALS AND METODS 

In implementing the objectives of the European 
Union's sustainable energy policy, the level of 
implementation in individual countries should be 
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2. MATERIALS AND METODS 

In implementing the objectives of the European 
Union's sustainable energy policy, the level of 
implementation in individual countries should be 

 

assessed, considering the use of RES, which affects 
residents' quality of life, particularly health and life 
expectancy. Such an assessment should also guide 
decision-makers on which actions are most effective 
and which actions in their countries may still have the 
potential to be exploited. To carry out such an 
assessment, the article used data for 27 EU countries 
available in [2], which were assessed using the TOPSIS 
method, known for its multi-criteria decision-making 
methods. The criteria that were adopted to analyze 
and evaluate the activities of individual countries are 
as follows: 

 Climate related economic losses [Euro per 
inhabitant] – A1 

 Share of renewable energy in gross final 
energy consumption by sector (Renewable 
energy sources in electricity) [%] – A2 

 Share of renewable energy in gross final 
energy consumption by sector (Renewable 
energy sources in heating and cooling) [%] – A3 

 Health impacts of air pollution [Years of life 
lost] – A4 

 Premature deaths due to exposure to fine 
particulate matter (PM2.5) [Premature death 
– Rate] – A5 

 Population change - Demographic balance and 
crude rates at national level [Number] – A6 

 GDP per capita in purchasing power PPS 
[Volume indices of real expenditure per 
capita] – A7 

 GDP and main components (output, 
expenditure, and income) [Current prices, 
million Euro] – A8. 

The values of the criteria adopted for the analysis 
describing health effects, premature deaths, and 
demographic changes for selected EU countries are 
summarized in Table 1. Table 1 contains information 
for five countries for which the value of the A5 
criterion was the lowest and five for which it was the 
highest. 

In their research, the authors used the technique 
of order preference by similarity to ideal solutions, 
called TOPSIS (Technique for Order Preference by 
Similarity to Ideal Solution) [24, 25]. The TOPSIS 
method is a well-known multi-criteria decision support 
method that evaluates solution variants about the 
ideal solution [26, 27]. The main idea of this method is 
to calculate the distance of each solution from the 
optimal solution, then determine the similarity indices 
of individual solutions, and finally create a ranking of 
the evaluated solutions based on the ranking 
coefficient described in Equation (1): 
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��
�

��
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The distance 𝑑𝑑�� was determined from Equation (2): 
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and the distance 𝑑𝑑�� from Equation (3): 

                           𝑑𝑑�� = �∑ �𝑣𝑣�,� − 𝑣𝑣���
��

���                        (3) 

 
The variables 𝑣𝑣�� and 𝑣𝑣�� used in Equations (1) and (2) 
are values that describe the ideal and opposite 
solutions in the light of the j criteria adopted for the 
analysis. Typically, solutions are ranked in the order of 
decreasing values of the R coefficient assessment. 
 
 
 
Table 1: Values of criteria describing health for selected EU 
countries.  
 

Country 

Criteria 

A4 [Years 
of life lost] 

A5 
[Premature 

death – 
Rate] 

A6 
[Number] 

FIN 1 862 3 5 517 919 
SWE 5 254 5 10 230 185 
EST 938 6 1 324 820 
IRL 7 165 12 4 904 240 
LUX 1 084 15 613 894 
GRC 94 763  88 10 724 599 
HUN 98 819 89 9 772 756 
POL 452 460 94 37 972 812 
ROU 217 526 95 19 414 458 
BGR 106 671 142 7 000 039 

 
3. RESULTS 

An assessment of the EU's sustainable energy 
policy using the TOPSIS method was carried out for the 
research. The method required defining weights for 
individual criteria A1-A8, which were determined 
based on experts' opinions on sustainable 
development, energy policy, and human health. The 
weight values are presented in Table 2. 

 
Table 2: Weight values for individual evaluation criteria. 
 

 Criteria Ai /Weight Wi 

A1/0.10 A2/0.20 A3/0.15 A4/0.15 
A5/0.16 A6/0.08 A7/0.05 A8/0.06 
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Figure 1: Assessment of energy policy based on the value of 
the ranking coefficient R. 

 
Then, in accordance with the algorithm of the 

proposed method, the ideal and opposite solutions 
were identified. In the next step, the distances of 
individual EU countries from these two solutions were 
determined and the ranking coefficient R was 
calculated. The assessment of the activities of 
individual EU countries in the field of sustainable 
energy planning, with particular emphasis on health 
factors, was presented graphically in Figure 1. The 
results show that Finland, Sweden, and Estonia have 
the best energy policies in terms of the analyzed 
criteria. However, the countries with the worst results 
are Bulgaria, Poland and Belgium. This study provides 
valuable information to decision-makers and can 
contribute to their decision support systems; the 
proposed methodology can effectively evaluate and 
rank existing alternatives. 

The TOPSIS method was used to assess the EU's 
sustainable energy policy in the context of residents' 
health and quality of life, supporting multi-criteria 
decision-making. The method is widely used in solving 
decision-making problems in the field of economics 
[28, 1], spatial management [29], sustainable 
development [27], planning energy and clean energy 
[30] and many others. Using this method allowed the 
definition of energy policy criteria that have the most 
significant impact on the quality of life of residents and 
the identification of those countries whose actions 
contribute to improving the quality of life. 

 
4. DISCUSSION 
Continuous investments and political actions are 

needed to guarantee sustainable development and 
constant improvement of residents' quality of life. In 
their study of pilot cities, Chen and Dagestani used 
clean energy generation as the dependent variable, 
measured by the weight of electricity consumption in 
cities and provinces and the number of installed clean 
energy generators at the provincial level [15]. In their 
article, Abu-Rayash and Dincer presented a 
comprehensive smart city model and an integrated 
system based on renewable energy to achieve carbon 
neutrality in the city. The results showed a strong 

correlation between the governance index and energy 
and environmental indicators [31]. 

There is limited research on how implementing 
smart city solutions may lead to additional benefits 
and/or trade-offs in achieving the SDGs [23]. 

The research results on the classification of 
individual countries can only be treated as an 
intermediate material for improving energy policies in 
other countries. The environmental conditions and, 
consequently, the energy potential for particular types 
of renewable energy differ significantly between 
European regions. Additionally, social differences, 
including the level of environmental awareness or 
attitudes and the level of acceptance of specific 
activities, vary between communities in the European 
Union. Identifying those countries that can be 
described as exemplary in implementing the energy 
transformation should be treated only as a place to 
look for good examples. Solutions proven in one 
Member State do not have to be adapted in precisely 
the same way in another country. It seems more 
reasonable to look for qualitative relationships linking 
the change in energy systems with the quality of life in 
society. Quantitative research answered the question 
of where it can obtain patterns to effectively link 
energy transformation with improving society's quality 
of life. The results of qualitative research may answer 
the question of how to carry out an effective 
transformation. 

Multi-criteria analysis is successfully used to assess 
and solve a wide range of problems described by many 
criteria, which is constantly developing and expanding 
to include the use of, for example, a fuzzy criteria 
evaluation system, new approaches to weighting or 
determining the final hierarchy of proposed solutions 
[32, 33, 34]. Taking into account the use of the TOPSIS 
method to support decision-making processes related 
to sustainable energy policy, the following activities 
were carried out: research on identifying the most 
appropriate types of renewable energy sources 
depending on the analyzed regions [35], studies on the 
efficiency of various types of renewable sources [36], 
or identifying barriers related to the introduction of 
energy from renewable sources into the energy 
system [37]. 

 
5. CONCLUSION 

As a result of the analyses, EU countries were 
identified where energy policy was implemented to 
improve the quality of life of residents and, at the 
same time, followed a sustainable development path. 
These countries include Finland, Sweden, and Estonia. 
However, the countries with the worst results are 
Bulgaria, Poland and Belgium. Based on the research 
results, it is possible to establish a new approach to 
ranking decision variants for a set of energy policy 
development arrangements supporting the decision-

606



 

 
Figure 1: Assessment of energy policy based on the value of 
the ranking coefficient R. 

 
Then, in accordance with the algorithm of the 

proposed method, the ideal and opposite solutions 
were identified. In the next step, the distances of 
individual EU countries from these two solutions were 
determined and the ranking coefficient R was 
calculated. The assessment of the activities of 
individual EU countries in the field of sustainable 
energy planning, with particular emphasis on health 
factors, was presented graphically in Figure 1. The 
results show that Finland, Sweden, and Estonia have 
the best energy policies in terms of the analyzed 
criteria. However, the countries with the worst results 
are Bulgaria, Poland and Belgium. This study provides 
valuable information to decision-makers and can 
contribute to their decision support systems; the 
proposed methodology can effectively evaluate and 
rank existing alternatives. 

The TOPSIS method was used to assess the EU's 
sustainable energy policy in the context of residents' 
health and quality of life, supporting multi-criteria 
decision-making. The method is widely used in solving 
decision-making problems in the field of economics 
[28, 1], spatial management [29], sustainable 
development [27], planning energy and clean energy 
[30] and many others. Using this method allowed the 
definition of energy policy criteria that have the most 
significant impact on the quality of life of residents and 
the identification of those countries whose actions 
contribute to improving the quality of life. 

 
4. DISCUSSION 
Continuous investments and political actions are 

needed to guarantee sustainable development and 
constant improvement of residents' quality of life. In 
their study of pilot cities, Chen and Dagestani used 
clean energy generation as the dependent variable, 
measured by the weight of electricity consumption in 
cities and provinces and the number of installed clean 
energy generators at the provincial level [15]. In their 
article, Abu-Rayash and Dincer presented a 
comprehensive smart city model and an integrated 
system based on renewable energy to achieve carbon 
neutrality in the city. The results showed a strong 

correlation between the governance index and energy 
and environmental indicators [31]. 

There is limited research on how implementing 
smart city solutions may lead to additional benefits 
and/or trade-offs in achieving the SDGs [23]. 

The research results on the classification of 
individual countries can only be treated as an 
intermediate material for improving energy policies in 
other countries. The environmental conditions and, 
consequently, the energy potential for particular types 
of renewable energy differ significantly between 
European regions. Additionally, social differences, 
including the level of environmental awareness or 
attitudes and the level of acceptance of specific 
activities, vary between communities in the European 
Union. Identifying those countries that can be 
described as exemplary in implementing the energy 
transformation should be treated only as a place to 
look for good examples. Solutions proven in one 
Member State do not have to be adapted in precisely 
the same way in another country. It seems more 
reasonable to look for qualitative relationships linking 
the change in energy systems with the quality of life in 
society. Quantitative research answered the question 
of where it can obtain patterns to effectively link 
energy transformation with improving society's quality 
of life. The results of qualitative research may answer 
the question of how to carry out an effective 
transformation. 

Multi-criteria analysis is successfully used to assess 
and solve a wide range of problems described by many 
criteria, which is constantly developing and expanding 
to include the use of, for example, a fuzzy criteria 
evaluation system, new approaches to weighting or 
determining the final hierarchy of proposed solutions 
[32, 33, 34]. Taking into account the use of the TOPSIS 
method to support decision-making processes related 
to sustainable energy policy, the following activities 
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5. CONCLUSION 

As a result of the analyses, EU countries were 
identified where energy policy was implemented to 
improve the quality of life of residents and, at the 
same time, followed a sustainable development path. 
These countries include Finland, Sweden, and Estonia. 
However, the countries with the worst results are 
Bulgaria, Poland and Belgium. Based on the research 
results, it is possible to establish a new approach to 
ranking decision variants for a set of energy policy 
development arrangements supporting the decision-

 

making process that reflects concern for the health of 
residents. 

Assessment methods based on variant ranking are 
easy to implement, and the potential of the TOPSIS 
method is noticeable, which is confirmed by the large 
number of applications of the approach to solving 
practical problems. It is worth emphasizing that the 
proposed method can be the basis for creating a 
hybrid approach combining, for example, a fuzzy 
method of assessing individual solutions and 
information entropy to determine the importance of 
weights. 
 
REFERENCES  
 
1. Ahmadi, Z., Dehaghi, M. R., Meybodi, M. E., Goodarzi, M., 
& Aghajani, M., (2014). Pollution Levels in Iranian Economy 
Sectors Using Input-output Analysis and TOPSIS Technique: 
An Approach to Sustainable Development. Procedia - Social 
and Behavioral Sciences, 141: p. 1363–1368.  
2. Statistics | Eurostat, [Online], Availble: 
https://ec.europa.eu/eurostat/databrowser/explore/all/all
_themes?lang=en&display=list&sort=category [12 
november 2023]. 
3. Measurement of Economic Performance and Social 
Progress (HLEG), (2018). [on-line] 
https://www.oecd.org/wise/measurement-economic-
social-progress.htm [2.12.2023]. 
4. Stiglitz J. E., A. Sen and J.-P. Fitoussi, (2009). "Commission 
on the Measurement of Economic Performance and Social 
Progress," [on-line], [2 november 2023]. 
5. Kertsmik K., Kuusk K., Lylykangas, K., Kalamees, T., (2023). 
Evaluation of renovation strategies: cost-optimal, CO₂e 
optimal, or total energy optimal? Energy and Buildings, 287: 
112995. 
6. Graczyk, A., (2017). Wskaźniki zrównoważonego rozwoju 
energetyki. Optimum. Studia Ekonomiczne, p. 53–68.  
7. Nadimi, Reza, Koji, Tokimatsu, Kunio, Yoshikawa, (2017). 
Sustainable energy policy options in the presence of quality 
of life, poverty, and CO2 emission, Energy Procedia, 142: p. 
2959-2964, https://doi.org/10.1016/j.egypro.2017.12.314. 
8. Fouladvand, J., (2022). Behavioural attributes towards 
collective energy security in thermal energy communities: 
Environmental-friendly behaviour matters. Energy 261: 
125353, https://doi.org/10.1016/j.energy.2022.125353. 
9. Guzović, Z., Duic, N., Piacentino, A., Mathiesen, B. V., and 
Lund, H., (2022). Recent advances in methods, policies and 
technologies at sustainable energy systems development. 
Energy 245: 123276. doi:10.1016/j.energy.2022.123276. 
10. Habeşoğlu, O., Samour, A., Tursoy, T., Abdullah, L., and 
Othman, M. (2022). A study of environmental degradation in 
Turkey and its relationship to oil prices and financial 
strategies: Novel findings in context of energy transition. 
Front. Environ. Sci. 10: 876809. 
doi:10.3389/fenvs.2022.876809. 
11. Ligozat, A.-L., Lefevre, J., Bugeau, A., and Combaz, J., 
(2022). Unraveling the hidden environmental impacts of AI 
solutions for environment life cycle assessment of AI 
solutions. Sustainability, 14: 5172. doi:10.3390/su14095172. 
12. Bernhard, O., Ishioro,, Ph.D. (2023). Electricity energy 
consumption and quality of life: evidence from an electricity 
energy-deficient economy. International journal of applied 
research in social sciences,  doi: 10.51594/ijarss.v5i3.482 

13. Nadimi Reza, Koji, Tokimatsu., (2019). Potential energy 
saving via overall efficiency relying on quality of life. Applied 
Energy, doi: 10.1016/j.apenergy.2018.10.039. 
14. Adeeb A. Kutty, Murat Kucukvar, Nuri C. Onat, Berk 
Ayvaz, Galal M. Abdella, (2023). Measuring sustainability, 
resilience and livability performance of European smart 
cities: A novel fuzzy expert-based multi-criteria decision 
support model, Cities, 137: 104293, 
https://doi.org/10.1016/j.cities.2023.104293. 
15. Chen, Pengyu, Dagestani, Abd, Alwahed, (2023). Urban 
planning policy and clean energy development Harmony- 
evidence from smart city pilot policy in China, Renewable 
Energy, 210: p. 251-257, 
https://doi.org/10.1016/j.renene.2023.04.063. 
16. Wang, M., Hossain, M., Mohammed, K., Cifuentes-Faura, 
J., Cai, X., (2023). Heterogenous Effects of Circular Economy, 
Green energy and Globalization on CO2 emissions: Policy 
based analysis for sustainable development, Renewable 
Energy, 211:,p. 789-801, 
https://doi.org/10.1016/j.renene.2023.05.033. 
17. Zhang J., Zheng, T., (2023). Can dual pilot policy of 
innovative city and low carbon city promote green lifestyle 
transformation of residents ？ , Journal of Cleaner 
Production, 405: 136711, 
https://doi.org/10.1016/j.jclepro.2023.136711. 
18. Lubańska, A., Kazak, J.K., (2023). The Role of Biogas 
Production in Circular Economy Approach from the 
Perspective of Locality. Energies, 16: 3801. 
https://doi.org/10.3390/en16093801. 
19. https://www.consilium.europa.eu/en/policies/green-
deal/ [on-line] [1 november 2023]. 
20. Furmankiewicz, M., Hewitt, R.J., Kapusta, A., Solecka, I., 
(2021). Climate Change Challenges and Community-Led 
Development Strategies: Do They Fit Together in Fisheries 
Regions? Energies, 14 : 6614. https://doi-1org-
1000010p607ae.han.bibl.up.wroc.pl/10.3390/en14206614. 
21. Mustafa, S., Long, Y., Rana, S., (2024). Role of domestic 
renewable energy plants in combating energy deficiency in 
developing countries. End-user perspective, Energy Reports, 
11: p. 692-705, https://doi.org/10.1016/j.egyr.2023.04.370. 
22. Blasi, S., A. Ganzaroli, I., De Noni, (2022). Smartening 
sustainable development in cities: Strengthening the 
theoretical linkage between smart cities and SDGs, 
Sustainable Cities and Society, 80: 103793, 
https://doi.org/10.1016/j.scs.2022.103793. 
23. Sharifi, Ayyoob, Allam, Zaheer, Bibri, Simon, Elias, 
Khavarian-Garmsir, Amir, Reza, (2024). Smart cities and 
sustainable development goals (SDGs): A systematic 
literature review of co-benefits and trade-offs, Cities, 146:, 
104659, https://doi.org/10.1016/j.cities.2023.104659. 
24. Haktanır, Elif, Kahraman, Cengiz, (2024). Integrated AHP 
& TOPSIS methodology using intuitionistic Z-numbers: An 
application on hydrogen storage technology selection, 
Expert Systems with Applications, 239: 122382, 
https://doi.org/10.1016/j.eswa.2023.122382. 
25. Kaya, Tolga, Kahraman, Cengiz, (2011). Multi-criteria 
decision making in energy planning using a modified fuzzy 
TOPSIS methodology, Expert Systems with Applications, 
38(6): p. 6577-6585, 
https://doi.org/10.1016/j.eswa.2010.11.081. 
26. Lin, S.-S., Shen, S.-L., Zhang, N., Zhou, A., (2021). 
Comprehensive environmental impact evaluation for 
concrete mixing station (CMS) based on improved TOPSIS 
method. Sustainable Cities and Society, 69: 102838.  

607



 

27. Vidal, R., & Sánchez-Pantoja, N., (2019). Method based 
on life cycle assessment and TOPSIS to integrate 
environmental award criteria into green public 
procurement. Sustainable Cities and Society, 44: p. 465–474.  
28. Sagnak, M., Berberoglu, Y., Memis, İ., Yazgan, O., (2021). 
Sustainable collection center location selection in emerging 
economy for electronic waste with fuzzy Best-Worst and 
fuzzy TOPSIS. Waste Management, 127: p. 37–47.  
29. Rane, N. L., Achari, A., Saha, A., Poddar, I., Rane, J., 
Pande, C. B., & Roy, R., (2023). An integrated GIS, MIF, and 
TOPSIS approach for appraising electric vehicle charging 
station suitability zones in Mumbai, India. Sustainable Cities 
and Society, 97: 104717.  
30. Le Roux D., Olivès R., Neveu P., (2023). Combining 
entropy weight and TOPSIS method for selection of tank 
geometry and filler material of a packed-bed thermal energy 
storage system, Journal of Cleaner Production, 414: 137588, 
https://doi.org/10.1016/j.jclepro.2023.137588. 

31. Abu-Rayash, Azzam, Dincer, Ibrahim, (2023). 
Development of an integrated sustainability model for 
resilient cities featuring energy, environmental, social, 
governance and pandemic domains, Sustainable Cities and 
Society, 92: 104439, 
https://doi.org/10.1016/j.scs.2023.104439. 
32. Dhumras, Himanshu, Rakesh, Kumar, Bajaj, (2024). On 
potential strategic framework for green supply chain 
management in the energy sector using q-rung picture fuzzy 
AHP & WASPAS decision-making model, Expert Systems with 
Applications, 237(Part B): 121550, 
https://doi.org/10.1016/j.eswa.2023.121550. 
33. Lakshmi, K., Vasantha, K.N., Udaya, Kumara, (2024). A 
novel randomized weighted fuzzy AHP by using modified 
normalization with the TOPSIS for optimal stock portfolio 
selection model integrated with an effective sensitive 
analysis, Expert Systems with Applications, 243: 122770, 
https://doi.org/10.1016/j.eswa.2023.122770. 
34. Islam Md., Rabiul, Aziz Md. Tareq, Mohammed Alauddin, 
Zarjes, Kader, Md. Rakibul, Islam, (2024). Site suitability 
assessment for solar power plants in Bangladesh: A GIS-
based analytical hierarchy process (AHP) and multi-criteria 
decision analysis (MCDA) approach, Renewable Energy, 220: 
119595, https://doi.org/10.1016/j.renene.2023.119595. 
35. Saeidi, Reza, Younes Noorollahi, Javad Aghaz, Soowon 
Chang, (2023). FUZZY-TOPSIS method for defining optimal 
parameters and finding suitable sites for PV power plants, 
Energy, 282: 128556, 
https://doi.org/10.1016/j.energy.2023.128556.  
36. Bilgili, Faik, Zarali Fulya, Miraç Fatih Ilgün, Cüneyt 
Dumrul, Yasemin Dumrul, (2022). The evaluation of 
renewable energy alternatives for sustainable development 
in Turkey using intuitionistic fuzzy-TOPSIS method, 
Renewable Energy, 189: p. 1443-1458, 
https://doi.org/10.1016/j.renene.2022.03.058. 
37. Solangi Yasir Ahmed, Cheng Longsheng, Syed Ahsan Ali 
Shah, (2021). Assessing and overcoming the renewable 
energy barriers for sustainable development in Pakistan: An 
integrated AHP and fuzzy TOPSIS approach, Renewable 
Energy, 173: p. 209-222, 
https://doi.org/10.1016/j.renene.2021.03.141. 
 

608



 

27. Vidal, R., & Sánchez-Pantoja, N., (2019). Method based 
on life cycle assessment and TOPSIS to integrate 
environmental award criteria into green public 
procurement. Sustainable Cities and Society, 44: p. 465–474.  
28. Sagnak, M., Berberoglu, Y., Memis, İ., Yazgan, O., (2021). 
Sustainable collection center location selection in emerging 
economy for electronic waste with fuzzy Best-Worst and 
fuzzy TOPSIS. Waste Management, 127: p. 37–47.  
29. Rane, N. L., Achari, A., Saha, A., Poddar, I., Rane, J., 
Pande, C. B., & Roy, R., (2023). An integrated GIS, MIF, and 
TOPSIS approach for appraising electric vehicle charging 
station suitability zones in Mumbai, India. Sustainable Cities 
and Society, 97: 104717.  
30. Le Roux D., Olivès R., Neveu P., (2023). Combining 
entropy weight and TOPSIS method for selection of tank 
geometry and filler material of a packed-bed thermal energy 
storage system, Journal of Cleaner Production, 414: 137588, 
https://doi.org/10.1016/j.jclepro.2023.137588. 

31. Abu-Rayash, Azzam, Dincer, Ibrahim, (2023). 
Development of an integrated sustainability model for 
resilient cities featuring energy, environmental, social, 
governance and pandemic domains, Sustainable Cities and 
Society, 92: 104439, 
https://doi.org/10.1016/j.scs.2023.104439. 
32. Dhumras, Himanshu, Rakesh, Kumar, Bajaj, (2024). On 
potential strategic framework for green supply chain 
management in the energy sector using q-rung picture fuzzy 
AHP & WASPAS decision-making model, Expert Systems with 
Applications, 237(Part B): 121550, 
https://doi.org/10.1016/j.eswa.2023.121550. 
33. Lakshmi, K., Vasantha, K.N., Udaya, Kumara, (2024). A 
novel randomized weighted fuzzy AHP by using modified 
normalization with the TOPSIS for optimal stock portfolio 
selection model integrated with an effective sensitive 
analysis, Expert Systems with Applications, 243: 122770, 
https://doi.org/10.1016/j.eswa.2023.122770. 
34. Islam Md., Rabiul, Aziz Md. Tareq, Mohammed Alauddin, 
Zarjes, Kader, Md. Rakibul, Islam, (2024). Site suitability 
assessment for solar power plants in Bangladesh: A GIS-
based analytical hierarchy process (AHP) and multi-criteria 
decision analysis (MCDA) approach, Renewable Energy, 220: 
119595, https://doi.org/10.1016/j.renene.2023.119595. 
35. Saeidi, Reza, Younes Noorollahi, Javad Aghaz, Soowon 
Chang, (2023). FUZZY-TOPSIS method for defining optimal 
parameters and finding suitable sites for PV power plants, 
Energy, 282: 128556, 
https://doi.org/10.1016/j.energy.2023.128556.  
36. Bilgili, Faik, Zarali Fulya, Miraç Fatih Ilgün, Cüneyt 
Dumrul, Yasemin Dumrul, (2022). The evaluation of 
renewable energy alternatives for sustainable development 
in Turkey using intuitionistic fuzzy-TOPSIS method, 
Renewable Energy, 189: p. 1443-1458, 
https://doi.org/10.1016/j.renene.2022.03.058. 
37. Solangi Yasir Ahmed, Cheng Longsheng, Syed Ahsan Ali 
Shah, (2021). Assessing and overcoming the renewable 
energy barriers for sustainable development in Pakistan: An 
integrated AHP and fuzzy TOPSIS approach, Renewable 
Energy, 173: p. 209-222, 
https://doi.org/10.1016/j.renene.2021.03.141. 
 

PLEA 2024 WROCŁAW 
(Re)thinking Resil ience  

Climate-Change Adapted Natural and Built Urban Systems 
via a Grasshopper’s GIS-workflow. 

EMANUELE NABONI1,2, 3 

1Royal Danish Academy, Copenhagen, Denmark 2 
University of Parma, Italy 

3Norman Foster Institute, Madrid, Spain 

ABSTRACT: Focusing on the urban area of Gothenburg, Sweden, we developed a workflow merging advanced 
thermal tools with GIS to predict micro-climate change adaptability for 2050. The aim is to devise digital 
workflows that sustain adaptive urban growth to climate change and harmoniously align buildings’ design to the 
natural local capital based on thermodynamic projections. 
We synergized GIS with Rhino/Grasshopper, using Morpho, a custom-made Grasshopper plugin (C#, Python - 
ShrimpGIS, Morpho) to integrate with ENVI-met's high-resolution microclimate maps. This visualizes future 
outdoor microclimates and future thermal building performances in a simple representation, indicating areas of 
synergy.  
Our study carries significant practical implications for urban planning and building design. It has revealed 
microclimatic variations across its zones, with urban regions showing high thermal activity and forests acting as 
critical thermal buffers. The findings also highlight the need for more climate-responsive designs, particularly in 
the context of recent and hyper-insulated buildings showing thermal disconnection from site opportunities for 
passive cooling.  
KEYWORDS: Urban Microclimate, Climate Change Adaptation, Geographic Information Systems (GIS), Parametric 
Modeling, Grasshopper, Morpho Plugin, Outdoor Thermal Comfort, Indoor Thermal Comfort  

1. INTRODUCTION
In recent summers, Sweden has been grappling 

with a significant temperature rise, a trend that has led 
to many heat-related deaths. This urgent issue is 
particularly pressing for vulnerable towns like 
Stenungsund, an area by Gothenburg shaped by 1970s 
urban planning and facing real estate pressures for 
expansion. Our research addresses this pressing need 
by providing insights into how urban expansion can be 
matched with temperate urban microclimates, 
particularly during summers. This approach is a 
departure from traditional methods that often isolate 
the design of urban morphologies from natural eco-
zones and architectural entities, overlooking their 
complex thermodynamic, fluid, and radiative 
interactions, especially in mesoscale meteorological 
phenomena driven by climate change.  

Adapting expansive urban sectors to climate 
change remains uncommon, leaving urban planners, 
architects, and policymakers grappling with questions 
about climatic performance and the overarching 
adaptability of urban spaces, natural systems, and 
buildings. While the GIS-integrated approach is 
expanding, most of the urban sectors are still stuck 
with tools and methodologies that, although valuable, 
often fall short of providing the granularity required to 
assess vast urban sections and, more critically, in offer 
predictive insights into future climatic patterns and 

their impacts on our built environments. In this 
context, the need for precise, accessible, and 
innovative tools is paramount [2].  

1.1 Research Questions 
These tools should be seamlessly integrated into 

GIS and simulate and predict urban and building 
responses under various climatic scenarios, catering to 
stakeholders from decision-makers to citizens [3-4]. A 
set of critical questions arise naturally: 

▪ Can interactive GIS-rooted tools provide
detailed thermal insights into urban spaces
and their architectural components amid
evolving climate patterns via semi-automated
workflows?

▪ How can urban designs align with thermal
comfort, both outdoors and indoors, under
projected climate conditions?

In response to these questions, the paper 
introduces a digital workflow that merges GIS with 
Rhino/Grasshopper ecosystems, supported by C# and 
Python-based plugins, via Morpho, a custom-made 
Grasshopper plugin developed by one of the authors 
[5-6-7]. The workflow leads from GIS to accurate 
microclimatic and building indoor data calculators via 
ENVI-met and customizable visualizations in 
Grasshopper.    
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This approach provides an example of reviewing 
the microclimatic behaviour of natural systems, urban 
settings, and building performance. We offer a sample 
of the practical design insights that could be provided 
by navigating the complexities of climate change with 
the GIS-based microclimatic workflow. 

Using Stenungsund as a focal point, we aim to 
dissect these intricate relationships, elucidating the 
microscale thermodynamic exchanges and the 
macroscopic implications for urban planning and 
resilience strategies. Microclimate considerations, 
alongside building-specific simulations, form the crux 
of these requirements, driving the imperative to 
evaluate how spaces between buildings and the 
buildings interact with and are influenced by climatic 
factors. 

 

Figure 1: The modelled area of Stenungsund refers to a 
specific portion of the city, which is in the Västra Götaland 
County of Sweden.  
 
2. METHODS 
2.1 Microclimatic Simulation of a Large and Complex 
Area  

We selected an area of 1 km x 1km of dense 
vegetation and an irregular topography punctuated by 
small valleys. Urban development by the coast is 
replacing vegetation with asphalt and buildings. Cool, 
transpiring green surfaces are replaced with heat-
absorbing dark surfaces such as extended parking lots 
and heat-storing massive surfaces such as concrete are 
used for buildings.  

Coastal developments have often proposed very 
elongated buildings that could block the wind, create 
more friction, and reduce the ability of other buildings 
to lose heat to the night sky. This is added to climate 
change effects, which seem to cause a local heat effect 
in which summer temperatures are significantly hotter 
than in the surrounding countryside. 

We sourced our data from two principal avenues: 
current microclimate observations from a locally 
established weather station and future climate 
projections based on the IPCC's scenario 8.5, zeroing in 
on the year 2050.  The climate will significantly change 
in Stenungsund (Sweden) with a substantially hotter 
summer. The chart (fig. 2) shows variations in dry bulb 
temperature in 2050 compared to recorded data in a 

locally built weather station. The first chart displays a 
monthly analysis, and the second focuses on 
temperature recorded during a typical summer week. 
 

 

 
Figure 2: Temperature Chart (y axe), monthly and in the 
typical summer week. In red are projections for 2050, and in 
orange are current trends.  

2.2 Grasshopper’s GIS-Semiautomated Simulations  
The first part of the work concerns creating and 

programming a digital workflow, primarily based on 
Morpho (a Grasshopper plugin that interfaces with 
ENVImet) (Table 1) and developed by one of the 
research collaborators, Antonello di Nunzio. The 
workflow leads from GIS to accurate microclimatic and 
building indoor data.  

Morpho significantly enhances the digital 
workflow. It adeptly manages data layers extracted 
from Geographic Information Systems (GIS)—such as 
terrain, vegetation (fig.3), and urban structures—and 
converts them into a format usable within ENVImet. 
This functionality is pivotal for modelling and analyzing 
urban microclimatic factors like temperature 
distribution, airflow, and moisture levels.  

The process starts with automated data collection, 
sourcing climate data from Standardforslag för 
Energibehov vid Byggnadsutformning (SVEBY) and the 
Swedish Meteorological and Hydrological Institute 
(SMHI). When this data is imported into Rhino, 
Morpho’s toolkit allows for effectively sorting and 
refining the data based on ownership and type criteria. 
Using Rhino, with the aid of Morpho, the workflow 
proceeds to develop a three-dimensional model that 
accurately depicts the urban landscape, encompassing 
detailed building structures, vegetation, and 
landforms - components for precise microclimate 
simulation (fig.4). 

The utility provided by Morpho allows for a direct 
interface with ENVImet, simplifying the complex 
process of setting up and running simulations. This 
direct connection eliminates the potential for 
inefficiencies from using intermediary formats or 
tools, ensuring a more streamlined and error-resistant 
workflow. 
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Table 1: A comprehensive roadmap from GIS to microclimatic 
results 

Steps Key Procedures & Tools 

Automated Data 
Collection 

Source climate data from SVEBY and 
SMHI. Acquire infrastructure and 
vegetation data from GIS portals and 
compensate for missing data using 
other digital maps. 

Automated Model 
Settings 

Rhino for data inspection after GIS data 
import.  Segregate data based on 
ownership and types. Develop a 3D 
model with buildings, vegetation, and 
terrain attributes. Ensure compatibility 
with ENVI_MET using the custom-made 
tool Morpho. 

Simulation Microclimate simulation with ENVI_MET 
automatically sizes the resolution for 
optimized computational demands. 
Forecast future climate data in line with 
global projections like the IPCC's 
scenarios. 

Visualisation: Use Morpho and other plugins 
(Dragonfly KTTtool, MeshEdit to 
conduct comparative visual analyses. 

Export Convert data to universally accepted 
formats for GIS software using 
ShrimpGIS. Ensure compatibility with 
ArcGIS. 

 
 
In the simulation phase, Morpho’s role is expanded 

to configure the model’s resolution to ensure 
computational efficiency while automatically tailoring 
the model to specific project needs. It facilitates the 
inclusion of future climate predictions based on global 
scenarios, such as those proposed by the 
Intergovernmental Panel on Climate Change (IPCC), 
into the simulations. 

For visualization, plug-ins collaborate to create 
detailed visual representations of the microclimatic 
conditions, allowing for an extensive comparative 
analysis of different climate scenarios and their effects 
on external and internal building environments. The 
concluding step involves Morpho ensuring the 
simulated data is converted into widely accepted 
formats for Geographic Information Systems software, 
particularly ArcGIS, demonstrating its capability to 
prepare data for a broad spectrum of uses. 

The innovation extends to the visualization 
capabilities inherent to Grasshopper, augmented by 
Morpho to support intricate microclimatic simulations. 
Grasshopper's intuitive visual programming interface 
enables users without in-depth coding knowledge to 
engage with microclimatic modelling.  
 

 
Figure 3: shows Information on tree species extracted from 
the GIS model. Each species is modelled in ENVImet according 
to its specific evaporative transpiration model. 

 
Figure 4: Automatically Generated ENVImet Model from GIS. 
This demonstrates the semi-automated import of textured 
topography from GIS and captures the intricate elevation 
details of Stenungsund's landscape for precise microclimate 
simulation. 
 
 
3. COMMENTED RESULTS 
3.1 Microclimatic Outcomes  

The study presents a comprehensive temporal 
analysis, incorporating climatic parameters such as 
airflow patterns, surface and mean radiant 
temperatures, the Universal Thermal Climate Index, 
and localized Air Temperatures. These parameters are 
meticulously evaluated for the urban fabric, including 
the built environment and vegetative landscapes. A 
snapshot at 15:00 hours, representing peak afternoon 
conditions on a typical summer day, is selected to 
contextualize the discussion. 

In the first visualization (Fig. 6), we observe a 
pronounced thermodynamic interplay between the 
urban built environment and its encompassing milieu. 
The simulation reveals that constructed zones, 
predominantly featuring materials with high thermal 
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mass and low permeability, exhibit elevated surface 
temperatures. This effect amplifies the urban heat 
island phenomenon and escalates the thermal load 
within buildings, posing challenges for indoor climate 
management and necessitating increased energy 
expenditure for cooling purposes. 

Conversely, natural landscapes, including open 
spaces and forested areas, demonstrate remarkable 
cooling potential, exhibiting up to a 10°C reduction in 
temperatures compared to their urban counterparts. 
The simulations highlight the efficacy of vegetation in 
mitigating heat through natural processes such as 
transpiration and shade provision. This bioclimatic 
cooling is not limited to the outdoor environment; it 
also extends indoors, as evidenced by the lower 
internal temperatures of buildings proximate to 
vegetated zones, thus alleviating the cooling demands 
on these structures. 

Fig. 7 offers a comparative analysis of delta 
temperatures, accentuating the variances between 
contemporary and projected future conditions. Here, 
the intensified green hues delineate areas 
experiencing the most substantial temperature 
increments—up to 2.5°C—especially in locales with 
sparse vegetative canopy. In stark contrast, the 
stability of temperatures beneath forested expanses is 
depicted, underscoring the resilience of these natural 
systems against climatic shifts anticipated by the year 
2050. 
 

 
Figure 5: Comparing Surfaces Temperature simulation on a 
summer day: current and 2050 conditions at 3 PM. All 
surfaces are included. Buildings are modelled in their thermal 
interaction with the outside and based on their internal 
variable and dynamic temperature.  

 

 
Figure 6: Temperature simulation on a summer day: current 
and 2050 conditions at 3 PM. It is noticeable how specific 
forest canopies keep an almost unvaried temperature despite 
increases in regional temperatures.  

 
Figure 7: Delta Temperature simulation on a summer day: 
comparing current and 2050 conditions at 3 PM. It is 
noticeable how different constructions will feature different 
temperature increases when projected in a future climate.  
 
 

3.2 Indoors: Influence of Construction Type and 
Context   

In Fig. 8, the daily temperature profiles for various 
types of buildings are analyzed to understand the 
influence of construction era and insulation on indoor 
thermal behaviour. Traditional buildings, constructed 
in the 1960s and represented by the blue line, exhibit 
a pronounced diurnal temperature variation due to 
suboptimal insulation. Such structures experience 
peak indoor temperatures nearing 28°C when exterior 
conditions reach 30°C. Nevertheless, they offer 
notable nocturnal cooling, with internal temperatures 
descending to approximately 20°C, providing 
substantial nighttime comfort despite their less 
efficient insulation during the day. 

Conversely, the modern residential units, indicated 
by the red line and situated proximate to coastal areas, 
demonstrate the capability to sustain uniform indoor 
temperatures, ranging from 27 to 28°C day and night. 
This temperature constancy is a result of advanced 
insulation techniques. However, this also implies that 
heat is retained during nighttime, which could 
adversely affect sleep quality due to the diminished 
nocturnal cooling. 

The yellow line delineates the temperature profile 
for contemporary office buildings, which parallels the 
pattern observed in modern residential units but 
exhibits marginally higher peaks. The elevated 
temperatures can be attributed to the internal heat 
gains from office equipment and lighting. These 
structures may struggle to maintain comfort during 
peak afternoon temperatures without adequate 
cooling systems. The gradual decrease in nighttime 
temperature further indicates that these buildings 
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increases in regional temperatures.  

 
Figure 7: Delta Temperature simulation on a summer day: 
comparing current and 2050 conditions at 3 PM. It is 
noticeable how different constructions will feature different 
temperature increases when projected in a future climate.  
 
 

3.2 Indoors: Influence of Construction Type and 
Context   

In Fig. 8, the daily temperature profiles for various 
types of buildings are analyzed to understand the 
influence of construction era and insulation on indoor 
thermal behaviour. Traditional buildings, constructed 
in the 1960s and represented by the blue line, exhibit 
a pronounced diurnal temperature variation due to 
suboptimal insulation. Such structures experience 
peak indoor temperatures nearing 28°C when exterior 
conditions reach 30°C. Nevertheless, they offer 
notable nocturnal cooling, with internal temperatures 
descending to approximately 20°C, providing 
substantial nighttime comfort despite their less 
efficient insulation during the day. 

Conversely, the modern residential units, indicated 
by the red line and situated proximate to coastal areas, 
demonstrate the capability to sustain uniform indoor 
temperatures, ranging from 27 to 28°C day and night. 
This temperature constancy is a result of advanced 
insulation techniques. However, this also implies that 
heat is retained during nighttime, which could 
adversely affect sleep quality due to the diminished 
nocturnal cooling. 

The yellow line delineates the temperature profile 
for contemporary office buildings, which parallels the 
pattern observed in modern residential units but 
exhibits marginally higher peaks. The elevated 
temperatures can be attributed to the internal heat 
gains from office equipment and lighting. These 
structures may struggle to maintain comfort during 
peak afternoon temperatures without adequate 
cooling systems. The gradual decrease in nighttime 
temperature further indicates that these buildings 

 

tend to retain heat, potentially compromising comfort 
for individuals working late or utilizing the space after 
hours. 

Finally, the green line represents the newer family 
residences, constructed in the 1980s and 1990s and 
situated near forested areas. These buildings benefit 
from the thermal mass inherent in their construction 
and the mitigating effects of the adjacent forest. This 
combination not only tempers the increase in indoor 
temperatures during daylight hours but also promotes 
significant nocturnal cooling, capitalizing on the cooler 
ambient environment provided by the forest. 

This comprehensive analysis, depicted in Fig. 8, 
underscores the significance of building insulation, 
thermal mass, and proximity to natural landscapes in 
shaping the indoor thermal environment, which is 
critical for developing climate-adaptive urban living 
spaces. 

 
 

 

 
Figure 8: Daily temperature profiles across various building 
types showing the Influence of construction era and 
insulation. In red are new residential units, in yellow are new 
offices, in blue are older family houses built in the 60s, and in 
green are newer family houses built in the 80s and the 90s in 
the proximity of forests. 
 
4. ARGUMENTED CONCLUSIONS 
The conclusory remarks of this treatise revisit the 
interrogatives articulated at the paper's outset: 

▪ Can interactive GIS-rooted tools provide 
detailed thermal insights into urban spaces 
and their architectural components amid 
evolving climate patterns? 

In contemporary urban climate studies, the 
proposed workflow for Grasshopper significantly 
advances the incorporation of Geographic Information 
Systems (GIS) into microclimatic modelling. This 
advancement constitutes a methodological paradigm 
shift characterized by the semi-automated processing 
of GIS data. This fundamental enhancement 
streamlines the laborious and data-intensive tasks 
inherent in urban climatic analysis. The efficacy of this 
transformation lies in the detailed parsing, analysis, 
and interpretation of complex urban data sets, which 
are typically complicated to manage due to their size 
and complexity. 

Since most plugins used in this process are free for 
download, the democratization of this advanced 
analytical process is another salient feature. 
Consequently, this fosters a collaborative and 
interdisciplinary approach to urban climate resilience 
studies, allowing for broader participation in decision-
making processes. 

Notwithstanding its potential, the workflow has 
some limitations. The fidelity of microclimate 
simulations is contingent upon the quality and 
resolution of the underlying GIS data. Additionally, the 
computational demand for high-resolution simulations 
across extensive urban areas can be significant, 
potentially constraining the scope of the studies based 
on the available computational resources. 

Future work to improve this workflow involves 
refining data acquisition and processing techniques to 
mitigate GIS data gaps. Enhanced computational 
algorithms could be developed to optimize simulation 
run times without compromising the granularity of the 
outputs. Moreover, the integration of real-time data 
feeds could be explored to enhance the dynamism of 
the simulation model, enabling it to respond to live 
climatic conditions. 

In conclusion, the proposed Grasshopper workflow 
substantially advances GIS-based microclimatic 
modelling, potentially significantly enhancing urban 
climate adaptation strategies. Its ongoing 
development is poised to address existing limitations 
and embrace future opportunities in urban 
environmental simulation. 
 
The second question the paper aims to answer is: 

▪ How can urban designs align with comfort 
standards, both outdoors and indoors, under 
projected climate conditions? 

The research systematically investigates the 
alignment of urban design with interiors under 
evolving climate projections. It scrutinizes the 
thermodynamics of indoor and outdoor environments, 
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contingent on variables such as construction materials, 
architectural techniques, urban configuration, and 
natural elements. The graphical representations, 
particularly the temperature charts, elucidate the 
dynamic interactions between these factors. 

The colour gradients in the image series from the 
current state to projections for 2050 highlight the 
exacerbating effect of urban heat islands on indoor 
thermal regulation. The delta temperature 
visualizations serve as a diagnostic tool, charting areas 
with significant anticipated temperature increments 
and assessing buildings' thermal adaptability to these 
changes. 

This data suggests that future urban design must 
hybridise historical construction practices with 
modern techniques to ensure thermal comfort 
indoors. By utilizing the hyperlocal daily temperature 
fluctuations and leveraging location-specific 
advantages—such as the cooling effects of proximate 
forested areas—buildings can be designed to optimize 
thermal comfort effectively with a balanced level of 
insulation that considers. Considering the projected 
increase in summer temperatures due to 
anthropogenic climate change, the critical balance 
between the mitigation of daytime heat gain and the 
facilitation of nocturnal cooling is a vital design 
consideration. 

The findings advocate for an integrated urban 
design strategy prioritising buildings' thermodynamic 
performance interacting with the environment. These 
strategies, rooted in scientific inquiry and evidence-
based design, are essential for creating sustainable 
and livable urban environments in the face of climate 
change. 
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ABSTRACT: This paper focuses on two quotes from Victor Olgyay's "Design with Climate" regarding the 
relationship between geometric properties and thermal performance in domes and vaults commonly used as 
roofs in warm regions. Specifically, the paper examines the statement that "the envelope of a hemispherical 
vault is roughly three times the surface of its base" and explores the assertion that "the radiation of high sun 
positions is diluted on a rounded surface". The study validates the first statement in geometric terms and then 
shifts attention to the latter, which has been extensively researched by various scholars. Building upon previous 
findings, the work confirms Olgyay's claim regarding insolation per unit surface area but challenges the assertion 
regarding total solar load. In fact, curved roofs receive more irradiation than horizontal roofs of the same 
footprint, depending on their Base to exposed Surface ratio. This correlation applies to all convex roof shapes, 
whether curved or not. 
KEYWORDS: Olgyay, solar radiation, curved roofs, insolation and forms. 

1 INTRODUCTION 
“Design with Climate” [13] has been a seminal 

publication in the environmental design literature for 
decades, with a recent new edition [14]. This study is 
motivated by a paragraph on page 7 of the book's 
Introduction, where it is stated that “the envelope of 
a hemispherical vault is roughly three times the 
surface of its base”, “so the radiation of high sun 
positions is diluted on a rounded surface.”. Over the 
years, these statements have been echoed by 
numerous scholars. This paper addresses their 
validity in two aspects: geometric and solar. The first 
part examines the geometric terms and relationships 
mentioned by Olgyay, while the second part explores 
the quotation's implications for the difference in solar 
energy incidence between curved roofs (vaults and 
domes) and horizontal roofs. 

2 GEOMETRIC ASPECTS 
2.1 “Roughly three” 

Olgyay's term "hemispherical vault" likely referred 
to a hemispherical dome. The surface F of such a 
dome with a radius R is 2πR2, and its base B is πR2. 
Therefore, the ratio F / B is 2, not “roughly three” as 
stated by Olgyay. However, the ratio of around three 
can be applicable to elongated forms, such as the 
corbelled domes found in various parts of the world 
since ancient times, including Mesopotamia (Fig. 1), 
Turkey (Fig. 2), Ireland (Fig. 3), among others. Such 
forms were likely shaped by the construction 
requirements of the corbelled system rather than 
driven by thermal or solar considerations. With the 
appropriate height in such shapes, the ratio between 
the curved surface and its base can indeed be 
"roughly three" or even greater. Fig. 4 illustrates four 
variations of ellipsoid domes with the same base but 
different heights, where the F/B ratio of shape D is 
exactly three. Appendix 1 describes “dome” and 
“vault” in geometric terms.  

Figure 1: Ancient domes, conical and 
hemispherical, depicted in an engraving 
by Assyriologist Austen Henry Layard 
based on a bas relief from Nimrud. 
Source Layard [10] plate 32. 

Figure 2: Beehive-like roofs in Harran, 
Turkey made of limestone. Their profile is 
identical to the much earlier Assyrian 
conical domes, due to the same 
construction technique. Source Wikipedia. 

Figure 3: A clochán (beehive hut) 
on the Dingle Peninsula, Kerry, 
Ireland. Source Wikipedia. 
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Figure 4: Ellipsoid domes with base radius R and various 
heights h. Option D matches Olgyay’s assertion “roughly 
three times the surface of its base”. By the author. 

2.2 Vault instead of dome 
The curved surface of a semicylindrical barrel 

vault spanning a rectangle of dimensions p * q has an 
area F = πpq/2, and the ratio of surface area to base 
F / B = π/2 or roughly 1.57, which is not “roughly 
three” once again. However, this calculation does not 
consider the vertical end walls of the vault that 
complete the vaulted roof (shape 2 & 3 in Figure 5). If 
we include them too, then the vault F / B ratio can be 
equal to 3 when p / q = 1.82 (shape 3 in Figure 5) [see 
Appendix 2 for relevant calculations]. This proportion 
does not correspond to the usual types of vaults, as a 
typical vault bridges the shortest distance between 
walls and thus has a p / q ratio of less than 1. 

Evidently, the specific statement of "roughly 
three" in "Design with Climate" is geometrically 
ambiguous. However, it is reiterated in the newer 
edition of the book [14] and has been mentioned in 
various other publications, such as Kilical [8] (p.112), 
Soflaei [17] (p.13), Mahyari [11] (p.29), Tavassoli [22] 
(p.116), among others. 

 
Figure 5: Variations of barrel vaults: (1) without vertical 
sides, (2) with vertical sides, (3) with vertical sides and an 
F/B ratio of 3 (see Appendix 2). By the author. 

 
3 SOLAR ASPECTS 
3.1 Curved versus flat roof 

Another ambiguous statement in the same 
paragraph of "Design with Climate" is that "the 
radiation of high sun positions is diluted on a rounded 
surface." Perhaps Olgyay implies that when the solar 
beam is nearly vertical, a curved roof receives the 
same solar load as its base but at a lower intensity 

per square surface area. This may hold true 
momentarily when the sun is at its zenith, as both the 
roof and the base share the same vertical solar beam. 
However, this is not the case at lower positions of the 
sun when the profiles of the two surfaces, as seen 
from the sun, differ (Figure 6). Furthermore, the 
global irradiation includes a component reflected 
from the ground, which reaches the curved surface 
but not a horizontal one (Figure 7). While the total 
irradiation on the curved roof is higher, the average 
intensity may be lower compared to the horizontal 
roof due to their differences in size. The difference in 
irradiation between domed or vaulted roofs and their 
horizontal footprint (flat roof) requires further 
examination, as discussed below. 

 

 
Figure 6: Views of a hemisphere in Riyadh as seen from the 
sun. The white part represents the horizontal base, while 
the grey part represents the portion of the curved surface 
outside the solar beam reaching the base. At noon, the flat 
base and the curved surface receive almost equal solar 
beam radiation. However, during the rest of the day, the 
curved surface receives more radiation than the base (grey 
part). In addition to the additional beam radiation, the 
three-dimensional surface receives radiation reflected from 
the surrounding ground.  

 
Figure 7: The ‘solar profile’ (perpendicular to the sun rays) 
of the base of the dome is B1. The curved surface has a 
larger profile, B1+B2, which means that it receives more 
beam radiation. The base and the curved surface receive the 
same amount of diffuse radiation D, but the dome receives 
also ground reflected radiation R. Even when the solar rays 
are vertical and B2≈0, the dome receives more global 
radiation than its base due to the reflected component. 
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Figure 7: The ‘solar profile’ (perpendicular to the sun rays) 
of the base of the dome is B1. The curved surface has a 
larger profile, B1+B2, which means that it receives more 
beam radiation. The base and the curved surface receive the 
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radiation than its base due to the reflected component. 

 

3.2 Related research 
The difference between the average and the total 

irradiation on a roof is highlighted by Pearlmutter 
[16]: “A reduction in surface temperatures, or a 
reduction in the "average heat increase" of the roof 
surface, does not substantiate a reduction in overall 
heat transmission to the interior, since this reduced 
average heat increase is taking place over a larger 
total surface area.” In his quantitative experiment 
Pearlmutter found that “the vaulted surface’s 
cumulative daily global exposure is shown to be 
higher than the flat roof by 10% in the N-S orientation 
and by 15% when facing E-W”. 

Similar conclusions have been reached by Tang et 
al [21]: “a domed roof with half dome angle of 90° 
absorbed daily about 20% more beam radiation and 
30% more total radiation than a flat roof did during 
the summer months”. Also “a domed or vaulted roof 
will absorb more solar radiation than its 
corresponding flat roof”. 

However, other researchers have interpreted 
Olgyay’s citation as suggesting that curved forms 
receive less total radiation:  
 “Olgyay showed that the lower indoor air 

temperature of curved roof buildings is due to the 
lower absorbed solar radiation, compared to flat 
roofs. His findings were later confirmed by Konya” 
by Elnokaly et al. [3]. 

 “The hemispherical vault receives around 35% less 
energy than the flat roof between the equinoxes” 
by Gomez et al. [6]. 

 “domed-roof forms facilitate a significant decrease 
in the received average daily solar irradiance above 
their surface compared to flat surface, in both 
summer and winter…Thus, they reduce the required 
energy for cooling in hot climates” Ayoub [1]. 

Such references indicate a confusion regarding 
the insolation on curved and flat roofs in the 
extensive research on the subject. Various aspects of 
the environmental performance of curved and flat 
roofs have been explored by researchers like the 
aforementioned, as well as by Konya [9], Soflaei et al. 
[17], Tavassoli [22] and others, with reviews of 
related work given by Ayoub [1] and Elnokaly [3]. In 
addition to insolation, some studies consider also 
heat transfer through the roof and the effects on 
indoor temperature, using theoretical models like 
Moustafa et al. [12] and Yildirim et al. [23], or actual 
monitoring like Başaran [2] and Pearlmutter [16].  

Elseragy [4] established a theoretical basis and 
validated the thermal advantages of curved roof 
forms in hot-arid regions. He also identified the “self-
shading” property as an advantage of curved roofs, 
which was agreed by Gómez-Muñoz et al. [6] and 
referred to as “auto shading.” 

 

3.3 A study on insolation and form 
The present study contributes to the existing 

research on the comparison between curved and flat 
roofs, with a focus on quantitatively assessing the 
difference in insolation (solar radiation) between 
these two types. The analysis is based on previous 
research conducted by the author [18] & [19], which 
investigated the impact of geometric shape on the 
insolation of various convex forms, including domes 
and vaults. In this earlier work, the author compared 
the irradiation intensity (i) on various convex forms 
(Figure 8) to that on a horizontal surface (h). The 
author divided each 3D surface into planar facets and 
used the algorithm proposed by Page [15] to 
calculate the monthly solar energy incident on these 
facets, considering beam, diffuse, and ground-
reflected irradiation on inclined surfaces exposed to 
solar rays. This process was repeated for a total of 71 
forms (Figure 8) across three different locations 
(London, Athens, Riyadh) and for three values of 
ground albedo (0, 0.2, 1) under average sky 
conditions, resulting in a total of 639 cases. The 
monthly values were then aggregated to obtain 
annual insolation values, which are discussed in the 
present study. 

 
Figure 8: The convex shapes studied by the author in [18]. 
They consisting of 71 cases deriving from five generic types 
with varying dimension proportions and orientations. For 
each case, the monthly insolation under average sky 
conditions was calculated for three locations (London, 
Athens, Riyadh), including beam, diffuse, ground-reflected 
components for 3 values of ground albedo (0, 0.2, 1). 

In the research conducted by the author, it was 
observed that the ratio of irradiation intensity (i) to 
horizontal irradiation (h) followed a linear percentage 
trend based on the proportion between the 
horizontal base of the form (B) and its exposed 
surface (F). This linear relationship was referred to as 
the "form insolation index" (m-index), which 
represented the effects of geometric shape on the 
incident energy per unit surface area. A similar 
concept was mentioned by Gomez in a later study [6]. 
The linear relationship between the m-index and the 
B/F ratio was further validated in a more recent study 
that utilized available radiation datasets for the same 
locations (London, Athens, Riyadh) as well as two 
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additional locations (Reykjavik and Lagos) at different 
latitudes [20]. 

A significant conclusion from that research was 
that high-profile forms exhibited a lower m-index 
compared to low-profile forms, indicating that the 
average insolation on any form was less than that on 
a horizontal surface throughout the year. This finding 
confirmed Olgyay's assertion that curved roofs 
receive less solar intensity compared to horizontal 
roofs. This observation applies to all forms, curved or 
not, and across all latitudes, not just in warm arid 
climates. In high latitudes, where the sun's path is 
lower, irradiation on upright surfaces is promoted 
over horizontal surfaces, resulting in higher m-index 
values, as depicted in Figure 9. The slope of the linear 
relationship could be influenced by highly reflective 
surroundings, such as snow or light-coloured sand, as 
shown in Figure 10 for 3 albedo values. 

 
Figure 9: The insolation on a particular form per unit surface 
area exhibits a linear relation with its base-to-surface ratio 
B/F. This linearity is observed across all locations, with 
slight variations attributed to orientation. Higher latitudes 
promote higher insolation on upright surfaces compared to 
horizontal, which explains the higher values of m-index in 
London. From [18].  

 
Figure 10: m-index in three locations for three different 
albedo values (0, 0.2, 1), demonstrating the impact of 
reflectivity on the relationship between the m-index and the 
B/F ratio. Image adapted from [18]. 

The findings of that study provide valuable 
insights into the quantitative disparities in insolation 
between curved and flat roof types, specifically 
examining the relationship between geometric shape, 
base-to-surface ratio, and insolation.  

 
3.4 Average and total insolation on curved forms 

in warm arid climates 
Moving on to the specific findings related to 

curved forms in warm arid climates, the research by 
the author included observations from Riyadh. Figure 
11 provides an example of the linearity between the 
m-index and the B/F ratio in Riyadh. It shows that for 
a hemisphere with a B/F ratio of 0.5, the m-index is 
72% of the incidence on a horizontal surface. 
Similarly, a barrel vault with a square base and a 
north-south axis, with a B/F ratio of 0.42, has an m-
index of 68%. Both cases demonstrate that the 
average solar intensity on the curved surface is lower 
than that on a horizontal surface. 

  
Figure 11: The graph shows the annual ratio m=i/h between 
the unit irradiation i on the surface of a convex form In 
Riyadh, and the unit irradiation h on horizontal as a function 
of the B/F ratio. The hemisphere  has B/F=0.5 and 
m=72%, while the vault  values are 0.42 and 68% 
respectively. Radiation values are annual global under 
average sky for ground albedo 0.2. Similar linearity appears 
also for beam, diffuse, reflected radiation. Data from [18]. 

 
Figure 12: Comparison of the total irradiation QF on the 
surface F of a form in Riyadh to the irradiation QB on its 
base B as a function of the base-to-surface B/F ratio. Low x-
values indicate upright shapes, while x=1.00 indicates a 
horizontal surface. All other forms receive more solar load 
than their horizontal base, especially the tall ones with low 
B/F ratio. The hemisphere  has B/F=0.5 and its QF/QB 
ratio is 143%. The values of the vault  are 0.42 and 159% 
respectively. Data from [18]. 
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additional locations (Reykjavik and Lagos) at different 
latitudes [20]. 

A significant conclusion from that research was 
that high-profile forms exhibited a lower m-index 
compared to low-profile forms, indicating that the 
average insolation on any form was less than that on 
a horizontal surface throughout the year. This finding 
confirmed Olgyay's assertion that curved roofs 
receive less solar intensity compared to horizontal 
roofs. This observation applies to all forms, curved or 
not, and across all latitudes, not just in warm arid 
climates. In high latitudes, where the sun's path is 
lower, irradiation on upright surfaces is promoted 
over horizontal surfaces, resulting in higher m-index 
values, as depicted in Figure 9. The slope of the linear 
relationship could be influenced by highly reflective 
surroundings, such as snow or light-coloured sand, as 
shown in Figure 10 for 3 albedo values. 

 
Figure 9: The insolation on a particular form per unit surface 
area exhibits a linear relation with its base-to-surface ratio 
B/F. This linearity is observed across all locations, with 
slight variations attributed to orientation. Higher latitudes 
promote higher insolation on upright surfaces compared to 
horizontal, which explains the higher values of m-index in 
London. From [18].  

 
Figure 10: m-index in three locations for three different 
albedo values (0, 0.2, 1), demonstrating the impact of 
reflectivity on the relationship between the m-index and the 
B/F ratio. Image adapted from [18]. 

The findings of that study provide valuable 
insights into the quantitative disparities in insolation 
between curved and flat roof types, specifically 
examining the relationship between geometric shape, 
base-to-surface ratio, and insolation.  

 
3.4 Average and total insolation on curved forms 

in warm arid climates 
Moving on to the specific findings related to 

curved forms in warm arid climates, the research by 
the author included observations from Riyadh. Figure 
11 provides an example of the linearity between the 
m-index and the B/F ratio in Riyadh. It shows that for 
a hemisphere with a B/F ratio of 0.5, the m-index is 
72% of the incidence on a horizontal surface. 
Similarly, a barrel vault with a square base and a 
north-south axis, with a B/F ratio of 0.42, has an m-
index of 68%. Both cases demonstrate that the 
average solar intensity on the curved surface is lower 
than that on a horizontal surface. 

  
Figure 11: The graph shows the annual ratio m=i/h between 
the unit irradiation i on the surface of a convex form In 
Riyadh, and the unit irradiation h on horizontal as a function 
of the B/F ratio. The hemisphere  has B/F=0.5 and 
m=72%, while the vault  values are 0.42 and 68% 
respectively. Radiation values are annual global under 
average sky for ground albedo 0.2. Similar linearity appears 
also for beam, diffuse, reflected radiation. Data from [18]. 
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The previous information pertains to irradiation 
per unit surface area. However, it should be noted 
that a curved roof typically has a surface area larger 
than its horizontal base. The energy received by the 
entire surface area F of such a roof is QF = F*i, and 
by a horizontal surface equal to its base B is QB = 
B*h, where i and h represent the average irradiation 
values as explained earlier. Therefore, the ratio QF 
/QB can be expressed as F*i / B*h or (F/B)*(i/h) or 
m/(B/F). Figure 12 illustrates that relation in Riyadh 
using data from [18]. The graph clearly demonstrates 
that all forms receive more total radiation than their 
horizontal base, with the amount increasing 
exponentially with the height of the form, as 
indicated by its B/F ratio. It is evident that the 
explanation presented in Figure 7 for a hemisphere 
applies to all three-dimensional forms as well. 

 
4 DISCUSSION AND CONCLUSIONS 
4.1 On geometry 

Section 2 above highlights certain perplexing 
details in Olgyay’s geometric statement. The surface-
to-base ratio of an elongated dome could be "roughly 
three," but it does not hold true for a hemispherical 
form, which has an exact ratio of two. On the other 
hand, if the statement was referring to a cylindrical 
vault, the associated geometric relations also do not 
seem to support it, except in the case of an unusual 
vault that spans the long dimension of a space 
instead of the more common short dimension. It 
would have been helpful if "Design with Climate" 
provided further explicit clarification on this topic. 

 
4.2 On insolation 

Even if Olgyay had been more precise in his use of 
geometrical terms and relations, his conclusions on 
insolation would not have been affected. The 
quantitative relations described in section 3 confirm 
his assertion about the lower average insolation on 
curved roofs compared to horizontal surfaces. This 
applies not only to roofs but also to any convex form, 
whether it is a roof or a building volume. However, it 
is important to note that the total amount of solar 
energy incident on the entire exposed surface is 
always higher than that on the footprint of the 
structure. In other words, a flat roof receives less 
total solar load than a three-dimensional roof, making 
the former option relatively "cooler" in comparison. 

In addition to the insolation aspects, the geometry 
of the roof has implications for the thermal 
conditions within the internal space. As depicted in 
Figure 13, adding a flat roof to a given wall perimeter 
does not alter the internal volume. Assuming that the 
perimeter wall is of fixed height in all cases, a curved 
roof not only increases the total volume but also 
expands the exposed surface area of the building. The 
presence of a curved ceiling leads to air stratification, 

with warm air gathering at a higher distance from the 
living area, and facilitates its expulsion. This is a 
benefit not present in the case of flat ceilings. 
Furthermore, the heat emitted by the warm curved 
ceiling is positioned farther away from the occupants. 

These effects of roof geometry are combined with 
the processes initiated by building materials, which 
are influenced by factors such as roof size, available 
resources and know-how, and the local climate. 
Several studies, as reviewed by Elnokaly et al. [3], 
have demonstrated the interaction between these 
factors. However, it is important to note that the 
focus of the present study is solely on the incident 
radiation on the roof types mentioned by Olgyay, 
with an extension to additional forms that are used as 
roofs or building volumes. The findings of this study 
apply to these additional forms as well. The main 
factor influencing the intensity and total amount of 
solar radiation received is the base-to-surface ratio 
(B/F) of any convex form. Energy per unit surface 
area is greater for forms with a high B/F ratio (i.e., 
low-profile forms), but the total energy received by 
the entire surface is less (Figure 14). • 

 

 
Figure 13: Adding a roof on a walled space changes its 
external surface and the internal volume according to the 
geometry of the roof, as observed by Fathy [5].  

 
Figure 14: four groups of identical boxes with the same 
volume but different base-to-surface (B/F) ratios, as shown. 
These varying ratios result in different amounts of unit and 
total insolation, as demonstrated in Figure 12. For instance, 
the exposed surface of Box 1 receives less total solar energy 
compared to Box 4. One reason for this difference is that 
Box 1 has a lower height, which means it is less exposed to 
reflected radiation. 
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APPENDIX 1 - Terminology 
In geometric terms, a typical ‘vault’ is a surface 

generated by the extrusion of a vertical arc along a non-
coplanar path, the barrel vault being the most common 
type. A ‘dome’ is generated by revolving a vertical arc 
around a coplanar vertical axis (Figure 15). Therefore, a 
more accurate description would likely be either 
"hemicylindrical vault" or “hemispherical dome”. There are 
only few publications using the ambiguous term 
“hemispherical vault”, like Gomez [6] and Herraez [7]. 

 

 
Figure 15: Generation of a typical vault and dome. 

APPENDIX 2 – Barrel vault calculations 
The total surface F of the barrel vault (2) in Figure 5 

consists of the cylindrical top A and the two vertical ends 
V+V:   

 F = A + 2V  [1] 
where A = πpq/2 [2] 

and 2V = πp2/4 [3] 
therefore F = πpq/2 + πp2/4 [4] 

and F/B = (πpq/2 + πp2/4) / pq 
 = π/2 + πp/4q 

  
[5] 

Based on [5], the ratio F/B can be equal to 3 if p / q = 
1.82 (option 3 in Figure 5). But such proportion does not 
correspond to the usual types of vaults where the p / q ratio 
is typically less than 1. 

If the vertical ends are excluded, then F / B = (πpq/2) / 
pq = π/2 = 1.57 for any p/q proportion. 
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ABSTRACT: In response to the changing climate, effective building design is crucial for regulating indoor 
conditions while minimizing the energy consumption. This study addresses the impact of translucent fabric layers 
(indoor curtains) as solar protection devices, considering user-driven factors in their energy performance. We 
measure the indoor radiation in a residential case study in two phases: (i) a supervised phase over a day, with 
curtains rolled up and down by the investigators, and (ii) an unsupervised long-term phase (1.5 years) where 
curtains were controlled by the users. In the supervised phase, the curtains demonstrate an average filtering 
coefficient of 51.5%, which varies throughout the day: a minimum filtering coefficient of 40% occurs around 
solar noon, while raises up to 70% in the evening. In the unsupervised phase, curtains remain down for over 30% 
of the year, with users' choices possibly influenced by factors beyond thermal considerations. These results 
enhance our understanding of user interactions with movable passive systems and offer valuable insights for the 
design of energy-efficient buildings. 
KEYWORDS: Translucent fabric layers, Indoor curtains, Solar protection, User interaction, Energy performance. 
 
 

1. INTRODUCTION 
The climate is changing, shifting to higher 

temperatures and longer heat-waves [1]. To adapt to 
this new scenario, building designers need to provide 
buildings with tools to regulate indoor conditions. 
While mechanical systems require an energy supply, 
passive strategies, such as solar protection, insulation 
and night ventilation, are good alternatives to 
guarantee adequate indoor conditions without 
increasing energy consumption [2, 3]. 

Fenestration systems are complex parts of 
buildings that regulate the relation between the 
indoors and the outdoors in multiple ways: some 
elements provide the ability to ventilate, modify 
thermal transmission, control privacy, regulate the 
received solar radiation, and many other functions. 
Due to the high impact of solar radiation on the 
energy performance of buildings [4], in this paper we 
focus on the role of solar protection devices. 

Solar protections perform well when they are 
placed on the outside face of windows [4, 5]. 
However, some filters that have other main functions 
also contribute to reducing the received solar 
radiation indoors. Fabric layers, such as indoor 
curtains, can be used for privacy or lighting control, as 
well as for solar protection. 

The objective of this paper is to quantify the 
filtering effect that an indoor fabric layer (curtain) has 
on the received solar radiation in an indoor space. 

To fully assess the role of curtains, we cannot 
focus only on the physical properties, but we also 
have to consider that users will roll up and down this 

device manually. Due to the wide range of functions 
of a single device (solar shading, light control, privacy, 
ventilation control…), it is difficult to predict the 
reasons that lead people to activate some shading 
devices, thus it is also hard to estimate their energy 
performance [6]. 

 
2. METHOD 

We achieved the aim of this paper by measuring 
the radiation received indoors in a residential case 
study. The dwelling accounted for a window with 
indoor, translucent, fabric curtains and We measured 
the received radiation with a pyranometer on the 
indoor face of the curtain, on a vertical plane. We 
also registered the outdoor horizontal solar radiation 
provided by a weather station located  
1.1 km away. All the data was collected with a 
datalogger connected to a RaspberryPi for remote 
storage of the data. The indoor measurements were 
registered every minute, while the outdoor 
measurements were registered on irregular intervals 
as provided by the weather station (approximately 
every 20 minutes). 
 
2.1 Measuring campaign 

The measuring campaign was undertaken in two 
phases. The first phase was supervised by the 
investigators, in which the curtains were rolled up 
and down every 20 minutes under different solar 
radiation conditions (direct and indirect solar 
radiation). This first phase lasted for one day. The 
window was always closed, so the glass always 
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influenced the received radiation inside. Moreover, 
the inhabitants of the house were not present during 
this phase. Photos were taken before and after the 
curtains were raised or lowered as additional 
evidentiary support. 

With the collected data, we focused on the values 
of radiation measured by the pyranometer just 
before and after the curtains were rolled up or down. 
For each pair of values, we calculated the variation 
between the first and the last value to determine the 
filtering effect of the curtains. The final filtering 
coefficient is the average of the partial values. 

The second phase of measurements was 
unsupervised and lasted for one and a half year. The 
aim of this phase is to estimate the long-term effect 
of curtains when controlled manually by the 
inhabitants of the apartment. No instructions were 
given to them so that they could manipulate the 
curtains according to their preferences. 

The data from the second phase was processed to 
identify periods when curtains were rolled down. This 
identification process was carried on by detecting 
sudden dropdowns on the received radiation indoor. 
If the variation value is close to the filtering 
coefficient calculated in the first phase, with an 
allowed margin of error of ±10%, the curtains are 
considered to be rolled down. However, this 
estimation needs to be corrected with the solar 
radiation outside. If there is also a sudden dropdown 
in the outdoor solar radiation, then the curtain is 
considered unchanged. 
 
2.2 Case study 

The case study analysed here is located in the city 
of Barcelona, Spain. It has a Mediterranean coastal 
climate, with hot summers and mild winters. The 
average annual rainfall is around 600mm, mainly 
distributed between autumn and spring. The driest 
season is summer [7]. Due to its climate, buildings in 
Barcelona require heating during the winter and 
cooling during the summer. However, an appropriate 
management of the natural energy resources (such as 
solar radiation) can reduce the energy need of 
buildings [8]. 

The studied dwelling is located in a singular 
neighbourhood called Urbanització Meridiana, built 
in the 1940’s as a public housing neighbourhood [9]. 

Figure 4: Section views of the measured window. 

Due to the low budget and the period when these 
buildings were constructed, they did not account for 
any solar protection devices integrated in the 
building. However, currently almost all the 
apartments remodelled their windows in order to 
have solar protections, either at the internal or the 
external face. 

Specifically, the apartment analysed is located on 
the ground floor of a three-story building. The 
apartment has three external façades, one oriented 
to the north-east, one to the north-west, and the 
third one oriented to the south-east (Figs. 3 and 4). 
 

    
Figure 1: General view of the window (left), and detail 
photo of the position of the pyranometer (right). 
 
 

 
Figure 2: Detailed photo of the curtain’s web. 
 
 

 
Figure 3: Plan view of the analysed neighbourhood. 
 
 

622



influenced the received radiation inside. Moreover, 
the inhabitants of the house were not present during 
this phase. Photos were taken before and after the 
curtains were raised or lowered as additional 
evidentiary support. 

With the collected data, we focused on the values 
of radiation measured by the pyranometer just 
before and after the curtains were rolled up or down. 
For each pair of values, we calculated the variation 
between the first and the last value to determine the 
filtering effect of the curtains. The final filtering 
coefficient is the average of the partial values. 

The second phase of measurements was 
unsupervised and lasted for one and a half year. The 
aim of this phase is to estimate the long-term effect 
of curtains when controlled manually by the 
inhabitants of the apartment. No instructions were 
given to them so that they could manipulate the 
curtains according to their preferences. 

The data from the second phase was processed to 
identify periods when curtains were rolled down. This 
identification process was carried on by detecting 
sudden dropdowns on the received radiation indoor. 
If the variation value is close to the filtering 
coefficient calculated in the first phase, with an 
allowed margin of error of ±10%, the curtains are 
considered to be rolled down. However, this 
estimation needs to be corrected with the solar 
radiation outside. If there is also a sudden dropdown 
in the outdoor solar radiation, then the curtain is 
considered unchanged. 
 
2.2 Case study 

The case study analysed here is located in the city 
of Barcelona, Spain. It has a Mediterranean coastal 
climate, with hot summers and mild winters. The 
average annual rainfall is around 600mm, mainly 
distributed between autumn and spring. The driest 
season is summer [7]. Due to its climate, buildings in 
Barcelona require heating during the winter and 
cooling during the summer. However, an appropriate 
management of the natural energy resources (such as 
solar radiation) can reduce the energy need of 
buildings [8]. 

The studied dwelling is located in a singular 
neighbourhood called Urbanització Meridiana, built 
in the 1940’s as a public housing neighbourhood [9]. 

Figure 4: Section views of the measured window. 

Due to the low budget and the period when these 
buildings were constructed, they did not account for 
any solar protection devices integrated in the 
building. However, currently almost all the 
apartments remodelled their windows in order to 
have solar protections, either at the internal or the 
external face. 

Specifically, the apartment analysed is located on 
the ground floor of a three-story building. The 
apartment has three external façades, one oriented 
to the north-east, one to the north-west, and the 
third one oriented to the south-east (Figs. 3 and 4). 
 

    
Figure 1: General view of the window (left), and detail 
photo of the position of the pyranometer (right). 
 
 

 
Figure 2: Detailed photo of the curtain’s web. 
 
 

 
Figure 3: Plan view of the analysed neighbourhood. 
 
 

The window where the pyranometer was located 
is on the south-east façade. The size of the window is 
1.45 m wide and 1.15 m high. The fenestration 
system is made of an aluminium window frame 
without thermal break, single pane glass, and a white 
fabric indoor curtain that is 0.4 mm thick (indoor 
curtain) (Fig. 1). The curtain’s web density is 58%  
(Fig. 2). The indoor curtain must be rolled up and 
down manually. Due to the neighbouring buildings, 
this window is fully obstructed from the east and is 
partially obstructed from the south (Fig. 5).  

The stereographic projection of the sun path in 
Figure 5 corresponds to the position of the 
pyranometer, and it shows the masked areas caused 
by the obstruction from other buildings. From Fig. 5 
we calculated that the Sky View Factor of the 
pyranometer is 6.9%. 

 
 

 
 
 
Figure 5: Stereographic projection of the sun path with 
indication of the shading mask produced by the obstructing 
buildings nearby. 
 
 

 
 
Figure 6: Image of the sky during the supervised phase. 
 
 

3. RESULTS 
This section is divided into two parts: the first part 

describes the results from the supervised phase, and 
the second part describes the results obtained from 
the unsupervised phase. 

 
3.1 Supervised phase 

During the supervised phase, curtains were rolled 
up and down by the investigators every 20 minutes, 
from 8:00 h to 18:00 h solar time. The data before 
and after this period was irrelevant due to the lack of 
radiation on the window. We measured the received 
vertical radiation inside and the horizontal radiation 
outside. The weather conditions were sunny with 
some high clouds, as shown in Fig. 6. 

Figure 7 shows the received radiation inside on 
the vertical plane, where the grey areas indicate 
periods when the curtains were rolled down. Figure 8 
shows the measured outdoor horizontal radiation 
during the supervised phase. Table 1 is an extract of 
the data plotted in Fig. 7, where we registered the 
received radiation inside just before and after the 
curtains were rolled up or down. It also shows the 
calculated variation between the values before and 
after, which are used to estimate the filtering 
coefficient of the curtains. 

 

 
Figure 7: Measured radiation INSIDE on a vertical plane 
during the supervised phase (solar time). Grey areas 
indicate that the curtains were rolled down 
 
 

 
Figure 8: Measured radiation OUTSIDE on a horizontal plane 
during the supervised phase (solar time). 
 
 

The average filtering coefficient of the analysed 
curtains is 51.5%. However, the average is a 
summarized value that hides the full effect of the 
curtains along the day. Figure 9 is a plot of the 
variation between each pair of measurements. 
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Table 1: Sample of the measurements of the received solar 
radiation inside before and after every action. 

Solar time Before 
(W/m²) Action After 

(W/m²) 
Variation 

(%) 
9:00 24.9 DOWN 12.0 -51.9% 
9:20 17.12 UP 33.62 49.1% 
9:40 174.24 DOWN 106.34 -39.0% 

10:00 111.1 UP 211.5 47.5% 
11:00 132.1 DOWN 81.9 -37.9% 
12:00 30.3 UP 56.2 46.1% 
13:00 50.0 DOWN 25.9 -48.2% 

… … … … … 
 Filtering coefficient (average): 51.5% 

 

 
Figure 9: Graph of the calculated filtering coefficient. The 
yellow area indicates the period with direct solar radiation. 

 
Figure 9 shows the variation of the filtering 

coefficient of the curtains along the day, under the 
different radiation conditions. The overall values can 
be approximated using a polynomic tendency curve 
of degree 2 (plotted as a dotted curve). The curve has 
a minimum filtering coefficient of 40% around the 
solar noon, and the filtering effect increases while the 
outside radiation decreases. 

Nonetheless, there are some values that highly 
differ from the tendency curve. These peaks 
correspond to the measurements at 9:40, 11:40 and 
 

Figure 11: Measured radiation inside and outside, and 
estimation of the position of the curtains (grey area) during 
the unsupervised phase. 

after 17:00. The first two peaks correspond to the 
time frame when the curtains were exposed to direct 
solar radiation. The values after 17:00 were measured 
under conditions of low outside radiation, so small 
variations produce a high impact on the calculation of 
the filtering coefficient. In the evening, the filtering 
coefficient raises up to 70%. To help understand 
these singular moments, Figure 10 shows the photos 
of the curtains just before and after the roll action. 
 
 

 
 
Figure 10: Sample photos before (left) and after (right) the 
action of rolling down the curtains. 
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3.2 Unsupervised phase 
During the unsupervised phase, the users of the 

apartment lived normally and managed the curtains 
according to their personal preferences. We 
registered the vertical radiation inside with the same 
pyranometer at the same position as in the 
supervised phase, as well as the horizontal radiation 
outside from the nearest weather station. This period 
lasted between January 10th 2022 and July 4th 2023, 
for a total amount of 540 days. However, there are 
two periods for which data is unavailable due to 
technical issues with the datalogger: from October 
14th to 29th 2022, and from June 6th to 21st 2023. This 
provides a total of 508 valid days. 

Figure 11 plots the data collected during this 
phase. The radiation outside (blue) and inside (red) 
are plotted separately because they were measured 
on different planes. This is evident by reading the 
date when the maximum radiation is received on 
each graph. The horizontal outside radiation had the 
maximum on the summer solstice (June 21st) of  
1089 W/m². However, the maximum received vertical 
radiation inside happened between the winter 
solstice and January, which corresponds to a south-
east façade with high obstruction on the east. 

Figure 11 provides a general idea of the thermal 
effect of curtains. On the graph, it is possible to 
clearly identify sudden changes in the levels of inside 
radiation which deviate from the expected maximum 
for the time of the year. These sudden fluctuations 
could have been either by the change on the external 
weather conditions, or the roll down of the curtains. 
Combining both criteria, we highlighted the 
estimated days when curtains were rolled down, 
which corresponds to 31.2% of the days of the year. It 
is noticeable that these periods are spread along the 
year, and not concentrated on specific months or 
seasons. Combining the filtering effect of curtains 
(51.5%) and the action of people rolling up and down 
the curtain (31.2% of days rolled down), provided the 
interior space with a reduction on the received 
radiation of 16.1%.  

To analyse in further detail the role of the curtain 
minute by minute, Figure 12 shows three sample days 
under three different weather conditions, all of which 
have the curtain rolled up. On the sunny day, the 
effect of direct solar radiation is clearly noticeable as 
radiation values arise up to 700 W/m² between 9:00 
and 11:00. However, during the rest of the day, the 
window only receives indirect radiation, which 
remains constant around 100 W/m². On the cloudy 
and the rainy day, however, the received radiation is 
irregular, with values that hardly surpass 100 W/m².  

Having understood Figure 12 helps to interpret a 
graph of a day when the curtains were rolled down 
between 9:15 and 14:30 (Fig. 13). This day was 
chosen as an example because it perfectly shows the 

filtering effect of curtains under direct and indirect 
conditions. The filtering coefficient on this day is 
around the previously calculated on the supervised 
phase (51.5%). 
 

 
 
Figure 12: Detailed indoor radiation for three sample days 
under different weather conditions and no curtain. 

 
 
 

 
 

Figure 13: Detailed indoor radiation for a sunny day when 
the curtains were rolled down for some hours. 

 
 
4. DISCUSSION 

The results of this paper help to understand the 
role that fabric curtains have on the radiation 
received indoors. In this analysis we considered the 
physical properties of the curtain and the role that 
users have on controlling the curtains manually. 

The results of the supervised phase of 
measurements showed that a white fabric curtain 
that is 0.4 mm thick placed at the indoor face of a 
window can reduce the indoor radiation by 51.5% on 
average. However, we noticed that the curtain’s 
filtering effect is variable throughout the day. Their 
effect is due to the reflective capacity of the fabric 
layer (white colour), the density of the web and the 
lack of thermal inertia (thin fabric). In this paper we 
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did not measure other factors, such as the indoor 
illumination level or the curtain’s temperature, that 
could help to understand its additional impacts in 
future works. Nonetheless, the filtering effect of the 
curtains on the received radiation indoors cannot be 
ignored. 

In the analysis of the unsupervised phase, we 
identified an irregular pattern of rolling up and down 
the curtains. There are full days, even long periods of 
two or three weeks, when users kept their curtains 
rolled down (highlighted in Fig. 11). Apparently, these 
periods are not concentrated in warm seasons as 
would be expected according to an optimal control of 
solar radiation for thermal conditioning. This means 
that the users’ decisions for rolling up and down the 
curtains are not directly related to thermal 
perceptions. This is comprehensible as curtains have 
more functions, such as light or privacy control. In 
this paper we do not interview or collect data from 
the users that took part of the unsupervised phase of 
measurements. The reasons leading people to make 
decisions on behalf of their living environment are 
diverse and varied. This study does not focus on the 
reasons why people act, but on the effects of their 
actions. We performed the unsupervised phase for a 
long period (1,5 years) to minimize the bias of 
people’s choices. The data gathered in this study 
reinforces the multifunctionality of curtains and the 
fact that thermal optimisation is not always the 
priority for users. 

 
5. CONCLUSION 

This paper aimed to measure the filtering effect 
that indoor fabric layers (curtains) have on the 
received solar radiation in an indoor space. Our 
analysis included an understanding of their physical 
properties and the role of the manual operation by 
the users. The filtering effect was analysed in two 
phases: (1) a supervised phase when we measured 
the filtering effect in a case study under different 
radiation conditions, and (2) an unsupervised phase 
when we measured the long-term effect including the 
role of the manual control by the users. 

In the supervised phase (1), the results showed 
that a white fabric curtain that is 0.4 mm thick placed 
at the indoor face of a window can filter the indoor 
received solar radiation by 51.5% on average. 
However, this value is not constant along the day. 

In the unsupervised phase (2), we noted that 
curtains remain down for over 30% of the year, but 
not necessarily concentrated on warm periods. Users 
might not only utilize the curtains for thermal 
reasons, but also other functions, such as privacy, 
lighting and ventilation. 

The outcomes of this paper hold great importance 
in enhancing our understanding on user interactions 
with movable passive systems, and they offer 

valuable insights for future advancements in user-
centred control systems. Our findings are relevant 
given the uncommon opportunity to collect data from 
a user-involved case study spanning a 1.5-year 
duration. These findings furnish valuable insights for 
the design of energy-efficient buildings. 
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ABSTRACT: Sky view factor (SVF) has been used in studies of microclimate, however its impact on different seasons 
is still unclear. The present study analyses the influence of urban morphology on outdoor thermal comfort (OTC) 
employing a Portable Low-cost Environmental Monitoring System (PLEMS) developed by the authors. For this, we 
developed and calibrated the PLEMS (1), performed the monitoring of the walking routes on summer and winter 
(2) and established the correlation analysis between urban morphology and the condition of comfort and thermal 
stress (3). The results found point to a low correlation without statistical significance (p>0.05) between SVF and 
UTCI for the sample of 12 points in both seasons, confirming that SVF is not a reliable predictor for accurately 
assessing thermal condition of an outdoor space. The localized variations in the values measured by PLEMS 
compared to the reference station demonstrated that it was able to correctly capture the urban signals during the 
thermal walks. Within the urban canyons of the routes, the temperature was 1.6℃ higher than that recorded by 
the reference station. 
KEYWORDS: Thermal comfort, Open spaces, Urban morphology, Dynamic measurements, PLEMS.  

 
1. INTRODUCTION  

The increase in population and the densification of 
cities cause morphological and environmental 
transformations, which are reflected in problems 
related to human thermal comfort. The poor quality of 
the thermal environment influences life quality and 
public health. In addition, economic, commercial, 
social and leisure activities are impacted by outdoor 
thermal comfort (OTC) [1].  

In computer-aided urban climate studies, 
stationary weather stations are frequently adopted to 
validate simulation models. In this context, several 
studies have used fixed meteorological stations to 
investigate thermal effects from urban variations [1-
4]. A limitation is that, since in many cases 
meteorological stations are located at just one specific 
point within the urban canyon, or even further away 
(e.g., airports), measured data are not able to capture 
the diversity of existing spatial patterns and their 
thermal implications in urban settings. Thus, the 
application of a portable environmental monitoring 
system seeks to overcome such limitations [4]. 

Various urban morphology indicators were 
developed and employed to link urban spatial 
configuration to OTC. Among the studies, street aspect 
ratios (H/W), sky view factor (SVF) and street axis 
orientation are significant as the most influential 
parameters [5]. According Qaid et al. [6], mean 
radiation temperature is the main environmental 
parameter affected by urban morphology at street 
level. Furthermore, Lobaccaro et al. [7] showed that 
orientation and aspect ratio have a strong impact on 
the degree and amplitude of thermal peaks at the 

pedestrian level. The impact of SVF is more significant 
on east-west streets than on north-south streets. 
Additionally, the greenery arrangement implies in 
different impacts on the outdoor thermal comfort of 
streets with different orientations [8]. 

Several studies have examined the influence of 
urban morphology on OTC [5-8], however the impact 
of SVF on thermal comfort at the pedestrian level in 
both seasons (summer and winter) remains uncertain. 
The aim of this study is to analyze the influence of 
urban morphology on OTC employing a Portable Low-
cost Environmental Monitoring System (PLEMS) [9] 
developed by the authors in two 4-day periods in 
summer and winter, respectively, in subtropical 
Curitiba, Brazil (Koeppen’s Cfb). 
 
2. METHODS 

Pre-defined routes in a densified urban area were 
dynamically evaluated in terms of OTC, as follows: 

 Initial step: development and calibration of 
the PLEMS; 

 Monitoring: Definition of the study area and 
walking routes; 

 Analytical step: Correlation analysis between 
urban morphology features and OTC data. 

 
2.1 Development and calibration of the PLEMS 

Figure 1 presents the construction details of the 
PLEMS. The data collected by the sensors are GPS 
locational data (1); air temperature and air humidity 
(2); globe temperature (3); wind speed (4); illuminance 
(5); sound pressure levels (6) and CO2 concentration 
(7). The collected data can be viewed in real time on 
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an LCD screen attached to the equipment and, within 
a 90-second cycle, data are stored as a “.csv” file. 

The casing consists of an electric distribution 
enclosure to which two 0.80 meter and a 1.00-meter 
PVC tubes were fixed with plastic clamps (i) in the 
center, so that the globe thermometer is not shaded. 
To position all the sensors aligned, two switch plates 
(ii) were used. To protect the air temperature and 
humidity sensor, a solar shield (iii) (3D-printed via 
Thingiverse) was printed in PLA and varnished, with an 
aluminum foil film fitted to the cover, as 
recommended by Ham [10]. To allow people with 
different heights to use the equipment, there are 
adjustable bar and straps (iv). In the present study, the 
height of the sensors was adjusted to 1.90 meters in 
relation to the ground; and the globe at 2.10 meters.  

 

 
Figure 1: PLEMS sensors and construction details. 
 

Calibration of the sensors was carried out in a 
climate chamber with partial thermal control with 
reference equipment: the SENSU comfortmeter 
developed at LMPT/UFSC (Federal University of Santa 
Catarina) and a Kestrel 3000 propeller anemometer. 
The sensors were positioned at a height of 1.80 m in 
the center of the chamber and monitored under 
thermal conditions controlled by a 9,000 BTU split air-
conditioning unit (Philco Eletrônicos®), for three 
hours, during which the setpoint temperature was 
maintained at 16°C for one hour, and, after that, the 
A/C was turned off. For the calibration procedure, 
minute-by-minute measurement data were 
considered.  

After comparing the PLEMS sensors with reference 
equipment, each environmental quantity was assigned 
a regression statistic (R²), a statistical method that 
allows examining the relationship between two or 
more variables, and Kruskal-Wallis non-parametric 
analysis (p-value), used in situations where you want 
to compare two or more independent groups, with a 
quantitative response variable. The mean absolute 
error (EMA) was the indicator used to determine the 
application of the regression equation with calibration 
bias. 

The EMA represents the absolute average between 
the data collected and simulated in the calibration 
process between the measured data. According to 
[11], the smaller the results of the statistical 
equations, the closer the simulated values are to the 
actual measured values (Equation 1). 

The obtained results of the regression statistics for 
the thermal variables (air temperature, air humidity, 
globe temperature and ventilation) are presented in 
Table 1. The null hypothesis test was rejected for all 
variables, therefore, for each dataset, the value 
measured with PLEMS was corrected based on the 
regression equations. 

 

𝐄𝐄𝐄𝐄𝐄𝐄 𝐄 ∑ |𝐏𝐏𝐢𝐢 �𝐎𝐎𝐢𝐢|𝐧𝐧
𝐢𝐢�𝟏𝟏

𝐍𝐍
      (1) 

 
Where Pi – predicted value;  
Oi – observed value;  
N – number of measurements (60 points). 

 
Table 1: Summary of calibration results. 

Var. 
Kruskal-

Wallis test 
(p-value) 

Regression 
equation R² EMA with 

validation 

Ta 0.2144 N/A 0.97 0.24 

RH 0.0001 RH’= 0.9535*RH 
+1.8994 0.99 0.55 

Tg 0.0455 Tg’=1.0845*Tg  
-1.6575 0.99 0.13 

Ws 0.2728 N/A 0.97 0.09 
 

The mean absolute error was the indicator used to 
determine the application of the regression equation 
with calibration bias when it reduced the mean 
absolute error. Although the data collected by PLEMS 
are within the error range of reference equipment 
measurements, with the exception of what occurs in 
illuminance measurement, the non-parametric 
Kruskal-Wallis analysis indicated that there is a 
statistical difference (p-value<0, 05) among the 
measurements carried out on the equipment for the 
variable relative humidity, globe temperature for 
which a sensor calibration procedure was applied 
using linear regression analysis. 
 
2.2 Definition of the study area and walking routes 

Curitiba is located at 25°25'48'' S and 49°16'15'' W 
and at a mean altitude of 920 meters above sea level. 
According to the Köppen-Geiger classification, the city 
of Curitiba is Cfb (Temperate oceanic climate), 
characterized by a temperate climate with mild 
summers. While in the coldest month (July) the 
average temperature is 12°C, in the hottest month 
(February) the average is 23°C. The absolute minimum 
and maximum temperatures recorded in these 
months are -2°C and 32°C, respectively. Throughout 
the year, the eastern wind has a greater frequency of 
occurrence. 
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height of the sensors was adjusted to 1.90 meters in 
relation to the ground; and the globe at 2.10 meters.  

 

 
Figure 1: PLEMS sensors and construction details. 
 

Calibration of the sensors was carried out in a 
climate chamber with partial thermal control with 
reference equipment: the SENSU comfortmeter 
developed at LMPT/UFSC (Federal University of Santa 
Catarina) and a Kestrel 3000 propeller anemometer. 
The sensors were positioned at a height of 1.80 m in 
the center of the chamber and monitored under 
thermal conditions controlled by a 9,000 BTU split air-
conditioning unit (Philco Eletrônicos®), for three 
hours, during which the setpoint temperature was 
maintained at 16°C for one hour, and, after that, the 
A/C was turned off. For the calibration procedure, 
minute-by-minute measurement data were 
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equipment, each environmental quantity was assigned 
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regression equations. 
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      (1) 

 
Where Pi – predicted value;  
Oi – observed value;  
N – number of measurements (60 points). 

 
Table 1: Summary of calibration results. 

Var. 
Kruskal-

Wallis test 
(p-value) 

Regression 
equation R² EMA with 

validation 

Ta 0.2144 N/A 0.97 0.24 

RH 0.0001 RH’= 0.9535*RH 
+1.8994 0.99 0.55 

Tg 0.0455 Tg’=1.0845*Tg  
-1.6575 0.99 0.13 

Ws 0.2728 N/A 0.97 0.09 
 

The mean absolute error was the indicator used to 
determine the application of the regression equation 
with calibration bias when it reduced the mean 
absolute error. Although the data collected by PLEMS 
are within the error range of reference equipment 
measurements, with the exception of what occurs in 
illuminance measurement, the non-parametric 
Kruskal-Wallis analysis indicated that there is a 
statistical difference (p-value<0, 05) among the 
measurements carried out on the equipment for the 
variable relative humidity, globe temperature for 
which a sensor calibration procedure was applied 
using linear regression analysis. 
 
2.2 Definition of the study area and walking routes 

Curitiba is located at 25°25'48'' S and 49°16'15'' W 
and at a mean altitude of 920 meters above sea level. 
According to the Köppen-Geiger classification, the city 
of Curitiba is Cfb (Temperate oceanic climate), 
characterized by a temperate climate with mild 
summers. While in the coldest month (July) the 
average temperature is 12°C, in the hottest month 
(February) the average is 23°C. The absolute minimum 
and maximum temperatures recorded in these 
months are -2°C and 32°C, respectively. Throughout 
the year, the eastern wind has a greater frequency of 
occurrence. 

 

The study area was selected due to the 
heterogeneity in terms of morphological factors and 
urban greenery, also considering safety aspects for 
carrying out field measurements at given times of day. 
Thus, the study area comprises diverse aspect ratios 
(shallow, medium, and deep canyon), different solar 
orientations (north-south and east-west street axes), 
with and without vegetation. Additionally, in order to 
verify whether PLEMS was able to correctly capture 
urban-related signals during the thermal walks, a 
comparison was drawn to a reference weather station 
(Hobo T/RH logger) placed on the rooftop of a building 
within the study area (Figure 2). 

The area was surveyed at 01 reference station and 
12 monitoring points, spread over six routes, each 
formed by two blocks, which are analyzed and named 
according to their urban morphology and solar 
orientation condition, resulting in three north-south 
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RNS2, RNS3, REW1, REW2 and REW3. The routes are 
approximately 250 meters long each, resulting in a 
total distance of 1.5 km covered in one hour. 

 

Figure 2: Urban area and measured points. 
 

Four days with forecasts of clear sky were selected 
for the thermal walks at three-time stamps (0 UTC, 12 
UTC, 18 UTC), in summer (from March 16th to 19th) 
and winter (from June 24th to 27th). Apart from 
measured variables, the Universal Thermal Climate 
Index (UTCI) was computed. The UTCI is defined as the 
air temperature of the reference condition causing the 
same thermophysiological model response as the 
actual condition. Such equivalence is based on the 
dynamic physiological response between both. A 
computed UTCI value is an equivalent temperature 
obtained from a set of air temperature, radiation, 
wind, and humidity data that corresponds to the air 
temperature in the reference condition of radiation, 
humidity, and wind speed, both producing the same 
thermal strain condition [10]. A thermal stress 
assessment scale comprises 10 different categories 
ranging from extreme cold stress to extreme heat 
stress. 

To calculate the thermal comfort index, the UTCI 
Calculation application (http://www.utci.org/utcineu/ 
utcineu.php) developed by the International Society of 
Biometeorology (ISB) was employed. It is necessary to 
convert wind speed values at a height of ten meters to 
the input data for calculating the thermal index, using 
the conversion factor proposed by Bröde et al. [12], 
according to Equation 2. The mean radiant 
temperature (Tmrt) was calculated in accordance with 
[13], considering forced convection, using Equation 3. 
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Where 𝒗𝒗𝒗𝒗 - wind speed at ten meters high (m/s);  
𝒗𝒗𝒗𝒗𝒙𝒙𝒙𝒙 – wind speed at x meters high (m/s);  
Tmrt - mean radiant temperature (°C); 
𝒎𝒎𝒍𝒍 – globe temperature (°C);  
𝜺𝜺𝒍𝒍 - emissivity of the globe thermometer material 

(dimensionless); 
𝑫𝑫 – diameter of globe thermometer (m); 
𝒎𝒎𝒗𝒗 – air temperature (°C). 

 
Hemispherical photographs were taken to collect 

urban morphology data expressed by SVF which is 
determined by the distinction between the area 
covered by obstacles and the visible area of the sky. 
The equipment used was a Nikon D3100 model camera 
with a Sigma 8mm fisheye lens (with a total viewing 
angle of 180° in all directions), supported on a tripod 
1.20 meters height from the ground. 

The estimated value of magnetic declination, i.e., 
the angle of difference between true North and 
magnetic North, was calculated using the NOAA - 
National Oceanic and Atmospheric Administration 
online calculator (https://www.ngdc. noaa.gov/ 
geomag/calculators/magcalc.shtml). As a result, a 
declination of 20°10'W ± 0°25' was obtained for the 
day of data collection, modifying 0°7'W per year. The 
calculation considers the latitude and longitude of 
Curitiba, the date of measurement and is based on the 
World Magnetic Model (WMM).  

SVF values were obtained from the images’ 
analysis and processing by the RayManPro Version 3.1 
Beta© software, developed by the Human 
Biometeorology Research Center under the 
supervision of Prof. Dr Andreas Matzarakis.  
 
2.3 Correlation analysis between urban morphology 
features and OTC data 

Based on the SVF and microclimatic data collected 
in situ, the influence of urban morphology on thermal 
comfort conditions in open spaces was analyzed. This 
way, the input data were compared in terms of 
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calibrated values of Ta (°C), Trmt (°C), RH (%) and Ws 
(m/s) at each point measured in the study area.  

For initial characterization of the thermal behavior 
of urban canyons, comparative graphs of 
microclimatic variables and UTCI calculated for the 
four days of collection were generated. This analysis 
allows the identification of behavior patterns between 
the measured points and the selection of the 
representative day for the analysis of the influence of 
urban morphology on the thermal environment. In 
addition, for the selected day, regression analyses of 
the UTCI against the SVF were established. From the 
graphs, it was possible to analyze the degree of 
correlation between the indicators studied. 
 
3. RESULTS AND DISCUSSIONS 
3.1 Thermal behavior of urban canyons 

To select the representative day for analysing the 
influence of urban morphology on the thermal 
behaviour of canyons, a comparative analysis was 
carried out on nighttime data (0 UTC or 9 pm local 
time) aiming at conditions that best characterise the 
Urban Heat Island (UHI) (Figure 3).   
 

  

  

  
Figure 3: Ta, Tmrt and UTCI in summer (left) and winter 
(right) at 9pm, with comfort thresholds for the UTCI. 
 

In summer, the two last monitoring days (March 18 
and 19) present quite a similar point-by-point variation 
of the air and mean radiant temperature. The first two 
monitoring days (March 16 and 17) were partially 

clouded, with increased cloudiness at night.  In winter, 
all monitoring days resulted in similar behaviour 
regarding the three variables, possibly due to clear-sky 
conditions during the thermal walks. Based on such 
preliminary visualization, March 19 and June 27 were 
selected for an in-depth analysis. 
 
3.2 Sky view factor in the study area 

Obtained SVF values in the study area vary from 
0.04 to 0.43 (Figure 4). The hemispherical photos 
illustrate the 12 points monitored (3-min stops at each 
point). Points REW2_2 and REW1_1 represent places 
with greater urban density, with SVF of 0.04 and 0.08, 
respectively. In contrast, locations with low density 
occur at points RNS2_2 and REW3_2, with SVF of 0.28 
and 0.43, respectively.  

 

 
 

RNS1_1 RNS1_2 RNS2_1 RNS2_2 

RNS3_1 RNS3_2 REW1_1 REW1_2 

REW2_1 REW2_2 REW3_1 REW3_2 
 

Figure 4: SVF of the monitoring points in the study area. 
 
3.3 Comparison between PLEMS x reference station 

The points measured on the urban routes had 
higher temperatures than the reference station. In 
fact, the difference between the average air 
temperature measured by PLEMS and the reference 
station was 1.6℃. On the other hand, the relative 
humidity showed a negligible difference, being very 
similar to the average between the measured points 
and the reference station. The point-by-point analysis 
shows that the minimum air temperature and the 
maximum relative humidity occur at point REW1_1, 
which is a point with the greatest canopy cover. 
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3.3 Comparison between PLEMS x reference station 

The points measured on the urban routes had 
higher temperatures than the reference station. In 
fact, the difference between the average air 
temperature measured by PLEMS and the reference 
station was 1.6℃. On the other hand, the relative 
humidity showed a negligible difference, being very 
similar to the average between the measured points 
and the reference station. The point-by-point analysis 
shows that the minimum air temperature and the 
maximum relative humidity occur at point REW1_1, 
which is a point with the greatest canopy cover. 

 

Similar trends of decreasing air temperature and 
increasing relative humidity are observed, with 
localized variations in the values measured by PLEMS, 
due to the urban signals (Figure 5). The results 
demonstrate that the PLEMS was able to correctly 
capture urban-related signals during thermal walks. 

 

  
Figure 5: Ta and RH measured by PLEMS and the reference 
station on June 27 at 9 pm. 
 
3.4 Discussion on the correlation between UTCI x SVF 

This section summarizes the most relevant 
outcomes given by microclimate measurements, 
considering the thermal comfort index UTCI and the 
morphological aspect represented by SVF. As shown in 
Table 2, most points follow the same heating or 
cooling behavior in summer and winter. This analysis 
allows us to observe points that can be critical in an 
extreme heat situation or even in future climate 
change scenarios. Points RNS3_2, REW2_1, REW2_2 
and REW3_2 result in higher temperatures in relation 
to the average for both seasons.  

Based on urban morphology data and 
microclimatic data, a correlation was established 
between the SVF and the UTCI in the study area during 
the summer and winter days (Figure 6). To minimize 
the influence of urban vegetation, the correlation only 
includes points located in canyons without trees. Apart 
from the summer dataset for 9am (R²=0.74), 
correlations were rather low and without statistical 
significance (p>0.05) for the sample of 12 points. 
Previous studies also suggest that SVF is not crucial for 
determining thermal comfort conditions due to the 
diversity of other climatic variables and urban aspects 
that together affect the local microclimate [14]. The 
non-directional nature of SVF may not be able to 
account for human thermal sensation [1]. When 
investigated as an isolated parameter, SVF is not able 
to accurately predict the thermal conditions of an 
outdoor space, especially because incoming solar 
radiation has a stronger effect on Tmrt [15]. 

Improvements in the degrees of association 
between SVF and UTCI were observed when points 
with trees were removed from the sample, with N=5. 
In this case, an R-squared of 0.30 was found for June 
27 (with p>0.05) and 0.74 for March 19 (with p=0.06). 
The lack of statistical significance in observed 
associations and the lack of consistency between the 
relative relationship between SVF and UTCI outcomes 

for the 12 points indicates the need for considering 
other morphological factors. Possible explanatory 
variable may include the Gross Space Index (GSI), the 
Floor Space Index (FSI) and solar orientation of the 
canyon axis [16]. Additionally, thermal properties of 
buildings and trees are quite different, and the 
proportion will inevitably influence the effects of SVF 
on the thermal environment. Therefore, a single SVF 
cannot precisely quantify the urban geometry. 
According to Yan et al. [17] buildings and trees must 
also be considered with the use of building and tree 
view factors (BVF, and TVF, respectively). 
 
Table 2: UTCI color rank for the 12 points (coldest points in 
blue to hottest in red) in the sequential order of the walking 
routes for March 19 (summer) and June 27 (winter). 

Points SVF Summer 
UTCI 9PM 03/19 

Winter 
UTCI 9PM 06/27 

RNS1_1 0.16 21.8 18.8 
RNS1_2 0.19 22.3 19.2 
RNS2_1 0.14 23.0 18.4 
RNS2_2 0.28 19.6 19.0 
RNS3_1 0.21 22.9 18.1 
RNS3_2 0.15 23.5 19.8 
REW1_1 0.08 23.2 18.3 
REW1_2 0.21 23.8 18.2 
REW2_1 0.16 24.0 19.2 
REW2_2 0.04 23.9 19.1 
REW3_1 0.23 22.9 18.8 
REW3_2 0.43 24.4 19.3 

 

  

  

  
Figure 6: Regression of the UTCI thermal index to SVF in 
summer and winter at 9am, 3pm and 9pm. 
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4. CONCLUSION 
This article aimed to analyse the influence of urban 

morphology on OTC employing a Portable Low-cost 
Environmental Monitoring System (PLEMS). The main 
contributions of this research are employing portable 
meteorological instrumentation as an alternative to 
traditional fixed measurement methods, identifying 
climate changes in urban canyons and analysing the 
condition of thermal comfort in open spaces. Localized 
variations in the values measured by PLEMS, 
compared to the reference station, demonstrated its 
ability to accurately capture signals related to urban 
conditions during the thermal walks. Within the urban 
canyons of the routes the temperature was 1.6℃ 
higher than that recorded by the reference station. 

The results found point to a low correlation without 
statistical significance (p>0.05) between SVF and UTCI 
for the sample of 12 points in both seasons, confirming 
that SVF is not a reliable predictor for accurately 
assessing thermal condition of an outdoor space. 

In general, the ranking of the coldest and hottest 
points shows a trend towards similar behavior for the 
same point in winter and summer, which 
demonstrates that morphological aspects influence 
local microclimate in both seasons. However, as 
demonstrated in the correlation graphs, urban 
morphology has a greater influence on human thermal 
comfort conditions in summer than in winter, 
especially during the day. Moreover, intra-urban 
canyon points with dense tree canopy reduces the 
correlation between UTCI and SVF which implies the 
conclusion that the presence of vegetation strongly 
affects human thermal comfort. 

The study has shown us the validity of the PLEMS 
device to account for urban effects on the thermal 
field in dynamic assessments of OTC. Further studies 
could include the consideration of other 
morphological factors by means of multiple 
correlation for understanding associations between 
microclimate and urban features. In our research, 
future steps are to performance a temporal and spatial 
calibration of an urban climate simulation model of the 
studied area in ENVI-met with the data collected by 
the reference station and PLEMS in both seasons. This 
will result in an accurate urban simulation model for 
studying heat mitigation strategies. 
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The study has shown us the validity of the PLEMS 
device to account for urban effects on the thermal 
field in dynamic assessments of OTC. Further studies 
could include the consideration of other 
morphological factors by means of multiple 
correlation for understanding associations between 
microclimate and urban features. In our research, 
future steps are to performance a temporal and spatial 
calibration of an urban climate simulation model of the 
studied area in ENVI-met with the data collected by 
the reference station and PLEMS in both seasons. This 
will result in an accurate urban simulation model for 
studying heat mitigation strategies. 
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The lighting effects in Burgos Cathedral (Spain): 
Virtual reconstruction, using software tools, of the hierophanies 

generated within the Conception Chapel in the 15th century. 

 

 
 

 

ABSTRACT: Special lighting effects, popularly known as “miracles of light” are generated at the solstices or 
equinoxes in three medieval churches located in the Spanish city of Burgos and its surroundings. These 
hierophanies can be observed in religious buildings which were designed and constructed by medieval architects 
associated with what is known as the “Taller de los Colonia” formed by Juan de Colonia, his son Simon and his 
grandson Francisco. The premise of this research is that the same lighting effects were also generated in the Capilla 
de la Concepción, Chapel of Burgos Cathedral (Figure 1), and were visible before the Capilla de Santa Tecla was 
built in the 18th century. The latter, which was built onto the southwest side of the existing chapel, blocked the 
oculus that had previously allowed the entry of the sunlight which had illuminated its interior altarpiece at the 
equinoxes. This paper virtually reproduces the lighting effects that would have been observed in the 15th century. 
It does so by using solar simulation software tools and, to provide a better understanding, describes the knowledge 
of geometry and astronomy that would have been required of the architects responsible for these works. 
KEYWORDS: Lighting effects, Taller de los Colonia, Burgos Cathedral, Capilla de la Concepción, Solar simulation 
software. 
 

 
1. INTRODUCTION  

Burgos Cathedral is one of the most notable 
examples of religious architecture in Spain. It is located 
at the foot of the Cerro del Castillo (castle hill), on the 
Camino de Santiago (Way of Saint James), on a site on 
which a Romanesque cathedral had previously stood. 
It is the result of a long construction process that 
began in 1221 and lasted until the 18th century. 
Although the French-influenced Gothic architectural 
style predominates, the building combines other 
artistic trends with rather unique harmony. In 1984, 
the cathedral was declared a UNESCO World Heritage 
Site. 

Juan de Colonia (c.1410-c.1479) played an 
important role in the late Gothic phase of the 
cathedral’s construction. This master builder, who was 
of German origin, revolutionized the architectural 
panorama of Burgos in the mid-15th century. It is said 
that he arrived in Burgos in 1440, having been brought 
there by Bishop Alonso of Cartagena, on his return 
from the Council of Basel, and was commissioned to 
finish off the towers of the cathedral by adding two 
openwork spires based on Central European models. 
He built the spires (1442-1458) in the main building 
and also a spectacular dome to go with them (c.1470). 
However, the latter collapsed in 1539 and was 
subsequently replaced by the Renaissance dome that 

can be seen today. Juan de Colonia is also credited 
with the construction of the Capilla de la Visitación 
(Chapel of the Visitation) (c.1440-1442), the parapet of 
the triforium, and the design of the Capilla de la 
Concepción (Chapel of the Conception) (c.1477) [1]. 

His son, Simón de Colonia (c.1450-1511), is a key 
figure in late Gothic architecture in Burgos. His work is 
characterized by the introduction of innovative roofing 
systems and the significant role of sculptural 
decoration. He would have been trained in his father's 
workshop, succeeding him as master builder of the 
cathedral and being responsible for completing 
projects that his father had begun before his death, 
such as the Conception Chapel in Burgos Cathedral or 
the Miraflores Charterhouse chapel.  

The workshop of Colonia particularly stands out for 
its ability to incorporate the phenomenology of light, 
which was something that had great importance in the 
medieval Christian imagination. They had bequeathed 
to posterity the hierophanies visible in the churches of 
San Juan de Ortega, Santa María de Miraflores and San 
Nicolás de Bari, all of which are located in the city of 
Burgos and its surrounding area. These lighting effects, 
which are popularly known as the “milagros de la luz” 
(miracles of light), had the purpose of emphasizing the 
stories represented by the sculptural groups found 
inside the respective buildings. These cannot have 

EZEQUIEL USON1 JOSE ANTONIO GARATE2 VICTOR JORGENSEN3 EVA ESPUNY4 

 
1Ezequiel Uson, UPC Sénior, Barcelona, Spain 

2José Antonio Garate, Historian, Burgos, Spain 
3Victor Jorgensen, Architect, Burgos, Spain 

4Eva Espuny, Architect, Barcelona, Spain 

633



 

been the product of accident or coincidence, as they 
are found in three different churches. They were 
therefore the result of deliberate interventions and 
always coincide with the solstices or equinoxes of the 
astronomical calendar. 
 
2. LIGHTING EFFECTS IN THE CAPILLA DE LA 
CONCEPCION OF BURGOS CATHEDRAL 

In the Capilla de la Concepción, or Capilla de Santa 
Ana, of Burgos Cathedral (1477-1488), visitors’ 
attention is drawn to a blinded oculus located in the 
highest part of the southwest wall, just in front of the 
altarpiece, which was made by Gil de Siloe (1483-
1486), on the northeast wall. Its function was probably 
not only to illuminate the chapel since this had already 
been achieved by the large Gothic stained-glass 
window in its northwest side and by another opening 
to the southeast. (Fig. 3). 

Figure 1: Plan of the Capilla de la Concepcion, obtained from 
a digital scan. On the south wall, it is possible to observe the 
blinded oculus, while the altarpiece is located in the north 
wall. Inside, the projection of the vaults is visible. 

The construction of this chapel (Fig. 1) has 
traditionally been attributed to the architects of the 
Taller de los Colonia. Juan de Colonia started this work 
and his son Simón finished it. During the first half of 
the 18th century, the Capilla de Santa Tecla was built 
by demolishing four small Gothic chapels, of lower 
height, that had previously stood on this site (Fig.2). 
The new chapel was built onto the southwest side of 
the Capilla de la Concepción and - as a consequence - 
the oculus that had previously allowed the entry of 
sunlight was blocked (Fig.3). 

Based upon this, the hypothesis that the oculus 
could have been specifically designed with the 
purpose of generating similar lighting effects to 
illuminate the interior altarpiece on certain special 
occasions (Fig. 4) would not seem unreasonable, 
particularly as this also occurs in the three others, 
previously mentioned, churches designed by the Taller 

de los Colonia. Based on this hypothesis, the current 
research was undertaken with the objective of 
demonstrating that what was initially a product of 
intuition could, in fact, constitute a reasonable 
premise. To demonstrate this, it was necessary to 
reconstruct the past by virtually recreating the lighting 
effects that would have been seen inside this chapel in 
the 15th century. This was possible using solar 
simulation software and applying an appropriate 
methodology [2]. 

 
Figure 2: Sequence of the construction of the Capilla de la 
Concepción in the15th century and that of Santa Tecla, in the 
18thcentury, starting from the transept 

 
Figure 3: Section AA’. The position of the blinded oculus of 
the Capilla de la Concepcion, in the central image, to the right 
of the Capilla de Santa Tecla and to the left of the north 
transept. 
 

 
 

 
 
 

 
 
 

Figure 4: Section CC’. The Gil de Siloe altarpiece (1483-1486), 
located in front of the walled oculus. The image on the right 
shows a detail from the main sculptural group: the embrace 
between Saint Joachim and Saint Anne, the parents of the 
Virgin Mary. 
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3. THE CREATION OF LIGHTING EFFECTS IN 
MEDIEVAL CHURCHES. 

The positioning of openings in the walls of religious 
buildings in order to generate lighting effects on 
specific dates of the astronomical calendar served a 
theological purpose: it demonstrated the importance 
that the “theology of light” had in the medieval 
Christian imagination. In medieval art and 
architecture, light acquired a transcendent 
significance, being used to symbolise what was sacred 
and as a manifestation, or expression of God [3]. As a 
result, in some medieval churches, on certain days of 
the astronomical calendar, which often corresponded 
to solstices or equinoxes, “light effects” were 
generated to accompany liturgical acts. The creation of 
these lighting effects was not the product of mere 
chance, but rather the result of the resolution of three 
different types of problems in the design and 
construction of the building [4]. 
 An astronomical problem: the alignment of the 

building with visible points on the horizon that 
coincided with the rising, or setting, of a certain 
celestial body (whether the sun, planets, stars or 
the moon) on certain specific dates of the liturgical 
calendar. 

 A geometric problem: the positioning of the 
openings and their relationship with the floor plan 
and elevation of the building, so as to ensure that 
the entry of sunlight on specific dates illuminated 
certain sculptural groups inside the building. 

 An ornamental problem: the design and 
positioning of the sculptural elements so that a 
specific image was illuminated by rays of sunlight 
on a specific day of the astronomical calendar. 

It is evident that medieval architects had the 
knowledge of astronomy and geometry that was 
required to generate these lighting effects. Although 
we do not know exactly all the geometric canons they 
used, their training, which was acquired in monastic 
and cathedral environments, was organised into two 
blocks: the trivium (three ways) and the quadrivium 
(four ways) [5]. This knowledge dated back to ancient 
times. It was included in “the seven liberal arts” that 
had been taught in the classical world and was 
transmitted to the medieval world via successive 
translations and reproductions of ancient texts. This 
transmission of knowledge also occurred at Burgos 
Cathedral. Some of these liberal arts were represented 
on the archivolts of the Puerta del Sarmental 
(Sarmental Portal) (c.1235-1240), next to the cathedral 
school. In the Middle Ages, this school would have 
been housed in the old Episcopal palace [6]. 
References to geometry, music, grammar and rhetoric 
have been identified on these archivolts and it is 
known that in some cathedrals the great architects of 
the Gothic period were represented as geometers, 

with compasses and measuring rods in their hands 
(Fig.5). 
 

 
Figure 5: A sculpture representing a geometer, which can be 
seen on the Puerta del Sarmental (c.1235-1240), of Burgos 
Cathedral. On it, two schoolchildren contemplate how their 
teacher draws figures using a measuring rod and a compass 
(which has since "disappeared") on a drawing board. 
 
4. A HYPOTHESIS ABOUT THE GEOMETRIC TOOLS 
AND PROCEDURES USED BY MEDIEVAL ARCHITECTS 
TO ACHIEVE LIGHTING EFFECTS. 

In order to determine the path followed by a ray of 
sunlight, Gothic architects used simple geometric 
operations and then transferred their results to real-
scale layouts on the ground. They worked with tools 
such as the gnomon (Fig. 6a), the astrolabe, the 
analemma of Vitruvius, and Ptolemy's analemma. 
These tools enabled them to determine the azimuth at 
sunrise on any day of the year and also the celestial 
coordinates corresponding to different times during 
the day. With these instruments, a knowledge of 
Euclidean geometry [7], the help of scale models -
including very basic, simplified graphs- and setting out 
two similar right-angled triangles, they were able to 
use Thales’s theorem to measure any height by simply 
working with a gnomon (Fig.6b). A good architect 
could then choose the exact position of openings that, 
when placed at topologically significant points, would 
produce surprising lighting effects.  

 
a) Image taken from Vilas-Estévez [8] 
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b) 
Figure 6, a) and b): Determination of the height of the 
opening using Thales’s theorem: the height of the opening in 
the exterior wall of the building is obtained by applying the 
formula h=dxh1/d1, in which d1 = the distance between the 
gnomon and the shadow cast, h1 = the height of the 
gnomon's perforation, and d = the distance between the 
shadow cast and the wall in which the opening must be 
made. 
 
5. VIRTUAL RECREATION OF THE PAST USING SOLAR 
SIMULATION SOFTWARE. 

A precise methodological process was applied to 
virtually recreate the lighting effects that were 
generated in the Capilla de la Concepción before the 
oculus located in the southwest wall was bricked up. 
The methodological process includes the following 
steps: 
 The elevation of the Capilla de la Concepción was 

determined from a digital scan. A restitution was 
then obtained, using the SketchUp program, [9] 
based on a point cloud (Figure 1) 

 The position of the chapel was then established by 
marking the azimuth of the main axis of Burgos 
Cathedral and by determining its geographical 
coordinates. 

The geographical coordinates of the cathedral 
were obtained using Google Earth: 42º20'26''N 
3º42'16W, as was the orientation of the main axis of 
the building: 221º, measured clockwise from the 
north. 
 An EPW (Energy Plus Weather) file was then 

created with the software Meteonorm V8 [10], 
once the exact position of the Capilla de la 
Concepción chapel had been determined from its 
geographical coordinates. 
 

 A first approximation of a stereographic solar 
diagram was then prepared using the Andrew 
March App (Fig. 7). 

To determine the days and times on which the 
images would have been illuminated by the sun, we 
used Andrew Marsh’s “Sun-path App” [11], applying it 
to a three-dimensional survey of the chapel (Fig. 8). 
Doing this, it was possible to obtain an initial 
approximation of the day and time on which the 
altarpiece would have been illuminated by sunlight. 

This then allowed us to determine the azimuth and 
solar height corresponding to the period studied. In 
this case, it turned out that the sculptural group that 
represents the embrace between Saint Joachim and 
Saint Anne would have been illuminated by the sun’s 
rays at the spring and autumn equinoxes, when the 
sun had an azimuth of 222.58º and a height of 39º 

Figure 7: The depiction of the sun path created using Andrew 
Marsh’s App. 

 Previous determination of the days on which the 
sculptural group would have received direct 
sunlight. 

In order to simulate the different times of the year, 
the 3D survey of the chapel and the climate file were 
imported into Archiwizard V8 software [12]. The spring 
equinox currently occurs in the northern hemisphere 
between March 20th and 21st, while the autumn 
equinox is between September 22nd and 23rd. 
According to the simulation of direct annual solar 
radiation run using the Archiwizard V8 software (Fig. 
9), which included placing a solar receiver on the 
central sculptural group, this monument would have 
received direct sunlight for a few days in the second 
half of March and in the second half of September, 
coinciding with the two equinoxes. 

Figure 8: Three-dimensional survey of the Capilla de la 
Concepción, obtained from a digital scan. 
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Figure 9: Mapping the reception of direct sunlight by the 
sculptural group representing “El abrazo de San Joaquín y 
Santa Ana”. 

 Reproduction of the lighting effect produced by the 
path of the sun for one hour. 

The image shows that this sculptural group would 
have received its maximum amount of sunlight in 
March, at between 3 p.m. and 4 p.m. UTC (EU winter 
time), which would have corresponded to between 2 
p.m. and 3 p.m. in solar time. Similarly, in September, 
it would have received the impact of direct sunlight at 
between 4 p.m. and 5 p.m. UTC (EU summer time), 
which would have corresponded to between 2 p.m. 
and 3 p.m. solar time (Fig.10 and Fig. 11). 

Figure 10: Path of sunlight illuminating the sculptural group 
representing “El abrazo de San Joaquín y Santa Ana” 
between 2 p.m. and 3 p.m. on March 20th and September 
22nd. Image obtained from a simulation run using 
Archiwizard V8 software. 

Figure 11: Simulation of the impact of the sun’s rays that the 
sculptural group representing “El abrazo de San Joaquín y 
Santa Ana” would have received at 2:34 p.m. (solar time) on 
March 20th and September 22nd. 

 
a)  

 
 
b) 
 
Fig 12a) and b): Reproduction of the lighting effect that 
would have been generated by sunlight striking the 
sculptural group representing “El abrazo de San Joaquín y 
Santa Ana” on the altarpiece of the Capilla de la Concepción. 
This would have occurred at the equinoxes. These images 
were obtained from a textured digital scan on the Rhinoceros 
software under the same sun settings. 
 
6. CONCLUSION 

In medieval art, light takes on a transcendent 
meaning; it is used as a symbolic reference to the 
sacred, as a manifestation or expression of God. In 
reality, this idea has its origins in the early days of 
Christianity, in the numerous references found in the 
Gospels. It later passed through the Church Fathers 
and endured throughout the Middle Ages. In the case 
of the Capilla de la Concepción of Burgos Cathedral, 
which was the object of this investigation, the 
symbolic charge would be representing divine 
intervention in a miraculous conception. 
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When it comes to finding an image that effectively 
conveys the idea of the immaculate conception of 
Mary, in the Hispanic medieval context, the elegant 
theme of the embrace of her parents at the Golden 
Gate of Jerusalem ended up prevailing. After many 
years of marriage, Joachim and Anne had not been 
able to have children. One day, Joachim was 
reproached for this reason while presenting his 
offering in the temple of Jerusalem, after which, 
dejected, he retired to the desert. Then, they both 
received a visit from an angel, who announced to them 
that they were expecting a child and that she was 
going to be exceptional. Joachim and Anne then went 
to celebrate the good news together with a reunion 
that took place at the Golden Gate of Jerusalem. By 
focusing, therefore, the sunlight on the theme of the 
Embrace before the Golden Gate, the divine 
intervention in the immaculate conception of Mary 
would be staged. 

If we manage to abstract ourselves from the 
excessive current electric lighting, very far from the 
lighting designed by the creators of the chapel, we can 
imagine the great expressiveness that the luminous 
phenomenon would achieve. The prevailing twilight in 
this cathedral space at sunset would intensify the 
beam of light that penetrated through the western 
oculus. This would make the polychrome and gilded 
elements of the illuminated altarpiece shine, making 
them stand out powerfully from the rest. In addition, 
the colourful vault, with the presumably azure-painted 
webbing and the gilded ribs that emerge from them, 
would further increase the visual impact of the 
phenomenon. 

Considering its connection with the spring equinox 
(celebrated on March 25th), the phenomenon would 
coincide with the vespers service (around six in the 
evening). Contemplating the gradual illumination of 
the scenes of the capital during such significant dates 
and at such a liturgical moment had to constitute a 
very suggestive experience.  

The architects of the Taller de los Colonia had to 
establish where the oculus generating the light source 
needed to be opened and the dimensions and shape 
required to project a circular image on the illuminated 
figures. They must also have calculated where and 
how the figures needed to be located at the altarpiece 
and how the sculptural elements had to be designed in 
order to achieve spectacular lighting effects on certain 
specific dates of the astronomical calendar. The 
apparent intentionality behind this phenomenon 
would seemingly imply that the configuration of the 
altarpiece was also determined by the desired lighting 
phenomenon. Organising this would have called for 
considerable rapport between the architect and the 
sculptor. 

Finally, it should be underlined that the use of 
simulation methodology combined with solar 

software tools allowed us to demonstrate the validity 
of the hypothesis formulated for this research. The 
intentionality behind the lighting effects generated on 
the altarpiece of the Capilla de la Concepción on 
certain designated dates of the Julian astronomical 
calendar, which was then in use, has been clearly 
demonstrated. This was evident prior to 1734 when, 
as a consequence of the construction of the adjacent 
chapel of Santa Tecla, the light source was blocked. 
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ABSTRACT: Water is a primary resource for humans to live; however, due to the high urbanization and the effects 
of Climate Change, impervious urban surfaces have largely increased, which easily leads to flood problems 
during intense rain events, threatening the resilience of the built environment and communities. Nature-Based 
solutions (NBSs) are deemed as effective means to address water-related hazards; furthermore, they can 
contribute to climate change adaptation and mitigation, thus improving urban resilience. However, their 
effective planning and implementation is still difficult because it lacks a comprehensive framework for their 
integration in existent environments. This paper aims to pave the ground for future studies on this gap and 
explore integrated hydrological contributions for designing resilient cities. To accomplish this, the authors 
compare the effectiveness of the most popular Nature-Based stormwater management solutions (green roofs, 
rain gardens and vegetated swales) at the neighbourhood scale according to two relevant hydrological 
performance indicators: runoff volume reduction and peak flow reduction. It also evaluates their contribution to 
urban resilience with relevant resilience indicators. In conclusion, these three solutions show high efficiency in 
managing stormwater but vary in contributing to resilience performance regarding their own characteristic. 
KEYWORDS: Nature-Based Solutions, runoff volume reduction, peak flow reduction, stormwater management, 
urban resilience 
 
 

1. INTRODUCTION  
In recent years, many countries such as Italy, 

Germany, Belgium, the UK, and the US have suffered 
the effects of intense rain events as a consequence of 
Climate Change (CC). At the same time, developing 
countries such as China have also experienced severe 
floods because of the high demand for rapid 
development, which led to a sharp increase in urban 
impervious surfaces. This rise in the percentage of 
sealed soils has changed urban hydrological systems, 
accelerating the frequency and severity of water-
related hazards [1]. Furthermore, the 
Intergovernmental Panel on Climate Change (IPCC) 
alerts that changes in precipitation will harshen with 
every degree of global warming, increasingly leading 
to flooding. This will pose great risks to both people 
and the built environment [2]. As a response, the 
resilience concept emerged to help cities adapt to 
climate disasters and improve their capacity to tackle 
hazards, among which flooding. Hence, cities are 
searching for new and effective solutions to move 
towards more resilient settings, and stormwater 
management emerges as a crucial field of action in 
this regard [3]. Among the most popular stormwater 
management strategies, Nature-Based Solutions 
(NBSs) have been proven to effectively address 
water-related challenges and simultaneously provide 
multiple environmental, economic and social benefits. 

However, effective planning and implementation of 
NBSs is still difficult because it lacks a comprehensive 
framework for their integration in existent 
environments [4].  

This paper offers a comparative analysis of the 
effectiveness of the most popular NBSs based on 
common hydrological performance indicators that 
are suitable for measuring solutions at the roof level 
and also solutions at the ground level at the 
neighbourhood scale. The aim is to pave the ground 
for future studies on the potential integration of roof 
and ground level solutions to enhance stormwater 
management system for managing urban water-
related challenges and, at the same time, improving 
to urban resilience. 
 
2. NATURE-BASED SOLUTIONS FOR STORMWATER 
MANAGEMENT 

Conventional stormwater management, also 
known as grey infrastructure, such as curbs, gutters, 
and pipes to collect, convey and treat stormwater, 
have been proven inadequate to changing 
environmental conditions [5]. So, cities have been 
exploring new ways, such as sustainable drainage 
system (SUDS), best management practice (BMP), low 
impact development (LID), water-sensitive urban 
design (WSUD), blue and green infrastructure (BGI) 
and the sponge city concept (SC) [6]. These terms 
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have been used to define similar concepts of NBSs in 
different parts of the world, which are “inspired by, 
supported by, or copied from nature”, and they use 
or mimic natural processes to control surface runoff 
volumes and timing, thereby mitigating the potential 
for flooding during intense rain events [7]. 

In recent decades, NBSs have received increased 
attention especially for their side-benefit on urban 
resilience. NBSs can indeed contribute to city 
resilience by leveraging on natural or ecological 
retention, detention, infiltration, and drainage 
potentials while improving outdoor microclimate 
thanks to the evapotranspiration capacity of natural 
elements. NBSs such as green roofs (GR), constructed 
wetlands (CW), rain gardens (RG), permeable 
pavements (PP) and vegetated swales (VS) have been 
widely implemented in cities for managing 
stormwater. Among them, green roofs, rain gardens 
and vegetated swales are the most recurrent 
solutions for water management at the 
neighbourhood scale  Green roofs are of high value 
because roof surfaces account for 40-50% of all 
impervious surface areas in developed urban areas 
[8]. Besides their hydrological performance, GRs can 
improve the thermal performance of buildings, 
contribute to mitigating the urban heat island, and 
improve air quality by capturing dust particles, etc. 
Rain gardens not only play a major role in 
rehabilitating the water cycle but also help promote 
well-being with nature; they work very well in 
addressing rainwater and enhancing biodiversity and 
ecosystem resilience. Vegetated swales are usually 
used to convey stormwater runoff, they can capture 
pollutants and attenuate runoff volumes, they 
simultaneously provide a variety of environmental 
benefits as well as improvement in biodiversity and 
amenity [6,9]. 

 Their effectiveness has been largely studied in the 
literature, but mainly focusing on single solution at a 
time, while a systemic approach would allow their 
better integration and functioning. Many authors 
have indeed pointed out that these solutions have 
limits by their own [3]. For example, Ercolani et al. [10] 
illustrated that green roofs perform more effectively 
in smaller-magnitude frequent storms. Ishimatsu et al. 
[11] reported that rain gardens are more suitable to 
handle small discharges of rainwater. Ruangpan et al. 
[12] pointed out that vegetated swales could work 
much well during heavier and shorter rainfall events. 
However, these limits might be overcome if the 
solutions are synergically combined and connected 
with other urban features and requirements. 

 
3.  ETHODOLOGY AND MATERIALS 

The methodology of this study (Fig. 1) consists of 
three main phases. Phase 1 is to find the common 
hydrological performance indicators of green roofs, 

rain gardens and vegetated swales separately from 
the existing literature and select the two most 
relevant for the neighbourhood scale. Phase 2 is to 
retrieve data from the scientific literature and 
applicative case studies to quantify (or set feasible 
value ranges) the performance of these solutions 
according to the two indicators and make them 
comparable. Given additional benefits that the 
solutions bring in terms of resilience, phase 3 links 
the outcomes from phase 2 with a set of relevant 
resilience indicators. On this basis, intuitive radar 
charts are produced to help choose the best 
solution/combination of solutions case by case. 
 

 
Figure 1: Methodological flow of this study. White 
rectangles represent phase and aim, light grey rectangles 
represent activity, and dark grey rectangles represent the 
output. 

 
Regarding the first phase, several indicators from 

the existing literature can be used to assess the 
hydrological performance of these NBSs individually. 
For the study of the hydrological performance of 
green roofs, the indicators found in the literature 
were runoff volume reduction, peak flow reduction, 
peak delay, runoff coefficient and peak attenuation, 
etc. For rain gardens hydrological performance 
indicators, runoff volume reduction, water level and 
ponding time, peak flow reduction, infiltration rate, 
peak flow delay time, etc; indicators such as runoff 
lag time, runoff volume reduction, peak flow 
reduction, soil drainage capacity, etc, are used to 
evaluate the hydrological performance of vegetated 
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Regarding the first phase, several indicators from 

the existing literature can be used to assess the 
hydrological performance of these NBSs individually. 
For the study of the hydrological performance of 
green roofs, the indicators found in the literature 
were runoff volume reduction, peak flow reduction, 
peak delay, runoff coefficient and peak attenuation, 
etc. For rain gardens hydrological performance 
indicators, runoff volume reduction, water level and 
ponding time, peak flow reduction, infiltration rate, 
peak flow delay time, etc; indicators such as runoff 
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reduction, soil drainage capacity, etc, are used to 
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swales. Phase 1 lists: i) runoff volume reduction, ii) 
peak flow reduction, iii) peak delay, iv) runoff 
coefficient, v) water level and ponding time, vi) runoff 
lag time. Indicators i) and ii) have been especially 
investigated in recent years both in research projects 
and applicative case studies, runoff volume reduction 
refers to through implementing NBSs, how much 
stormwater runoff volume can be reduced compared 
to an impervious surface, and peak flow reduction is 
widely used measure of stormwater impact because 
it is associated with the maximum erosion damage 
[13]. These two indicators are selected because they 
are more direct and comprehensive for 
understanding their reduction rates before and after 
the implementation of NBSs, but significant variations 
in performances are detected depending on the study. 
That is why a systematic comparison would help 
extract proper performance range or values. 

Despite pertaining to different levels (green roofs 
to the roof level and rain gardens and vegetated 
swales to the ground level) these solutions can be 
measured with common hydrological performance 
indicators – i) runoff volume reduction and ii) peak 
flow reduction. On this basis, the three solutions are 
further analysed assuming a comparative approach 
for the selected indicators i) and ii) (phase 2), the 
results are comprised of a reliable range of 
functioning (and average values) for each solution 
(Table 2).  

Then, given that NBSs for water management are 
nowadays preferred to conventional grey 
infrastructure for their additional support to urban 
resilience, the solutions are analysed further by 
retrieving their benefits from the literature and 
linking them with a set of relevant resilience 
indicators for cities. The relevant resilience indicators 
are selected from the work by Feldmeyer et al.  [14] 
and combined with Sharifi and Yamagata [15]. The 
indicators cover multiple dimensions of urban 
resilience, and they can be divided into five main 
categories and corresponding action fields, each 
action field refers to one resilience indicator, ranging 
from the water management category to biodiversity, 
air quality, maintenance, costs, and social issues 
(Table 1).  
 
Table 1: Dimensions and action field of the resilience 
evaluation. 
 
Dimension Action field 
Environment Soil and green spaces 

Water management 
Biodiversity 
Reduction of environmental 
impacts (air, temperature, 
energy, etc) 

Infrastructure Robustness and redundancy 
of critical infrastructure 
Infrastructure efficiency  

Economy Economic structure 
Dynamism 

Society Research projects 
Knowledge and risk 
competence 
Community bonds, social 
support, and social 
institutions 
Safety and well-being 

Governance Participation and 
collaboration 
Management of resources 
Strategy, plans and 
environment 
Education and training 

 
Resilience indicators related to the environmental 

dimension are mainly associated with availability, 
quality, accessibility, and conservation. NBSs can 
mitigate adverse environmental impacts (urban heat 
island, air pollution, etc), reduce flood hazards, and 
provide ecosystem services to enhance the resilience 
of the neighbourhood. NBSs related to infrastructure 
resilience are about the multi-functionality of spaces 
and facilities, regular monitoring, maintenance and 
upgrade. The economic dimension of urban resilience 
includes indicators of employment rate and job 
opportunities, while dynamism means investment in 
green jobs and the economy. Relevant resilience 
indicators in society refer to social attention to 
extreme rain events or flooding, experience, and 
available information. Furthermore, implementing 
NBSs can strengthen community bonds and improve 
safety and well-being, both physical and psychological 
health. With reference to governance, resilience 
related to NBSs is mainly about multi-stakeholder 
planning and decision making, cross-sector 
collaboration, investment, resources management, 
strategies planning for water-related challenges, and 
educational activities.  

Results from phase 3 will be shown by means of 
intuitive radar charts. The rating for these five 
dimensions is from 1 to 5, where 1 shows poor 
performance and 5 shows excellent performance. For 
dimensions which have four action fields, each 
account for 25%, while for dimensions which have 
two action fields, each account for 50%.  So taking the 
environmental dimension as an example, if sums up 
to 100%, it equals to 5.00 in radar charts; if sums up 
to 75%, it equals to 3.75; if sums up to 50%, it equals 
to 2.50 in radar charts; if sums up 25%, it equals to 
1.25 in radar charts. Overall results are discussed 
basing on the outcomes of the comparison and 
detected limitations. 
 
4. RESULTS AND DISCUSSION  
4.1 Analysis of phase 1 and phase 2 

Table 2 shows the comparative analysis of three 
selected solutions – GRs, RGs and VSs based on runoff 
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volume reduction and peak flow reduction – these 
two hydrological performance indicators for 
stormwater management. 
 
Table 2: A comparative analysis of selected solutions 
(extract). 
 
Solution Runoff vol. 

red. (%) 
Peak flow 
red. (%) 

Reference or case 
study 

1. GR 80 80 Residential area in 
Beijing (CHN) [16] 

68 89 University campus 
in Michigan (US) 
[17] 

… … Other case studies 
not included here 

70 86 Average value 
2. RG 50 48 Joinville neighb. 

(BR) [18] 
53 - Residential 

neighbourhood in 
Colorado (US) [19] 

… … Other case studies 
not included here 

52 45 Average value 
3. VS 55 40 Luleå neighb. (SE) 

[20] 
64 74 Parking lot in 

Auckland (NZL) 
[21] 

… … Other case studies 
not included here 

58 55 Average value 
 
From the above table, it emerges that green roofs 

are the most effective of the three solutions; the 
average value for runoff volume reduction and peak 
flow reduction is 70% and 86%, respectively, while 
much higher than the average value of rain gardens 
and vegetated swales. This result is also in 
correspondence to the average range from the 
existing literature review in general, green roofs can 
reduce stormwater runoff volume by 30-86%, reduce 
peak flow rate by 22 to 93% [13]; rain gardens can 
reduce surface runoff by 25-69% and peak runoff by 
12-71% [6]; swales can reduce runoff volumes by 
15%-82% and peak runoff rates by 4%-87% [22].    
Carpenter and Kaluvakolanu [17] tested three full-
scale roofs on the campus buildings and 
demonstrated the efficiency of green roofs compared 
with asphalt roofs and stone ballasted roofs; 
furthermore, different storm sizes also be monitored, 
and results indicated that green roof was highly 
efficient in capturing small storm events and was able 
to retain 68% of rainfall volume, while reduced peak 
discharge by an average of 89%. The rain garden built 
in a residential neighbourhood in Lakewood, 
Colorado, US, was monitored for three years and 
concluded that it can effectively reduce average 
runoff volume by 53% [19]. Fassman and Liao [21] 

monitored vegetated swales in New Zealand under 42 
storm events and found that vegetated swales show 
effective control of stormwater runoff by reducing 
runoff volume by 64% and peak flow by 74%.  

However, studies often use ideal state and 
boundary limitations which do not depict actual 
conditions. As in the case described by Yao et al. [16], 
who assume that rainwater can be drained from 
green roofs directly into the drainage system without 
infiltration losses. In real cases, rainwater flow from 
the roofs can pass over impervious surfaces (ground 
level), causing infiltration losses. Furthermore, the 
retention capacity of green roofs is limited when 
facing heavy storms; in this case, there is a high need 
to consider a combination of multiple solutions to 
make up for this deficiency. 

Similar conclusions emerge for rain gardens. For 
instance, Goncalves et al. [18] tested and compared 
five different rain events for seven scenarios (single 
solution and combined solution) implementing 
decentralized stormwater controls and find that the 
scenario “Rain Garden_10 perc” (occupy 10% of the 
sub-catchment area) can work effectively as a single 
solution. However, the limitation of this study is it 
only considers single or two integrated solutions, and 
they are all at the ground level, while multiple choices 
(>2) or connect with green roofs may be much more 
effective. 

Concerning vegetated swales, the same need to 
adopt a system approach stands out. Rujner et al. [20]  
performed a field experiment on a 30 meters section 
of an urban grassed swale in sandy soils by simulating 
14 rainfall events of 30-minute duration. However, 
they did not consider the different soil types, which is 
instead a very important factor that affects the 
retention and infiltration of different rain events, not 
to mention the relevance of this choice to the range 
of possible urban functions that can be performed 
nearby.  

The results, on the one hand, comprehensively 
demonstrate the effectiveness of the three 
considered solutions at the neighbourhood scale, and 
on the other hand, emphasize the necessity of 
implementing multiple solutions to compensate the 
inadequacies of a single NBS to deal with stormwater 
management and urban resilience effectively. Indeed, 
even if green roof shows the best average 
performance to water management and does not 
require extra urban land surface, compared to the 
other two solutions, it might be challenging to 
implement them in dense historical urban 
environments, where it might be easier to implement 
rain gardens or vegetated swales in public or private 
outdoor spaces (e.g., gardens). 
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volume reduction and peak flow reduction – these 
two hydrological performance indicators for 
stormwater management. 
 
Table 2: A comparative analysis of selected solutions 
(extract). 
 
Solution Runoff vol. 

red. (%) 
Peak flow 
red. (%) 

Reference or case 
study 
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Beijing (CHN) [16] 

68 89 University campus 
in Michigan (US) 
[17] 

… … Other case studies 
not included here 

70 86 Average value 
2. RG 50 48 Joinville neighb. 

(BR) [18] 
53 - Residential 

neighbourhood in 
Colorado (US) [19] 

… … Other case studies 
not included here 

52 45 Average value 
3. VS 55 40 Luleå neighb. (SE) 

[20] 
64 74 Parking lot in 

Auckland (NZL) 
[21] 

… … Other case studies 
not included here 

58 55 Average value 
 
From the above table, it emerges that green roofs 
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average value for runoff volume reduction and peak 
flow reduction is 70% and 86%, respectively, while 
much higher than the average value of rain gardens 
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correspondence to the average range from the 
existing literature review in general, green roofs can 
reduce stormwater runoff volume by 30-86%, reduce 
peak flow rate by 22 to 93% [13]; rain gardens can 
reduce surface runoff by 25-69% and peak runoff by 
12-71% [6]; swales can reduce runoff volumes by 
15%-82% and peak runoff rates by 4%-87% [22].    
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demonstrated the efficiency of green roofs compared 
with asphalt roofs and stone ballasted roofs; 
furthermore, different storm sizes also be monitored, 
and results indicated that green roof was highly 
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level), causing infiltration losses. Furthermore, the 
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facing heavy storms; in this case, there is a high need 
to consider a combination of multiple solutions to 
make up for this deficiency. 

Similar conclusions emerge for rain gardens. For 
instance, Goncalves et al. [18] tested and compared 
five different rain events for seven scenarios (single 
solution and combined solution) implementing 
decentralized stormwater controls and find that the 
scenario “Rain Garden_10 perc” (occupy 10% of the 
sub-catchment area) can work effectively as a single 
solution. However, the limitation of this study is it 
only considers single or two integrated solutions, and 
they are all at the ground level, while multiple choices 
(>2) or connect with green roofs may be much more 
effective. 

Concerning vegetated swales, the same need to 
adopt a system approach stands out. Rujner et al. [20]  
performed a field experiment on a 30 meters section 
of an urban grassed swale in sandy soils by simulating 
14 rainfall events of 30-minute duration. However, 
they did not consider the different soil types, which is 
instead a very important factor that affects the 
retention and infiltration of different rain events, not 
to mention the relevance of this choice to the range 
of possible urban functions that can be performed 
nearby.  

The results, on the one hand, comprehensively 
demonstrate the effectiveness of the three 
considered solutions at the neighbourhood scale, and 
on the other hand, emphasize the necessity of 
implementing multiple solutions to compensate the 
inadequacies of a single NBS to deal with stormwater 
management and urban resilience effectively. Indeed, 
even if green roof shows the best average 
performance to water management and does not 
require extra urban land surface, compared to the 
other two solutions, it might be challenging to 
implement them in dense historical urban 
environments, where it might be easier to implement 
rain gardens or vegetated swales in public or private 
outdoor spaces (e.g., gardens). 
 

 

4.2 Analysis of phase 3 
Table 3 shows the urban resilience evaluation 

based on these three solutions with multiple benefits 
– environmental, social, and economic impacts. 
 
Table 3: Assessment of three solutions for urban resilience 
indicators. 
 
Action field GR RG VS 
Soil and green spaces (25%) ● ● ● 
Water management (25%) ● ● ● 
Biodiversity (25%) ● ● ○ 
Reduction of environmental 
impacts (air, temperature, 
energy, etc) (25%) 

● ● ● 

Mean score 3.75 3.75 2.50 
Robustness and redundancy 
of critical infrastructure (50%) 

● ● ● 

Infrastructure efficiency 
(50%) 

● ● ● 

Mean score 5.00 3.75 3.75 
Economic structure (50%) ● ● ● 
Dynamism (50%) ● ● ● 
Mean score 3.75 3.75 2.50 
Research projects (25%) ● ● ○ 
Knowledge and risk 
competence (25%) 

○ ○ ○ 

Community bonds, social 
support, and social 
institutions (25%) 

● ● ○ 

Safety and well-being (25%) ● ● ● 
Mean score 3.75 3.75 1.25 
Participation and 
collaboration (25%) 

● ● ● 

Management of resources 
(25%) 

○ ● ● 

Strategy, plans and 
environment (25%) 

● ● ● 

Education and training (25%) ● ● ○ 
Mean score 3.75 5.00 2.50 

Note: ● – Likely valuable contribution to the criterion 
(>25%), ● – some potential contribution to the criterion 
(between 12.5% and 25%), ○ – very limited contribution to 
the criterion (< 12.5%). 
 

The radar chart (Fig. 2) was created for the direct 
visual performance from the Table 3 results. The top 
of the polygon in Figure 2 represents Environment; 
the two wings of the polygon in the middle are 
Infrastructure and Governance; the two indices at the 
bottom reflect Economy and Society. 
 

 
Figure 2. Intuitive radar charts for urban resilience 
evaluation. 
 

From the intuitive radar charts, there are several 
important findings.  
1) Green roofs and rain gardens show high value in 
the environmental dimension; green roofs can 
contribute to soil health, and intensive green roofs 
can be easily accessible with diverse plantings; 
besides water management benefits, they also help 
combat urban heat island and air purification, reduce 
noise and are biodiversity-friendly. Rain gardens are 
attractive landscapes and sustainable stormwater 
management solutions for residential areas serving 
various ecosystem functions. Vegetated swales act 
less compared to the other two.  
2) For infrastructure dimensions, green roofs work 
best because they do not need extra space if 
implemented and can be applied in different urban 
density patterns; in addition, they perform well in 
thermal insulation and energy efficiency, thus 
contributing a lot to reducing the need for heating, 
cooling and electricity infrastructure. Rain gardens 
and vegetated swales can contribute to groundwater 
recharge, which is significant for maintaining 
groundwater levels and supporting local aquifers.  
3) Implementing these stormwater solutions can 
create more green job opportunities because of the 
engineering and construction process, thus 
promoting economic development.  
4) For the social dimension, all of these can 
strengthen the neighbourhood connection and 
promote safety and well-being. Still, citizens do not 
know much about these solutions, although scientific 
communities have devoted many research activities. 
5) Rain gardens show the best performance in the 
governance dimension because they tend to get more 
willingness from the neighbourhood residents from 
the existing literature. 

However, the limitation of the study is related to 
the subjectivity of selected resilience indicators and 
also the given scores. 
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5. CONCLUSION 
Green roofs, rain gardens, and vegetated swales 

show high efficiency in managing stormwater based 
on runoff volume reduction and peak flow reduction 
but vary in hydrological performance regarding their 
design characteristics and facing different storm 
events. It is necessary to think about how to combine 
these solutions to find a balance between roof and 
ground levels based on the common hydrological 
performance indicators, thus maximizing the 
hydrological performance. 

In addition, they also perform differently in terms 
of urban resilience evaluation. Current research 
focuses on linking its hydrological performance and 
urban resilience of each solution separately. While it 
could work much better to connect them together 
and increase the water retention and detention 
capacity, thus contributing to improving the cities' 
resilience in terms of climate change effects. 

Therefore, if future studies can investigate how to 
integrate effectively green roofs with other 
stormwater solutions at the ground level based on 
the common hydrological performance indicators, 
both water retention capacity and urban resilience 
features can be significantly improved. To this regard, 
the study lays the foundation for developing a 
comprehensive framework capable of considering 
pros and cons of each solution and their optimal 
integration according to context conditions. Further 
steps are still under development to provide more 
precise outcomes. 
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ABSTRACT: In the urban environment, the urban form has a direct impact on the behavior of natural ventilation 
and the dispersion of atmospheric pollutants. The urban form and its interference in the behavior of natural 
ventilation and the dispersion of atmospheric pollutants is explored in this article through the simulation of four 
variations of urban canyon with H/W varying between 1.5 and 6. Thus, the objective of this work is to evaluate 
how the H/W influences the behavior of natural ventilation and atmospheric dispersion. The evaluation was 
carried out using the Computational Fluid Dynamics: OpenFOAM® software. The results indicate that H/W ratio 
the height of buildings and wind direction are the variables that most influence wind speed at pedestrian height, 
on the other hand, the distance between buildings and wind direction are the variables that most affect the 
pressure coefficient of facades and the dispersion of atmospheric pollutants. 
KEYWORDS: Urban canyon, Computational Fluid Dynamics, Natural Ventilation, Pollutant dispersion 

1. INTRODUCTION 
Urban canyons are formed by buildings that 

create a canyon configuration between them, which 
affects the dynamics of natural ventilation in urban 
areas [1, 2]. 

Natural ventilation is important for renewing the 
air in dense urban spaces, as it helps to disperse air 
pollutants, reduce heat accumulation, and improve 
thermal comfort [3–5]. 

Among the factors that most influence natural 
ventilation in urban canyons is iterations in fluid 
dynamics induced by building predominantly 
manifest in the formation of recirculation zones in the 
lee of high-rise edifices, a phenomenon referred to as 
the wake effect. This effect extends beyond the 
immediate vicinity of the building, influencing not 
only the structural integrity of the building itself but 
also having significant implications for local health 
and air quality parameters [1, 3].  

Others factors that influence natural ventilation 
can be considered: 1. stack effect, which occurs when 
the hot air inside the urban canyon is expelled 
upwards, while the colder air is drawn into the space, 
this vertical air movement promotes air circulation 
and renewal; 2. wind direction and speed, which play 
a crucial role in the natural ventilation of urban 
canyons; 3. urban form, which affects the pattern of 
natural ventilation, such that taller buildings can 
create more restrictions on airflow, while lower 
buildings allow more air intake; and 4. pressure 
facade coefficient (Cp), which measures the pressure 
difference between the windward and leeward sides 
of the buildings, affecting the cross airflow [1, 5, 6]. 

Numerous factors pertaining to urban 
morphology exert influence on the modification of 
flow zones within an urban locale. As per the research 
conducted by Azizi and Javanmardib (2017) and Guo 
et al. (2017), the primary determinants are the height 
and distance of buildings [7, 8]. 

Considering the relationship between urban 
canyons, natural ventilation and the dispersion of 
atmospheric pollutants, the authors Wang et. al. 
(2010) and Nazridoust & Ahmadi (2006) show that 
wind speed (Ws) plays a significant role in the 
dispersion of gaseous and particulate pollutants in 
street canyons, whereas higher Ws lead to reduced 
pollutant concentrations in canyons. Singh at. al. 
(2017) conducted a three-dimensional numerical 
simulation and observed higher concentrations of 
pollutants on the leeward side of the street canyon 
compared to the windward side [9–11]. 

Therefore, the objective of this article is to analyze 
Ws and Cp and an outline of the dispersion of 
atmospheric pollutants in urban canyons with 
different H/W ratios, with an ambient air velocity of 2 
m/s, in three wind directions 0°, 45° and 90° for 
ventilation and in two directions 0° and 90° for 
dispersion of pollutants. 

2. METHODOLOGY 
The research methodology encompasses CAD 

modeling and Computational Fluid Dynamics (CFD) 
and is divided into six stages: 1. three-dimensional 
modeling, 2. mesh production, 3. definition of 
boundary conditions, 4. numerical calculation of the 
simulation, 5. simulation validation and 6. data 
analysis. 
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Within the ambit of this investigation, four distinct 
geometric scenarios representative of urban canyons 
were meticulously chosen. These scenarios 
incorporate height-to-width (H/W) ratios spanning 
1.5, 3.0, and 6.0, as elucidated in Figure 1. 

 
Figure 1: Urban canyons analyzed. 

2.1. Computational Fluid Dynamics Simulation  
To conduct the Computational Fluid Dynamics 

(CFD), the simulation domain was carried out with 
five times the height (h) of the buildings on the sides, 
top and outlet and fifteen times h in the inlet, with 
the objective of investigating only one wind direction, 
according to guidelines established by COST [12], as it 
shows in Figure 2. 

 
Figure 2: Simulation domain. 

A mesh was made in Ansys using an unstructured 
methodology. The objective of this technique was to 
create prism-shaped elements in the vicinity of the 
terrain and structures, thereby enabling a more 
accurate analysis of the boundary layer’s detachment 
properties. [13]. 

Five meshes were developed with the aim of 
validating the simulation through the mesh 
independence test and M3 was chosen for the 
development of the CFD simulation considering the 
best computational cost and stability in the results, as 
shown in Table 1 and Figure 3. 

 

Table 1: Mesh independence test data 
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Where: ∪ is the Ws at a specific height; ∪ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is 
the reference Ws; ℎ is the Height at which the Ws is 
measured; ℎ ref is the reference height; and α is the 
exponent associated with the specific wind profile. 

The simulation covered three different wind 
directions: 0°, 45° and 90°. The simulation was carried 
out using the OpenFOAM 9 software, taking 
advantage of the icoFOAM model, considering the air 
fluid, with viscosity 0.01, and the 
scalarTransportFOAM to simulate the dispersion of 
atmospheric pollutants. 

IcoFOAM is a solver for incompressible laminar 
flow, which does not use any turbulence model. It 
solves the Navier-Stokes equations directly using the 
PISO algorithm, which is a pressure-velocity coupling 
scheme. The solver assumes that the flow is transient 
and requires an initial condition and boundary 
conditions for the velocity and pressure fields [14].   

ScalarTransportFOAM is a solver that solves a 
transport equation for a passive scalar, which 
requires a specified stationary velocity field, which 
has been established through icoFOAM simulation. In 
scalaTransportFOAM, the atmospheric pollutant is 
applied through a setFields, which uses the Volume of 
Fluid Method (VOF), a computational technique for 
approximating free surfaces, categorized as Eulerian 
method, Eulerian methods are characterized by a grid 
system, which can be either static or dynamic 
(equation 2) [15].  
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 is the rate of 
temporal change of concentration; 𝑣𝑣 is the fluid 
velocity vector; 𝑣𝑣𝑣𝑟is the 
is the spatial gradient of concentration; and 𝑈𝑈�  
𝐶𝐶𝑟𝐶𝐶𝐶𝑟𝐶𝐶d𝐶𝐶l𝑟𝐶𝐶mp𝐶𝐶𝐶𝐶𝐶𝑟𝐶f𝑟v𝐶l𝐶𝐶𝐶𝐶y. 

To ensure the accuracy of the simulation results, 
the only cases considered were those in which the 
residuals were less than 1x1011, the Courant number 
was approximately 1 and there was less than 10% 
change in physical stability in the mesh independence 
test [12, 16]. Figure 4 presents a summary of the 
methodological process divided into 4 stages: pre-
processing, validation, simulation and analysis. 

 
Figure 5: methodological process 

As Figure 5 shows the paper's methodology is 
separated into 4 stages: 1. pre-processing, which 
encompasses the development of the three-
dimensional model, the production of meshes and 
the definition of boundary conditions; 2. Validation, 
which involves testing independence with five 
meshes and numerical validation; 3. Numerical 
simulation, which was divided into icoFOAM to 
simulate natural ventilation and 
scalarTransportFOAM to simulate pollutant 
dispersion; and 4. Analysis, which involves analyzing 
the results. 

3. RESULTS 
To better visualize the results, a circular cut was 

made in the results with a top view of Ws and 
dispersion of atmospheric pollutants (Figure 6). 

 
Figure 6: Result preview clipping 

The findings were bifurcated into two segments: 
natural ventilation, encompassing Ws and Cp, and 
atmospheric pollutant dispersion (Figures 7 and 8).  
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Figure 7: CFD simulation results (H45_W30 and H90) of Ws 
and Cp 

The natural ventilation outcomes are scrutinized 
by evaluating the Ws at the pedestrian level (top 
view) and the Cp at wind directions of 0°, 45°, and 
90°, as illustrated in Figures 7 and 8. 

The results of Figure 7 show that the taller the 
building and the narrower the distance between the 

buildings, the lower the Ws at the height of the 
pedestrian, this result agrees with the authors with 
Haddid & Al-Obaidi (2022) and Ai & Mak (2018) [17, 
18]. 

Regarding the Cp, the results show that the 
greater the distance between the buildings, the 
greater the Cp of the buildings [19, 20]. 

The results of the generic dispersion of pollutants 
in the top view (pedestrian height) were analyzed in 
wind directions with highest and lowest Ws 0° and 
90° (Figure 8). 

  
Figure 8: CFD simulation results of pollutants 

dispersion 

Figure 8 presents the results of the dispersion of 
atmospheric pollutants in urban canyons investigated 
generically, that is, a type of pollutant was not 
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established in this simulation. The results showed 
that the dispersion of pollutants improved with 
increasing distance between buildings (H/W ratio). 

Furthermore, the analysis of the results revealed 
that the concentration of pollutants at a specific point 
in the center of the urban canyon was lower with 
wind at 90°, or in the lee of pollutant emissions, 
however, it was considerably higher at the ends of the 
urban canyons, in that direction. wind. 

In relation to the maximum contraction value, the 
highest concentration value is in the 90° wind 
direction and highest at the highest height analyzed 
(H = 90). The lowest concentration value is in the 0º 

wind direction with the lowest height of the buildings 
and the greatest distance between them (H45_W30). 

The value of atmospheric pollutants did not vary 
as much as the Ws, however, when considering the 
entire extension of the canyon, the simulation with a 
wind direction of 90º showed a higher concentration 
of pollutants, due to the low Ws, a result that agrees 
with the authors [9–11, 21]. 

When comparing the results obtained for Ws and 
dispersion of atmospheric pollution, a relationship 
can be noted between low Ws and the highest 
concentration of atmospheric pollutants, as shown in 
Figure 9.

 
Figure 9: Results for Ws and atmospheric pollution dispersion

As illustrated in Figure 9, the H/W ratio, a crucial 
parameter in urban climatology studies, suggests that 
building height is the predominant factor influencing 
Ws at pedestrian level. On the other hand, the 
distance between buildings seems to be the most 
significant variable that affects the Cp. 

The dispersion of air pollutants is impacted by the 
height of buildings and the distances between 
buildings. The height of buildings directly affects Ws, 
which in turn affects the dispersion patterns of air 
pollutants. Furthermore, greater distances between 
buildings can induce eddies formations, which have a 
significant impact on the dispersion of air pollution. 

4. CONCLUSION 
The results obtained from the analysis of urban 

canyon simulation results elucidate that the vertical 
height of buildings is the main parameter that 
impacts Ws at pedestrian level. On the other hand, 
the distance from the buildings was the predominant 
factor in modulating the Cp. It was also found that the 
dispersion pattern of airborne contaminants depends 
on both the height and spacing of structures. 

Furthermore, it was observed that the 
concentration of atmospheric pollutants showed a 

consistent decrease with the increase in the distance 
between buildings at a ventilation angle of 0°. 
However, at the 90° ventilation angle, due to the 
formation of vortices, there was a higher 
concentration of atmospheric pollutants throughout 
the urban canyon under investigation.  

This paper is a component of an ongoing doctoral 
investigation, which currently has preliminary 
findings to disclose. There remains a necessity for 
further comprehensive exploration concerning the 
dispersion of pollutants and the urban form. 
Additionally, enhancements in the simulation that 
encompasses the chemical composition of 
atmospheric pollutants are warranted. 
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ABSTRACT: The integration of Building Information Modeling and Building Energy Simulation in the architectural 
design process has been increasing rapidly and many discussions are produced regarding this topic in the 
western country. For developing countries where these technologies have started to be practiced recently, the 
research about utilization and how to implement them correctly in the design process is still limited. The aim of 
this paper is to study the current situation of BIM and BES application in the design process of a sustainable 
building in developing country. 10 architectural firms who practice sustainable design in Cambodia were 
interviewed using 7 rigorous research steps to get some insight on the current practice of these two methods in 
sustainable building design and how building designers would like to implement them in the future. A current 
design process integrating BIM and BES is identified. Certain issues concerning the mal-practice of BIM and BES 
in Cambodia to the purpose of sustainable principle are discussed. A 5-phases design process integrating BIM 
and BES since the early design phase is proposed to resolve these issues and to fit better with the context of 
developing countries.  
KEYWORDS: Design process, Sustainable design, BIM, BES, Developing country 
 

 
1. INTRODUCTION  

Sustainable architecture is a key factor to a 
resilient society and its realization depends on 
architects to put this principle into practice in their 
projects. Of course, designing a sustainable building 
can add challenges to architects.  Therefore, many 
methods and tools have been introduced into the 
design process to help designers achieve this goal. 

Traditional tools such as sketching, computer 
aided design (CAD) are still strongly used by architects 
in their design process since decades. However, 
advanced digital aided design tools, such as 
parametric modelling and building simulations have 
started to be integrated more and more into the 
architectural design process [1].  

Building Information Modeling (BIM) is a 
technology that can be applied in architectural design 
process to help optimizing and sharing green building 
information between architects and engineers, which 
facilitates collaboration  and cooperation between 
stakeholders [2], [3]. The utilization of BIM linked 
with Building Energy Simulation (BES) has also been 
increasing for realization of building  thermal 
performance analysis to help designers find the best 
design strategies to provide comfort in buildings with 
low energy consumption [4][5][6]. It has been 
strongly agreed that these two tools are increasingly 
promoting sustainable architecture [7]. For this 
purpose, these two methods have been practiced and 

studied widely in developed countries in terms of 
integration in the design process for achieving 
building sustainability [8][9]. However, research 
studies on their use in developing countries, such as 
Cambodia, are still very limited.  

Therefore, some research questions arise: (1) Are 
BIM and BES used in the current design process of 
buildings in developing countries? (2) Do BIM and BES 
improve or facilitate the design process of a 
sustainable building in the context of a developing 
country? (3) If so, at which phase should BIM and BES 
be integrated in the design process?  

In this paper, we will analyse the current 
utilizations of BIM and BES in the design process of a 
sustainable building in a developing country taking 
Cambodia as our case study. The impact of these 
tools on the design process, when they should be 
implemented and the perspective of architects that 
practice them in their projects in Cambodia are also 
discussed.  
 
2. EXISTING DESIGN PROCESS 

Generally, the architectural design process is 
divided into 4 phases starting from pre-design 
(programming, initial concept), schematic design 
(form and function, building envelope), design 
development (design detail, structure) and 
construction documentation. To enhance 
collaboration between stakeholders and for helping 
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architects to take into account aesthetic, functional 
and technical requirements in their design process, 
Integrated Design Process (IDP) has been introduced 
with 5 design phases from problem or idea, analysis, 
sketching, synthesis and presentation [10]. With BIM 
and BES started to be integrated in the design 
process, a 6-phases architectural design process for 
sustainability (DEPROSU) integrating BIM was created 
in the US by Farias Stipo in 2015 based on a literature 
review and interviews in architectural firms [8]. The 
proposed design process as shown in figure 1 is 
divided into (1) information gathering for design, (2) 
design, (3) construction documentation, (4) 
construction process, (5) commissioning and (6) 
operation. BIM is highly recommended to be 
practiced in phase 2, 3 and 6 as it is associated with 
improved communication, collaboration, and 
coordination. However, the link between BIM and 
BES in the design process was not clearly discussed 
and the aspects of sustainable design were not 
mentioned in each design phase. 
 
3. METHODOLOGY 

Our qualitative research method used in this 
study is based on semi-structured interviews, aiming 
to better understand the practice of using BIM and 
BES in the architectural design process in Cambodia. 
The applied method includes 7 rigorous research 
steps: (1) selection of the architectural firms to be 
interviewed, (2) development of an interview guide, 
(3) exploratory interview to correct and validate the 
interview guide, (4) realization and recording of the 
interviews, (5) complete transcription of the 
interviews and anonymization of the answers, (6) 
analysis of the content of the interviews, and finally 
(7) the interpretation of the results of the study and 
the development of its conclusions.  

 
 
A guide for the interview was developed to keep 

the interview in line with our objectives. It consists of 
questions asking on the subjects below: 

- Order of their design process (function, form, 
façade design, material choices, etc.….). 

- Tools used in the conception phase (sketch, 
diagram, CAD 2D, CAD 3D, BIM, BES). 

- Their focus on sustainable design. 
- Implementation of BIM and BES in their 

project (at what stage, benefits, 
disadvantages, and limitations…). 

- Evaluation method on performance of 
building (if BES isn’t practiced in their 
company). 

- Project with requirement of green building 
certification. 

- An overall design timeline combining all the 
steps of design, tools used at each step, 
collaboration and decision making.  

We interviewed 10 architectural firms located in 
Cambodia which take into account sustainable design 
into their projects. The characteristics and selection 
criteria of the architectural firms that we interviewed 
are: (1) practice of sustainable or bioclimatic design in 
their projects, (2) having at least 5 years of 
experience in the field of architecture in Cambodia, 
(3) having at least 5 architects working in their 
company, (4) having a company’s head office located 
in Cambodia or working mainly for projects in 
Cambodia. 

The semi-structured interviews were conducted 
with one or two architects simultaneously from each 
company to know in detail how they integrate BIM 
and BES in their design process. Two of them are also 
the founders of their firm that lead the team to 
practice BIM and BES in their company as well. As 
designers, they can understand and clearly describe 
the impact and utilization of these two methods to 
achieve sustainable projects and how they currently 
integrated them in their project and what they would 
like to change in the future.  

 
4. DATA COLLECTION AND INTERPRETATION 

We collected in total 8 hours and 17 minutes of 
audio, 64 pages of answer to the 18 questions and 10 
pages of side note. From the interviews, architects 
answer to the question of design timeline and order 
of their design process allow us to identify a current 

Figure 1: Simplified diagram of DESPROSU[8] 
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practice of design process in Cambodia as shown in 
Fig.2.  

The traditional 4 stages of design process is still 
practiced following the steps of:  

- Pre-design: site visit, programming, initial 
draft design for client.  

- Schematic Design : function, space 
arrangement, form and façade design are 
more defined, size of the openings, 
sustainability aspect are integrated.  

- Design Development : choice of materials, 
landscape design, detail of structural 
elements and integration of mechanical, 
electrical and plumbing systems (MEP). 

- Documentation: final plan realization.  
The discussion on different tools and methods 

used during the design process to create and execute 
conception ideas shows that basic tools such as 
sketch and CAD are still the main tools used for all 
steps of the design process for companies that design 
noncomplex projects such as residential villas. Three 
architects mention that “For now, we design and 
evaluate the performance of buildings based on our 
experiences and architectural knowledge that we 
already have where BIM isn’t necessary yet. 
Moreover, the complexity of BIM could extend the 
duration of designing for simple projects’’. One 
company whose most of their projects are residential 
buildings, use physical models to evaluate their 
design in terms of shading, natural light, and 

 
 ventilation. However, there are 3 firms that have 
already integrated both BIM and BES in their design 
process for the last 5 years. While one of them use 
these two methods for all their projects, the other 
two companies use them only for large scale or 
complicated projects or when there is requirement 
from the client.  

When talking about BIM, the architects 
mentioned that the use of it is more as 3D model 
instead of a protocol for coordination or 
collaboration. For non-regular practice company, the 
integration of BIM model occurs at the middle stage 
of design process such as the end of Schematic 
Design or Design Development for visualization of 
shading devices, to help facilitate the collaborations 
with structural and mechanical engineer and 
conducting BES in the following design stage. 
Whereas companies that regularly practice BIM 
models since the early design phase (start of 
Schematic Design) have the purpose of shorten the 
design period (generating both form and function at 
the same time) in addition to other purposes similar 
to those of companies that do not practice it 
regularly.  

However, regarding to BES, all three companies 
integrate it in a similar way. As practice of BES 
requires an expert, energy consultant companies 
normally come in at the end of the Design 
Development stage. Hence, BES are used in Design 
Development to verify the design strategies or to see 
if the building energy consumption meets with the 
requirements of green building certificates or to 
convince their client to accept the design that they 
proposed. In terms of collaboration with structural 
and MEP engineers, it happens at the end of Design 
Development where all the main architectural design 
is completed which therefore could produce errors  

 
between technical and architectural design. As the 
important design choices are already made at this 
stage, they must go back to Schematic Design to solve 
all the errors which of course takes time and creates 
conflicts between actors involved in the project.  

From the analysis of the answers, as there are no 
guidelines for BIM or BES practices in Cambodia yet, 

Figure 2: Current practices of the architectural design process integrating BIM and BES in Cambodia identify from the interviews. 

659



 

the practice of these two methods can be varying 
from one company to another, depending on 
company protocol, available data sources, human 
resource, and client requirements. However, there 
are similar issues that we can identify from these 
interviews which are:  

-  Implementation of BIM start too late into the  
design process, when all the main design options are 
already decided. 

- The delayed of collaboration with structural 
engineer in the process generates technical problems, 
impacts a lot of the design choices, and takes long 
time to modify the project. 

- BES are not involved directly during the design 
process and are not used to help with sustainable 
strategies design choices but to verify the concept 
which doesn’t benefit the architects during the design 
process to help them achieve green building goals. 
Moreover, if verification from BES show any 
problems, it is either too late to modify the project or 
it would take a lot of time to solve. 

Overall, we can see that the use of BIM and BES 
currently bias towards the purpose of client or meets 
with green building certificate requirement rather 
than being used for the advantage of the architects 
and other actors involved in the project during the 
design phase. Integrating BIM and BES since the early 
stage of design process is what current practitioners 
and non-practitioners of these methods expect to do 
in the future. 

 
5. PROPOSITION OF 5-PHASES DESIGN PROCESS 

 

To address the current limitations encountered 
and issues indicated above, a 5-phases design process 
integrating BIM and BES for sustainable building in 
developing countries was proposed (Fig.2).  The 
proposed design process divides the pre-design phase 

into 2 more phases where the implementation of BIM 
and BES can be added and can assist the architect to 
achieve sustainability in their buildings since the 
preliminary design.  

The 5-phases design process includes: 
- Site and Programming: collection of data, site 

visit, client requirements where basic tools can be 
applied 

- Concept Design: initial concept is created: the 
form, the space and functionality of the building, and 
the sustainable performances to be achieved are 
defined, where BIM should be integrated as BIM 
model can generate both form and function of the 
building at the same time and can help sharing 
building information and selecting targeted 
performances and sustainable building strategies. 

- Schematic Design: detail of design concept such 
as openings, space, façade, choice of material and 
overall design of building envelop, which is a critical 
design phase that needs an integration of BIM and 
BES for the reason that BIM model can help shorten 
the time of detail drawing, store all design data that 
can be used later to conduct BES to evaluate building 
performance according to different design choices 
that have been created. Here BES can help the 
architect directly in the design process for the 
purpose of obtaining a sustainable building. 

- Design Development: focus on structural detail 
and MEP, the project is at the end of the design 
phase. BIM model plays an importance role for 
smooth communication between architects and 
engineers at this stage. Moreover, BIM and BES 
models that are already completed can help for last 
minute decision making and verification to the 
requirement of client or green building certificate. 

- Documentation: final plan execution, 
preparation for construction phase where BIM model 
is a necessity as it stores all design data completed 
since the early design phase for project coordination 
to facilitate the construction phase. 

As we can see, BIM is encouraged to be applied 

since the early design phase and be practiced 
throughout the design process until the 
documentation. The importance of practicing BIM 
and BES in early stage of design process is to help 

Figure 3: Proposed 5-phases design process integrating BIM and BES 
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with using these two methods in the correct way to 
achieve a sustainable building goal (design choices 
with sustainable principles, comfort in the building 
and low energy consumption) and to allow since the 
beginning of the design, collaborations between 
actors to avoid conflicts in the later design stages. 

Regarding the interaction between BIM, BES and 
sustainable aspects, BIM model completed from 
Concept Design can be used to conduct BES in 
Schematic Design easily for decision making of 
sustainable design strategies such as shading devices 
to protect direct sun radiation, position and 
orientation of the openings to allow natural light and 
ventilation into the building, sustainable material 
choices, to achieve best possible performance for 
building. 

Decision making can happen many times in the 
design process. However, the most important one for 
aspect of sustainable design is at the end of Concept 
Design where target is set and at the middle of 
Schematic Design where main sustainable strategies 
are applied, and the most sustainable concept can be 
easily chosen with the help from BES. Hence, BES 
should be integrated in Schematic Design. With the 
initial use of BIM in Concept Design, the BIM model 
can be exported to create a building energy model 
(BEM) for example in Revit software where both BIM 
and BEM model can be created or exported as a 
gbXML file for other energy software which facilitate 
the use of BES in this stage as well. 

In terms of collaboration with structural and MEP 
engineer, it should start since Schematic Design 
where the concept begins to develop into more 
details. At this stage, any decision for architectural 
concept which answers to sustainable principle 
proposed by architect also gets an agreement from 
structural and MEP engineer to avoid technical 
problem. In consequence, integration of BIM in this 
stage is also critical for clash detection and smooth 
communication between stakeholders. 
        Comparing to 4 phases traditional or current 
design process, the phase added into the proposed 
design process allows the architect to have time to 
fully design an initial concept with BIM model which 
will easily be developed into a more detailed design 
later in Schematic Design and can be practiced 
directly later with BES to help evaluate building 
performance. Moreover, comparing to the 6-phases 
design process which includes both design and 
construction phase that was proposed by Farias Stipo 
[8], the 5-phases design process proposed in this 
study focus more on the implementation of BIM since 
the early design phase and its interaction with BES to 
help realizing the sustainable design integration in 
the design phase and collaboration with all 
stakeholders for avoiding numerous conflicts. The 
main purpose of the 5-phases design process is to 

help architects design a sustainable building thanks to 
utilization of BIM and BES.  
        For developing countries such as Cambodia, that 
don’t have BIM guidelines and where there is no 
requirement for green building certificate yet, the 5-
phase design process take into account the current 
issue facing with mal-implementation of BIM and BES 
in buildings design. This new design process would 
easily help architects to start and put in place the 
step of designing/practicing BIM and BES, as well as 
prepared designers and companies in the related field 
for when BIM and BES will become a necessity or a 
definite requirement later in the future.  

 
6. CONCLUSION 

The innovation of this study consists in collecting 
useful information for understanding the current use 
of BIM and BES for sustainable building design in a 
developing country and proposing a new architectural 
design process integrating them at an earlier design 
stage to improve the sustainability of buildings in this 
context. 

The practice of BIM and BES in sustainable design 
process in developing countries has increased in the 
last decades but is still limited. The current design 
process integrating these two methods isn’t clear yet 
and can be very complex for some companies. In 
Cambodia, the utilization of these two methods does 
not yet respond well to the purpose of sustainable 
building design in conception phase related to 
decision making to certain design aspects.  

A 5-phases design process integrating BIM and 
BES is proposed where these two methods are highly 
recommended to practice since the early design 
phase as they could help with collaboration and 
decision making of concept choices since this stage. 
As BIM can facilitate the conducting of BES, they 
should be practiced together. As expertise is required 
for utilization of these two methods, the traditional 
design process can still be put into practice for 
noncomplex projects where experience, theory or 
physical model are applicable for collaboration and 
building thermal performance analysis.  

The limited number of architectural firms in 
Cambodia that meet the selection criteria of this 
study is the main limitation of this research. 
Moreover, the data collected in this study concern 
the only case study of Cambodia. It would be 
interesting to study the same topic in other 
developing countries and comparing the results 
found in different developing countries would be 
interesting for future research. 
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ABSTRACT: Whole building hygrothermal simulations can help evaluate the effectiveness of passive measures in 
regulating temperature and RH to improve thermal comfort and reduce air conditioner use. This paper provides a 
method for the verification of the hygrothermal model of a naturally ventilated apartment in Bengaluru, India. 
The hygrothermal model is considered verified as the rooms monitored meet the criteria for Mean Absolute Error, 
Root Mean Square Error, R2 and the Absolute Error in temperature and RH for temperature and RH predictions. 
This method can be used in other studies that include hygrothermal predictions of indoor air conditions during the 
cooling season and to evaluate the effectiveness of passive measures.  
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1. INTRODUCTION  
Summers account for 60% of the total energy 

consumption in India’s urban households (1). This is 
directly related to Air Conditioner (AC) use (2), and 
nearly 10% of India’s total electricity consumption is 
due to space cooling requirements (3). Rapid increase 
in AC ownership and use is one of the key drivers of 
the increase in peak electricity demand in India (3). Air-
conditioning accounted for 40% to 60% of summer 
peak load in large Indian cities and is estimated to be 
30% of national peak demand by 2030 (4). However, a 
significant proportion of India’s population (~60-70%) 
cannot afford air conditioners (5). The World Energy 
Outlook 2023 report by the International Energy 
Agency (IEA) estimates that there could be two ACs per 
household in India by 2050 leading to a ninefold rise in 
energy consumption due to their use (3).  

Bengaluru, the fifth largest city and the IT capital of 
India, has a temperate climate (6). 46% of building 
permits issued in Bengaluru to date are for multiple 
family units, including high- and low-rise buildings (7). 
Thermal comfort depends on indoor temperature and 
Relative Humidity (RH). Retrofitting existing buildings 
with passive measures which effectively reduce 
and/or dissipate heat gains and regulate indoor 
temperature and RH without the use of electricity can 
reduce the uptake and use of ACs (8) and ensure 
thermal comfort for all (9). 

Whole building hygrothermal simulations can help 
evaluate the effectiveness of passive measures such as 
natural ventilation, solar shading, window glazing, 
thermal mass and moisture buffering materials, in 
regulating both temperature and RH to improve 
thermal comfort (10). It is important to be able to 
verify the hygrothermal predictions. The ASHRAE 

Guideline 14–2014 suggests upper limits for the 
Coefficient of Variation of the Root-Mean-Square 
Error (CVRMSE) and the Normalised Mean Bias error 
(NMBE) for validation of hourly and monthly energy 
consumption predictions (11). However, the CVRMSE 
validation limit is too large for use with indoor air 
temperature and RH and NMBE are prone to error 
cancellation effect skewing results (12).  

A recent review of hygrothermal simulations 
studies recommends the use of Mean Absolute Error 
(MAE), the mean of the absolute value (the non-
negative magnitude of the real number) of the 
difference between the monitored and simulated 
values, and Root Mean Square Error (RMSE), the 
square root of the mean of the square of the 
difference between monitored and simulated values, 
as they avoid the error cancellation effect and 
normalisation effect inherent in NMBE and are 
therefore more reliable (12). Other studies have used 
a variety of different indices and criteria to verify the 
temperature and RH predictions for historical 
buildings (12, 13). This has resulted in varying 
recommendations for control parameters, statistical 
indices, thresholds and validation periods (12, 13). 
Standardised guidelines for verifying the predictions of 
hygrothermal building models are needed. 

This paper provides a method for the verification 
of hygrothermal simulation for a naturally ventilated 
apartment located in a high-rise building in Bengaluru 
that would be suitable for assessing passive measures 
to reduce the use of air conditioning. 

 
2. METHODOLOGY 

The hygrothermal model was verified using data 
collected in a case-study apartment. 
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2.1 The case study apartment  
A typical two bedroom naturally ventilated 

apartment on the sixth floor of a seven storey high rise 
building in urban Bengaluru was monitored over the 
summer of 2022 from mid-Feb to mid-May 2022. The 
building was occupied by 2 occupants. Indoor air 
temperature and RH were monitored using Onset 
HOBO U12-011 data loggers (accuracy ± 0.35°C from 
0° to 50°C  and ±2.5% from 10% to 90% RH (typical), to 
a maximum of ±3.5% including hysteresis, (14)) 
positioned in the two bedrooms and lounge. A building 
survey (Figure 1) and an occupant interview, to gather 
information required to create the occupancy, 
appliance use and window opening/closing schedules, 
were carried out during the monitoring period. 

  
2.2 Creating the hygrothermal model 

The model geometry was created in DesignBuilder 
v6.1.8.021 (15) based on the building survey and then 
imported into WUFI Plus v3.5.0.1 (16), a whole 
building Heat and Moisture Transfer (HAMT) energy 
simulation software. The thermal properties of 
construction materials were obtained from literature 
(17–19). The hygrothermal properties in the WUFI Plus 
software materials database that were the closest 
match in density to those identified from literature 
were used in the WUFI model (Table 1). 

The external/party walls and the internal partitions 
were 0.23m and 0.135m thick respectively with 
cement plaster, brick and cement plaster layers. 
Intermediate roof and floor (assumed to be adiabatic 
as there were apartments above and below) were 
0.12m thick with floor tile, reinforced cement concrete 
and cement plaster layers. A wall external shading 
factor of 0.4 was used (20). The typical daily occupancy 
and appliance use schedules required by WUFI Plus 
were created using data gathered during the building 
survey and occupant interview (Table 1).  

Weather data was sourced from the Shiny Weather 
data website (21) in the .wac format required by the 
software. Shading due to neighbouring trees and 
buildings and furniture in the apartment were not 
modelled. Linear thermal bridges at building junctions 
were modelled as per BRE Appendix K for thermal 
bridges (22). 

The air flow network model in WUFI Plus was used 
to model infiltration and ventilation. Pressurisation 
test to determine the infiltration rate of the apartment 
was not carried out. The infiltration rate of 20 
ACH@50Pa was used as it was found to vary between 
10 and 30 ACH@50Pa from a study on 30 Indian 
apartments in Ahmedabad, India (23). The flow 
coefficients for walls, door and windows were 
determined using the inbuilt pressurisation test in the 
WUFI Plus v3.5.0.1 software by specifying the flow 
exponents and discharge coefficients for leaky 
buildings (24). Based on the occupant interview, the 

Bedroom1, Bathroom and Ensuite windows were 
modelled as open all day; Bedroom2 and Kitchen 
windows open from 6 am to 10 pm; and Study window 
open from 6 -7 pm. Height and width of window 
opening areas are detailed in Table 1. 
 

 
Figure 1: Case study building layout 
 
2.3 Calibrating the hygrothermal model 

A sensitivity analysis was performed to quantify 
the effect of uncertainty in various model input 
parameters (25). The critical parameters (Table 2) 
identified from literature were varied from their 
central estimate between an upper and lower limit, 
also identified from literature, one-at-a-time. An initial 
RH of 62.5%, the annual mean of the indoor RH and 
outdoor RH for Bengaluru, was assumed for all 
building components and multiple year simulations 
were run to determine the water content in the 
existing building component layers, once they reached 
dynamic equilibrium, to use in the parametric 
simulations (26). The resulting temperature and RH 
profiles were compared to understand their impact on 
the predictions. All predictions were compared with 
the monitored data using the MAE and RMSE 
determined using equations (1) and (2). The results 
were used to identify the parameters which were most 
impactful in reducing both MAE and RMSE for both 
temperature and RH. To calibrate the model, the 
parameters identified by sensitivity analysis were 
varied in different combinations. The model was 
deemed to be calibrated when the results satisfied the 
verification criteria specified in Table 3 and Table 4. 
 

MAE = 𝟏𝟏𝒏𝒏 ∑ (𝒂𝒂𝒂𝒂−𝒂𝒂𝒂𝒂)𝒏𝒏
𝒊𝒊=𝟏𝟏    ( 1) 

where MAE – Mean Absolute Error; 
           n - number of datapoints; 
           am - absolute monitored value; 

               as - absolute simulated value; 

RMSE = √𝟏𝟏
𝒏𝒏 ∑ (𝒂𝒂−𝒂𝒂)𝟐𝟐𝒏𝒏

𝒊𝒊=𝟏𝟏    ( 2) 
where RMSE – Root Mean Square Error 

n - number of datapoint 
        m - monitored value 
        s - simulated value 
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Table 1: Basecase model data 

Wall materials1 Thermal 
conductivity 

(W/mK) 

Porosity 
(-) 

Bulk 
Density, 

(kg/m3) 

Specific heat 
capacity,  

(J/KgK) 

Water vapour 
diffusion resistance 

factor (-) 

Typical built-
in moisture 

content (kg/m3) 
Cement Plaster (18) 0.72 0.30 1762 840 25 280 

Solid brick masonry (18) 0.90 0.24 1920 800 10 100 
Reinforced Cement 

Concrete (18) 
1.58 0.18 2258 880 248 147 

Ceramic tiles (19) 1.60 0.17 2120 850 33 0 
Oak old (WUFI Plus) 0.15 0.35 740 1400 223 104 

Windows Thickness 
(mm) 

U-value 
(W/m2K) 

SHGC 
(-) 

VLT 
(-) 

 

Single glazed (17) 0.3       5.88 0.86    0.8 
  

Room data 
Source: Building survey 
and occupant interview 

Floor area 
(m2) 

% Occupancy  
(%) 

Daily Convective 
heat gains (W) 

Daily Radiant 
heat gains (W) 

Daily Moisture 
gains (g/h) 

Ensuite 4.19 14.6 412.80 194.45 360.50 
Kitchen 8.06 25.0 11378.65 391.60 932.00 
Study 12.65 16.6 437.20 211.80 331.50 

Bedroom2 11.86 60.4 weekdays / 
52.1 weekends 

1968.50 456.50 495.25 

Verandah 4.96 6.3 131.25 65.75 566.50 
Bathroom 2.91 12.5 342.60 146.80 270.50 
Bedroom1 13.22 39.6 1652.73 342.78 436.00 

Lounge 34.04 35.4 2854.40 1165.50 808.50 
Window and 

wall data 
External door/window 
orientation and type 

External 
Window/
Door area 

(m2) 

Window 
Opening 
area (m2) 

Flow exponent (-)/Flow 
coefficient 

(dm3/(sm2Pan)/Discharge 
coefficient (-) 

External 
shading factor 

(-) 
(18)  

Ensuite E (louvre window) 0.28 0.06 0.6/0.036/0.5 0.64 
Kitchen N (sliding window with grill) 0.69 0.15 0.6/0.056/0.5 0.69 
Study N (turning plate window) 2.26 0.3 0.6/0.069/0.5 0.77 

Bedroom2 E and N (turning plate 
windows) 

2.26 E / 
 1.11 N 

0.3, 0.3 0.6/0.069/0.5 0.72 E /  
0.78 N 

Verandah N (sliding window no grill) 3.52 0.05 0.6/0.014/0.6 0.64 
Bathroom W (louvre window) 0.29 0.06 0.6/0.036/0.5 0.4 
Bedroom1 E (turning plate window) 2.26 0.3 0.6/0.069/0.5 0.71 

Lounge Front door facing S 1.92 N/A No windows N/A 
Walls - - - 0.84/0.545 0.4 

1 where VLT – Visible Light Transmittance; SHGC – Solar Heat Gain Coefficient 
 
Table 2: Sensitivity analysis parameters 

Parameter2 Lower limit Central estimate Upper limit 
Infiltration rate ACH@50 Pa (27) 10 20 30 

External shading factor (20) 0.4 0.7 - 
Internal heat gains Halved As surveyed Doubled 

Moisture gains Halved As surveyed Doubled 
Thermal properties of brick (28) ρ -1807; λ - 0.5893;  

C - 934.8 
ρ– 1920; λ - 0.9; 

C - 800 
ρ– 1952; λ– 1.1; 

C - 863 
Window U-value - (29, 30) U-value -3.4; VLT - 0.39; 

SHGC - 0.42;  
U-value -5.88; VLT - 0.8  

SHGC - 0.86,  
U-value – 7.1; VLT - 0.58   

SHGC - 0.70,  
Hygrothermal properties of brick 

(WUFI Plus) 
Wvdrf – 4; RWC – 1.5;  

WAC – 0.25 
Wvdrf – 45; RWC – 18 

WAC – not specified 
Wvdrf – 19; RWC – 1.2 

WAC – 0.142 

Solar absorption (-) (WUFI Plus) 0.2 0.3 0.4 
Window opening area (m2) Halved As surveyed Doubled 

2 where - ACH, Air Change per Hour; Pa, Pascal; U-value (W/m2K); SHGC, Solar Heat Gain Coefficient; VLT, Visual Light Transmittance; ρ, density 
(kg/m3); λ, thermal conductivity (W/m-K); C, specific heat capacity (J/kg-K); WVDRF, Water Vapour Diffusion Resistance Factor; RWC, Reference 
Water Content (kg/m3); WAC, Water Absorption Coefficient (kg/m2s0.5) 
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The verification criteria for indoor air temperature, 
MAE and RMSE, were as recommended by Jain et al., 
(31) with the limits recommended by Huerto-Cardenos 
et al., (12) (Table 3). The verification criteria for indoor 
RH were based on the absolute error method used by 
Tariku et al., (32) with the limits recommended by 
Huerto-Cardenos et al., (12) (Table 4). The calibrated 
model was considered to be verified if it met the 
criteria as detailed in Table 3 and Table 4 achieving at 
least Level 2 of the absolute error between monitored 
and simulated temperature (AET) and RH (AERH). 

 
Table 3: Temperature criteria for model verification 

Statistical index Temperature 
Criteria 

Mean Absolute Error (MAE) < 1 ̊C (31) 
Root Mean Square Error (RMSE) < 1 ̊C (31) 
Absolute Error in Temperature 
(AET) (Level 2) 

<2 ̊C for >95% of 
monitoring period 

AET (Level 1) <1 ̊C for >95% of 
monitoring period 

Coefficient of Determination (R²) >0.75 (33) 
 
Table 4: RH criteria for model verification 

Statistical Index RH Criteria 
Mean Absolute Error (MAE) <5% 
Root Mean Square Error (RMSE) <5% 
Absolute Error in RH (AERH)  
(Level 2) 

<10% for >95% of 
monitoring period 

AERH (Level 1) <5% for >95% of 
monitoring period 

Coefficient of Determination (R²) >0.75 (33) 
 

3. RESULTS 
3.1 Sensitivity analysis and calibration 

Results for each permutation of the sensitivity 
analysis were analysed. The bar chart, Figure 2, shows 
the parameters and how much they reduced the MAE 
and RMSE for the temperature and RH predictions for 
the lounge. Bar charts were also created and analysed 
for Bedroom1 and Bedroom2. 
 

 
Figure 2: Reduction in MAE and RMSE for temperature and 
RH predictions due to changes in parametric values for the 
Lounge  

The air infiltration rate, the external shading factor, 
the brick’s thermal and hygrothermal properties, the 
window U-value, solar absorption and window 
opening area were found to be the parameters to have 
the most impact on the predictions for all three rooms. 
Further simulations were run for infiltration rates of 15 
and 25 ACH@50Pa; external shading factor 0.2, 0.3, 
0.5, 0.6, 0.8 and 0.9; brick thermal conductivity of 0.4, 
0.5, 0.7, 0.8, and 1 W/mK; Window U-value of 
5.1W/m2K and surface absorptivity of 0.5 and 0.6.  

 

 
Figure 3: Comparing the temperature and RH profiles for 
basecase and calibrated models and measured data for the 
Lounge in 2022 

 
Figure 3 shows the temperature and RH profiles 

from the basecase model, calibrated model and the 
measured data. The combination of parameters, 
which best reduced the MAE and RMSE of both indoor 
temperature and RH, to create the calibrated model is 
shown in Table 5.  

 
3.2 Model verification 

The results of the calibrated model are shown in 
Table 6 and Table 7. For more than 99% of the 
simulation period, AET was <2˚C and for 80-97% of the 
simulation period AET was <1˚C in all three rooms 
(Table 6). The MAE and RMSE of indoor RH predictions 
was <5% and R2 was >0.75 for all three rooms. For 96% 
of the simulation period the AERH was <10% in all 
three rooms; for 72-76% of the simulation period the 
AERH was <5% (Table 7). Therefore, the calibrated 
model met the Level 2 criteria for AET and AERH. The 
MAE and RMSE of indoor temperature predictions for 
Bedroom2, Bedroom1 and Lounge were both <1˚C and 
R2 was >0.75 meeting the rest of the verification 
criteria.  
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Table 5: Basecase and Calibrated model settings  
Basecase model Calibrated model 

Parameters3 All rooms Bedroom1 Bedroom2 Lounge 

Infiltration rate ACH@50Pa 20 Same as basecase 
External shading factor 0.4 0.7 0.4 0.7 

Internal heat gains as in Table 1 Same as basecase 
Moisture gains as in Table 1 Same as basecase 

Thermal properties of 
brick 

ρ (kg/m3) – 1920; λ (W/m-K) – 0.9;  
C (J/kg-K) – 800 

ρ (kg/m3) – 1952; λ (W/m-K) – 1.1;  
C (J/kg-K) – 863 

Hygrothermal properties 
of brick 

WVDRF – 45; RWC – 18;  
WAC – not specified 

WVDRF – 19; RWC – 1.2;  
WAC – 0.142 

Window U-value U-value -5.88, SHGC – 0.86, VLT – 0.8 Same as basecase 
Solar absorption (-) 0.3 Same as basecase 

Window opening area (m2) as in Table 1 Same as basecase 
3 where - ACH, Air Change per Hour; Pa, Pascal; ρ, density (kg/m3) ; λ, thermal conductivity (W/m-K); C, specific heat capacity (J/kg-K); WVDRF, 
Water Vapour Diffusion Resistance Factor; RWC, Reference Water Content (kg/m3); WAC, Water Absorption Coefficient (kg/m2s0.5); U-value  
(W/m2K); SHGC, Solar Heat Gain Coefficient; VLT, Visual Light Transmittance  
 
Table 6: Temperature results for 15 Feb - 14 May 2022 

Verification 
criteria 
(Level2) 

AET <2 ̊C for 
>95% of 

simulation 
period 

<1 ̊C <1 ̊C > 
0.75 

  % of 
simulation 

period when 
AET was <2 ̊C 

MAE   
( ̊C)  

RMSE  
( ̊C) 

R2 

(-) 

Bedroom2 99.0 0.56 0.71 0.88 
Bedroom1 99.8 0.79 0.90 0.86 
Lounge 99.9 0.33 0.44 0.94 

 

Table 7: RH results for 15 Feb - 14 May 2022 
Verification 
criteria 
(Level2) 

AERH <10% for 
>95% of 

simulation 
period 

<5% <5% >0.75 

  % of simulation 
period when 

AERH was 
<10% 

MAE  
(%̊) 

RMSE  
(%) 

R2 (-) 

Bedroom2 95.6 3.79 4.83 0.85 
Bedroom1 95.9 3.76 4.79 0.85 
Lounge 95.7 3.60 4.73 0.81 

 
4. DISCUSSION 

The calibration of the model was considered 
acceptable as it met the verification criteria up to Level 
2 criteria for AET and AERH (Table 6 and Table 7). The 
level 1 criteria was not achieved because of the 
uncertainties, assumptions and software limitations.  

The hygrothermal properties of the building’s 
construction materials are not known and so those 
from the WUFI Plus database that were the closest 
match in density were used. The daily typical 
occupancy and window/front door opening and 
closing schedules were reasonably well known, but 
occupant behaviour is stochastic and varies with 
climate, work commitments, illness and other 
personal reasons including going away on holiday and 
having guests to stay.  

An older version of the software (WUFI Plus 
v3.2.0.1) had to be used to determine the flow 
coefficients because version v3.3.0.2 crashed 
repeatedly, a known issue. WUFI Plus v3.3.0.2 did not 
accept flow coefficient values >1 dm3/(sm2Pan) (even 
though the built-in pressurisation test suggested 
them) and U-values greater than 5.88 W/m2K for 
window glazing, including when that glazing is 
specified in the WUFI database. Therefore, it was not 
possible to model the upper limit of window glazing of 
7.1 W/m2K. 

It was difficult to calibrate the model because of 
the interdependency between temperature and RH 
and how this varied between the different rooms. For 
example, Bedroom2 was the most difficult room in the 
model to calibrate because it had two external 
surfaces with windows and therefore more solar heat 
gains. Reducing the window U-value from 5.88 W/m2K 
to 3.4 W/m2K was effective in reducing MAE and RMSE 
of the predicted RH only for Bedroom2 but increased 
them in the Lounge and Bedroom1 because of the heat 
and moisture transfer between the rooms. The 
approach outlined here was time consuming but 
effective. However, this was one case study in a 
specific climate and further testing of this approach is 
required. Future work should develop simpler 
approaches for calibrating hygrothermal models. 

 
5. CONCLUSION 

This paper provided a method for the verification 
of hygrothermal simulation for a naturally ventilated 
apartment in urban Bengaluru with respect to both 
indoor temperature and RH. It is recommended that 
these verification criteria can be used in other studies 
that include hygrothermal predictions of indoor air 
conditions during the cooling season. The resulting 
model is deemed to be suitable for assessing passive 
measures which effectively reduce and/or dissipate 
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heat gains and regulate indoor relative humidity 
without the use of electricity This can reduce the 
uptake and use of ACs and ensure thermal comfort for 
all.  
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ABSTRACT: The architectural design of Living Places, the way it is formed, shaped and designed provides the 
interior with plenty of daylight all year round. The design incorporates window control with its accessories to 
effectively mitigate overheating and create a comfortable thermal environment. Openable windows with high 
attention on easy air passages throughout the building certify high indoor air quality. Living Places and its design 
provide us with an indoor experience over time and space, which is an experience we enjoy and that connects us 
to the outside, making the outdoor dynamics integrated with the interior. We have used the compass model and 
simulated the performance, a total of 60.000 indoor climate simulations, to identify the most significant design 
parameters and to see if it provides the desired result. In addition, we have built a full-scale model and we are 
collecting insights through simple measurements of the indoor environment. Overall, the simulation shows that 
Living Places satisfies all main parameters of the ‘healthiness’ criteria: daylight, thermal comfort, indoor air 
quality and acoustic quality. It is a building concept that allows abundant daylight and fresh air, enhancing 
indoor climate quality, and showing how to build sustainability for people and the planet.  
KEYWORDS: Living Places, Compass, Indoor Environment, Health, Full-scale demonstration buildings 
 
 

1. INTRODUCTION 
Since spring 2020, nationwide lockdowns caused 

by the pandemic have forced many to work, learn 
and live at home. For some, this has renewed their 
appreciation of their home, for others, the living 
conditions and indoor environment have become an 
extra challenge. The role of our buildings is changing 
and there is an urgency to provide sustainable, 
healthy and affordable housing solutions. We spend 
90% of our time indoors, and the healthiness of our 
indoor environment has received increasing attention 
over the last decades and has been the subject of 
publications and guidelines by governmental agencies 
and the World Health Organization (WHO). We know 
we can design homes that enable an indoor 
environment that is regenerative with a high focus on 
humans and how it affects our mental and physical 
health and well-being. Enabling an ‘optimal’ indoor 
climate is an essential aspect of house design and 
WHO has distinguished the following aspects of the 
‘healthiness’ of the indoor environment:  

• Thermal environment  
• Air quality environment  
• Noise environment  
• Light environment.  
The architectural design of Living Places, and the 

way it is formed, shaped and designed provide the 
interior with an abundance of daylight all year round. 

The design incorporates window control with its 
accessories to effectively mitigate overheating and 
create a comfortable thermal environment. Openable 
windows with high attention to easy air passages 
through the building certify high indoor air quality. 
Living Places and its design provide us with an indoor 
experience over time and space, which is an 
experience we enjoy and that connects us to the 
outside, making the outdoor dynamics integrated 
with the interior. 
 
2. DESIGN AND PERFORMANCE DRIVERS 

A home should be designed to enable an indoor 
environment that is regenerative and focused on 
humans, their mental and physical health, and well-
being. How homes are designed and operated plays a 
crucial role in supporting physical and mental health. 
Enabling an optimal indoor climate is an essential 
aspect of house design.  

The Compass model provides the foundation for 
Living Places and serves as a strategic tool which 
outlines seven points of relevancy to guide the 
building and development process. This paper 
focuses on healthy building principles and presents 
the outcome of the strategic design and performance 
drivers to ensure a healthy indoor environment. 

The design drivers are; 1) visual, where building 
design typology ensures plenty of daylight to 
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eliminate the need for electric lighting during the day, 
2) thermal environment, with drivers to design for 
year-round comfort, while ensuring temporal and 
spatial variations in the thermal environment, 3) 
indoor air quality, with focus on maximizing 
ventilation potential through stack effect and optimal 
positioning of windows, and 4) acoustics to ensure 
sound is transmitted and spread at optimal levels, 
through considerations in design, operation and 
construction.   

 Figure 1: Visualization of the timber-framed Living Places 
Concept House. 

 
Table 1: Overview of Living Places  

Concept House Description 
Size 144 m2 

Floors 3 
Building principle Timber frame construction 

Foundation Screw pile foundation 
Room height 2.6 m 

Heating application Air to water heat pump 
Heating source Radiators 

Ventilation Natural or hybrid 
 

The performance drivers implement the design 
drivers through the typology of Living Places. Within 
the 1) visual environment, the drivers are securing 
sufficient daylight [1] by optimizing the window 
design and utilising direct sunlight within the 
different spaces and use by the occupant, without 
creating high contrast and glare problems. The 
positioning of windows influences the distribution of 
daylight in a room. Combining windows in multiple 
facades/roofs determines the amount of ‘useful’ 
daylight throughout the day with the changing sun 
position. Strategic window position will take into 
account the relation between the view to the outside 
and occupants ability to supply information of 
orientation, give experience of weather changes and 

allow us to follow the passage of time and nature 
over the day and year. The thermal environment 
ensures temporal and spatial variations using 
sufficient ceiling height, careful building depth, and 
strategic location of openable windows supported by 
sensors to regulate the indoor climate [2]. Proper use 
of solar shading will reduce solar heat gain and 
potential overheating. Additional use of ventilation 
strategies (e.g. natural or mechanical) to cool indoor 
spaces via outdoor air, sometimes referred to as 
ventilative cooling, commonly uses increased 
ventilation airflow rates and night ventilation. From 
an energy-conscious perspective (e.g. minimize or 
eliminate cooling systems), using a natural ventilative 
cooling principle by opening windows is a very direct 
and fast method of influencing the thermal 
environment, either by increased air motion or by use 
of temperature difference between outdoor and 
indoor temperatures. Additionally, maximizing 
ventilation potential through the stack effect and 
optimal positioning of windows will safeguard high 
indoor air quality, as well. In addition, the use of low 
off-gassing labelled products and material, demand-
controlled ventilation and zone subdivision of 
individual rooms with proper filtration support high 
performance. One important function of the building 
envelope is to protect the interior from unwanted 
outdoor noise. Ensuring sound is transmitted and 
spread at ideal low levels, through considerations in 
design, operation and construction will minimize 
noise disturbance that could affect our sleep and 
other negative effects. 
 
2.1 Simulations 

The Active House specifications [3] include the 
vision and knowledge needed to meet the technical 
requirements for achieving the design concept’s 
performance levels and a holistic approach 
(biodiversity, local culture, and location). We use an 
Active House Radar according to the Active House 
specifications, together with a Multivariable Building 
Simulations tool to explore the solution space for 
each parameter to reach a target indoor climate level 
according to the Compass model and the healthy 
building principles.  

With a Multivariable Building Simulations (MIBS) 
method, the project engineering partner has 
established a platform of tools, in which a design 
team can explore the entire solution spectrum when 
the ‘optimal’ design is to be found. The tools can 
inform the building design team which drivers can 
achieve the best possible basis for a healthy indoor 
environment (see example in figure 2).  

Figure 2 shows an example of indoor climate 
simulations for a sleeping room to evaluate the 
thermal environment and indoor air quality. The 
upper chart shows the thermal environment, where 
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the black line illustrates one input parameter with 
natural ventilation (left starting point) that has been 
selected to get the best possible trade-off between 
output parameters of energy consumption and 
indoor temperature. The other key input parameters 
are: room orientation, glazing area, whether the 
room is single-sided or cross-ventilated, whether the 
windows open manually or automatically, number of 
people, outdoor temperature for automatic opening, 
time with mechanical ventilation, and the ventilation 
rate. The lower chart show the input parameters for 
the indoor air quality in the sleeping room. By setting 
key design and performance criteria, using these 
design tools will illustrate a possible solution space, 
and by taking different decision the solution space 
can either increase or decrease, and show 
immediately how an adjustment in the design will 
affect the other design parameters and what the 
impact will be on the selected output parameters. 
 
3. RESULTS 
As part of the Living Places project, and essential for 
the evaluation of the indoor environment, a total of 
60.000 indoor climate simulations have been 
performed on a room basis to identify the most 
significant design parameters. We have essentially 
separated the analysis depending on ventilation 
principle, natural ventilation and hybrid ventilation, 

and performed 30.000 simulations for each scenario. 
Each scenario, as illustrated in figure 2 example, has a 
set of input parameter variations which is evaluated 
to an output criteria for the thermal and atmospheric 
indoor climate, as well as energy consumption 
(heating and fan). Based on these analyses, the most 
sensitive design parameters have been used to find 
the most resilient building design depending on 
ventilation principles. 

Using a parallel coordinate plot a lot of different 
paths to the design “goal” have been showcased (see 
fig. 2), but also paths that cannot fulfil the ambitious 
requirements to the indoor environment. As an 
example, depending if the building use solely a 
natural ventilation solution or if it use a hybrid 
solution, the most influential parameters in relation 
to thermal comfort and air quality are different as 
well as similar. There are common parameters such 
as the number of people in the space for both natural 
and hybrid ventilation solutions, the specifics differ 
based on the approach. For natural ventilation, 
outdoor temperature where the window can be 
opened and CO₂ setpoint take precedence, while for 
a hybrid solution, factors like the activation time of 
mechanical systems ventilation system (winter / all 
year) and their usage during specific periods become 
critical. 

 

Figure 2: The charts shows the indoor climate simulations for a sleeping room, where one solution with natural ventilation 
have been selected to get the best possible trade-off between energy consumption, temperature, and indoor air quality. The 
charts show one of the possible scenarios for the project to ensure a good healthy indoor.   
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Table 2: Values and KPI for a good indoor environment 
based on peer-reviewed research.  

Component Indicator Parameter 
Indoor 
Climate 
Class I 

IAQ Particles Ventilation 
filtration 

ePM1 
55% 

  
Extractor hood 

efficiency, 
>75%, l/s 

40 

 CO2 Bedrooms, ppm ≤1000 

  Vent. rate build, 
l/s pr. m2 ≥0.5 

 VOC TVOC 300 
 Radon Bq ≤100 

 Relative 
Humidity RH 95% of time ≥30-

≤50 

 Temperature Overheating, 
100h > temp <26.5° 

Acoustic  Sound pressure 
level <27 

Visual Daylight sDA300,50% floor 
area ≥50% 

 

 
Figure 3: Using an Active House Radar shows that each 
parameter is described in table 1. The upper radar is a 
benchmark of a typical EU single-family house and the 
lower radar is Living Places (lower) 
 

 
3.1 Overheating 

The design incorporates window control 
effectively to mitigate overheating, regardless of the 
building's orientation. Versatility and flexibility are 
valuable attributes in creating a comfortable thermal 
environment and the simulation results demonstrate 
that all rooms at all three-floor levels consistently 
meet or exceed thermal comfort requirements as 
defined in the Danish Building legislation as hours 
above 27°C (e.g. 100h) and 28°C (e.g. 25h), which are 
commonly used indicators of potential thermal 
discomfort. The number of hours above 27°C and 
28°C is well below the specified limits for thermal 
comfort. The simulation outcome indicates that the 
design successfully addresses overheating concerns, 
as the number of hours above 27° varies depending 
on building orientation, and floor level. In the living 
room/kitchen the number of hours above 27°, 
depending on orientation, varies from 40 to 70 hours 
(e.g. highest towards the West) to slightly above 50 
hours in the top floor bedroom. A similar tendency 
can be observed with the number of hours above 28 
which is less than 25h. The simulations also show how 
and when to use windows to boost the mechanical 
ventilation rate with natural ventilation, when the 
mechanical ventilation can be turned off to save 
energy and how large windows can be used in specific 
orientations. In general, the parametric sensitivity 
analysis indicates that in a naturally ventilated house, 
the key parameters to fulfil thermal comfort are the 
outdoor temperature, when windows can open, the 
number of people, and the air-flow rate when 
windows are open. In the hybrid solution, the key 
parameters are set-point and time for activation of 
mechanical ventilation, and ventilation airflow rate 
for the mechanical solution and airflow rate when 
naturally operated.  

 
3.2 Ventilation and indoor air quality 

Simulation of the Living Houses shows that the 
indoor CO2 level according to [3] is within level 1 (e.g. 
< 400 ppm above outdoor CO2 concentration). The 
parametric sensitivity analysis indicates that with a 
naturally ventilated house, the key parameters to 
reduce CO2 concentration are the CO2 set-point, air-
flow rate (7-10 l/s per person) and outdoor 
temperature when windows open (> 5 °C) and 
number of people. Strategically opening windows to 
allow fresh air circulation, and diluting indoor CO2 
levels will maintain higher air quality. In the hybrid 
solution, the key parameters are; set-point and time 
for activation of the mechanical ventilation system 
(year-round or just in the winter months) and the air-
flow rate when the mechanical and natural solution is 
active in operation during occupied hours. Overall, 
the hybrid solution and active use of strategic 
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window openings maintain an energy-efficient 
solution, adapting to seasonal variations, but winter 
months and limited window openings show an 
increase in CO2 level, if the energy consumption 
should be maintained low.  

 
3.3 Visual and non-visual effects of daylight 

We also took the simulation of the visual 
environment a step further than just to comply with 
existing standards and guidelines. An external 
collaboration partner, OCULIGHT dynamics, simulated 
Living Places with complementary tools to allow 
evaluation of how light will affect the occupants, 
whether it is physiologically (e.g. vitality) or 
emotionally, or how comfortable a daylit 
environment will be perceived from an occupant’s 
perspective. To evaluate our overall experience of 
daylight, we need to know how much light we receive 
at eye level over the day, across seasons over the 
year. If our indoor environment provides us with too 
little light, thereby making us light-deprived, it can 
have long-term negative consequences on our well-
being, affecting our mood, melatonin production, 
immune system and many other essential aspects of 
our health and vitality. Whereas being exposed to 
enough light can be highly beneficial, like promoting 
higher alertness and better sleep. Within that 
framework, daylight should be evaluated from a 
viewpoint perspective as well – or rather, from a 
large number of viewpoints within the space to 
represent enough possible perspectives –, and not 
only based on light reaching a horizontal plane. 

The daylight simulation results show that the 
design of the Living Places offers a very convincing 

way to utilize daylight, with sufficient daylight 
provision and good levels of vitality and comfort 
especially on sunny days over the year, as well as 
when the sky is overcast. According to the criteria for 
daylight provision stated in [1], a space is considered 
to provide adequate daylight if a target illuminance 
level [e.g. recommended 300 lx] is achieved across a 
fraction of the reference plane [e.g. recommended 
50%] within a space for at least half of the daylight 
hours. The outcome of the simulation shows that the 
minimum recommended spatial daylight autonomy 
(sDA) target of 300 lux is achieved across almost 90% 
of the reference plane at all three-floor levels, and 
about 65% of the area reaches the highest level of 
750 lux. Additional evaluation shows that a majority 
of positions and view directions within the space are 
visually comfortable, with only limited situations that 
can cause visual discomfort or glare. Figure 4 
illustrates the evaluation of light exposure and its 
contribution to health potential from a human-centric 
perspective [4]. Attention to optimising daylight-
specific window opening arrangements to increase 
the circadian light exposure according to a “walk 
around” behaviour could influence the way we 
recommend occupants to spend time in the brighter 
areas of the spaces, especially in the morning, when 
the light signal is essential to let our body know the 
day is up and make sure we receive the proper light 
exposure and the right time. Figure 4 shows a 
recommended threshold level and the estimated 
circadian exposure to promote sufficient light 
exposure over each hour depending on sky type, time 
of year and improvement of daylight-specific window 
opening arrangement. Even a worst-case scenario, 

Figure 4: Illustration of daytime recommended threshold level and estimated level of circadian light exposure, February 28, for 
an overcast sky and a clear sunny sky. The two different lines illustrated with an upward arrow exemplify attention to optimize 
daylight-specific window openings arrangement to increase the circadian light exposure according to a “walk around” 
behaviour within the different type of spaces in Living Places.   
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February 28, illustrates that the recommended light 
exposure when the sky is overcast is just fair, while a 
clear sunny sky provides sufficient exposure the 
whole day. 
 
3.4 Indoor measurements 

Indoor CO2 measurements (spring) in each room 
of the two unoccupied Living Houses, indicate that 
the indoor CO2 level is above the simulation levels. 
The house with a hybrid ventilation solution and 
maintained ‘in-use’ mechanical air flow (e.g., 10 l/s 
per person, bedrooms), shows measured IAQ score, 
according to [3], at level 2 (e.g. 550 ppm above 
outdoor CO2 concentration), while the naturally 
ventilated building solution is about level 3 (e.g. 800 
ppm above). The thermal measurements also show a 
higher performance in the building with the hybrid 
solution (e.g. CLT house) than the natural ventilated 
solution (e.g. timber-frame). According to [2,3] these 
early spring measurements are merely to confirm the 
simulations, and an extended measurement protocol 
is expected next year.  
 
4. DISCUSSION 

Effectively window control strategies with its solar 
shading accessories are a crucial aspect, especially in 
regions or times where high outdoor temperatures 
can impact indoor comfort. A building design's ability 
to maintain a good thermal environment across 
various orientations underlines its adaptability. 
Although there is some variation in the number of 
hours above certain temperature thresholds, this 
information can be valuable for fine-tuning specific 
design elements but the number of hours to evaluate 
summer comfort is well below the specified limits and 
it indicates that the design successfully addresses 
overheating concerns. 

Optimizing daylight-specific window openings for 
circadian light exposure based on a "walk around" 
behaviour within different types of spaces involves 
strategically considering the placement and 
characteristics of windows and the spectral 
composition of the glazing material used. The 
simulation shows that future evaluation should 
consider a spatial analysis of each area and view 
position within the building to understand the natural 
patterns of daylight. By incorporating a mix of direct 
and diffuse daylight, as well as, adopting the scientific 
recommendation for indoor light exposure, future 
design considerations will pay special attention to 
spaces that are frequently traversed or used for 
specific activities in terms of daylight optimization. As 
illustrated in Living Places, this aims to bring brighter, 
cooler light in the morning and during the day to 
promote wakefulness and alertness, and gradually 
transition to warmer, softer light in the evening to 
support relaxation and sleep. A higher emphasis on 

substantial daylight provision is essential for our 
visual perception and to minimize the use of electric 
light during daytime. A report by RAND Europe [5] 
shows that on average, 5% of European households 
are affected by self-reported perception that their 
dwelling is too dark, which could have an impact on 
the probability of switching on the electric lighting. 
 
5. CONCLUSION 

We have used the compass model and simulated 
the performance to see if it provides the desired 
result. In addition, we have built a full-scale model 
and we are collecting insights through simple 
measurements of the indoor environment. Overall, 
the simulation shows that Living Places satisfies all 
main parameters of the ‘healthiness’ criteria: daylight, 
thermal comfort, indoor air quality and acoustic 
quality. It is a building concept that allows abundant 
daylight and fresh air, enhancing indoor climate 
quality, and showing how to build sustainable for 
people and the planet.  
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Built Space  
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ABSTRACT: The purpose of this article is to provide a framework for the categorization of methods and 
techniques of human movement evaluation, measurement, and assessment in the built space. The reviewed 
methods have been put together in a framework by the consideration of the level of movement and the 
timescale. In doing so, the phenomenon of movement has been distinguished as a four-level of movement scale 
that are subject to eight timescales. These four levels are imbedded movement, dynamic posture, dynamic 
location, and dynamic agent. Finally, twenty selected techniques and methods are defined and the 
methodological procedures of each of them have been described. These methods are mainly derived from 
studies on daylighting and comfort. 
KEYWORDS: Movement, Daylighting, Architecture, Comfort, Methodology   

1. INTRODUCTION
A collection of choreographic postures has been 

employed to establish a distinctive movement 
vocabulary, governed by geometric rules specifically 
formulated for the human body. This codified 
grammar of movement, detailed in a set of rules, 
intricately shapes the dynamics of the human body, 
giving rise to a nuanced corporeal experience [1]. 
Consequently, the deliberate and coordinated 
movements originating from diverse parts and joints 
of the body can be meticulously observed and 
monitored, offering valuable insights into various 
variables associated with the psychophysiological 
conditions of individuals. This paper explores a 
selected set of architectural and urban studies to 
shape a comprehensive review of evaluation methods 
for human movement within built spaces, exploring 
the complex language of movement as a tool for 
building assessment. 

The interdisciplinary nature of the research, 
drawing insights from neuroscience, biometrics, and 
psychology, further broadens the understanding of 
human movement. This expansion of scope highlights 
the multifaceted nature of movement and its 
profound impact on psychophysiological conditions. 
As a result, the research facilitates a structured 
approach to the analysis of human movement, 
enabling more informed, user-centric decisions in 
diverse contexts within the built environment. 

2. METHODOLOGY
This paper reviews the diverse approaches 

employed for measuring, assessing, and evaluating 
movement within a selected group of studies in 
architecture and urbanism. The contexts of the 
studies selected to review are daylighting and 

comfort that evolved around the main keywords of 
‘movement’, ‘daylight’, and ‘architecture’. It explores 
the intricacies of the methodologies applied in these 
studies, shedding light on the tools, instruments, and 
techniques utilized to capture and analyze movement 
data.  For classification of these methods, movement 
could be distinguished into three main scales (Fig. 1).  

Figure 1: movement scales. Movement of the facial 
muscles and heart (A), Movement of the joints and eye (B), 
and Movement of the body through the space (C) (source: 
author). 

By categorizing movement into distinct levels and 
timescales, the comprehensive framework provided 
here enriches the theoretical foundation of 
architectural and urban studies and empowers it with 
practical applications and examples for each 
movement level and timescale.  

3. RESULTS
Based on the review on the selected studies a 

table could be created illustrating the methods of 
evaluating movement in the built space. The table 
provides a structured overview of movement levels 
categorized across various timescales, ranging from 
instant to annual intervals. It distinguishes movement 
in four scales of micro-scale (imbedded motion of 
organs), mid-scale (reposition, redirection, ocular 
movement, limb movement) (Table 1), macro-scale 
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(relocation, movement through space), and mega-
scale (occupation cycle, migration, walking rate) 
(Table 2). 

Table 1: Methods of evaluation of movement in the built 
space based on the scale and time of the movement for 

micro and mid scales. 
Movement 

level 

Timescale 

Micro-scale: 
Imbedded motion / 
movement of 
organs 

Mid-scale: 
Reposition / 
redirection / ocular 
movement / 
movement of the 
joints 

Instant 
(a range of 
seconds) 

* Biometric analysis 
(EEG, SGR, EMG, 
PPG) 
* Affectiva iMotions 
video analysis 

* Eye Tracking,
Motion sensing 
* Adaptive zone
* Time-of-Flight
sensing 
* Vision-based pose 
estimation 

Momentary 
(minutely 
or a range 
of minutes) 

* Biometric analysis 
(EEG, SGR, EMG, 
PPG) 
* Affectiva iMotions 
video analysis 

* Eye Tracking 
* Adaptive zone
* Time-of-Flight
sensing 
* Vision-based pose 
estimation 

Temporary 
(hourly or a 
range of 
hours) 

* Smart bracelet
recording 

* Eye Tracking
* Adaptive zone
* Time-of-Flight
sensing 

Diurnal 
(daily) 

* Smart bracelet
recording 

* Actigraphy

Table 2: Methods of evaluation of movement in the built 
space based on the scale and time of the movement for 

macro and mega scales. 
Movement 

level 

Timescale 

Macro-scale: 
Relocation / movement 
pattern 

Mega-scale: 
Occupation cycle 
/ migration / 
walking rate / 
trajectory 

Instant 
(a range of 
seconds) 

* Timelapse footage 
with short intervals 
* Video recording 
analysis 
* Direct Observation
* Time-of-Flight sensing 
* Behavioral mapping 

* Long Short-
Term Memory 
(LSTM) trajectory 
prediction 

Momentary 
(minutely 
or a range 
of minutes) 

* Timelapse footage 
with short intervals 
* Video recording 
analysis 
* Space syntax
* Direct Observation
* Time-of-Flight sensing
* Vision-based motion 
tracking 
* Behavioral mapping

* Datalogging
* Monitoring
* Long Short-
Term Memory 
(LSTM) trajectory 
prediction 
* Space syntax
* Behavioral
mapping 

Temporary 
(hourly or a 
range of 
hours) 

* Timelapse footage 
with intervals 
* Space syntax

* Datalogging
* Monitoring
* Space syntax
* Behavioral

* Direct Observation 
* Time-of-Flight sensing
* Vision-based motion 
tracking 
* Behavioral mapping

mapping 

Diurnal 
(daily) 

* Timelapse footage 
with long intervals 
* Actigraphy
* Space syntax
* Time-of-Flight sensing

* Datalogging
* Monitoring
* Space syntax

Periodic 
(weekly) 

* Actigraphy * Actigraphy
* Monitoring 
* Web-based 
observation 

Cyclical 
(monthly) 

* Actigraphy * Actigraphy
* Monitoring
* Web-based 
observation 

Quarterly 
(seasonally) 
/ Annual 
(yearly) 

- * Observation
* Web-based 
observation 

4. DISCUSSION
The methods addressed in the tables (1, and 2) 

could be categorized in four movement types of 
imbedded motion, dynamic position, dynamic 
location, and dynamic agent each of which occur in 
different levels. Therefore, they require different 
approaches of analysis. 

4.1. Small-scale Movement: Imbedded Motion 
“The body expresses movement even when 

motionless” [2]. This notion stems from the physical 
and physiological facts that even in a static position, 
the same push and pull of the environmental and 
biological forces needed for motion occurs. This 
ongoing struggle is characterized by the constant 
interaction between the body and gravitational forces 
(refer to neutral body orientation as depicted by 
researchers [3]), as well as the dynamic interplay 
within the skeletal framework and musculature. 

Heartbeat variability represents a form of motion 
generated by the cardiac muscle. This dynamic aspect 
was a pivotal factor in the mood-related analysis 
conducted by Peper et al. [4]. Consequently, in this 
study, posture, conceptualized as a distinct form of 
movement, was established as the independent 
variable, with heartbeat variability serving as the 
dependent variable (Fig. 3). In a separate 
investigation [5], the Photoplethysmogram (PPG) was 
employed to measure heartbeat variability, 
contributing to a deeper understanding of emotional 
responses and stress levels. Moreover, recognizing 
heartbeat variability resulting from physical activity, 
essentially movement within movement, presents an 
avenue for developing a thermal comfort model, as 
illustrated in the work by [6]. 
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(relocation, movement through space), and mega-
scale (occupation cycle, migration, walking rate) 
(Table 2). 
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(daily) 

* Smart bracelet
recording 

* Actigraphy

Table 2: Methods of evaluation of movement in the built 
space based on the scale and time of the movement for 

macro and mega scales. 
Movement 

level 

Timescale 

Macro-scale: 
Relocation / movement 
pattern 

Mega-scale: 
Occupation cycle 
/ migration / 
walking rate / 
trajectory 

Instant 
(a range of 
seconds) 

* Timelapse footage 
with short intervals 
* Video recording 
analysis 
* Direct Observation
* Time-of-Flight sensing 
* Behavioral mapping 

* Long Short-
Term Memory 
(LSTM) trajectory 
prediction 

Momentary 
(minutely 
or a range 
of minutes) 

* Timelapse footage 
with short intervals 
* Video recording 
analysis 
* Space syntax
* Direct Observation
* Time-of-Flight sensing
* Vision-based motion 
tracking 
* Behavioral mapping

* Datalogging
* Monitoring
* Long Short-
Term Memory 
(LSTM) trajectory 
prediction 
* Space syntax
* Behavioral
mapping 

Temporary 
(hourly or a 
range of 
hours) 

* Timelapse footage 
with intervals 
* Space syntax

* Datalogging
* Monitoring
* Space syntax
* Behavioral

* Direct Observation 
* Time-of-Flight sensing
* Vision-based motion 
tracking 
* Behavioral mapping

mapping 

Diurnal 
(daily) 

* Timelapse footage 
with long intervals 
* Actigraphy
* Space syntax
* Time-of-Flight sensing

* Datalogging
* Monitoring
* Space syntax

Periodic 
(weekly) 

* Actigraphy * Actigraphy
* Monitoring 
* Web-based 
observation 

Cyclical 
(monthly) 

* Actigraphy * Actigraphy
* Monitoring
* Web-based 
observation 

Quarterly 
(seasonally) 
/ Annual 
(yearly) 

- * Observation
* Web-based 
observation 

4. DISCUSSION
The methods addressed in the tables (1, and 2) 

could be categorized in four movement types of 
imbedded motion, dynamic position, dynamic 
location, and dynamic agent each of which occur in 
different levels. Therefore, they require different 
approaches of analysis. 

4.1. Small-scale Movement: Imbedded Motion 
“The body expresses movement even when 

motionless” [2]. This notion stems from the physical 
and physiological facts that even in a static position, 
the same push and pull of the environmental and 
biological forces needed for motion occurs. This 
ongoing struggle is characterized by the constant 
interaction between the body and gravitational forces 
(refer to neutral body orientation as depicted by 
researchers [3]), as well as the dynamic interplay 
within the skeletal framework and musculature. 

Heartbeat variability represents a form of motion 
generated by the cardiac muscle. This dynamic aspect 
was a pivotal factor in the mood-related analysis 
conducted by Peper et al. [4]. Consequently, in this 
study, posture, conceptualized as a distinct form of 
movement, was established as the independent 
variable, with heartbeat variability serving as the 
dependent variable (Fig. 3). In a separate 
investigation [5], the Photoplethysmogram (PPG) was 
employed to measure heartbeat variability, 
contributing to a deeper understanding of emotional 
responses and stress levels. Moreover, recognizing 
heartbeat variability resulting from physical activity, 
essentially movement within movement, presents an 
avenue for developing a thermal comfort model, as 
illustrated in the work by [6]. 

Figure 3: Effect of posture on respiratory breathing pattern 
and heart rate variability (source: [4]). 

Beyond the motions orchestrated by the internal 
activities of human organs, studies investigating sleep 
have underscored the significance of readiness for 
movement and activity. Understanding this readiness 
holds particular importance in the realm of 
movement studies, as the body aligns its internal 
chronometer with environmental cues, leading to 
variations in activity-rest patterns across different 
environmental conditions [7]. These patterns can be 
intentionally manipulated to achieve specific timing 
for movement and activity. Consequently, in these 
scenarios, human activity patterns and schedules are 
established as independent variables, exerting 
influence on how the built space should be 
approached. Considering this, regression analysis has 
been employed to predict human movement [8]. 

Biometric tools to record and map human 
experience is one of the recent areas of research. 
Ergan et al. [5], in their research argue that to map 
the experience of human effected by the 
architectural design features, the use of body area 
sensor network concept proves to be useful. In doing 
so, they [5] integrated Electroencephalogram (EEG), 
facial- or vision-based Electromyography (EMG), 
Galvanic Skin Response (SGR), Photoplethysmogram 
(PPG), and Eye Tracking tools with virtual reality 
environment to analyze human experience in the 
virtual built space. 

Figure 4: Connection of the emotional expressions with the 
produced facial actions (Source: [10]). 

Deciphering the facial expressions would help to 
assess the affective impact of architectural features 
on the user. Each produced action is linked to an 

emotional state representing the condition of the 
built space (Fig. 4). Beside EMG tool, cutting edge 
software could have the ability of analyzing the 
affective impact of the architectural elements. For 
instance, Affectiva iMotions is a facial expression 
analysis software that evaluates the video recordings 
of the users to read the facial expressions [9]. This 
technology enhances the precision of evaluating the 
affective responses of individuals to various 
architectural features. 

Eye tracking technologies play a pivotal role in 
advancing the assessment of dynamic visual 
attention, as demonstrated by the use of portable 
eye trackers [11]. These technologies excel not only in 
pinpointing areas of interest but also in generating 
insightful heatmaps [12]. Moreover, the analysis 
extends to factors such as the direction of gaze, the 
degree of eye opening, and pupil size, particularly 
valuable for investigations into daylighting [13]. 

4.2. Medium-scale Movement: Dynamic Posture and 
Position  

Dynamic physical expressions and the activity of 
limbs and body parts shape the overall dynamic state 
of the human body in the space. The study of 
different postures and positions of the body in the 
space could determine valuable information for the 
researchers and designers collecting data on mood, 
sleep, and activity rates in the built space. 

The dynamic portrayal of the body within an 
environment serves as a valuable tool for assessing 
human emotive states. Paterson's study [14] on the 
experiential aspects of architecture, focusing on 
vision and touch, demonstrates that user mood states 
can be discerned through the observation of postures 
and gestures. Building on this notion, researchers [4] 
conducted an experiment linking depression levels 
and emotional recall to varying postures, including 
both erect and collapsed conditions (refer to Fig. 3). 
Consequently, understanding the motivations and 
stimuli driving user movement within a building 
becomes feasible by gauging mood states, which can 
be deduced through posture and gesture 
observation. 

The dynamic appearance of the body in space is 
not limited to visual observation; it extends to the use 
of motion sensors to monitor user activity, enabling 
strategic adaptations of the built environment to 
meet occupants' needs. Research in this realm 
includes the application of passive-infrared (PIR) 
motion sensors, notably enhancing adaptive lighting 
control through movement detection [15]. 
Additionally, ceiling-mounted Time-of-Flight sensors 
(ToF) provide opportunities for gesture recognition 
[16], extending their utility beyond mere recognition 
to applications like occupancy sensing, people 
counting, and activity monitoring. This multi-faceted 
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approach facilitates comprehensive analysis of 
movement and interaction patterns within a space. 

Limb activities could be considered as the main 
parameter of shaping the dynamic position and 
posture in the space. A tool to measure physical 
activity at this level is Actigraph. This tool could be 
used for different purposes ranging from physical 
activity assessment such as speed, activity counts, 
activity intensity, and steps per a given time [17] to 
rest/activity or sleep/wake cycle [18] [19]. Actigraphy 
with the use of actiwatches was a method to study 
the level of activity of participants in a long-term 
survey to study well-being and sleep quality [20].  

Activity of the joints is also noteworthy specially 
for studies related to healthcare, safety, and sports. 
This activity defines the grammar of human skeleton 
motion while performing certain tasks. Motion could 
be captured through vision-based human motion 
sensing for ergonomic and biomechanical analysis 
[21]. The motion data in Liu et al.’s [21] research is 
consisted of the angles at body joints and could be 
depicted in a 3D or 2D illustration (Fig. 6A). 

Dynamic direction or position of view is an output 
of the movement of head or the rotation of body. In 
daylighting studies, this behavior is attributed to the 
concept of ‘adaptive zone’ in which the visual 
comfort of the observer would be evaluated [22]. 
Although the method known as adaptive zone is 
initially to assess visual comfort and not movement, 
however, the view angles introduced to run the 
analysis imply the existence of movement of the body 
in a fixed location. Therefore, it could be possible to 
use this method for the evaluation of other 
environmental effects.  

4.3. Large-scale Movement:  Dynamic Location 
The dynamic interplay of the body with the space 

between points has been used to study the 
successfulness of the spatial design. The most basic 
form of movement analysis on the surface is space 
syntax methodology. While space syntax is taking into 
account factors such as movement patterns, 
cognition, and behavior [23], it could not cover all 
aspects of human movement varying from different 
timescales and levels explained previously in this 
article. In this method movement is a part of analysis 
based on the analysis of the spatial configurations 
integrated with social structures other than tracking 
and sensing movement [24]. Connectivity and 
integration are the two closely related factors when it 
comes into the study of movement as a link between 
different spatial units. These factors find application 
in generating heatmaps [25]. 

More direct approaches could be implemented to 
have a more accurate track of movement. 
Autographical shading and dotting on the map to 
locate the spatial appraised points [26], 
phenomenological writings and modeling [27], and 
autoethnography of the experience of movement 

[28] were three techniques to assess the experience 
of the space. They [28] understood atmospheres 
emerging according to the levels of activity and 
movement. With this approach each location is given 
an identity. Emotional representation of the locations 
in the space has been introduced as a variable 
dependent on the affective state of people in 
different locations besides spatial navigation [26]. 
Here movement described as spatial navigation plays 
an extraneous role for the independent variable. 
Chun and Towse [29] express that with auto-
ethnographical approach researchers will narrate 
their ‘own spatial experiences’ to guide further design 
decisions.  

Mapping of perceived daylight boundaries and 
best locations through survey and based on 
participants’ drawing was a method of perceptional 
representation of the locations in the space [30]. This 
research aimed to understand the perception of 
users. In urban, researchers [31] have used timelapse 
photography with 1.5 minutes intervals to capture 
the use of resting areas in a square over time scale to 
assess each location. 

Mapping human behavior to examine 
independent variables has captured the interest of 
many researchers. For example, in a study on the 
impact of the daylighting condition, the users’ 
movements in a café have been mapped to 
understand whether the daylit areas are busiest or 
not [32]. Hong et al. [33] conducted a behavioral 
mapping using virtual agents. They used Dassault 
Systèmes' 3DVia Virtools which is a visual 
programming platform to create anthropomorphic 
goal-oriented agents mimicking human activities with 
four defined parameters defining and limiting the 
range of behaviors. Their goal was to find an optimal 
match between human activity and built environment 
in architectural design. In another context, aiming to 
classify behavior pattern, researchers [34] were able 
to model manual lighting control behavior patterns 
based on daylight illuminance and interior layout. To 
categorize, occupancy detectors were used to 
understand the change of occupancy and interaction 
pattern with the change in the layout and daylight 
conditions. Based on the data, a fuzzy logic model 
through MATLAB FIS editor was constructed. 

Observation is the first method of data collection 
in studies related to behavior of people in a space 
regarding the use of space or the elements in the 
space [35]. More convenient methods such as, time-
lapse photography has proven to be a good method 
for the analysis of occupation cycle and pattern to 
study the energy use [35]. However, for the study of 
occupancy, the use of computer vision sensors and 
cameras is a good method for data collection is a 
more advanced methodology [36]. 

The rate of corporeal and sensory engagement 
with the environment as a dependent variable has 
been studied through observation and monitoring in 
different studies [37]. The higher the level of 
environmental affordances, the higher the rate of 
corporeal and sensory engagement. Or in better 
terms, the richness of quality environmental 
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approach facilitates comprehensive analysis of 
movement and interaction patterns within a space. 

Limb activities could be considered as the main 
parameter of shaping the dynamic position and 
posture in the space. A tool to measure physical 
activity at this level is Actigraph. This tool could be 
used for different purposes ranging from physical 
activity assessment such as speed, activity counts, 
activity intensity, and steps per a given time [17] to 
rest/activity or sleep/wake cycle [18] [19]. Actigraphy 
with the use of actiwatches was a method to study 
the level of activity of participants in a long-term 
survey to study well-being and sleep quality [20].  

Activity of the joints is also noteworthy specially 
for studies related to healthcare, safety, and sports. 
This activity defines the grammar of human skeleton 
motion while performing certain tasks. Motion could 
be captured through vision-based human motion 
sensing for ergonomic and biomechanical analysis 
[21]. The motion data in Liu et al.’s [21] research is 
consisted of the angles at body joints and could be 
depicted in a 3D or 2D illustration (Fig. 6A). 

Dynamic direction or position of view is an output 
of the movement of head or the rotation of body. In 
daylighting studies, this behavior is attributed to the 
concept of ‘adaptive zone’ in which the visual 
comfort of the observer would be evaluated [22]. 
Although the method known as adaptive zone is 
initially to assess visual comfort and not movement, 
however, the view angles introduced to run the 
analysis imply the existence of movement of the body 
in a fixed location. Therefore, it could be possible to 
use this method for the evaluation of other 
environmental effects.  

4.3. Large-scale Movement:  Dynamic Location 
The dynamic interplay of the body with the space 

between points has been used to study the 
successfulness of the spatial design. The most basic 
form of movement analysis on the surface is space 
syntax methodology. While space syntax is taking into 
account factors such as movement patterns, 
cognition, and behavior [23], it could not cover all 
aspects of human movement varying from different 
timescales and levels explained previously in this 
article. In this method movement is a part of analysis 
based on the analysis of the spatial configurations 
integrated with social structures other than tracking 
and sensing movement [24]. Connectivity and 
integration are the two closely related factors when it 
comes into the study of movement as a link between 
different spatial units. These factors find application 
in generating heatmaps [25]. 

More direct approaches could be implemented to 
have a more accurate track of movement. 
Autographical shading and dotting on the map to 
locate the spatial appraised points [26], 
phenomenological writings and modeling [27], and 
autoethnography of the experience of movement 

[28] were three techniques to assess the experience 
of the space. They [28] understood atmospheres 
emerging according to the levels of activity and 
movement. With this approach each location is given 
an identity. Emotional representation of the locations 
in the space has been introduced as a variable 
dependent on the affective state of people in 
different locations besides spatial navigation [26]. 
Here movement described as spatial navigation plays 
an extraneous role for the independent variable. 
Chun and Towse [29] express that with auto-
ethnographical approach researchers will narrate 
their ‘own spatial experiences’ to guide further design 
decisions.  

Mapping of perceived daylight boundaries and 
best locations through survey and based on 
participants’ drawing was a method of perceptional 
representation of the locations in the space [30]. This 
research aimed to understand the perception of 
users. In urban, researchers [31] have used timelapse 
photography with 1.5 minutes intervals to capture 
the use of resting areas in a square over time scale to 
assess each location. 

Mapping human behavior to examine 
independent variables has captured the interest of 
many researchers. For example, in a study on the 
impact of the daylighting condition, the users’ 
movements in a café have been mapped to 
understand whether the daylit areas are busiest or 
not [32]. Hong et al. [33] conducted a behavioral 
mapping using virtual agents. They used Dassault 
Systèmes' 3DVia Virtools which is a visual 
programming platform to create anthropomorphic 
goal-oriented agents mimicking human activities with 
four defined parameters defining and limiting the 
range of behaviors. Their goal was to find an optimal 
match between human activity and built environment 
in architectural design. In another context, aiming to 
classify behavior pattern, researchers [34] were able 
to model manual lighting control behavior patterns 
based on daylight illuminance and interior layout. To 
categorize, occupancy detectors were used to 
understand the change of occupancy and interaction 
pattern with the change in the layout and daylight 
conditions. Based on the data, a fuzzy logic model 
through MATLAB FIS editor was constructed. 

Observation is the first method of data collection 
in studies related to behavior of people in a space 
regarding the use of space or the elements in the 
space [35]. More convenient methods such as, time-
lapse photography has proven to be a good method 
for the analysis of occupation cycle and pattern to 
study the energy use [35]. However, for the study of 
occupancy, the use of computer vision sensors and 
cameras is a good method for data collection is a 
more advanced methodology [36]. 

The rate of corporeal and sensory engagement 
with the environment as a dependent variable has 
been studied through observation and monitoring in 
different studies [37]. The higher the level of 
environmental affordances, the higher the rate of 
corporeal and sensory engagement. Or in better 
terms, the richness of quality environmental 

affordances directly contributes to an enhanced 
adaptive engagement experience. 

4.4. Mega-scale Movement: Dynamic Agents 
Some certain studies such as post occupancy 

evaluation that involve long duration measurements 
or studies on urban components that involve higher 
intensities and volumes of movement patterns 
require other methods of evaluation. In other words, 
movement could also be interpreted and studied as 
the change in occupant counts or occupancy duration 
in each location. For instance, Jens and Khoudi [38] 
have grouped these two parameters with seats and 
tables to understand which place shows lesser 
change in occupants count and duration before and 
after a planned intervention. Based on this 
knowledge, the impact of different conditions on the 
occupancy patterns could be deciphered.  

Pedestrian motion is the most analyzed 
parameters in the urban studies. For example, in an 
early study, Burse [39] simulated the movement and 
route decision of virtual individuals in an open space 
through an online multi-agent system called 
BOTworld to analyze human thermal comfort in 
different microclimatic condition.  

On the urban scale, there have been many other 
studies considering user movement as a dependent 
variable on the environmental conditions or 
morphology. For example, researchers [40] have tried 
to simulate user movement through the analysis of 
the relationship of movement with the urban 
components. de Montigny et al. [41] have visually 
inspected the volumes of walking to establish its 
correlation with the locally felt weather. 

One of the most important problems when 
dealing with volumes of movement is safety issues. 
For this reason, predicting models such as image 
processing have been used to predict trajectories of 
the pedestrians (Fig. 6B). However, the improved 
method of trajectory prediction has been recently 
introduced [42]. 

Figure 6: A 3D skeleton extraction for motion sensing 
and analysis (A) (Source: [21]). Prediction of the human 
movment (B) (Source: [42]) 

5. LIMITATIONS
While this research helps the understanding of

human movement within built spaces, it is essential 
to acknowledge that the proposed framework is not 
comprehensive and can benefit from further 
refinement. The correlations between movement 
levels and timescales could be more robust, and to 
enhance the validity and generalizability of the 

framework, a systematic review encompassing a 
broader range of references beyond those primarily 
related to daylighting and comfort is recommended. 
The current review provides a valuable starting point, 
offering practical insights and applications, yet a 
more comprehensive analysis could strengthen the 
results and refine the framework.  

6. CONCLUSION
Based on the framework presented in this article 

that classifies movement into 4 levels and 8 
timescales, the diversity of movement evaluation has 
been shown. 20 methods have been introduced and 
explained here to measure, assess, or evaluate 
human movement inside the built space. These 
methods are: Biometric analysis (EEG, SGR, EMG, 
PPG), Affectiva iMotions video analysis, Eye Tracking, 
Motion sensing, Adaptive zone, Time-of-Flight 
sensing, Vision-based pose estimation, Timelapse 
footage with short intervals, Video recording analysis, 
Direct Observation, Long Short-Term Memory (LSTM) 
trajectory prediction, Space syntax, Vision-based 
motion tracking, Datalogging, Monitoring, Smart 
bracelet recording, Timelapse footage with intervals, 
Timelapse footage with long intervals, Actigraphy, 
and Web-based observation. 

In addition, the classification introduced here 
does not consider methods as subject-specific. 
Therefore, depending on study they could be 
modified. It is important to note that this review is a 
contribution to the establishment of a framework to 
practically correlate human movement with 
architecture.  
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ABSTRACT: In a context of political commitment targeting net zero in 2050, controlling carbon flows is an essential 
operational imperative. The LOCUS methodology (Low carbon urban strategy) makes it possible to establish an 
exhaustive vision of carbon flows at neighborhood scale and to develop a strategy marking out the achievement 
of net zero in 2050. This unique approach, developed within the framework of the “Maillages Fertiles” research 
project, provides planners with information on: the carbon intensity of the neighborhood, the points of vigilance 
to consider during its development and the measures to prioritize to achieve net zero. Its application to the Praille-
Acacias-Vernets (PAV) sector allows us to illustrate the structure of the method and to present the preliminary 
results obtained on this vast changing urban area. 
KEYWORDS: Carbon neutrality, Sustainable neighborhood, Carbon footprint, Urban transition, Net zero. 
 
 

1. INTRODUCTION 
By ratifying the Paris Agreement in October 2017 

[1], a legally binding instrument on climate change 
based on the work of the IPCC [2, 3], the Swiss 
Confederation has committed to reducing its 
emissions by half by 2030 and by 70 to 85% by 2050 
(compared to 1990). Accepted by popular vote in June 
2023, the Climate and Innovation Act [4] explicitly 
provides for the country to reduce its net greenhouse 
gas emissions to zero by 2050 [5]. These ambitious 
climate objectives are therefore part of the framework 
conditions guiding public policies, which should result 
in particular in significant developments for the built 
environment. 

However, such an objective cannot be satisfied 
with the simple juxtaposition of isolated technical or 
behavioral solutions. This ecological limit encourages 
decision-makers and planners to be more transversal 
and to make public policies more consistent, to 
abandon a sectoral approach in favor of a systemic 
one. Territorial planning then rhymes with integrated 
design, so that all domains of emissions, often 
intertwined, are considered with a view to a massive 
and synergistic reduction of their footprint. 

Planning new or transforming neighborhoods – 
real functional units of the urban fabric – represents a 
decisive opportunity to realize the ecological 
transition towards a more symbiotic and decarbonized 
society, ensuring that the basic needs of all are 
maintained. Only this scale allows us to grasp the 
major determinants of an eco-balance, namely the 
acts of building, living, working, consuming and 
moving. 

Through the integration of several scales of 
analysis and multiple domains of greenhouse gas 
emissions, the LOCUS methodology aims precisely to 

take into account these issues at the neighborhood 
scale by answering extremely topical questions. Under 
what conditions is net zero achievable? Why is 
concerted and united action by all stakeholders, from 
decision-makers to users, required? What 
opportunities for synergies can be mobilized at this 
scale alone and what equalizations can be activated 
from a spatial (intra/inter neighborhood) or sectoral 
point of view (agriculture & food, economy & 
consumption, construction, operation and mobility)? 
Is the carbon investment made in favor of public 
spaces significant, relevant and offsetable in situ? 
What are the main carbon sinks in an urban 
neighborhood: vegetation or buildings? Finally, in 
2050, what will be the most carbon-intensive areas: 
operation, construction or food? 

 
2. METHODOLOGY 

The LOCUS methodology, a real matrix analysis, 
uses the most recent knowledge and normative 
frameworks in terms of carbon footprint.  

In order to establish a decarbonization strategy 
aligned with the Paris Agreement objectives, the 
LOCUS methodology is structured in four distinct 
stages: 
§ Setting the decarbonization ambition applicable to 

the programmatic diversity of the study perimeter; 
§ Designing a comprehensive 3D model of the 

neighborhood including public spaces, 
infrastructures and built volumes; 

§ Establishing all gross and net carbon flows 
according to current legal frameworks and 
behaviors; 

§ Identifying a viable path to net zero by testing 
scenarios mobilizing the various sources of savings 
and potential carbon sinks. 
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2.1 Decarbonization ambition 
By declaring climate emergency [6], the Canton of 

Geneva intends to limit greenhouse gas (GHG) 
emissions to 1 tCO2eq/inhab.year in 2050 – budget 
used here to qualify net zero. This carbon ceiling is 
relevant because it meets the objectives set in the 
Paris Agreement, the cantonal climate plan Geneva 
2030 - 2nd generation [7, 8] and the exploratory study 
“Carbon neutrality in Geneva in 2050” [9], from which 
we extracted the impact of the Agriculture & Food, 
respectively Economy & Consumption domains. 

To convert the objective of 1 tCO2eq/inhab.year 
into targets per m2 of Usable Floor Area (UFA), we 
considered the programmatic mix of the site and the 
human density for each use, as well as 50% of the 
targets relating to construction, operation and 
mobility described in [10]. Regarding the 
decarbonization remaining to be undertaken by the 
materials industry by 2050 [11] and the probable gains 
on this horizon [12], we have set two emission ceilings 
(Table 1): 
§ Target A "Carbon neutrality": it corresponds to the 

impacts induced by ideal behaviors in terms of 
food and consumption according to [9], to which 
we add half of the targets relating to construction, 
operation and mobility described in [10], 
prejudging the reduction in carbon intensity of the 
materials available by 2050; 

§ Target B "Towards carbon neutrality": applicable 
from 2022, it relaxes the target A requirement for 
the Construction domain, considering the carbon 
intensity of currently available materials. 

 
Table 1: GWP targets [kgCO2eq/m2UFA.yr] established for the 
2030 (Target B) and respectively 2050 (Target A) deadlines. 
Emission domains Target B Target A 
Agriculture & food 6.5 6.5 
Economy & consumption 1.5 1.5 
Construction 9.0 4.5 
Operation 2.1 2.1 
Induced mobility 2.8 2.8 
Total neighborhood target 21.9 17.4 

 
2.2 Comprehensive numerical model 

First, we build a detailed three-dimensional model 
of the program hosted within the study area (Fig. 1), 
characterizing each work (public spaces, 
infrastructures, networks and built volumes) and each 
type of population hosted (inhabitants, jobs, clients). 
All of the constituent elements of the neighborhood 
are then systematically quantified and characterized 
in terms of materiality and lifestyles. 
 
 
 
 
 
 

 

 
 
Figure 1: 3D model of public spaces and buildings. White 
buildings are existing. Grey buildings have dimensions > 30 m 
and brown ones < 30 m (the latter can be built in wood 
without major additional investment). 
 

In the presence of contaminated soils, LOCUS aims 
to: 
§ Limit earth movements by questioning the location 

choices for buildings and basements, networks and 
infrastructure; 

§ Decarbonize earth disposal according to the type 
of waste (A to E) and the mode of transport chosen. 
 
The built volumes are characterized in detail in 

order to quantify four determinants of the eco-
balance: human density, built density (habitable 
premises or not), compactness of volumes and 
orientation of facades (passive and active solar). For 
the sake of traceability, all of these quantities are 
established by construction element and by program. 
 
2.3 Traceability of carbon flows 

In order to guarantee the traceability of carbon 
flows, a crucial information when establishing 
decarbonization strategies, LOCUS adopts a matrix 
approach structured by intervention perimeters, 
macro/micro building elements and emission domains 
(Tables 2 and 3). After describing the composition of 
each microelement, all objects constituting the 
neighborhood are converted into carbon flows and 
assigned to an emission position. Finally, a synthetic 
representation of these flows (Fig. 2) reveals the major 
determinants of the eco-balance and governs the 
establishment of a decarbonization strategy for the 
neighborhood. 
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Table 2: Public spaces 

 
 
Table 3: Built spaces 

 
 

 
 
Figure 2: Sankey diagram of the neighborhood’s carbon flows based on current gross emissions (kgCO2eq/m2UFA.year).
 
 
2.4 A viable path towards net zero 

During this last stage, we study carbon flows and 
their relationships, identify the main decarbonization 
sources, carbon sinks and possible spatial and/or 
sectoral equalizations that can be mobilized. Finally, to 
establish the path towards net zero in the scientific 
sense of the term [14], four scenarios of decreasing 
carbon intensity are developed (Table 4): 

 

 
§ Current: Geneva legal framework and lifestyles in 

2022; 
§ Transition: 60% reduction in carbon emissions 

(2030 commitments of Paris Agreement); 
§ Capture: net zero with active CO2 capture (2050 

commitments of Paris Agreement); 
§ Sobriety: net zero without offsetting or capture 

(2050 commitments of Paris Agreement). 

Macroelements Microelements Emission domain 
“Espaces rivières” Preparatory works (clearing, demolition) Construction 
 River developments (including excavation and earth disposal) Construction 
 Crossings and (foot)bridges Construction 
 Soft mobility routes, lighting Construction 
 Networks and pipelines (rerouting) Construction 
Public domain Preparatory works Construction 
 Development of the public domain, lighting Construction 
 Networks and pipelines (new) Construction 
 Excavation and earth disposal Construction 
Natural capture Growth of arborization Negative emissions 

Macroelements Microelements Emission domain 
Construction Above-ground premises (housing, activities, etc.) Construction 
 Underground premises (additional premises, car parks)  Construction 
 Technical installations Construction 
 Excavation and earth disposal Construction 
Wood sequestration Biogenic carbon of the wood material used Negative emissions 
Operating energy Heating / Air Conditioning Operation 
 Domestic hot water Operation 
 Electricity Operation 
Mobility Inhabitants Induced mobility 
 Jobs Induced mobility 
 Clients Induced mobility 
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Table 4: Summary of the main assumptions used for the four scenarios of decreasing carbon intensity down to net zero. Figures 
on the left represent the overall emissions for each scenario, expressed in tCO2eq/pers.year. *THPE = Very High Energy Efficiency. 
  

 
 
 
 
Agriculture & Food, Economy & Consumption 

These first two emission domains include the 
values from the study [9], itself based on the planetary 
health diet established by the EAT-Lancet commission 
[13]. To determine a carbon footprint according to the 
program, we applied the following distribution keys: 
§ Food: the activity rate of the Swiss population [15] 

allows us to define the number of meals taken as a 
resident (87%) and as an employee (13%); 

§ Consumption: the territorial carbon balance of the 
Canton of Geneva [16] specifies the share 
attributable to housing (68%) and companies 
(32%). 
 

Grey energy 
The impact of materials is established in 

accordance with SIA 2032 technical specifications [17] 
and the most recent KBOB database [18]. The impact 
of buildings and public spaces is amortized over 60 
years, excluding the temporary developments of the 
Drize river, amortized over 10 years.  

In order to study the elasticity of the carbon impact 
of materials, we have established three commonly 
used construction methods, then modulated their 
proportion according to the scenario.  

The Current scenario exclusively uses the Energy-
intensive construction method. The Transition 
scenario implements the Traditional method. Then, 
wood is introduced gradually: 25% for the Capture 
scenario, 50% for the Sobriety scenario (all buildings of 
less than 30 m). 

 

Operating energy 
The 3D model of the neighborhood allowed us to 

establish the energy reference surface as well as the 
form factor, deliberately degraded by 10% to allow for 
the architectural variety that still needs to be 
expressed at this stage. According to current 
standards, we have established the energy 
requirements for heating and domestic hot water 
production, cooling of premises as well as electricity.  
By considering the yields specific to each type of 
energy production, we calculated the final energy 
requested and then the neighborhood’s carbon impact 
for each scenario, using a specific energy mix.  
Ultimately, the 3D model allowed us to estimate the 
solar potential, by quantifying, for each orientation, 
the activatable surfaces on roofs and facades – 
excluding shaded areas or areas reserved for other 
uses (ventilation installations, elevator shafts, glass 
surfaces, etc.). These calculations comply with the 
Geneva legal framework [19] and the Swiss normative 
corpus [20, 21, 22, 23, 24]. 

 
Mobility 

First, the carbon impact of daily mobility is defined 
according to SIA 2039 [25]. This methodology makes it 
possible to assess the carbon impact of induced 
mobility based on Swiss reference values, corrected by 
factors depending on the quality of the site.  

The carbon impact of mobility is established for 
each use and type of user according to the following 
equation (1): 
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GWP = Fcorr x GWPbaseline (1) 

with GWPbaseline = baseline greenhouse gas emissions, 
depending on the current and future quality of the 
Swiss vehicle fleet (kgCO2eq / m2

UFA.year). 
 

Then, in addition to the two standardized fleets 
[25] reflecting the quality of the current and 2030 
fleets, we have established a 2050 fleet, in line with 
the new political orientations and expected efficiency 
gains [26]. For the sake of completeness, the impact of 
the different means of transport includes the grey 
energy of vehicles and infrastructure. 

Finally, the 2050 modal shift is established: 
§ Based on the current behavior of residents; 
§ Calculating the carbon impact for the 2050 fleet; 
§ Adapting the share of each mode of transport to 

achieve the target carbon budget. 
 
3. RESULTS 

Building the neighborhood according to current 
standards and behaviors would generate the emission 
of 66 kgCO2eq/m2

UFA.an, i.e. 3 times target B and 4 
times target A. Currently, our eating or consumption 
habits each mobilize the entire 2050 carbon budget. 
The same observation applies to the construction 
sector (grey and operating energies, mobility), which 
exceeds target A by more than 45%. 

In other words, a net zero neighborhood requires 
optimal decarbonization of all emission domains. Any 
impasse (Current scenario) or half-measure (Transition 
scenario) tends to weaken the achievement of carbon 
neutrality in 2050, requiring subsequent corrective 
measures whose feasibility appears unlikely within the 
time horizon of a single generation (Fig. 3). Only the 
Capture and Sobriety scenarios, which clearly differ 
from current practices, appear likely to achieve the 
ambitious climate objectives of the Paris Agreement 
for 2050. The Capture scenario adopts measures 
limiting emissions to target B and actively removes the 
excess CO2 emitted for an annual additional cost 
estimated at 4.2 million CHF. The Sobriety scenario 
achieves target A by maximizing wood construction 
and promoting the decarbonization of materials 
expected by 2050. 

The PAV, a changing urban sector, benefits from 
numerous pre-existing infrastructures (public 
transport, road, sewerage or electricity networks). 
This is why, despite the realization of major public 
developments (renaturation of two rivers, soft 
mobility routes and crossings, park, extension of 
heating networks, etc.), the impact of public spaces 
only represents 3.5% of the carbon budget (target A). 
These investments are relevant since they favor soft 
mobility and renewable energies, which contribute to 
the decarbonization of the operation and mobility 
domains. Finally, this impact is entirely compensable 
in situ by two carbon sinks, namely the growth of 2,130 

new trees to be planted and the use of wood for 
approximately a quarter of the planned buildings. 

 
 

 
 
Figure 3: Net carbon emissions by domain and targets A-B 
applicable to the neighborhood. Target A = 17.4 
kgCO2eq/m2UFA.year. Target B = 21.9 kgCO2eq/m2UFA.year. The 
Sobriety+ scenario mentioned here for information purposes 
takes up the hypotheses of the Sobriety scenario with 100% 
wood construction. 
 
 

 
 
Figure 4: Distribution of the neighborhood’s net carbon 
emissions. Left: Current scenario (2022). Right: Sobriety 
scenario (2050). 
 
4. CONCLUSION 

The preliminary results confirm the scale of the 
climate challenge, both on a global level and at 
neighborhood scale, and allow us to formulate some 
recommendations aiming for net zero by 2050: 
§ Reduce emissions by a factor of 4 compared to 

current standards, practices and behaviors; 
§ Opt for the measures described in the Sobriety 

scenario, encourage voluntary change in our 
lifestyles and strengthen the target dedicated to 
construction materials, whose carbon intensity 
must fall by half by 2050 [12]; 

§ Abandon overly sectoral approaches in favor of a 
systemic vision and an operational partnership 
from political decision-makers to future residents; 

§ Anticipate the redistribution of the most carbon-
intensive domains by 2050 (construction materials 
and food), in order to focus on the essential; 

§ Create generously vegetated and arborized public 
spaces, which have a proportionately low carbon 
footprint and promote soft mobility, well-being 
and climate adaptation. 
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In 2024, the PAV Project Management wishes to 
broaden the perimeter of the research in order to: 
§ Consolidate the neighborhood’s carbon intensity 

by integrating new unique sectors, due to the 
functions they accommodate or their progress 
(under construction or even appropriation); 

§ Add a monitoring tool to the LOCUS methodology, 
making it possible to monitor the neighborhood’s 
carbon impact over the course of the projects, 
define a budget for each of them and thus 
guarantee the achievement of net zero. 
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ABSTRACT: Daylight has always been part of the architectural practice, since architects always used it to define 
spaces and create complex structures. Daylighting is, nowadays, seen as key strategy for sustainability, energy 
efficiency and resilience in buildings. This article aims to investigate daylight requirements in reference 
documents for architectural practice, through the collection and qualitative analysis of documents. To the 
analysis, primary documents were collected through active searches and through the application of a survey to 
daylight specialists from different countries. Then, 130 reference documents were analysed, divided into 
standards, rating systems, building and urban codes, regulations and guidelines. Results show that static and 
dynamic metrics are common within standards and rating systems, while building and urban codes and 
regulations often use metrics based on building and urban geometry. Among standards and rating systems, 
Daylight Factor (DF) is still one of the most used metrics, even if dynamic metrics offer advanced analyses; 
building and urban codes and regulations are very specific from each location, with predominant use of 
geometric metrics; and guidelines can use both types of metrics. 
KEYWORDS: Daylight requirements, Standards, Rating systems, Building and urban codes, Regulations, 
Guidelines. 
 
 

1. INTRODUCTION  
Daylight has always been essential to mankind’s 

development: it allows visibility and influences health 
[1,2,3]. Due to that, it is a vital part of architectural 
practice: using daylight, architects define spaces and 
create high complexity structures, in order to provide 
comfortable and pleasant places [4,5]. Moreover, 
daylighting is one key strategy to increase energy 
efficiency and contributes to enhance buildings’ 
resilience against failures of electricity [3,6]. 

Daylighting requires a wide comprehension of 
how it affects occupants and spaces, which is not 
always clear to architects [7,8,9]. In that context, 
daylight requirements, even though cannot ensure 
good design, may contribute to better guidance, 
avoiding poor design decisions and facilitating 
architectural practice [9,10,11].  

The requirements concerning daylight in 
reference documents are composed by metrics — a 
combination of quantities and conditions — and 
parameters — values or boundaries that act as 
guidance to enable evaluations [10,11,12].  

As there is a large number of possible 
international reference documents, in this article, the 
documents evaluated were: standards, rating 
systems, building and urban codes, regulations and 
guidelines, considered crucial for buildings’ and cities’ 
projects. Those documents are developed by 
international and national authorities, professional 
organizations or institutions [11].  

Standards are official publications with technical 
recommendations about the quality, safety and other 
features of a product [13]. In the case of buildings, 
standards provide guidance about daylight, acoustic, 
thermal comfort, performance, etc [2].  

Rating systems are schemes that measure levels 
of compliance or performance of buildings, according 
to specific criteria [14]. Today, rating systems are 
seen as key drivers of sustainability in architecture, 
and have a significant commercial appeal [2]. 

Building and urban codes are elaborated by local 
authorities, focused on development and 
construction, defining rules about buildings and 
urban fabric. Building and urban codes propose 
design, regulation and planning, with the aim to 
achieve higher quality spaces [15]. Also, the existing 
urban fabric can and should be enhanced by the rules 
defined by codes, as they are expected to assure 
sustainable strategies, social and ecofriendly 
development, nature-based solutions, and so on. 
Usually, codes are legally binding and seen as 
“models” for jurisdictions [15,16].  

Regulations are documents to ensure buildings 
are secure for people in or around them. Elaborated 
by the state or local government, regulations contain 
a series of approved requirements and rules for 
urban spaces and buildings, covering the technical 
aspects of construction. Historically, their application 
is necessary to building construction activities and to 
compose a city’s governance [17,18].  
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Guidelines are a set of policies, rules and 
procedures promulgated and/or amended by the 
developer or the local control authority, that act as a 
guide for architectural activities [18]. Guidelines also 
help to preserve the long-term vision and property 
value of a community, by outlining requirements for 
builders, regarding styles and exterior features, as 
well as provide a set of good design practices [19].  

This article investigates daylight requirements on 
reference documents for architectural practice. The 
work is part of the Commission Internationale de 
l’Eclairage (CIE) Technical Committee 3-61 (TC 3-61), 
which aims to assess the feasibility of global 
harmonization of daylight requirements.  
 
2. METHOD 

The steps fulfilled during the research were: 
▪ Collection of primary documents: sent by 

members of TC 3-61 and other specialists, or 
collected from associations and stakeholders’ 
websites, from Dec/2022 to Feb/2024; 

▪ Application of survey: sent to daylight specialists 
from research institutes and associations, to 
gather information from different countries; 

▪ Elaboration of summary tables: according to 
document, requirements, countries, metrics; 

▪ Analysis of data and conclusions: quantitative 
and qualitative analysis of the findings. 

This article comprehended the analysis of 130 
primary reference documents obtained, including 
standards (45), rating systems (26), building and 
urban codes and regulations (49) and guidelines (10). 
 
3. RESULTS AND DISCUSSION 

The reference documents were received in their 
original versions or in summaries elaborated by 
specialists. The documents include not only 
requirements specifically related with daylight, but 
also those related to lighting in general, energy 
efficiency, architecture, and urbanism. This article, 
though, focused on requirements that influence 
daylighting in buildings and in urban fabric. 

 
3.1 Daylight requirements and metrics 

Daylight requirements are basically composed by 
parameters and metrics. Those must be accurate 
enough to evaluate the project’s features [9]. A 
“parameter” is a limit, or a boundary, that acts as a 
factor that enables judgement or evaluation of 
something — e.g., a numerical value. As for “metric”, 
it is a way to measure or evaluate something, with 
the use of figures or statistics [2,12]. 

Requirements influence directly on building and 
urban design strategies, since those are crucial 
references for practitioners [9]. Yet, for their use to 
be effective in architectural practice, requirements 

have to be objective, simple, testable, replicable, and 
able to give robust and reliable results [20]. 

Daylight metrics are classified between static, 
dynamic and geometric. Static metrics, the first 
created, were initially calculated by tables and two-
dimensional drawings, based on point-in-time 
illuminances under a single sky condition [9,21,22, 
23]. As main example of static metrics, there is 
Daylight Factor (DF) and its variations. Dynamic 
metrics, introduced by year-round climate-based 
daylight modelling (CBDM) embodying 8,760h/year of 
climatic data, allowed the acceleration of calculations 
and provision of realistic and accurate results [9,22]. 
Therefore, dynamic metrics are based on what time 
of the year daylight is able to provide the light levels 
required. As examples of dynamic metrics, there are 
Daylight Autonomy (DA), Spatial Daylight Autonomy 
(sDA), Useful Daylight Illuminance (UDI), Annual 
Sunlight Exposure (ASE), Sunlight Exposure and 
Daylight Glare Probability (DGP) [2,21,22].   

The geometric metrics are those related to areas, 
distances, angles, as well as building shape and 
material properties, such as Window-to-Floor Ratio 
(WFR), Window-to-Wall Ratio (WWR), Outside views, 
setbacks, lightwells, obstruction and shadowing 
angles, Visible Light Transmittance (VLT) [20]. Metrics 
and their definitions are found in Table 1. 

 
Table 1: Definitions of found daylight metrics.  
 

Metrics Definitions 

Daylight Factor (DF) 
ratio of illuminance on a horizontal 
surface to the unobstructed overcast 
sky, considering reflections [2,21] 

Average Daylight 
Factor (DFavg) 

ratio of illuminance on a horizontal 
surface to the unobstructed overcast 
sky, considering reflections, across a 
grid of points [2,21] 

Daylight Autonomy 
(DA) 

ratio of occupied hours in a year in 
which a minimum illuminance range 
is attended only by daylight [23,24] 

Spatial DA (sDA) area of work plane that meets an 
ideal illuminance (sDA lx/%) [21] 

Useful Daylight 
Illuminance (UDI)  

range of illuminances values across 
the work plane along one year [24] 

Annual Sunlight 
Exposure (ASE) 

amount of sunlight reached in a part 
of occupied hours per year [25,27]  

Target Illuminance 
(ET) 

illuminance achieved across 50% of 
the reference plane for at least half 
of the daylit hours [28] 

Minimum Target 
Illuminance (ETmin) 

minimum illuminance achieved 
across 95% of the reference plane for 
at least half of daylit hours [28] 

Sunlight Exposure sum of the time (h) in which spaces 
are exposed to sunlight [28] 

Outside views visual contact with the surroundings 
through openings façades [28] 

Daylight Glare 
Probability (DGP) 

probability of discomfort by glare, 
based on vertical luminance and 
illuminance of source [7,21]  
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and their definitions are found in Table 1. 
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Daylight Glare 
Probability (DGP) 

probability of discomfort by glare, 
based on vertical luminance and 
illuminance of source [7,21]  

 

Daylight Glare Index 
(DGI)  

the ratio of total window area to 
total floor area [21] 

Window-to-Floor 
Ratio (WFR) 

the ratio of total window area to 
total floor area [29] 

Window-to-Wall 
Ratio (WWR) 

the portion of an exterior wall that 
consists of windows [30] 

Obstruction angles 
the angle from the centre of the 
window to the top of the 
surrounding elements [31] 

Shadowing angles 
the angle from the centre of the 
window to the most external point of 
the solar protection [31] 

Setback distances 
the minimum distance required 
between a structure and the front, 
side, or rear plot boundaries [32] 

Visible Light 
Transmittance (VLT) 

the portion of visible light that passes 
through a glazing system [33] 

Lightwell internal spaces open to the air that 
allow light and air indoors [34] 

 
3.2 Documents collected 

Table 2 shows the distribution of documents in 
different geographical and climatic conditions, with 
predominance of European countries. All other 
continents were also represented.  
 
Table 2: Reference documents received and origin countries.  
 

Document Country Quantity 

STANDARDS 

Europe 2 
Italy 5 
Denmark 1 
Norway 1 
UK 2 
Germany 2 
Netherlands 2 
Slovenia 1 
Greece 2 
Czech Republic 1 
Austria 1 
Turkey 1 
Poland 3 
France 6 
Sweden 1 
Brazil 3 
Chile 1 
Colombia 2 
USA 3 
Canada 1 
China  1 
Russia 2 
South Africa 1 

GUIDELINES 

UK 2 
Netherlands 1 
Estonia 1 
Turkey 1 
Singapore 1 
Japan 1 
Chile 2 
Colombia 1 

RATING SYSTEMS UK 1 

Netherlands 1 
Italy 1 
Sweden 1 
Germany 1 
France 3 
USA 3 
Canada 3 
Australia 1 
Colombia 1 
Brazil 5 
Chile 2 
Japan 1 
China 1 
South Africa 1 

BUILDING AND 
URBAN CODES/ 
REGULATIONS 

Italy 9 
Netherlands 1 
Norway 1 
Poland 1 
Austria 1 
Belgium 1 
Croatia 1 
Hungary 1 
Denmark 1 
France 4 
Germany 1 
Slovenia 1 
Sweden 2 
Spain 1 
Ireland 1 
Turkey 1 
USA 3 
Canada 1 
Brazil 9 
Chile 1 
Bolivia 2 
New Zealand 3 
Japan 1 
China 1 

 
The documents are applied differently, according 

to each country. For example: building and urban 
codes are the common mandatory documents to 
comply, while rating systems and guidelines are 
optional. Standards are mandatory when laws give 
them this status, as happens in Brazil [26].  

Different metrics appear on these documents, and 
the simple analysis of quantities is important to 
understand which are the most used worldwide. 
Table 3 summarizes the occurrence of daylight 
metrics in the 117 documents analysed. 

 
Table 3: Occurrence of daylight metrics in documents.  
 

Type Metrics 
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DGI 2 1 0 0 
Outside Views 18 14 3 10 

Dy
na

m
ic 

ET 16 3 0 1 
ETmin 16 2 0 3 
DA 2 5 1 1 
sDA 6 6 0 2 
UDI 2 6 1 0 
ASE 4 4 0 0 

Sunlight 
Exposure 

17 2 3 2 

DGP 17 4 2 0 

Ge
om

et
ric

 

WWR 1 5 2 2 
WFR 5 4 3 28 

Window sizes 
/ areas / head 

heights 
2 1 0 6 

Setback 
distances 

3 1 2 12 

Shadowing 
angles  

1 2 2 3 

Obstruction 
angles 

0 1 2 4 

Lightwells 0 0 0 1 
VLT 4 4 0 4 

 
Static metrics, mostly DF and variations, are 

mentioned 69 times. Nonetheless, dynamic metrics 
now are more common: together, those metrics (DA, 
sDA, UDI, ET, ETmin, DGP, ASE) are found in 104 of all 
documents. Sunlight exposure, found 24 times, is 
especially important to countries with cold winters, in 
order to ensure natural heating, as other benefits. In 
sunny climates, excessive sunlight exposure can 
provoke glare occurrence or elevated heat gains, if 
not properly regulated. 

Outside views are also a recurrent requirement in 
all documents — mentioned in 45 of them — and are 
important for all buildings. In several documents, 
especially those based on EN 17037, there are 
objective parameters to classify views out (angles, 
view composition, distance of view, etc), while in 
other documents this analysis is still very subjective.  

WFR is mentioned 40 times; followed by the 
setback distances, found in 18 of them; WWR was 
found in 10, while obstruction and shadowing angles 
appeared in 8 and 7 documents, respectively.  
 
3.3 Standards  

Standards, usually, are not mandatory, except 
when a law or government decree refers to it, or 
specifically gives the standard that status [26].  

The metrics and requirements found were: DF, 
appearing in 30 documents; Outside views, 18 times; 
DGP and Sunlight Exposure, 17 times; ET and ETmin 
appeared in 16 documents each; sDA, with 6 
mentions; ASE and VLT, mentioned in 4 standards; 
setback distances were mentioned 3 times, while DA, 
UDI, DGI, window sizes were mentioned 2 times; 

other metrics, such as DFavg, WWR and shadowing 
angles were mentioned in 1 standard each. 

EN 17037:2018 is one of the most influent 
standards, since it became a reference for European 
countries — which have their versions of EN 17037 — 
and also for others outside Europe, like the Brazilian 
standards ABNT NBR 15215:2023 and ABNT NBR 
15575:2023. Metrics used are DF, sDA, DGP, views.  

EN proposed a climatic adaptation of DF, based on 
different median external diffuse illuminances and 
consequently different parameters (values) of target 
DF, e.g. from 0.2% in Cyprus (for 100 lux) to 5.4% (for 
750 lux) in Reykjavik. Despite that, for sunny climates, 
this could lead to overheating and glare if windows 
are enlarged to achieve the target DF. 

LM 83:2023 is another significant standard, 
published by the Illumination Engineering Society of 
North America (IESNA). LM 83 consolidated sDA and 
ASE in its first version from 2012. In 2023, the revision 
maintained the ASE method, but unfolded sDA in two 
parameters: the usual sDA300/50% in 75% or 55% of 
used area, and sDA150/50% in 50% of used area in 
spaces with less critical visual tasks. sDA and ASE 
became very common also in other documents.  

sDA300lx/50% and ASE1000lx/250h are the most found 
parameters for these metrics, meaning that those 
became the target values independently of the 
climatic conditions. This may seem a problem at first, 
but considering that sDA and ASE are dynamic 
metrics, it is possible to design spaces towards those 
results through computer simulations. 
 
3.4 Rating systems 

Rating systems are non-mandatory [27] but have 
an important economic appeal for stakeholders. LEED 
(USA) and BREEAM (UK) are the most popular rating 
systems worldwide, as they are applied in numerous 
countries. In most cases, those systems are adopted 
with the same metrics and parameters as the original 
American and British versions.  

Other Rating Systems analysed were WELL (USA), 
Protocollo ITACA (Italy), Selo Azul Caixa and INI-C 
(Brazil), HQE (France), CASA Colombia, DGBN 
(Germany), Living Building Challenge (USA/Canada), 
CASBEE (Japan), BCA Green Mark (Singapore), Green 
Star (Australia), Green Star Rating (South Africa), CES 
and CVS (Chile) and GB/T 50378-2019 (China). 

The requirements found were: DF, with 13 
mentions; Outside views were mentioned 14 times; 
UDI and sDA, 6 times; DA and WWR, 5 times; ASE, 
WFR and VLT, 4 times; ET is mentioned 3 times. With 
2 mentions each, DFavg, ETmin, shadowing angles and 
Sunlight Exposure. Setbacks, window areas, 
obstruction angles and DGI were mentioned once. 

Standards and Rating Systems improved along 
time in parallel with the evolution of metrics, from 
static to dynamic, using similar parameters. On one 
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not properly regulated. 
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all documents — mentioned in 45 of them — and are 
important for all buildings. In several documents, 
especially those based on EN 17037, there are 
objective parameters to classify views out (angles, 
view composition, distance of view, etc), while in 
other documents this analysis is still very subjective.  

WFR is mentioned 40 times; followed by the 
setback distances, found in 18 of them; WWR was 
found in 10, while obstruction and shadowing angles 
appeared in 8 and 7 documents, respectively.  
 
3.3 Standards  

Standards, usually, are not mandatory, except 
when a law or government decree refers to it, or 
specifically gives the standard that status [26].  

The metrics and requirements found were: DF, 
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appeared in 16 documents each; sDA, with 6 
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EN 17037:2018 is one of the most influent 
standards, since it became a reference for European 
countries — which have their versions of EN 17037 — 
and also for others outside Europe, like the Brazilian 
standards ABNT NBR 15215:2023 and ABNT NBR 
15575:2023. Metrics used are DF, sDA, DGP, views.  

EN proposed a climatic adaptation of DF, based on 
different median external diffuse illuminances and 
consequently different parameters (values) of target 
DF, e.g. from 0.2% in Cyprus (for 100 lux) to 5.4% (for 
750 lux) in Reykjavik. Despite that, for sunny climates, 
this could lead to overheating and glare if windows 
are enlarged to achieve the target DF. 

LM 83:2023 is another significant standard, 
published by the Illumination Engineering Society of 
North America (IESNA). LM 83 consolidated sDA and 
ASE in its first version from 2012. In 2023, the revision 
maintained the ASE method, but unfolded sDA in two 
parameters: the usual sDA300/50% in 75% or 55% of 
used area, and sDA150/50% in 50% of used area in 
spaces with less critical visual tasks. sDA and ASE 
became very common also in other documents.  

sDA300lx/50% and ASE1000lx/250h are the most found 
parameters for these metrics, meaning that those 
became the target values independently of the 
climatic conditions. This may seem a problem at first, 
but considering that sDA and ASE are dynamic 
metrics, it is possible to design spaces towards those 
results through computer simulations. 
 
3.4 Rating systems 

Rating systems are non-mandatory [27] but have 
an important economic appeal for stakeholders. LEED 
(USA) and BREEAM (UK) are the most popular rating 
systems worldwide, as they are applied in numerous 
countries. In most cases, those systems are adopted 
with the same metrics and parameters as the original 
American and British versions.  

Other Rating Systems analysed were WELL (USA), 
Protocollo ITACA (Italy), Selo Azul Caixa and INI-C 
(Brazil), HQE (France), CASA Colombia, DGBN 
(Germany), Living Building Challenge (USA/Canada), 
CASBEE (Japan), BCA Green Mark (Singapore), Green 
Star (Australia), Green Star Rating (South Africa), CES 
and CVS (Chile) and GB/T 50378-2019 (China). 

The requirements found were: DF, with 13 
mentions; Outside views were mentioned 14 times; 
UDI and sDA, 6 times; DA and WWR, 5 times; ASE, 
WFR and VLT, 4 times; ET is mentioned 3 times. With 
2 mentions each, DFavg, ETmin, shadowing angles and 
Sunlight Exposure. Setbacks, window areas, 
obstruction angles and DGI were mentioned once. 

Standards and Rating Systems improved along 
time in parallel with the evolution of metrics, from 
static to dynamic, using similar parameters. On one 

 

hand, Rating Systems focus on higher performance 
and, even though not being mandatory, the 
sustainability aspect is vital in those schemes. As a 
way to set higher performance goals, there are more 
categories — i.e., sDA300lx/50% in 55%, 75% or 90% of 
occupied area; outside views for 50% or 100% of 
spaces, among others. On the other hand, Standards 
are a reference for professionals, to guide an 
acceptable performance and avoid design mistakes. 
Standards and Rating Systems also have in common 
that both are influential in many countries.  

 
3.3 Building and urban codes/Regulations 

As Building and Urban Codes and Regulations are 
similar, they were analysed together in this article. 
Codes, as well as Regulations, are the main reference 
for practitioners during architectural practice, since 
both are mandatory and legally binding — implying 
that inconsistencies with the requirements might 
even withhold constructions.  

The found requirements were: WFR, in 28 
documents; Setback distances, mentioned 12 times; 
Views out, mentioned 10 times; DF and DFavg, 8 times 
each; window areas were mentioned in 6 documents; 
VLT and obstruction angles, 4 times; ETmin and 
shadowing angles, 3 documents; Sunlight exposure, 
WWR and sDA were found 2 times. Lightwells, DA 
and ET are mentioned in 1 document. 

Codes and Regulations are focused on a particular 
area of application and provide orientations for a 
wide quantity of schemes, projects and situations in 
that specific place [16,17]. Parameters commonly 
found for WFR, for example, vary according to the 
typologies of buildings and needs of the project. For 
housing, WFR falls into the range of 1/10 to 1/12 and 
from 1/7 to 1/8; for offices, from 1/8 to 1/10; for 
schools, kindergartens and classrooms, WFR values 
above 1/7, sometimes reaching 1/4 to 1/5, are 
recommended. Static and dynamic metrics do not 
appear often on these documents.  
 
3.4 Guidelines 

In the international context, guidelines are not 
common in many countries. This may justify why only 
few documents were found — a low representativity 
that hinders a wider evaluation. The requirements 
found were: DF, found 4 times in guidelines; DFavg, 
found 3 times, as were Sunlight Exposure, Views out 
and WFR; DGP, WWR, setbacks, shadowing and 
obstruction angles were mentioned 2 times each. DA 
and UDI were found once each. 

In countries that have Guidelines as manuals, 
those are elaborated by professional organizations. 
Guidelines are mostly not mandatory: instead, they 
can be a reference for practitioners, whether to 
facilitate the comprehension and application of other 
documents — e.g. Codes, Regulations — or to guide 

better design practices. Hence, guidelines’ 
requirements are in between those two groups: those 
keen to aid professionals to apply mandatory 
documents regarding building and urban geometry; 
and those focused on better practices apply static 
and dynamic metrics. 

 
4. CONCLUSION 

This article explored daylight requirements in 
reference documents, demonstrating the many ways 
that daylight is treated. Three groups were verified: 
one composed by standards and rating systems, since 
those tend to have similar requirements; other by 
building and urban codes and regulations, also with 
similar metrics; lastly, the guidelines, that in most 
cases depend on the focus of the document. 

The most well represented were the European 
countries. North and South America, Asia and 
Oceania were also represented. Only a few 
documents from Africa were received, possibly due to 
the lack of access or few published information.  

DF remains a widely used metric, especially in 
European countries. Even the parameters being 
different, considering each local condition of median 
external diffuse illuminances as proposed by EN 
17037, it is still limited and performs better for 
overcast skies. The parameters, in general, are the 
same for many countries, which could lead to issues 
with excessive heating, when used in sunny climates.  

Dynamic metrics provide more reliable results. 
The key to dynamic metrics is to have target 
parameters to comply that truly consider local 
climates. With a goal set, the strategies used by 
designers may differ, but the results meet the 
recommendations. The most used dynamic metrics 
for daylight provision is Target Illuminance and 
variations, along with Spatial Daylight Autonomy 
(sDA). For glare assessment, Daylight Glare 
Probability (DGP) is the most used, while Sunlight 
Exposure expresses the access to sunlight indoors. 

Metrics based on geometry, instead, influence 
directly the architectural and urban projects, since 
they shape the buildings and intermediate their 
relation to the surroundings. The most used are WFR 
and setback distances. Similar parameters are used 
for different locations, which indicates the limitation 
of this metrics, as used presently. Their main 
advantage is to be familiar to architects and urban 
planners, but new parameters should be further 
developed, to adapt to different climates and sky 
conditions, providing solutions to control the same 
variables — i.e., in sunny climates determine a 
reduced WFR, while colder climates might require 
more window areas. Connecting geometric to 
dynamic metrics could clarify how both types of 
metrics impact each other during the design process, 
as well as building and urban spaces.   
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ABSTRACT: The 1970s energy crisis catalyzed a global shift towards energy conservation and sustainability, 

notably impacting building regulations. In the United States, the International Energy Conservation Code (IECC) 
played a pivotal role, in shaping standards. Simultaneously, the rising popularity of the Passive House standards 
reflected an increasing demand for energy-efficient buildings. The aim of the study is to investigate the relationship 
between energy efficiency and occupant behavior in a tiny house located in San Antonio, Texas, USA. Using 
DesignBuilder software powered by EnergyPlus, dynamic energy simulations informed the assessment process. 
The study encompassed IECC compliance, actual construction conditions, and adherence to the PHIUS standard 
building envelopes. Three temperature range scenarios, aligned with ASHRAE guidelines, were considered to 
address diverse comfort preferences. Results revealed that the PHIUS standard envelope outperforms, cutting 
annual heating and cooling energy by 74% compared to the IECC envelope. Tighter temperature settings increase 
annual heating and cooling loads by 72%-75% across all envelope types, despite the significant building envelope 
upgrades, underscoring user behavior's significant impact. This investigation bridges energy efficiency and 
occupant behavior, offering a holistic and practical approach to building performance assessment. 

KEYWORDS: Tiny House, Energy Consumption, Thermal Comfort, PHIUS, Building Performance 
 
  

1. INTRODUCTION  
Buildings play a pivotal role in global energy 

consumption, accounting for approximately 40% of 
the total energy needs in various countries [1–3]. 
Similarly, in the United States, the building sector 
contributes to about 40% of the overall primary energy 
consumption and a significant 76% of electricity usage, 
thereby exerting a substantial influence on associated 
greenhouse gas (GHG) emissions. Among the key 
contributors to energy consumption within buildings, 
heating, ventilation, and air conditioning (HVAC) 
systems stand out, representing roughly 35% of the 
total energy utilized by buildings [4]. In the United 
States, the International Energy Conservation Code 
(IECC) played a crucial role in shaping building 
regulations and standards [5, 6]. Concurrently, an 
increase in the popularity of energy-efficient 
standards such as the Passive House standards can be 
attributed to this growing environmental 
consciousness and the demand for energy-efficient, 
sustainable, and cost-effective buildings [7]. Thicker 
and continuous insulation can significantly reduce the 
amount of energy required to maintain a comfortable 
temperature indoors [8]. However, as the thickness of 
insulation increases, the potential for energy savings 
diminishes [9]. 

Research has shown that the real energy 
consumption of buildings can be up to three times 

higher than initially estimated [10]. This performance 
gap is attributed to various factors, including the 
behavior of occupants, a parameter often overlooked 
in the energy simulation process [11, 12]. Analysis of 
the impact of occupant behavior has been fairly 
overlooked in building energy performance analysis 
[10]. 

Furthermore, there is a strong need to obtain 
appropriate occupant behavior data to develop 
strategies to close the energy performance gap as 
much as possible to achieve better energy efficiency in 
residential buildings [13]. 

 Thus, the aim of this study is to explore how 
occupant behavior, specifically in terms of thermostat 
preferences, affects the energy performance of a tiny 
house in San Antonio, Texas. By incorporating a range 
of thermostat preferences, the study aims to 
investigate the relationship between energy efficiency 
and occupant temperature preferences. The 
estimation of energy consumption entailed 
performing dynamic energy simulations using the 
DesignBuilder software, powered by the Energy Plus 
calculation engine [14]. The systematic assessment 
process was conducted to study three thermal 
envelope types: (1) based on the International Energy 
Conservation Code (IECC), (2) considering the 
building's actual construction, and (3) adhering to the 
PHIUS standard. The assessment encompassed 

705



 

thermal envelope elements such as insulation for 
walls, floors, and ceilings, along with window types 
and infiltration levels. Moreover, this research project 
also explores three different temperature range 
scenarios, all adhering to ASHRAE 55 guidelines [15] to 
incorporate occupant behavior in this investigation.  

The analysis of different scenarios takes into 
consideration a range of individual comfort 
preferences and diverse situations, providing a more 
holistic assessment of thermal envelope performance 
in buildings. The findings reveal that the PHIUS 
standard stands out as the top-performing building 
envelope, demonstrating a significant 74% reduction 
in total annual heating and cooling energy 
consumption compared to the IECC model within a 
specified temperature range. Moreover, the results 
indicate that the adoption of more restrictive 
temperature settings leads to an increase in the 
annual total load for heating and cooling, ranging from 
72% to 75% across all three building envelope types, 
highlighting a significant impact stemming from 
occupant behavior. 

This investigation brings together two critical 
aspects of building design—energy efficiency and 
occupant preference for temperature variability. By 
considering both factors simultaneously, the study 
provides a more holistic and practical investigation 
methodology for building performance assessment. 
 
2. METHODOLOGY 

This study employed a quantitative research 
approach, employing both a tangible real-world case 
study (Figure 1) and a computational energy model 
(Figure 2). The building simulation model 
encompassed a varying degree of insulation within its 
envelope assembly. The investigative process 
unfolded across three sequential phases: initial 
conformity with the IECC code, existing as-built 
conditions, and alignment with the rigorous PHIUS 
standard. Additionally, the investigation incorporated 
three distinct indoor environmental scenarios, aimed 
at evaluating diverse indoor temperature thresholds.  

2.1 Building description  
This case study is a one-story tiny-house residence, 

with a rectangular shape measuring 6m (20ft) (front 
and rear) by 3.6m (12ft) (sides) and a 3m(10ft) height 

a total area of 22.3 m2 (240ft2) and a volume of 66.9m3 

(2400ft3). It features living and kitchen areas, in 
addition to one bathroom and one small storage room.  

 
Figure 2: 3D view of the house in DesignBuilder software. 
 
2.2 Data collection process 

Information was collected from diverse sources, 
including the IECC, the PHIUS organization, and the 
owner of the featured tiny house under study. This 
data was utilized to develop and simulate the building 
models that accurately represented three specific 
building envelope types. The initial model was 
constructed in accordance with the current IECC code, 
adhering to the building code applicable to the 
location of the case study. The second model adheres 
to the building's as-built state and finally, the third 
model is aligned with the PHIUS standard. 
 
2.2.1 IECC model  

The IECC stands as the most widely recognized 
national model standard for energy-efficient 
residential construction. In this study, the initial 
examination of energy efficiency adheres to the IECC's 
minimum requirements concerning the envelope 
characteristics of the subject building (Table 1).  

The case study site, San Antonio, Texas, USA, is 
situated in Bexar County, falling within climate zone 2 
as defined by the IECC. For climate zone 2, the building 
envelope is required to be properly sealed, tested, and 
verified as having an air leakage rate no higher than 5 
air changes per hour (ACH) at 50 Pascals. Furthermore, 
for climate zone 2, wood frame walls and floors 
require a minimum of R-13 insulation, windows must 
not exceed a U-0.4 value, and roofs require a minimum 
insulation of R-38. Notably, in zone 2, the foundation 
type—whether basement, slab, or crawlspace—does 
not mandate additional insulation. 
 
 
 

Figure 1: Exterior views of the tiny-house building. 
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Table 1: Table 1: IECC building envelope requirements for 
climate zone 2. 

Zone 2 
Fenestration U-Value 0.4 
Skylight U-Value 0.65 
Glazed Fenestration SHGC 0.25 
Ceiling R-Value 38 
Wood Frame Wall R-Value 13 
Mass Wall R-Value 4/6 
Floor R-Value 13 

 
2.2.2 As-built model  

The as-built conditions of the tiny house have an 
improved insulation envelope over the IECC minimum 
requirements; however, they do not reach the PHIUS 
standard requirements. Specifically, the as-built 
conditions (Table 2) are as follows: 2x4 wood stud 
construction wall with R-19 batt insulation. Batt R-38 
insulation on the roof and R-19 rigid EPS for the floor. 
The window type is a standard ply gem circa 2019 with 
a U-0.30 value and solar heat gain coefficient (SHGC) 
of 0.25. 
 
Table 2: Building Envelope Characteristics for the three 
energy models. 

 IECC As 
built  

PHIUS 

Wall R-Value 13 19 32 
Floor R-Value 13 19 32 
Roof R-Value 38 38 60 
Fenestration U-

Value 0.4 0.3 0.22 

SHGC 0.25 0.25 0.25 
Airtightness 5 3 0.5 

 
2.2.3 PHIUS model  

PHIUS (Passive House Institute US) and Passivhaus 
(or Passive House) are both organizations that 
promote the Passive House standard, which is an 
energy-efficient building design approach. However, 
they operate in different regions and have some 
variations in their standards. PHIUS, based in the 
United States, has developed its climate-specific 
standards, in partnership with the U.S. Department of 
Energy (DOE) and Building Science Corporation, to suit 
the diverse climatic conditions across the country. On 
the other hand, Passivhaus, associated with the 
Passivhaus Institute in Germany, has a global presence 
and provides a more generalized standard that applies 
to all climates worldwide.  

In the case study specific to the city of San Antonio, 
Texas, the PHIUS energy requirements for the tiny 
house building are detailed, considering an envelope 
area of 1,348 ft² (125.23 m²) and an interior 
conditioned floor area (iCFA) of 240 ft² (22.30 m²).  

The PHIUS heating and cooling load criteria are 
established as follows: The annual heating demand is 
set at 10.1 kBtu/ft² (31.9 kWh/m²) per year, 
emphasizing the amount of energy required for 
heating purposes. Simultaneously, the annual cooling 

demand is specified as 42.5 kBtu/ft² (134.4 kWh/ m²) 
per year, indicating the energy needed for cooling 
within the given climate context [16, 17].  

In conducting this study, the authors utilized the 
climate-specific requirements outlined by the Passive 
House Institute US (PHIUS) for energy performance 
modeling. The decision to employ these requirements 
was based on their attainability, as indicated by the 
outcomes of our energy modeling simulations. 
Additionally, the study considered the building 
envelope characteristics specified in the PHIUS passive 
building standard certification guidebook for zone 2 
[16]. The resulting building envelope characteristics 
for the PHIUS model (Table 2) incorporated these 
recommendations and simultaneously ensured 
adherence to the energy requirements stipulated by 
PHIUS. 
 
2.3 Experimental scenarios 

Table 3 displays the array of experimental 
scenarios employed in this research. A comprehensive 
investigation encompassed a total of nine individual 
scenarios. As previously mentioned, the 
implementation of these scenarios was executed 
through DesignBuilder energy models which utilize the 
EnergyPlus simulation program. The parameters for 
these scenarios encompass the 3 differently designed 
thermal envelopes, and also 3 unique temperature 
setpoints.  

The temperature ranges analyzed in this study 
adhered to the guidelines stipulated by ASHRAE 
55[15], also being referenced by the Canadian Centre 
for Occupational Health and Safety (CCOHS)[18] for 
comfortable indoor temperatures. ASHRAE 55 
provides a framework for defining a range of 
temperatures within which a substantial majority of 
occupants are anticipated to experience thermal 
comfort, typically referred to as an operative 
temperature range. The study adopted these specific 
recommendations of a temperature of 24.5°C with an 
acceptable range of 23-26°C for summer conditions, 
and an optimum temperature of 22°C with an 
acceptable range of 20-23.5°C for winter 
conditions[19]. Notably, the CCOHS specified that 
these conditions are grounded in Table 3 from ASHRAE 
Standard 55, taking into account 50% relative humidity 
and an average air speed of <0.15 m/s. Additionally, as 
of the latest ASHRAE 55, 2020 [15], no specific upper 
or lower humidity limit for thermal comfort is defined. 
Nevertheless, a humidity limit of 65% is recommended 
to address Indoor Air Quality (IAQ) concerns and 
mitigate the potential for conditions conducive to 
microbial growth. This 65% limit was uniformly applied 
across all scenarios by implementing dehumidification 
measures to counteract higher humidity percentages. 

   Various factors, including clothing insulation, 
activity levels, age, gender, and body mass index 
(BMI), are recognized as influential in shaping 
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individual preferences for thermal comfort [20]. This 
highlights the intricate and multifaceted aspects of 
indoor environmental quality concerning thermal 
comfort. In this study, three thermostat setting ranges 
were examined for the sake of experimental control. 
One conformed to the standard range established 
according to the ideal temperatures for winter and 
summer as per ASHRAE and CCOHS. A second range 
was intentionally less restrictive, while the third was 
set to be more restrictive, yet all fell within the broader 
ASHRAE range. The authors recognize that real-world 
conditions may vary and that alternative thermostat 
preferences based could have been employed.  

Table 3 outlines the various simulation scenarios 
employed to investigate the relationship between 
energy efficiency and user behavior in the tiny house. 
The table presents three distinct building models: the 
IECC model, the as-built model, and the PHIUS model. 
Each model is subjected to three temperature 
scenarios, classified based on their restrictiveness. 

 
Table 3: Different simulation scenarios used in this study. 

 IECC As built PHIUS 
Less 

restrictive 
20-26°C, ± 

5°C setback 

Scenario 
1 

Scenario 
4 

Scena
rio 7 

Standard 
range, 
22-24.5- 

°C, ± 5°C 
setback 

Scenario 
2 

Scenario 
5 

Scena
rio 8 

More 
restrictive 

23-23.5°C, 
± 5°C setback 

Scenario 
3 

Scenario 
6 

Scena
rio 9 

     
The less restrictive temperature range (20-26°C) 

with a ±5°C setback is represented by Scenarios 1, 4, 
and 7 for the IECC, as-built, and PHIUS models, 
respectively. Scenarios 2, 5, and 8 depict the standard 
temperature range (22-24.5°C) with the same setback. 
Lastly, the more restrictive temperature range (23-
23.5°C) with a ±5°C setback is illustrated by Scenarios 
3, 6, and 9. These scenarios serve as a comprehensive 
set of conditions to assess how different temperature 
settings, in alignment with established standards, 
impact the energy performance of the tiny house 
under each thermal envelope model. The table thus 
provides a systematic framework for comparing and 
analyzing the energy consumption and efficiency 
outcomes across various simulation scenarios, offering 
a nuanced understanding of the interplay between 
thermal parameters, and building performance. 
 
3. RESULTS  

The following section showcases the outcomes of 
the study in three parts: the IECC model, the as-built 
model, and the PHIUS model. Each of these models 

adhered to the building envelope characteristics 
outlined in Table 2, and they were employed to 
scrutinize their energy efficiency under the three 
varying temperature setpoints for both heating and 
cooling, as delineated in Table 3. 
 
3.1 IECC model 

Upon initial examination of this investigation, it 
becomes evident that there is a consistent increase in 
both heating and cooling loads when evaluating the 
more restrictive settings within the International 
Energy Conservation Code (IECC) model for the tiny 
house. The higher the stringency of temperature 
settings, the greater the annual energy consumption 
required to maintain the indoor temperature at these 
specified setpoints (Figure 3). 

Figure 3: IECC model annual energy consumption in kWh/m2. 
 

Surprisingly, an unforeseen incongruity arises, as 
the heating loads starkly contrast the cooling loads, 
deviating from expectations given the prevalent hot 
and humid climate of the case study location. This 
divergence could potentially be attributed to the 
lenient IECC regulation for airtightness of the building, 
leading to a substantial increase in heating loads 
during winter months. The inclusion of the more 
restrictive temperature range results in a 72% increase 
in the total energy consumption for cooling and 
heating compared to the less restrictive temperature 
range. 

 
3.2 As-built model 

The as-built model demonstrates a notable 
enhancement in both cooling and heating loads for the 
tiny house (Figure 4). Similar to the IECC model, the 
heating load surpasses the cooling load, a deviation 
from the anticipated pattern in the hot climate under 
study. Additionally, the total energy consumption for 
cooling and heating experiences a 75% increase when 
the more restrictive temperature range is introduced 
compared to the less restrictive counterpart. 
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impact the energy performance of the tiny house 
under each thermal envelope model. The table thus 
provides a systematic framework for comparing and 
analyzing the energy consumption and efficiency 
outcomes across various simulation scenarios, offering 
a nuanced understanding of the interplay between 
thermal parameters, and building performance. 
 
3. RESULTS  

The following section showcases the outcomes of 
the study in three parts: the IECC model, the as-built 
model, and the PHIUS model. Each of these models 

adhered to the building envelope characteristics 
outlined in Table 2, and they were employed to 
scrutinize their energy efficiency under the three 
varying temperature setpoints for both heating and 
cooling, as delineated in Table 3. 
 
3.1 IECC model 

Upon initial examination of this investigation, it 
becomes evident that there is a consistent increase in 
both heating and cooling loads when evaluating the 
more restrictive settings within the International 
Energy Conservation Code (IECC) model for the tiny 
house. The higher the stringency of temperature 
settings, the greater the annual energy consumption 
required to maintain the indoor temperature at these 
specified setpoints (Figure 3). 

Figure 3: IECC model annual energy consumption in kWh/m2. 
 

Surprisingly, an unforeseen incongruity arises, as 
the heating loads starkly contrast the cooling loads, 
deviating from expectations given the prevalent hot 
and humid climate of the case study location. This 
divergence could potentially be attributed to the 
lenient IECC regulation for airtightness of the building, 
leading to a substantial increase in heating loads 
during winter months. The inclusion of the more 
restrictive temperature range results in a 72% increase 
in the total energy consumption for cooling and 
heating compared to the less restrictive temperature 
range. 

 
3.2 As-built model 

The as-built model demonstrates a notable 
enhancement in both cooling and heating loads for the 
tiny house (Figure 4). Similar to the IECC model, the 
heating load surpasses the cooling load, a deviation 
from the anticipated pattern in the hot climate under 
study. Additionally, the total energy consumption for 
cooling and heating experiences a 75% increase when 
the more restrictive temperature range is introduced 
compared to the less restrictive counterpart. 

 

 
Figure 4: As-built model of annual energy consumption in 
kWh/m2. 
 
3.3 PHIUS model 

The passive house model initially demonstrates a 
notable enhancement in the anticipated overall 
energy performance of the building, evident in 
improvements in both heating and total cooling 
demands. Notably, the cooling-to-heating load ratio 
aligns more logically with the hot climate conditions of 
this particular case study. An intriguing observation 
arises when considering the standard and less 
restrictive temperature setpoints, where both cooling 
and heating loads meet PHIUS requirements. 
However, upon testing more restrictive temperature 
settings, the annual heating load for the tiny house 
exceeds the 31.9 kWh/m2 PHIUS criteria, reaching 
32.28 kWh/m2. Additionally, the total energy 
consumption for cooling and heating experiences a 
72% increase when the more restrictive temperature 
range is introduced compared to the less restrictive 
counterpart, despite the highly improved thermal 
envelope. 

 
4. DISCUSSION/CONCLUSION 

In conclusion, this study delved into the intricate 
dynamics between energy efficiency and occupant 
behavior within a tiny house case study in San Antonio,  

Texas. The results unveil the impressive efficacy of 
the PHIUS standard envelope, showcasing a significant 
74% reduction in annual heating and cooling energy 
compared to the IECC envelope. Noteworthy is the 
revelation that, despite substantial enhancements to 
the building envelope, the adoption of tighter 

temperature settings led to a significant 72%-75% 
surge in annual heating and cooling loads across all 
envelope types, underscoring the pivotal role of 
occupant behavior in shaping energy consumption 
patterns. The study accentuates the substantial impact 
of occupant preferences on energy usage, aligning 
with the PHIUS's commitment to advancing energy-
efficient, climate-specific standards for passive 
buildings. Furthermore, the research sheds light on the 
significance of personal comfort preferences, 
potentially elucidating instances where buildings may 
fall short of meeting PHIUS standards based on 
comprehensive annual consumption for heating and 
cooling. By integrating critical aspects of building 
design—namely, energy efficiency and occupant 
temperature preferences—this investigation proposes 
a more holistic methodology for evaluating building 
performance, offering valuable insights for future 
sustainable architectural endeavors. The application 
of energy efficiency standards is crucial for mitigating 
environmental impact and reducing resource 
consumption. The choice of San Antonio, Texas, as the 
study location introduces a crucial geographical 
context. Notably by testing the Passive House 
standard, commonly associated with cold climates, 
this investigation challenges traditional assumptions 
by exploring the applicability of well-insulated 
envelopes in warmer climates like San Antonio. This 
highlights the potential broader implications of this 
study, suggesting that energy-efficient design 
strategies, traditionally employed in colder regions, 
might also yield great benefits in warmer climates.  

 Future work stemming from the presented 
academic work could involve conducting regional 
variations in the relationship between energy 
efficiency and occupant behavior, with a focus on 
different cities or climates. Comparative studies might 
extend the research to different residential building 
types, considering policy implications and potential 
updates to building codes. Examining social and 
cultural factors, exploring renewable energy 
integration, and studying resilience during extreme 
weather events are other avenues for further 
investigation.  
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ABSTRACT: This research explores passive cooling strategies to enable sustainable and energy-efficient buildings 
in hot-arid climates. With Heating, Ventilation, and Air-Conditioning (HVAC) systems consuming a significant 
portion of global energy, accounting for around 50% of the global building energy demand, the potential of 
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1. INTRODUCTION  

The pursuit of sustainable and energy-efficient 
building design has become increasingly crucial, 
especially in regions characterized by hot-arid 
climates. Heating, Ventilation, and Air-Conditioning 
(HVAC) systems currently consume around 50% of 
the global building energy demand [1]. A recent study 
conducted in Bahrain by the Electricity and Water 
Authority (EWA) statistics, revealed that more than 
80% of energy in Bahrain is consumed by air 
conditioning. 2021 was one of the seven warmest 
years on record IEA (2022) and energy consumption 
for space cooling has more than tripled since 1990. 
Hence, a dramatic rise in associated carbon dioxide 
emissions in recent years [2], has resulted in a global 
look for alternative solutions to fossil-fuel resources 
for energy. 

Given the increasing concern for energy 
conservation and sustainability, passive cooling 
strategies have gained significant attention in the 
design and construction of housing in hot arid 
climates [3]. Passive cooling refers to technologies or 
design features adopted to reduce the temperature 
of buildings without the need for power 
consumption, responding to local climate and site 
conditions to maximize the thermal comfort of 
building users while minimising energy use [4]. 
The effectiveness of passive cooling strategies in hot 
arid climates has been carried out. A study in Dubai 
showed that implementing passive cooling systems of 
shading devices, double glazing, and natural 
ventilation with green roofs in houses reduced the 
annual energy consumption by 23.6% [4]. The use of 

insulation materials has demonstrated an improved 
thermal performance, improving energy efficiency in 
hot-arid climates [5,6,7].   

This research focusses on three courtyard houses 
(House A, House B, and House C) located within the 
historic core of Bahrain over 120 years old (Figure 1). 
These homes were selected as they are typical of the 
area, access could be gained to the homes to obtain 
relevant data and they were in  acceptable living 
conditions. The gross floor areas for House A, House 
B, and House C are 100m², 206.3m², and 130.8m², 
respectively. The houses were originally designed to 
be dependent on natural ventilation strategies 
including the use of the courtyard as a climate 
modifier, and openings in walls that facilitated cross 
ventilation. The air allowed into the inner rooms was 
naturally cooled through various techniques such as 
Mashrabeya shading and Liwan (shaded corridor 
around the courtyard), along with the presence of 
vegetation. These elements collectively contributed 
to an evaporative cooling effect and solar control. 
However, due to changes in people’s thermal 
expectations, climate change, and advancements in 
technology, active cooling systems are now being 
used.  
 

House A House B House C 
Figure 1: Pictures of the three case study houses - House A, 
House B, and House C. 
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This paper conducts a comparative analysis, 
assessing energy consumption, internal temperature, 
and relative humidity across five scenarios for the 
three courtyard homes: a baseline case and four 
retrofit scenarios. The retrofit strategies incorporate 
a green roof, a green courtyard, and the application 
of natural wall insulation material in two different 
thicknesses on the internal faces of the wall. The fifth 
scenario combines all these strategies, as illustrated 
in Figure1. The research aims to provide meaningful 
insights into the effectiveness of these passive 
cooling strategies in enhancing the overall thermal 
performance and energy efficiency of the three case 
study courtyard houses. The research aligns with 
Bahrain's vision 2030 and its green building and 
sustainability objectives. The vision seeks to integrate 
eco-friendly practices into the design, construction, 
operation, and maintenance of buildings. Bahrain 
Vision 2030 aims to enhance resource efficiency, 
reduce environmental impact, and create resilient, 
energy-efficient structures aligned with global 
sustainability standards. 
 
2. METHODOLOGY 

Rhino and Grasshopper software are used as 
digital modelling and simulation tools, augmented 
with Ladybug and Honeybee plugins. This 
combination of software has been selected as it can 
handle complex parametric models, allowing for a 
thorough evaluation of multiple strategies. The 
energy simulations are run via OpenStudio-
EnergyPlus engines. These tools provide a 
comprehensive platform for dynamic energy 
simulations and precise thermal performance 
analysis. Virtual models of three courtyard houses 
have been created and thermal performance is 
compared across all scenarios. Weather data for the 
location was obtained in the form of an EPW 
(EnergyPlus Weather) format file from the local 
meteorological centre in Muharraq city, Bahrain 
where the case study houses are located. The climate 

zone chosen was "very hot," as determined by the 
ASHRAE climate zone classification. 

As illustrated in Figure 2, two phases were 
followed in this study. The first phase of the 
modelling includes simulating the average end-use 
intensity (EUI) for energy consumption and the 
cooling load of the three houses in kWh/m2 as base 
cases. This is validated by the energy bill of a typical 
Bahraini family house that was obtained from 
Electricity and Water Authority (EWA) in Bahrain. 
Thermal mapping for the baseline indoor thermal 
conditions including the indoor temperatures, and 
indoor Relative Humidity are visualized and compared 
with the thermal comfort benchmark. 

The second phase involves modelling and 
simulating the four retrofitting scenarios for three 
homes; Scenario 1-base case with a green roof and 
green courtyard; Scenario 2-base case with 50- 
millimetre thickness Cellulose wall insulation; 
Scenario 3-base case with 100-millimetre thickness 
Cellulose wall insulation; Scenario 4-base case with 
green roof, green courtyard and 100-millimetre 
thickness of Cellulose wall insulation. Studies indicate 
that cellulose is a highly efficient insulation material, 
particularly beneficial for hot-arid climates [8]. The 
average end-use intensity (EUI) for energy 
consumption for the cooling load of the three houses 
for the four scenarios was simulated and compared 
with the base case to examine the change in energy 
performance. Indoor thermal conditions including 
mean radiant temperature, operative temperature, 
and relative humidity were plotted in graphs for 
scenario 4 and compared with the base case.  

In the context of thermal performance, Mean 
Radiant Temperature is the average temperature of 
surrounding surfaces, essential for assessing radiant 
heat exchange and understanding how building 
elements influence occupant comfort. Operative 
Temperature, on the other hand, serves as a 
comprehensive metric, incorporating air 
temperature, mean radiant temperature, airspeed, 
and humidity to evaluate the overall thermal 

Figure 2: Research methodology 
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environment within a space. For the three case study 
houses, the modelling was set to classify the building 
program as a midrise apartment, and the three 
houses operate in a free-running mode. The selection 
of construction characteristics was based on the 
building vintage set to pre-1980. Table 1 illustrates 
the data input for the as-built construction materials 
and their thermal properties for the case study 
houses.  

To simulate the courtyard houses effectively, 
different rooms were modeled as separate thermal 
zones. Since the focus of the study is on the 
courtyards and their passive impact on regulating 
internal temperatures, relevant parameters to the 
courtyards are chosen as fixed parameters during 
modelling and simulation. These parameters 
encompass the number of courtyards in each house, 
the courtyard width-to-height ratio, their different 
orientations among the three case studies and the 
building envelope materials considering the different 
wall thicknesses. 
Table 1: Thermal properties of building materials in the 
three case study houses – input data in Grasshopper for 
baseline modelling.  
Materials  Thickness 

 
 (m) 

Thermal 
Conductivity 
(W/m.K) 

Density 
 
(Kg/m3) 

Specific 
Heat 
(J/kg.K) 

Wall layers 
Limestone 
plaster 

0.03 0.45 1538 938 

Coral stone  0.5 0.83 2000 790 
Limestone 
plaster 

0.03 0.45 1538 938 

Roof and floor layers 
Clay mud 0.2 0.68 1840 1480 
Limestone 
plaster 

0.03 0.45 1538 938 

The additional scenarios encompass two passive 
strategies. The first is the evaporative cooling and 
solar control through the incorporation of green roofs 
and green courts. The second is a thermal mass 
strategy through the use of Cellulose as natural 
thermal insulation material, modeled in two different 
thicknesses 50mm and 100mm. Cellulose enhances 
thermal mass through its phase change properties. 
With a thermal absorptance of 0.9, it absorbs 90% of 
incident thermal radiation. Its low thermal 

conductivity (0.04) slows heat transfer, while its high 
specific heat allows it to absorb and retain 
considerable heat energy before experiencing a 
significant temperature change. The following table 
illustrates the thermal properties of the passive 
strategies applied for green roofs and the natural 
insulation material (Table 2). 

 

Table 2: Thermal properties for the evaporative cooling and 
thermal mass strategies. 

Strategy 1 Evaporative cooling  
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This approach facilitates the examination of the 
impacts of singular passive interventions on indoor 
thermal comfort and energy use. The goal is to 
conduct meaningful comparisons and evaluations 
among the three case studies and the four different 
strategies during the simulations. 

The heating, ventilation, and air conditioning 
(HVAC) system must be capable of providing thermal 
comfort conditions as prescribed in (Table 3) which 
have been obtained from Bahrain's green building 
code [9]. 

Table 3: Thermal comfort benchmark set by Bahrain 
green building code. 

95% of the Year  Lower Limit  Upper Limit 
Dry Bulb Temperature 22.5˚C 25.5 ˚C 
Relative Humidity 30% 60% 

Figure 3: Baseline Modelling –Thermal load /energy Balance chart for Houses A, B, and C. 
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3. RESULTS AND DISCUSSIONS  
The energy simulation and thermal performance 

of the first phase including the baseline houses are 
presented followed by the second phase including 
the baseline with the different passive cooling 
scenarios. 
 
3.1 Baseline scenario: energy simulation results  

In the first phase, an annual energy simulation 
was carried out to analyse the energy performance of 
the case study homes A, B, and C. Results indicate an 
average annual end-use intensity (EUI) for energy 
consumption for the base case for House A- 584.8 
kWh/m2, House B- 524.9 kWh/m2, and House C- 
496.6 kWh/m2.  A significant portion of the energy, 
approximately 83.5% of the total energy 
consumption, was consumed for cooling purposes 
(Table 4).  

 
 

The results of the energy simulation were 
calibrated by comparing the total annual simulation 
results and the energy consumption from an actual 
energy bill for a typical Bahraini family house that has 
a gross area of 110 m2 (Figure 4). The average annual 
energy consumption for the typical house was 514.9 
kWh/m2, which is close average to the simulation 
results. This suggests that the simulation results are 
reasonably accurate in predicting energy 
consumption. Both the energy simulations and the 
energy bill confirm that the cooling load is the 

primary contributor to energy consumption, with the 
peak occurring in August. 

The thermal load/energy balance chart as shown 
in Figure 3 presents the heat gain and heat loss 
throughout the year for the base case, which helps to 
understand the cause of the heat imbalance, hence 
informing the strategies that should be prioritised to 
address the energy balance in the building.    

Figure 3 reveals a significant level of infiltration in 
the three case study houses, accounting for 
approximately 75% of the total heat gain. The 
infiltration is primarily attributed to the high surface 
area-to-volume ratio and the porous nature of coral 
stone walls. The second primary cause of the heat 
imbalance is the thermal conduction through the 
opaque fabric, contributing around 12.5% to the total 
heat gain. 

 The absence of any form of thermal insulation in 
the entire fabric exacerbates this issue. Consequently, 
retrofit scenarios become essential for effectively 
mitigating both infiltration and thermal conduction. 

Enhancing thermal wall insulation and optimizing 
thermal mass will reduce air infiltration. As the three 
houses lack thermal insulation layers, a natural 
sustainable material single insulator has been added 
to the internal faces of the walls in the model. Two 
different thicknesses are tested. This strategy aims to 
improve the overall thermal performance of the 
building by minimizing heat transfer and maximizing 
the building's ability to store and release heat 
efficiently.  

The strategy of evaporative cooling and solar 
control is also tested through the integration of green 
roofs and a green courtyard. Green roofs, with their 
insulating properties, can help mitigate thermal 
conduction through the building structure. The added 
layer of vegetation acts as a buffer, reducing the 
transmission of heat through the roof and into the 
interior spaces by creating a cooler surface. Similarly, 
green courtyards can provide shading and minimize 
heat transfer through exterior walls by reducing the 
direct impact of solar radiation on the building's 
envelope. 
 
 
 

Table 4: EUI of the energy for House A, House B, and House C, for the baseline model and the three passive cooling scenarios; S1-
Green roof retrofit and green court, S2- Cellulose insulation 50mm, S3- Cellulose insulation 100mm, S4- all strategies.  

End Use (EUI) 
kWh/m2 

House A House B House C 

Base case S1 
 

S2 
 

S3 
 

S4 
 Base case S1 

 
S2 
 

S3 
 

S4 
 Base case S1 

 
S2 
 

S3 
 

S4 
 

Heating 29.6 24.6 24.2 23.8 23.1 19.9 16.0 16.7 16.5 15.0 15.9 14.8 15.8 15.5 13.2 

Cooling 488.0 429.2 411.4 387.9 322.0 437.7 387.7 385.9 370.6 314.4 415.0 364.6 359.3 343.4 287.8 

Interior Lighting 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 3.4 4.9 4.9 4.9 4.9 

Electric Equipment 38.4 38.4 38.4 38.4 38.4 38.4 38.4 38.4 38.4 38.4 38.4 38.4 38.4 38.4 38.4 

Water Systems 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9 

Total EUI 584.8 521.0 502.8 479.0 412.4 524.9 471.0 469.9 454.4 396.7 496.6 446.7 442.3 426.1 368.2 

Figure 4: Energy bill for the annual energy consumption in 
kWh for a typical Bahraini family house obtained from 
Electricity and Water Authority (EWA). 
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Electricity and Water Authority (EWA). 

 

3.2 Baseline scenario: thermal performance results  
Thermal mapping of operative temperatures and 

relative humidity is illustrated for House A during July 
and August (Figure 5 and Figure 6). Referring to Table 
3, the analysis indicates that current indoor 
temperatures consistently exceed the benchmark for 
thermal comfort standards by almost 4 degrees. This 
raises concerns about potential discomfort and 
challenges for occupants during these months. 
Additionally, relative humidity levels, with a 
maximum reaching 59.2%, approach the upper limits 
of acceptable conditions. 

3.3 Passive cooling scenarios: energy simulation 
results. 

In the second phase, modifications to the baseline 
were carried out to assess the impact of four 
different retrofit scenarios (Table 4). For scenario 1, 
the simulation results indicated energy consumption 
savings of approximately 10.9% in House A, 10.3% in 
House B, and 10.1% in House C. Scenario 2 achieved 
slightly higher energy savings, reaching 14% in House 
A, 10.5% in House B, and 11.1% in House C. The 
implementation of Scenario 3 resulted in higher 

energy savings of about 18.1% in House A, 13.4% in 
House B, and 14.2% in House C. As expected, the 
optimal solution was Scenario 4, demonstrating a 
significant total reduction in energy use of 29.5% in 
House A, 24.4% in House B, and 25.9% in House C 
(Table 4).   
 

Table 4 and Figure 7 illustrate the influence of the 
four retrofit scenarios on the average cooling load 
reduction in the three houses. The results indicate a 
total reduction from 488 kWh/m² to 322 kWh/m² in 
House A, from 438 kWh/m² to 314 kWh/m² in House 
B, and from 415 kWh/m² to 287.7 kWh/m² in House 
C. This signifies an overall cooling load reduction of 
approximately 140 kWh/m² through combining the 
two strategies of evaporative cooling and improved 
thermal mass. 
 

Figure 7: annual EUI for cooling load for the three case 
study houses, (1) base case, (2) retrofitting scenario 1, (3) 
retrofitting scenario 2, (4) retrofitting scenario 3, (5) 
retrofitting scenario 4. 
 

 
3.4 Passive Cooling Scenarios: Thermal Performance 
Results  

The thermal performance of the houses was 
examined by logging the annual environmental data 
from simulations. A comparative analysis was then 
conducted on the indoor mean radiant temperature, 
indoor operative temperature, and indoor relative 
humidity between the base case scenario and 
scenario 4, the optimum energy-saving scenario. 

The results revealed that the highest drop in 
mean radiant temperature was in August, 
approximately 2.4 °C in house A, 2.1 °C in house B, 
and 1.96 °C in house C (Figure 8). However, the 
operative temperature demonstrated a less positive 
impact on thermal comfort conditions, with a 
maximum drop in indoor operative temperature in 
August of 1.2 °C in house A, 1 °C in house B, and 0.82 
°C in house C (Figure 9). 

The indoor relative humidity in the different zones 
of the three houses increased by 1-3%. This increase 
can be attributed to the enhanced evaporative 
cooling and the reduced air leakage, causing a rise in 
the moisture content in the air (Figure 10). 

 

 

Figure 5: Thermal mapping of operative Temperatures (°C) in 
baseline modelling of House A during July and August months. 

Figure 6: Thermal mapping of relative Humidity (%) in baseline 
modelling of House A during July and August months. 
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Figure 8: Annual mean radiant temperatures before and 
after retrofit -average across the three homes. 
 

 
Figure 9: Annual operative temperatures before and after 
retrofit -average across the three homes. 

 
Figure 10: Annual Relative humidity before and after 
retrofit- average across the three homes. 

 
4. CONCLUSION 

The results indicate notable improvements in 
energy use when each strategy was implemented 
individually. The integration of natural insulation 
materials with the evaporative cooling strategies 
demonstrated a positive impact on the overall 
thermal performance of the building with energy 
savings, ranging between 24.4% and 29.5% compared 
to the single retrofit scenarios. Additionally, the study 
unveiled that an insulation material thickness of 
100mm proved to be considerably more effective 
than the 50mm counterpart. This insight suggests 
that the incorporation of the thicker internal 
insulation material could offer an enhanced and more 
robust solution for optimizing thermal performance. 

However, even with the implementation of the 
two strategies – evaporative cooling and the 
improvement of thermal mass, the average mean 

radiant temperature and operative temperatures in 
August and July remain 2 °C above the benchmark of 
the thermal comfort requirement. Further strategies 
need to be implemented as hybrid scenarios in the 
future to prevent the use of active HVAC systems. 
Evaporative cooling strategies have positively 
influenced the indoor air temperature, while they 
slightly increased the relative humidity, which will 
negatively affect the overall comfort levels, pushing 
levels into the zone of discomfort (Table 3). This also 
therefore suggests that additional strategies need to 
be implemented to reduce moisture content in the 
air. 

In conclusion, this study highlights the potential of 
passive design strategies to reduce energy 
consumption whilst moving towards comfortable 
indoor environments, and  provide guidance for 
sustainable adaptations, emphasizing the importance 
of preserving architectural integrity and meeting 
occupants' thermal comfort needs, especially in hot 
arid climates. The findings align with Bahrain Vision 
2030's green building and sustainability objectives, 
emphasizing the need for sustainable solutions 
throughout the entire lifecycle of buildings.  
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ABSTRACT: Passive cooling strategies are integral to vernacular typology patterns in Arabic-speaking countries, yet 
difficult to classify using existing IECC climate zones. This research addresses the efficacy of various passive/low-
energy cooling strategies for housing and other buildings with low internal heat gains. The method employs a dy-
namic adaptive-comfort model in psychrometric analysis using methods from Givoni and others to assess applica-
bility for monthly average and cooling design days in 29 Arabic-speaking cities. The results are presented graph-
ically as Passive Cooling Calendars that map strategies’ effectiveness during each month of the year. The calendars 
can help architects and design teams select strategy combinations best suited to a particular climate type. Results 
clearly illustrate the differences in strategies among similar desert climates (IECC zone 0B, 1B, etc.) having divergent 
humidity regimes, such that evaporative cooling is recommended for hot-dry-arid cities, like Kuwait City, yet com-
fort or cooling ventilation is recommended for several months in hot-dry-humid Muscat, Oman. Results show the 
diversity of climates that are often typed similarly, plus corresponding appropriate design responses. The hot sea-
son limits of strategies and their applicability in transitional and cooler months are revealed.  
KEYWORDS: Climate types, cooling strategies, Arab-speaking cities, natural ventilation, adaptive comfort 

 
 

1. INTRODUCTION 
This paper outlines assessment of passive and low-en-
ergy cooling strategies using a dynamic adaptive-com-
fort-based model. The month-by-month method tests 
feasibility on both average days and hotter 2% cooling 
design-days. This evolution of pre-design analysis 
methodology became necessary, firstly, because of 
developments in the science of adaptive comfort and, 
secondly, from our analysis of passive cooling strate-
gies in 29 major cities from the 22 countries of the Ar-
abic-speaking world (ASW). The region has such ex-
tremely hot climates that passive/low-energy cooling 
is not feasible in all hot months, and in some climates 
works best in “winter”.  

Given the diversity of climates’ character, a range 
of vernacular typologies can be found across the ASW 
regions. In addition to the various building materials 
(earth, stone, wood, etc.), the passive design strate-
gies are different as they relate to and temper the out-
door environment. Figures 1 and 2 illustrate the diver-
sity of vernacular building types that exist, for exam-
ple, in the cities of Doha, Qatar, and Tunis, Tunisia. 
Strategies in Doha include thick mud brick wall and 
roof construction, enclosed courts, small openings and 
narrow streets. Types in milder Tunis, employ venti-
lated courtyards, covered arcades, larger openings 
and vegetation, as well as thick walls built with local 
stone. Such vernacular solutions improve thermal 
comfort for inhabitants both indoors and outdoors—
this being achieved using low-tech materials and 
methods evolved across generations.  

The larger context of this paper is a project to re-

Figure 1: Qatari Vernacular Domestic Architecture [1] 
 

Figure 2: Dar Othman, Tunis [2] 
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commend design strategies for housing design in cli-
mates of the ASW, beginning by attempting to map 
vernacular passive/low-energy cooling approaches to 
the IECC climate zone system in an effort to correlate 
cooling strategies with the region’s variations. We 
could observe a loose fit, but anomalies thwarted the 
effort, particularly with strategies that addressed hu-
midity and evaporation. We first need to solve what 
appeared to be an issue with the IECC system itself. 
 
2. NEED FOR THE NEW APPROACH 
The authors’ article, “Dry Versus Arid: a new approach 
to climate types in hot regions” (in review) found that 
IECC/ASHRAE climate zones [3] and the Köppen-Gei-
ger (K-G) zoning [4], the two most common systems 
for classifying climates and associating potential pas-
sive heating and cooling design strategies, were quite 
ineffective in IECC Zones 0B to 3B because of their use 
of precipitation as a marker for humidity (Fig. 3). This 
fails to distinguish, for example, between hot-humid 
Jeddah and hot-arid Riyadh, both in Saudi Arabia, hav-
ing low “desert” rainfall (zone 0B). In the IECC system, 
0 is the hottest zone and 8 is the coldest. A are “moist” 
types, and B climates are “dry”. 
 

 
Figure 3: Failure of precipitation-based classification to 
distinguish humid vs arid conditions in hot ASW cities 
 
CRTKL’s online ClimateScout tool [5], for example, 
based on K-G, recommends the same cooling strate-
gies for both arid Riyadh and humid Jeddah (same K-G 
and IECC zone). Clearly, we needed a better method. 
These systems’ reliance on precipitation partially ex-
plained the misfit we were observing between vernac-
ular cooling strategies and IECC zones. 

For decades predesign determination of passive 
strategy feasibility has been based on climate analysis 
using bioclimatic overlays on Olgyay’s bioclimatic 
chart [6] and on Givoni’s psychrometric chart [7] by 
Watson and Labs [8] and applied in tools such as Cli-
mate Consultant (CC) [9]. Each of these used a fixed 
comfort zone with cooling strategy overlays defined 
relative to the boundary of that comfort zone. CC of-
fers various comfort models from ASHRAE and Califor-
nia, with the resulting passive cooling zones some-
times quite different among the models.  

 
Early manual methods were based on plotting for 

a particular location the average day highs and lows of 
Dry Bulb Temperature and coincident Relative Humid-
ity for each month. Watson + Labs used hourly data to 
calculate the percentage of annual hours that fall into 
a cooling overlay zone. Milne offered in CC the option 
to define the period for which the hours are calcu-
lated. In practice, the authors have repeatedly ob-
served first-hand from decades of teaching that both 
student and non-expert practitioners frequently mis-
interpret these percentile effectiveness results in sev-
eral ways. Two examples: Givoni’s rules for “High 
Mass” cooling exclude ventilation (windows are 
closed) and he assumes a relatively large diurnal 
range; however, counting hours within a zone does 
not necessarily associate high and low temperatures 
to yield a predicted indoor temperature. Secondly, 
Givoni’s “Natural Ventilation” zone is actually a “Com-
fort Ventilation” zone in which increased air velocity 
cools a person with warm air to increase perspiratory 
evaporation. In contrast, “Cooling Ventilation” re-
quires outside air cooler than inside. Outside air is 
therefore actually at conditions within the comfort 
zone. A common guideline is to stop cooling ventila-
tion when the outside air is above the comfort zone. 
These thermal dynamics are all highly occluded in the 
conventional use of bioclimatic pre-design analysis. In 
our experience, few users of these tools make such 
distinctions. 
 
3. UPDATING WITH ADAPTIVE COMFORT 
More recently, Marsh [10] has used a monthly comfort 
zone that varies based on the monthly mean temper-
ature, based on the Adaptive Comfort Model from 
ASHRAE [11], to modify the Milne/Givoni method. Like 
Milne, the passive cooling overlays are defined rela-
tive to this moving comfort zone. This approach signif-
icantly changes the feasibility of the various passive 
cooling strategies, relative to any fixed zone. A flexible 
zone is also more aligned with the more recent 
ASHRAE model of flexible comfort parameters rather 
than any zone. In many cases, this update is a game-
changer for passive/low-energy cooling effectiveness.  
 
4. METHODOLOGY 
Our approach was, in each city, to assess for each of 
12 months several strategies’ effectiveness on the av-
erage day and the cooling design-day using Marsh’s 
method for a moving adaptive comfort zone plotted 
on the psychrometric chart, combined with Givoni’s 
overlay system, and employing rule-based thermal de-
sign guidelines for each strategy.  

The process starts by obtaining each month’s aver-
age daily high and low temperature and relative hu-
midity values from TMY files in their EPW form using 
the Climate Consultant software's bult-in algorithms. 
On both average and cooling design-days, the starting 
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commend design strategies for housing design in cli-
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appeared to be an issue with the IECC system itself. 
 
2. NEED FOR THE NEW APPROACH 
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types, and B climates are “dry”. 
 

 
Figure 3: Failure of precipitation-based classification to 
distinguish humid vs arid conditions in hot ASW cities 
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therefore actually at conditions within the comfort 
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ature, based on the Adaptive Comfort Model from 
ASHRAE [11], to modify the Milne/Givoni method. Like 
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tive to this moving comfort zone. This approach signif-
icantly changes the feasibility of the various passive 
cooling strategies, relative to any fixed zone. A flexible 
zone is also more aligned with the more recent 
ASHRAE model of flexible comfort parameters rather 
than any zone. In many cases, this update is a game-
changer for passive/low-energy cooling effectiveness.  
 
4. METHODOLOGY 
Our approach was, in each city, to assess for each of 
12 months several strategies’ effectiveness on the av-
erage day and the cooling design-day using Marsh’s 
method for a moving adaptive comfort zone plotted 
on the psychrometric chart, combined with Givoni’s 
overlay system, and employing rule-based thermal de-
sign guidelines for each strategy.  

The process starts by obtaining each month’s aver-
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midity values from TMY files in their EPW form using 
the Climate Consultant software's bult-in algorithms. 
On both average and cooling design-days, the starting 
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point is the high Dry Bulb Temperature (DBT) and co-
incident Wet Bulb Temperature (WBT). We use 
ASHRAE’s most recent 2% design-day DBT and coinci-
dent WBT for analyzing a hot day, paired with TMY 
data to find associated lows and paired WBT. 

The percentage of hours meeting adaptive comfort 
criteria is calculated monthly using CC. Comfort vs. 
cooling ventilation types are distinguished. Givoni’s 
guidelines for estimating indoor temperatures are ap-
plied to high mass without and with night ventilation. 
The subsequent sub-sections present the cooling 
strategies analysis methods. The following abbrevia-
tions are used: 
 
Table 1 Abbreviations 

Cf-V Comfort Ventilation (by air movement) 
Cl-V Cooling Ventilation (by DBT difference) 
TMY Typical Meteorological Year 
NV Natural Ventilation 
DBT Dry Bulb Temperature 
WBT Wet Bulb Temperature 
RH Relative Humidity 
Tin ave Average indoor DBT 
ADLT Average Day Low DBT 
ADHT Average Day High DBT 
Range Outdoor DBT variation (low to high) 
Tin swing Indoor DBT variation (low to high) 
Tin max Indoor maximum DBT 
DDLT Design-Day Low DBT 
DDHT Design-Day High DBT  
MDR Mean Daily Range of DBT 

 
4.1– Comfort Ventilation 
Comfort Ventilation (Cf-V) admits outdoor air for phys-
iological cooling and a psychological feeling of comfort 
and assumes (here) an indoor velocity of 2 m/s (3.2 
mph), a light breeze. For a month’s average day, plot 
on the psychrometric chart a line defined by the high 
DBT/coincident WBT and low DBT/coincident WBT 
(Fig. 5). Locate the average daily high (the top point on 
the line) on the graph. If the point is beyond the (adap-
tive) Comfort Zone and within the Natural Ventilation 
(NV) zone, Comfort Ventilation (Cf-V) is effective with 
adequate air movement (Fig. 4). If it lies within the 

comfort zone or below, Cf-V is not needed. If it is be-
yond (above) the NV zone, Cf-V is ineffective. 

For the design-day, use the ASHRAE cooling 2% De-
sign-Day High Temperature (DDHT) and subtract the 
published Mean Daily Range (MDR) of DBT from the 
DDHT to get the Design-Day Low Temperature (DDLT) 
[12]. Plot the DDHT/WBT point. Next, draw a line at 
same slope as the average day line to get the coinci-
dent WBT at the DDLT. This line represents the design-
day (Fig. 5). The potential error in this quick, approxi-
mate method is that the hot design-day will typically 
have a greater daily DBT range than an average day 
(the MDR). 

If the DDHT point is within the comfort zone or be-
low, Comfort Ventilation (Cf-V) is not needed. If the 
point falls within the NV zone, Cf-V is effective. If DDHT 
is beyond the NV zone then Cf-V is ineffective. 

The authors’ current work is to automate the pro-
cess so that analysis of strategies’ effectiveness re-
quires simply selecting a location. The automated 
method will find both average and design-day high 
and low DBT in a TMY file and will more accurately cal-
culate for their coincident WBT than the approximate 
method described previously. 
 
4.2 Cooling Ventilation 
For Cooling Ventilation (Cl-V) assessment, plot on the 
psychrometric chart the same data as used in the Cf-V 
analysis. If the average day high temperature point 
falls in the yellow zone (Fig. 6), Cl-V is not needed; if it 
is in the green zone, Cl-V is effective; if in the red, Cl-V 
is ineffective. Note that the upper limit of the green 
zone is about 3.5 °C (6.3 ˚F) lower than the comfort 
zone high, which is a conservative value. 
 
4.3 High Mass (without ventilation) 
Givoni [7] gives approximate methods for determining 
the effectiveness of High Mass without ventilation 
(HM) by estimating resulting indoor temperatures. 
The method assumes good solar shading and insula-
tion and light exterior colors. Grondzik + Kwok [13] de-

Figure 4: Assessing Comfort Ventilation 
 

Figure 5: Example, Abu Dhabi in February. Comfort 
Ventilation is effective on the design day and not required 
on the average day. 
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fine a high mass budlings as having 2 m2 of mass sur-
face area per 1 m2 of floor area with 3 in (7.6 cm) thick-
ness of exposed ordinary weight concrete.  

For an average day each month, we adapt Givoni’s 
approach as follows (all temperatures in ˚C): 
A—Calculate the indoor average DBT (Tin ave): 

𝑇𝑇��𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎�𝑎𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇𝑎 𝑎𝑎�����𝑎
�

𝑎� (1) 

B—Calculate the indoor DBT variation (Tin swing) for 
each month: 

𝑇𝑇��𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎 𝑎 𝑎𝑠𝑎𝑎𝑎𝑎 𝑠 𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎 (2) 

C—Calculate the indoor DBT maximum (Tin max) for 
each month: 

𝑇𝑇��𝑚𝑚𝑎𝑎𝑚𝑚𝑎 𝑎 𝑎𝑇𝑇��𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎�𝑎
𝑎��������𝑎

�
𝑎� (3) 

D—Calculate the indoor DBT minimum (Tin min) for 
each month: 

𝑇𝑇��𝑚𝑚𝑠𝑠𝑠𝑠𝑎 𝑎 𝑎𝑇𝑇��𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎�𝑎
𝑎��������𝑎

�
𝑎� (4) 

For the design day, the same method is used, sub-
stituting DDLT for ADLT in formula 1 and ASHRAE’s 
MDR for the average day’s Range in formulas 1 and 2. 
If the Tin max data point falls below the comfort zone 
(Fig. 7), then HM is not needed. If Tin max is within the 
comfort zone, HM will be effective, and if above the 
comfort limit, ineffective. The pink circles in Fig. 7 
show that, in Abu Dhabi during March, HM is effective 

on the average day and ineffective on the hot day. 
4.4 Night-Ventilated Mass 
Givoni [7] gives methods for assessing High Mass with 
night ventilation by estimating resulting indoor tem-
peratures during the closed period. The strategy is var-
iously referred to as night-cooled mass, nocturnal con-
vective cooling, or Night-Ventilated Mass (NVM), as 
used in this paper (Fig. 8). The building remains closed 
during the hot period of the day, absorbing heat gains 
in structural thermal mass, and is opened for ventila-
tion during cooler night periods when heat stored in 
the mass can be removed. Natural ventilation air flow 
of 2–3 m/s or mechanical ventilation is typically re-
quired. In the calculations, Tin min and Tin max refer to 
indoor temperatures without ventilation on the day 
being evaluated (estimated previously for High Mass). 

For an average day: 
A—Calculate the minimum indoor DBT (Tmin vent): 

𝑇𝑇���𝑎𝑎𝑎𝑎𝑠𝑠𝑣𝑣𝑎 𝑎 𝑎𝑇𝑇�� 𝑚𝑚𝑠𝑠𝑠𝑠𝑎 𝑎𝑎𝑠𝑎𝑎𝑎(𝑎𝑇𝑇�� 𝑚𝑚𝑠𝑠𝑠𝑠𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇𝑎)   (5) 

B—Calculate the indoor high DBT (Tmax vent): 
𝑇𝑇���𝑎𝑎𝑎𝑎𝑠𝑠𝑣𝑣𝑎 𝑎 𝑎𝑇𝑇�� max𝑎𝑎𝑠𝑎2𝑎𝑎(𝑎𝑇𝑇�� max𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇𝑎)   (6) 

For the design day, DDLT is substituted for ADLT. If 
the Tmaxvent data point falls below the comfort zone 
(Fig. 8), then the NVM strategy is not needed. If 

Figure 6: Assessing Cooling Ventilation Figure 7: High Mass analysis, Abu Dhabi, March 
 

Figure 8: Night-Ventilated Mass, Abu Dhabi, November Figure 9: Direct Evaporative Cooling, Abu Dhabi, January: 
effective on design day and not required on average day. 

720



 

fine a high mass budlings as having 2 m2 of mass sur-
face area per 1 m2 of floor area with 3 in (7.6 cm) thick-
ness of exposed ordinary weight concrete.  

For an average day each month, we adapt Givoni’s 
approach as follows (all temperatures in ˚C): 
A—Calculate the indoor average DBT (Tin ave): 
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�

𝑎� (1) 

B—Calculate the indoor DBT variation (Tin swing) for 
each month: 
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𝑎��������𝑎

�
𝑎� (3) 

D—Calculate the indoor DBT minimum (Tin min) for 
each month: 

𝑇𝑇��𝑚𝑚𝑠𝑠𝑠𝑠𝑎 𝑎 𝑎𝑇𝑇��𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎�𝑎
𝑎��������𝑎

�
𝑎� (4) 

For the design day, the same method is used, sub-
stituting DDLT for ADLT in formula 1 and ASHRAE’s 
MDR for the average day’s Range in formulas 1 and 2. 
If the Tin max data point falls below the comfort zone 
(Fig. 7), then HM is not needed. If Tin max is within the 
comfort zone, HM will be effective, and if above the 
comfort limit, ineffective. The pink circles in Fig. 7 
show that, in Abu Dhabi during March, HM is effective 

on the average day and ineffective on the hot day. 
4.4 Night-Ventilated Mass 
Givoni [7] gives methods for assessing High Mass with 
night ventilation by estimating resulting indoor tem-
peratures during the closed period. The strategy is var-
iously referred to as night-cooled mass, nocturnal con-
vective cooling, or Night-Ventilated Mass (NVM), as 
used in this paper (Fig. 8). The building remains closed 
during the hot period of the day, absorbing heat gains 
in structural thermal mass, and is opened for ventila-
tion during cooler night periods when heat stored in 
the mass can be removed. Natural ventilation air flow 
of 2–3 m/s or mechanical ventilation is typically re-
quired. In the calculations, Tin min and Tin max refer to 
indoor temperatures without ventilation on the day 
being evaluated (estimated previously for High Mass). 

For an average day: 
A—Calculate the minimum indoor DBT (Tmin vent): 
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B—Calculate the indoor high DBT (Tmax vent): 
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For the design day, DDLT is substituted for ADLT. If 
the Tmaxvent data point falls below the comfort zone 
(Fig. 8), then the NVM strategy is not needed. If 

Figure 6: Assessing Cooling Ventilation Figure 7: High Mass analysis, Abu Dhabi, March 
 

Figure 8: Night-Ventilated Mass, Abu Dhabi, November Figure 9: Direct Evaporative Cooling, Abu Dhabi, January: 
effective on design day and not required on average day. 

 

Tmaxvent is within the comfort zone, NVM will be effec-
tive, and if above the comfort limit, ineffective. During 
November in Abu Dhabi, the strategy is effective on 
the average day and ineffective on the design day. 

 
4.5 Direct evaporative cooling 
Starting with the high temperature outdoor conditions 
that are above the comfort zone on the psychrometric 
chart, move down the wet bulb temperature line ap-
proximately 70% of the distance to saturation (Fig. 9). 
If the resulting point, which represents the supply air 
temperature, is within the comfort zone, then evapo-
rative cooling will be effective; if outside the comfort 
zone, ineffective. This method assumes a 70% efficient 
direct evaporative cooler, which could be of either the 
mechanical (with fan) or passive downdraft type. 
 
5. RESULTS 
The analysis methodology allows the identification of 
effectiveness in each city for six strategies on both av-
erage and hot days across twelve months of the year 
(Fig. 10, 11). Results are potted on a radial calendar 
with rings indicating each strategy’s feasibility in three 
colors. The NR designation means the strategy is Not 
Required. White on the calendar’s winter/cool side 
means that cooling is not required. White on the sum-
mer/warm side months means that the climate is too 
hot for that strategy to be effective. The percentage of 
monthly hours meeting adaptive criteria without any 
applied strategy are plotted in the center.  

Passive Cooling Calendars for 29 cities, covering 
the ASW countries, have been completed. An architect 

or a design team could consult this diagram at the ini-
tial pre-design climate analysis and concept design 
stages to understand the applicability of such strate-
gies during the different months of the year. In most 
cases some combination of strategies is required to 
address cooling during different months. 

The results show a surprising range of passive cool-
ing feasibility, even within the same IECC zone (Figs. 
10, 11). Evaporative cooling effectiveness is easily dis-
tinguished. Fig. 10 shows the Passive Cooling Calendar 
for Kuwait City. The city’s harsh climate, categorized as 
IECC type 0-B (very hot/dry), is quite arid. Conse-
quently, only the evaporative cooling (EC) strategy is 
effective on the hot day and is not required on the av-
erage day in April, September and October, while EC is 
effective on the average and hot day during May, June, 
July and August. Other strategies are ineffective for 
the five hottest months and are mostly applicable in 
November and April. Cooling ventilation applies on av-
erage March days and hot days in December. 

In the hot and humid city of Muscat (also IECC zone 
0-B and low rainfall), in contrast to Kuwait City, evap-
orative cooling is not effective on hot days between 
June and November (Fig. 11). Instead, most of the 
cooling strategies apply in the coolest months of No-
vember to March. For example, comfort ventilation is 
effective for the average day in April and during July to 
October; for the average and hot day in March; and on 
the hot day during November, January and February. 

The radically different applicability of strategies in 
cities of the same IECC zone confirms our previous re-
sults (Fig. 3) and shows that the IECC system requires 

Figure 10: Passive Cooling Calendar for Kuwait City Figure 11: Passive Cooling Calendar for Muscat, Oman 
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revision. As such, we are certain that neither all ver-
nacular cooing types, nor all passive cooling strategies, 
can be associated with current IECC zones.  

Fig. 12 illustrates the Passive Cooling Calendar for 
Beirut, Lebanon, which has a Mediterranean climate 
(IECC Zone 2A). Given the humid context, evaporative 
cooling is not effective at any time during the year. The 
other strategies, cooling ventilation, high mass and 
night-ventilated mass, are effective for the average 
day during October and May. They are effective for the 
hot day during March, April and November. The com-
fort ventilation strategy is effective on the average and 
hot day from June to September. The central circles in 
the calendars show the percent of adaptive comfort 
for outdoor conditions. In Kuwait City, the highest per-
cent of comfort is 40 % in April and October; Muscat, 
70 % in December; and Beirut, 70 % in October. 

Although space does not allow illustration, the set 
of 29 Passive Cooling Calendars demonstrate that 
some strategies, such as adaptive comfort hours, cool-
ing ventilation and comfort ventilation, align well with 
the IECC numerical zone types (0–3), which are based 
on annual cooling degree days, generally showing in-
creasing effectiveness in the cooler zones.  
 
6. LIMITS 

Marsh’s comfort zones used in the study assume 
still air, while boundaries can be extended upward 
with moving air, so results may be conservative rela-
tive to potential upper edges of comfort. Further ex-
tension of the comfort zone would also extend the fea-
sibility period of some strategies. Similarly, comfort 
limits (and thus feasibility periods) during closed HM 
and NVM strategies can be extended with indoor fans. 
These effects have not been included and suggest fur-

ther refinements and additions. Cooling ventilation es-
timates are conservative; increasing upper limits to 
nearer upper comfort zone boundary would expand 
feasibility. Only direct evaporative cooing effective-
ness with moderate efficiency is estimated in this 
study. Higher efficiencies may be achieved with ad-
vanced passive strategies or indirect evaporative cool-
ing, whether passive, roof spray, roof pond, or me-
chanical. Increased evaporative cooling efficacy would 
extend outdoor temperature limits and thus, the sea-
son. 
 
7. CONCLUSION 
The city-based Passive Cooling Calendars, as imple-
mented, provide a useful picture of a place’s strategic 
options in relation to its annual variability. The estima-
tion methods are simple and approximate, but accu-
rate enough for pre-design and concept selections. 
Additional cooling strategies—and passive heating 
strategies—could be added in future work.  

The team is currently working on developing an 
online platform to automate the analysis process and 
generate the calendar graphics. The coding of auto-
mated calculations will allow both more precise per-
formance estimates and the use of either historical or 
simulated future climate data files.  
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revision. As such, we are certain that neither all ver-
nacular cooing types, nor all passive cooling strategies, 
can be associated with current IECC zones.  

Fig. 12 illustrates the Passive Cooling Calendar for 
Beirut, Lebanon, which has a Mediterranean climate 
(IECC Zone 2A). Given the humid context, evaporative 
cooling is not effective at any time during the year. The 
other strategies, cooling ventilation, high mass and 
night-ventilated mass, are effective for the average 
day during October and May. They are effective for the 
hot day during March, April and November. The com-
fort ventilation strategy is effective on the average and 
hot day from June to September. The central circles in 
the calendars show the percent of adaptive comfort 
for outdoor conditions. In Kuwait City, the highest per-
cent of comfort is 40 % in April and October; Muscat, 
70 % in December; and Beirut, 70 % in October. 

Although space does not allow illustration, the set 
of 29 Passive Cooling Calendars demonstrate that 
some strategies, such as adaptive comfort hours, cool-
ing ventilation and comfort ventilation, align well with 
the IECC numerical zone types (0–3), which are based 
on annual cooling degree days, generally showing in-
creasing effectiveness in the cooler zones.  
 
6. LIMITS 

Marsh’s comfort zones used in the study assume 
still air, while boundaries can be extended upward 
with moving air, so results may be conservative rela-
tive to potential upper edges of comfort. Further ex-
tension of the comfort zone would also extend the fea-
sibility period of some strategies. Similarly, comfort 
limits (and thus feasibility periods) during closed HM 
and NVM strategies can be extended with indoor fans. 
These effects have not been included and suggest fur-

ther refinements and additions. Cooling ventilation es-
timates are conservative; increasing upper limits to 
nearer upper comfort zone boundary would expand 
feasibility. Only direct evaporative cooing effective-
ness with moderate efficiency is estimated in this 
study. Higher efficiencies may be achieved with ad-
vanced passive strategies or indirect evaporative cool-
ing, whether passive, roof spray, roof pond, or me-
chanical. Increased evaporative cooling efficacy would 
extend outdoor temperature limits and thus, the sea-
son. 
 
7. CONCLUSION 
The city-based Passive Cooling Calendars, as imple-
mented, provide a useful picture of a place’s strategic 
options in relation to its annual variability. The estima-
tion methods are simple and approximate, but accu-
rate enough for pre-design and concept selections. 
Additional cooling strategies—and passive heating 
strategies—could be added in future work.  

The team is currently working on developing an 
online platform to automate the analysis process and 
generate the calendar graphics. The coding of auto-
mated calculations will allow both more precise per-
formance estimates and the use of either historical or 
simulated future climate data files.  
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ABSTRACT: This paper aims to understand indoor environmental conditions and occupant daily behaviour in the 
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1. INTRODUCTION  
In China, substantial national ongoing rural-to-

urban migration leads to an escalating ageing 
population concentration in rural areas. In 2021,  
older people over-60s comprised 23.8% of the 
Chinese rural population, compared with 15.8% in 
cities [1]. This 8.0% gap is almost doubled when 
compared with the 4.3% recorded in 2015 [2]. 

The majority of older rural residents in China are 
characterized by below-average to low levels of per 
capita income [3]. Houses occupied by older rural 
people are poorly designed and maintained, with 
poor internal air quality, and high heating energy 
consumption, leading to major problems with 
thermal comfort [5,6]. Heavily relying on biomass and 
other solid fuels, these households have limited 
access to clean and efficient domestic heating 
systems [7].  

Rural residential buildings consume 23.76% of 
China’s total energy, with relatively low energy 
efficiency, particularly in the northern regions of 
China, known for their extreme seasonal temperature 
fluctuations between 41.1°C in summer while winter 
temperatures can plummet to as low as -53°C [6]. 
Yang et al. [7] recognize that northern rural houses 
are normally built without sufficient insulation. The 
energy-saving measures for passive design building 
envelopes are explored by Fan et al. [8] for northern 
rural houses in China. Through field studies on rural 
houses. According to Wang et al. [9], the thermal 
environment quality of traditional houses in cold 
climate zones is inferior. Given the unique 
demographic structure of rural areas in China, where 
more than 60% of the older population and children 
often remain in the villages while the young, working-
age population migrates to urban centres for 
employment, leading to “elderly village,” it becomes 

particularly important to understand this context 
[10]. 

Studies on energy usage patterns in rural 
households reveal that residents’ electricity usage 
behaviour is influenced by income level, educational 
background, household size, and the number of 
electrical appliances owned [11]. Even during high 
temperatures, rural older people continue to rely on 
natural ventilation and electric fans to cool their living 
spaces in different climate zones [12]. Nonetheless, 
the findings of Cui et al., [13] present a contrasting 
scenario, revealing that rural residents in China’s hot 
summer and cold winter climate regions tend to use 
air conditioning systems for heating without realizing 
that their behavioural patterns may lead to high 
energy consumption. Wu et al., [14] survey found 
that as high as 79% of rural households in northern 
China continue to use traditional low-efficiency self-
constructed stoves. 17.1% and 58.6% of rural 
residents use coal and solid biomass as their main 
cooking fuel, respectively, while areas with lower per 
capita household incomes use more solid fuels [15]. 

Existing literature reveals a significant gap in 
understanding the energy use behaviour of older 
individuals in rural China, particularly in relation to 
the influence of family structures and member 
dynamics on their energy consumption habits. 

This paper aims to understand the occupant 
energy use behaviour of the older population in 
China’s cold climate zone and the impact of 
household characteristics and socio-economic 
variables on energy consumption in the home. The 
following objectives are: 
 To understand indoor environmental conditions 

and occupant daily behaviour in the homes of 
older people in rural China. 
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 To establish quantitative relationships between 
specific environmental factors and the energy 
use behaviour of older occupants. 

 To qualitatively study the impact of key socio-
economic variables (like income levels, and 
educational background) on building energy 
consumption and the daily living needs of the 
older population. 

 
2. METHODOLOGY 
 
Table 1: 5 types of older respondents’ information. 

The case study is centred on a representative 
village situated in the cold climate zone of the 
southwestern region of Linyi City, Shandong Province. 
The village comprises 306 houses, with 278 occupied 
and 28 unoccupied, indicating about 90% occupancy. 
Older residents live in 118 houses, while other 

demographic groups occupy the remaining 160. Older 
couples represent 58% of the households, older 
adults living alone account for 25%, and three-
generation households are relatively rare at 10%. The 
dominant living arrangements suggest a trend of 
independence post-marriage or urban migration, with 
notable social and economic support among older 
couples. 

This study undertakes a mixed-mode inquiry 
method to address domestic energy consumption 
and fuel poverty for older people of low  
 

socioeconomic status in rural areas. Conducting 
monitoring indoor conditions, questionnaire surveys, 
interviews, and observations on five types of older 
households in rural areas in the summer to correlate 
their energy consumption behaviours with indoor 
environmental conditions.  

Household 
type House ID 

Personal characteristic House information 

Gender Age Income (Yuan 
per month) Education Building 

type Monitoring location 

Three 
generation 

living together 

TGL-01 F 80+ Less than 1000 Illiterate 
Brick-

concrete 
structure 

 

TGL-02 F+M 60-65 Over 5000 Junior high 
school 

Brick-
concrete 
structure 

 

Older people 
living with 

grandchildren 

OLG-03 M+F 60-65 4000-5000 Junior high 
school 

Brick-
concrete 
structure  

OLG-04 F+M 60-65 2000-3000 Junior high 
school 

Brick-
concrete 
structure  

Older people 
living with 
children 

OLC-05 M+F 60-65 Over 5000 Illiterate 
Brick-

concrete 
structure 

 

OLC-06 F+M 60-65 3000-4000 Primary 
school 

Brick-
concrete 
structure 

 

Older couple 
living together 

OCL-07 M+F 71-75 Less than 1000 Junior high 
school 

Brick-
concrete 
structure 

 

OCL-08 F+M 71-75 2000-3000 Highschool Masonry 
structure 

 

Older people 
living alone 

OLA-09 M 71-75 1000-2000 Primary 
school 

Brick-
concrete 
structure  

OLA-10 F 71-75 Less than 1000 Illiterate 
Brick-

concrete 
structure 
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A mixed-methods study was used to qualitatively 
look at how older people’s behaviours affect energy 
use based on interviews and observation and to 
quantitatively assess the impact of the indoor 
environment on older residents based on 
questionnaires and on-site monitoring. In on-site 
monitoring, indoor temperature and relative 
humidity are recorded every 5 minutes using a HOBO 
UX100-003 data logger with accuracies of ±0.21°C 
and ±3.5% respectively, while outdoor environmental 
conditions are monitored hourly by the China 
Meteorological Administration. The collected data 
will be used to establish energy use behaviour 
patterns in indoor environments. 

The study focuses on older participants, defined 
as individuals aged 60 years and above, who are 
capable of living independently and healthily. This 
criterion ensures that the data collected is 
representative of the active older population residing 
in the village. Two households of each type from 5 
different types of older households, with a total of 10 
households are selected as a research sample. 
Personal characteristics and housing details of 
respondents across 5 types of older households (a 
total of 10 households) are comprehensively 
presented in Table 1. In this table, each of the 10 
surveyed households is assigned a unique identifier, 
which will be used for detailed analysis in the 
conclusions section. 

Data collection is carried out in the summer of 
2023, from August 1st to September 5th. Two data 
loggers are placed in the living rooms of two houses 
of the same type at a height of 1.8 meters. Each 
week, the data loggers are moved to a different 
household type, continuing for five weeks to cover all 
5 types of older households.  

Qualitative insights from interview responses 
support the quantitative data obtained from 
measurements and surveys. This combined analysis 
helps in identifying energy use behaviour and 
influencing factors specific to different types of older 
households. The intent is to draw correlations 
between the lived experiences of older people, as 
captured in interviews, and the empirical data from 
environmental monitoring and surveys. 
 
3. RESULTS AND DISSCUSSION 

Table 1 delineates the personal characteristics, 
architectural information, and locations monitored by 
data loggers for the 5 types of respondents.  

As depicted in Fig. 1, TGL_01 and TGL_02 
exhibited daily temperatures that fluctuated in 
tandem with the external environment. TGL_01's 
monitoring encompassed an 83-year-old woman's 
bedroom, serving as a combined space for living, 
dining, and sleeping, demarcated only by wardrobes. 
The occupant demonstrated consistent cooling 

behaviour, keeping doors and windows open all day 
without or seldom using an electric fan: 

"I always keep the doors and windows open. I 
also have an electric fan and a cool mat, making for a 
comfortable living situation." 

 
Figure 1: Indoor and outdoor thermal environment of Three 
generations living together (TGL) in two houses during 
01~08/08/2023. 

The dwelling is shaded by a 2-meter porch, and 
the architectural insulation is effective, though no 
window curtains are installed within. During times of 
excessive indoor heat, she relocates to an air-
conditioned bedroom for cohabitation with their 
children. During the interview, TGL_01 emphasized 
her conservative energy use: 

"Ever since my son and daughter-in-law returned 
from the city to live with me, the air conditioning has 
been on every day, I still cringe every time air 
conditioner is turned on." 

TGL_02, observing a 60-year-old woman's living 
room, exhibited a longer thermal lag, slower to reach 
peak indoor temperatures following the peak 
outdoor temperatures, with indoor temperatures 
consistently around 2°C higher than TGL-01. The 
temperature curve was more volatile, despite both 
employing a combination of natural ventilation and 
electric fans for cooling. A 7.5m by 3m conservatory 
reduces direct solar gains but also retains more heat. 
The living room experienced more internal gains, with 
five family members frequently entering the living 
room after work and school to dine and watch 
television. 

TGL_02 detailed a more comfortable financial 
situation, permitting the use of more electrical 
appliances and regular air conditioning in the 
bedroom: 

"When I feel hot, I go back to my bedroom and 
turn on the air conditioning. If it's not too hot, I just 
use the fan. Compared to other villagers, my living 
conditions are better in many aspects." 

TGL_01 quotes reflect a thrifty energy approach, 
discomfort with unnecessary expenditure, and 
reliance on family for cooler accommodations. 
TGL_02, a 60-year-old woman's living room, shows 
higher temperatures and a pronounced thermal lag, 
possibly due to a larger space and window area, 
increased internal gains, and family activities that 
generate heat. These narratives underscore how 
energy use, household dynamics, and personal 
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preferences shape the thermal environment in rural 
older individuals’ homes.  

 
Figure 2: Indoor and outdoor thermal environment of older 
person living with grandchildren (OLG) during 
08~14/08/2023. 

Fig. 2 presents the environmental conditions 
within two residences of older couples living with 
their grandchildren only, OLG-03 and OLG-04.  

OLG_03 is the home of a 65-year-old man and 
his wife, who share their space with their 2 teenage 
grandchildren. This multifunctional area, used for 
living, dining, and sleeping, is separated merely by a 
curtain. The presence of a multi-generational family 
in OLG_03 likely leads to more dynamic and diverse 
space usage, resulting in temperature and humidity 
fluctuations due to activities such as cooking, door 
usage, and other behaviours. The home lacks south-
facing windows and relies on an open iron door for 
ventilation and sunlight. The energy-saving air 
conditioning is operated only when the grandchildren 
are present, underscoring the elderly couple's efforts 
to economize on energy expenses: 

"On exceptionally hot days when we go out to do 
farm work, the kids turn on the energy-saving air 
conditioner, which has a lower electricity cost. But if 
they are at school, we don't use the air conditioner; 
just a fan is sufficient for us." 

The couple also faces the challenge of energy 
poverty for cooking: 

"We generally don't use the gas stove for 
cooking; we burn free firewood and straw on a 
traditional stove. We live frugally because there's no 
spare money at home." 

OLG_04, monitored in the living room of a 61-
year-old woman, reveals a consistent internal 
environment with no clear indication of air 
conditioning use, contrasting with the resident's 
admission of lifestyle habits: 

"When it's above 30°C in the summer, whether 
during the day or night, I will turn on the air 
conditioning in the living room or bedroom." 

As the energy costs are covered by her children 
who have moved to the city, she expresses a lack of 
awareness regarding the expenses, thus often 
resorting to air conditioning for cooling: 

"The energy bills are certainly not minor, but all 
the expenses are paid by my children, and I'm not 
aware of the exact amount." 

In OLG-03, the elderly couple's frugal lifestyle 
and energy-saving measures are a direct result of 

financial necessity, while in OLG-04, the financial 
freedom afforded by the children allows for a more 
liberal use of cooling appliances. These narratives 
illustrate the varying degrees of energy awareness 
and financial limitations that shape the living 
conditions and thermal comfort strategies in rural 
older households. 

 
Figure 3: Indoor and outdoor thermal environment of older 
people living with children (OLC) during 15~21/08/2023. 

Fig. 3 displays the environmental conditions 
within two cohabitation residences, OLC-05 and OLC-
06, where elderly individuals reside with children. 

OLC-05 is the abode of a 62-year-old male and 
his spouse, who share this newly constructed modern 
edifice, completed in 2022, with their second son. It is 
a three-story building featuring large, double-glazed 
fenestrations without draperies, which account for 
the observed minimal fluctuations in indoor 
temperature and humidity, with an interior 
temperature peak at a mere 33.08°C. The absence of 
air conditioning utilization in the dwelling implies a 
reliance on natural ventilation and possibly the 
building's thermal mass to maintain a comfortable 
indoor climate: 

"I find it quite comfortable and have never felt it 
to be excessively hot. On particularly sweltering days, 
we use an electric fan in the living room." 

Residing in the new home, the pleasant interior 
conditions do not necessitate frequent activation of 
air conditioning, signifying an enhancement in living 
standards and low energy consumption: 

"My energy expenditure is low, but indeed higher 
than in previous years, owing to an improved quality 
of life and a larger dwelling space." 

OLC-06, as a conventional single-story 
construction, typically exhibits more pronounced 
natural temperature variations due to less effective 
insulation. The conservatory and porch diminish 
direct solar ingress, thereby reducing heat 
accumulation during the daytime. The pronounced 
temperature dips in the chart indicate the occupant’s 
resort to activating air conditioning to alleviate 
discomfort from overheating, substantially relying on 
active cooling for indoor comfort: 

"Summers are certainly hot. We switch on the air 
conditioner in the living room." 

The cost of energy consumption is deemed 
acceptable by the elderly residents of OLC-06, and 
despite not facing energy poverty and having access 
to gas stoves for cooking, cultural influences from the 
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village sometimes dictate a preference for traditional 
cooking methods: 

"Ordinary life doesn't make me perceive energy 
costs as excessive; these are essential energies that 
must be used. Even though I possess a gas stove, 
there are times I opt to use the traditional stove to 
burn firewood and straw for cooking." 

The modern infrastructure of OLC-05 offers a 
stable indoor environment, mitigating the need for 
air conditioning through efficient insulation and 
potentially improved natural ventilation. In contrast, 
OLC-06's reliance on air conditioning during certain 
periods signals a greater variation in indoor climate, 
influenced by the older construction of the building 
and possibly less efficient thermal properties. OLC-05 
maintains comfort passively, whereas OLC-06 
requires active cooling to compensate for a lack of 
modern insulation materials, achieving a similar level 
of comfort.  

 
Figure 4: Indoor and outdoor thermal environment of older 
couples living together (OC) during 22~28/08/2023. 

Fig. 4 presents the environmental conditions 
within and outside two residences, OC-07 and OC-08, 
inhabited by elderly couples. 

Residence OC-07 is the abode of a 75-year-old 
male and his spouse, with a modest living space of 
merely 33 square meters, ranking as the smallest 
amongst the interviewees. The space, partitioned by 
wardrobes into a bedroom, living area, and dining 
space, lacks a ceiling and is equipped only with metal 
doors and windows without any sun-shading devices, 
yet remains relatively dim indoors. The graph depicts 
indoor temperatures consistently exceeding outdoor 
levels throughout the week, peaking at 34.1°C. The 
room, devoid of air conditioning, relies solely on 
natural ventilation: 

"When it gets extremely hot, I turn on the 
electric fan and strip down to the waist. Although I 
have a handheld fan, I seldom use it due to laziness." 

Energy consumption is minimal, with no financial 
assistance from children who have migrated to the 
city, leaving the older generation with a clear 
understanding of their energy expenses and facing 
energy poverty. Despite owning a gas stove, 
traditional free biomass-fueled stoves are the primary 
cooking method: 

"My energy expenditure is quite modest. For 
cooking gas, I use only three canisters a year, as I 
predominantly cook with a traditional stove using free 
straw or firewood. Electricity costs me less than 20 

yuan per month, and water is about 130 yuan 
annually." 

OC-08, inhabited by a 72-year-old woman and 
her partner, is an over-two-decade-old traditional 
single-story masonry structure with a sloping roof and 
porch. The chart reveals a regular pattern of air 
conditioning use, activated during the day and turned 
off at night. After August 26, a cessation of air 
conditioning usage is noted, likely due to a significant 
decrease in outdoor temperatures affecting cooling 
behavior. This household has the longest duration of 
air conditioning use among the five categories of 
elderly residences: 

"When it's hot outside, I don't feel the heat once 
inside, as the air conditioner is on." 

Despite perceiving electricity as costly, the 
pursuit of a comfortable environment prevails, 
maintaining the use of air conditioning: 

" Air conditioning is only used for about a month 
in the summer, with this month's electricity bill 
around 200 yuan and around 50 yuan in other 
months." 

 
Figure 5: Indoor and outdoor thermal environment of older 
individual living alone (OLA) during 
30/08/2023~05/09/2023. 

Fig. 5 illustrates the internal and external 
environmental conditions of residences OLA-09 and 
OLA-10, occupied by solitary older individuals, serving 
as the base case studies for the five distinct types of 
elderly dwellings examined in this research. Both 
homes demonstrate diurnal cycles of temperature 
and humidity closely aligned with external 
environmental patterns, relying extensively on 
natural ventilation through open doors and windows 
combined with the use of electric fans for cooling. 

Residence OLA-09 is inhabited by a 73-year-old 
solitary male, with the living space divided by 
wardrobes into a bedroom, living area, and dining 
space. The windows are sealed with oiled paper 
rather than glass. This dwelling experiences slightly 
larger fluctuations in indoor temperature than OLA-
10 and maintains higher relative humidity levels. The 
resident prefers to keep doors and windows open 
throughout the day to cool down, while the presence 
of other visitors can influence this cooling behaviour: 

"I generally keep the doors open all day for good 
air circulation." 

The older individual, having lost his spouse, now 
shoulders the energy bills alone without financial 
support from his children. To economize, he resorts 
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to traditional free stoves, leaving the residence with 
minimal electrical appliances: 

" Mostly, I cook with a traditional stove burning 
free straw and firewood. Annual electric bills might be 
around 200 yuan a year." 

Residence OLA-10, occupied by a 73-year-old 
woman, exhibits an indoor thermal environment 
trend very similar to OLA-09 but with a slightly longer 
thermal lag, indicating better insulation properties of 
the building. Although financially supported by her 
children, who pay for her energy and communication 
expenses, she retains a habit of frugality, refraining 
from using air conditioning even when feeling hot: 

"At night, if it's too hot to sleep, I turn on the 
electric fan." 

The juxtaposition of the living experiences in OLA-
09 and OLA-10 provides a poignant glimpse into the 
lives of the solitary older living. While OLA-09 exhibits 
a more hands-on and traditional approach to 
maintaining a suitable indoor climate, OLA-10, 
despite having financial support, shows a preference 
for passive cooling methods. Both instances underline 
a broader narrative of independence, with a 
propensity towards conserving energy and enduring 
higher temperatures without resorting to modern 
cooling technology. This behaviour is a testament to 
the resilience and adaptability of the older 
generation, who balance their physical comfort with 
financial considerations and personal habits shaped 
by a lifetime of experiences. 

 
4. CONCLUSION 

Research on the occupant behaviour of China’s 
rural residents shows that, although rural buildings 
have the highest energy use intensity, they still fail to 
meet the thermal comfort requirements of occupants 
[16]. Through the implementation of surveys, 
interviews, and observations, this study evaluated 
five types of elderly households to understand their 
indoor environmental conditions and daily 
behaviours. Employing a mixed-method approach, 
both quantitative and qualitative, the research 
explored the environmental factors and socio-
economic variables affecting the daily energy 
consumption behaviours of different types of elderly 
inhabitants in low-income rural areas of Shandong, 
China. This investigation provides insights for future 
rural housing designs that should be energy-efficient, 
cost-effective, and climate-adaptive, thereby 
improving the living conditions of the elderly. 
Additionally, it emphasizes the importance of 
considering household dynamics, individual habits, 
and architectural characteristics in the formulation of 
strategies for energy usage and thermal comfort. 
Such an approach has the potential to address the 
high energy consumption of rural residential 
buildings. 
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ABSTRACT: This paper describes a data driven urban canopy model that can be coupled with detailed building 
energy models. The data driven model is used to assess the outdoor air temperature and humidity in a street 
canyon considering as inputs weather conditions at the atmospheric layer, the surface temperature of surrounding 
building facades and the street, and the heat released from the use of air-conditioning. Predictions made by the 
model were tested using measurements of the outdoor air temperature and humidity collected between April and 
August 2019 in Singapore. Results show that the model estimates the outdoor air temperature with a similar 
accuracy than others that were validated using the same input and test data, while providing estimates with a 
higher temporal resolution and considering urban morphology with a higher fidelity. They also demonstrate that 
the model can predict the impact of waste heat releases and cool pavement on the outdoor air temperature and 
building energy consumption. In the future, vegetation could be considered as an input of the model if the land 
surface temperature is measured using an infrared thermal camera. Another improvement would be to define 
weather conditions at the atmospheric layer from rooftop measurements or a climate model. 
KEYWORDS: Urban heat island,  Urban canopy modelling,  Building energy modelling,  Machine learning, 
Mitigation strategies 

1. INTRODUCTION
For the last three centuries, most cities in the world 

have considerably expanded to accommodate their 
inhabitants. By 2050, it is expected that almost two 
thirds of the world’s population will live in urban areas 
[1]. This trend in urbanization is the cause of several 
climatic hazards, including Urban Heat Islands (UHIs). 
UHIs primarily result from the heat accumulated in 
cities and the wind breeze obstructed by buildings. 
They provoke serious thermal discomfort in the 
outdoor environment and increases in the energy 
consumed in indoor spaces. The former consequence 
of UHIs has been declared a major threat to public 
health since the heat wave episodes of the summer 
2023 in various parts of the world [2]. 

Given the influence of urbanization on UHIs, urban 
planning plays a major role to improve outdoor 
thermal comfort and minimize building energy 
consumption [3, 4]. To determine benefits of 
mitigations strategies to UHIs before their 
implementation, urban planners can now count on 
virtual replicates or digital twins of a city. City Digital 
Twins (CDTs) essentially consist of 3D city models to 
display the geometry of buildings, sensor data to 
monitor the indoor and outdoor built environment, 
and models to predict or prevent undesirable events 
that might occur in the city [5-7]. Whatever model is 
integrated into a CDT, it must meet certain 
requirements. One of them is to consider the urban 
morphology with the Level of Detail (LoD) expressed in 
the 3D city model [8]. Another one is that simulations 

using the model can be performed with low 
computational efforts. The latter requirement is 
particularly relevant for urban planners to make quick 
decisions on the strategies to adopt for mitigating 
UHIs. 

To study UHIs through a CDT, it is necessary to 
include models that can perform simulations of 
interactions between buildings and their outdoor 
environment at the neighbourhood or city scale. The 
reason is the heat transferred from the envelope of 
buildings to the outdoor air is an important factor of 
UHIs [9]. In return, the outdoor air temperature and 
humidity strongly affect the energy consumed by 
buildings to maintain an appropriate level of thermal 
comfort [10]. Every increase in the energy consumed 
by buildings for cooling their respective indoor space 
is translated into an augmentation of waste heat 
releases, another important factor of UHIs. 

Interactions between buildings and their outdoor 
environment are simulated using two coupled models: 
the Building Energy Model (BEM) and the Urban 
Microclimate Model (UMM) [11]. The former 
component assesses the energy consumed by a 
building, while the latter estimates outdoor conditions 
at the urban microscale, that is within a range of less 
than one kilometre. When the two components are 
coupled, the outputs obtained from one are iteratively 
used to define boundary conditions of the other until 
the end of simulations. 

A first category of UMM, known as physically-
based Urban Canopy Models (UCMs), predicts outdoor 
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temperature and humidity within a street canyon 
using a sensible and latent heat balance, respectively 
[12]. The heat balances describe time variations of the 
outdoor air temperature and humidity within the 
street canyon with respect to heat fluxes coming from 
surrounding surfaces and anthropogenic heat sources. 
The street canyon is either considered as a single air 
volume or a stack of multiple air volumes. In either 
case, physically-based UCMs assume that buildings are 
cubes with similar dimensions which are separated by 
streets of equal widths. It means they consider the 
urban morphology with a low level of detail, which is a 
major limitation to integrate them in a CDT. 

To estimate outdoor conditions at the 
neighbourhood scale, while considering the urban 
morphology with a higher level of detail, studies have 
used computational fluid dynamics to approximate the 
wind flow and outdoor air temperature within a 
neighbourhood [13]. In addition to performing 
simulations using complex urban morphologies, this 
physically-based method provides estimates of 
outdoor conditions with a high spatial resolution. The 
temporal resolution, however, remains limited due to 
tremendous computational efforts that are required 
to perform simulations. 

A recent review published by Wang et al. [14] 
demonstrates that the outdoor air temperature in the 
urban canopy layer can be assessed with a high 
temporal resolution using Data Driven Models 
(DDMs). These DDMs take as inputs land surface 
measurements collected by remote sensing and 
atmospheric weather conditions obtained by 
simulations. Both remote sensed data and weather 
simulated data are given at the mesoscale. In the 
majority of studies, these input data, together with 
measurements of the outdoor air temperature, are 
used to train and test two kinds of regression models, 
namely tree based models or artificial neural 
networks. The former type of DDMs usually fail in 
predicting the extreme values for the outdoor air 
temperature, while the latter model requires a large 
dataset and high computational efforts to be trained 
and tested. Whether a tree based model or artificial 
neural network is used as a DDM, it does not take into 
account how the outdoor air temperature at a specific 
point is affected by surrounding physical entities at the 
urban microscale, in particular buildings.  

To consider buildings while predicting the outdoor 
air temperature at a specific location with a high 
temporal resolution, this paper describes a DDM that 
can be coupled with detailed BEMs. As most models 
shown in the literature, the DDM also considers as 
inputs atmospheric weather conditions and the land 
surface temperature. However, the land surface 
temperature is assumed to be obtained from a contact 
surface sensor or a thermal camera, which enable 

capturing the microscale effect of the street surface 
more accurately than a satellite. 

Using the coupling between detailed BEMs and the 
DDM, the purpose of this study is to show that (1) 
outdoor air temperature and humidity in a street 
canyon can be predicted with a high temporal 
resolution and acceptable accuracy, (2) observations 
can be made on the impact of waste heat releases on 
the outdoor air temperature and the building energy 
use, and (3) it is possible to see how the outdoor 
environment and the building consumption are 
affected by cool pavement. 
 
2. METHODOLOGY  
2.1 The data-driven urban canopy model 

The most important contribution of this work lies 
in a DMM that can predict outdoor air temperature 
and humidity in a street canyon with a high level of 
detail. The DDM is trained and tested using data 
collected by a series of weather stations in the street 
canyon. The weather stations should at least measure 
the outdoor air temperature, relative humidity, and 
pressure, so that  the average outdoor air temperature 
(�̅�𝑇𝑐𝑐𝑐𝑐𝑐𝑐) and specific humidity (�̅�𝑞𝑐𝑐𝑐𝑐𝑐𝑐) at each time (𝑡𝑡) in 
the street canyon can be observed and predicted. 

Assuming the street canyon as a single layer, that 
is an air volume with uniform temperature and 
humidity, �̅�𝑇𝑐𝑐𝑐𝑐𝑐𝑐 and  �̅�𝑞𝑐𝑐𝑐𝑐𝑐𝑐 are governed by sensible and 
latent heat balances, which can be expressed as: 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝜌𝜌 𝑑𝑑�̅�𝑇𝑐𝑐𝑐𝑐𝑐𝑐
𝑑𝑑𝑡𝑡 = ∑ ℎ𝑚𝑚𝐴𝐴𝑚𝑚(�̅�𝑇𝑚𝑚 − �̅�𝑇𝑐𝑐𝑐𝑐𝑐𝑐)

𝑀𝑀

𝑚𝑚=1
+ ∑ 𝐻𝐻𝑐𝑐

𝑁𝑁

𝑐𝑐=1
  ( 1 ) 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝜌𝜌 𝑑𝑑�̅�𝑞𝑐𝑐𝑐𝑐𝑐𝑐
𝑑𝑑𝑡𝑡 = ∑ ℎ𝑝𝑝𝐴𝐴𝑝𝑝(�̅�𝑞𝑝𝑝 − �̅�𝑞𝑐𝑐𝑐𝑐𝑐𝑐)

𝑃𝑃

𝑝𝑝=1
+

𝑐𝑐𝑝𝑝
𝐿𝐿 ∑ 𝐿𝐿𝐿𝐿𝑞𝑞

𝑄𝑄

𝑞𝑞=1
 ( 2 ) 

where 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 is the air volume of the street canyon (in 
m3), 𝑐𝑐𝑝𝑝 the specific heat capacity of dry air (in J/kg-K), 𝜌𝜌 its 
density (in kg/m3), 𝐿𝐿 the latent heat of water vaporization (in 
J/kg),  �̅�𝑇𝑚𝑚  the average temperature either of 
surrounding building facades, atmospheric layer, 
pavement, or vegetation (in oC), ℎ𝑚𝑚  or ℎ𝑝𝑝  their 
convective heat transfer coefficient (in W/m2-K), 𝐴𝐴𝑚𝑚 or 
𝐴𝐴𝑝𝑝 their surface area (in m2),  �̅�𝑞𝑝𝑝 their average specific 
humidity (in kg/kg), 𝐻𝐻𝑐𝑐  the sensible heat released 
either from surrounding buildings or traffic (in W), 𝐿𝐿𝑞𝑞  
their rate of evaporation (in kg/s), 𝑚𝑚 and 𝑝𝑝 indices of 
thermal nodes, and 𝑛𝑛  and 𝑞𝑞  indices of sensible and 
latent heat sources. Equations ( 1 ) and ( 2 ) can be 
formulated as a linear state space model, such that: 

�̇�𝒙 = 𝑨𝑨 ⋅ 𝒙𝒙 + 𝑩𝑩 ⋅ 𝒖𝒖 ( 3 ) 

𝒚𝒚 = 𝑪𝑪 ⋅ 𝒙𝒙 + 𝑫𝑫 ⋅ 𝒖𝒖 ( 4 ) 

where 𝒖𝒖 = [�̅�𝑇1, … , �̅�𝑇𝑀𝑀, 𝐻𝐻1, … , 𝐻𝐻𝑁𝑁, �̅�𝑞1, … , �̅�𝑞𝑃𝑃, 𝐿𝐿1, … , 𝐿𝐿𝑄𝑄 ]𝑇𝑇 
and 𝒙𝒙 = [�̅�𝑇𝑐𝑐𝑐𝑐𝑐𝑐, �̅�𝑞𝑐𝑐𝑐𝑐𝑐𝑐]𝑇𝑇. From this formulation of sensible 
and latent heat balances, the DDM uses either a 
explicit or implicit time discretization scheme to 
predict state variables 𝒙𝒙𝑘𝑘  at different time steps 𝑡𝑡𝑘𝑘 =
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simulated data are given at the mesoscale. In the 
majority of studies, these input data, together with 
measurements of the outdoor air temperature, are 
used to train and test two kinds of regression models, 
namely tree based models or artificial neural 
networks. The former type of DDMs usually fail in 
predicting the extreme values for the outdoor air 
temperature, while the latter model requires a large 
dataset and high computational efforts to be trained 
and tested. Whether a tree based model or artificial 
neural network is used as a DDM, it does not take into 
account how the outdoor air temperature at a specific 
point is affected by surrounding physical entities at the 
urban microscale, in particular buildings.  

To consider buildings while predicting the outdoor 
air temperature at a specific location with a high 
temporal resolution, this paper describes a DDM that 
can be coupled with detailed BEMs. As most models 
shown in the literature, the DDM also considers as 
inputs atmospheric weather conditions and the land 
surface temperature. However, the land surface 
temperature is assumed to be obtained from a contact 
surface sensor or a thermal camera, which enable 

capturing the microscale effect of the street surface 
more accurately than a satellite. 

Using the coupling between detailed BEMs and the 
DDM, the purpose of this study is to show that (1) 
outdoor air temperature and humidity in a street 
canyon can be predicted with a high temporal 
resolution and acceptable accuracy, (2) observations 
can be made on the impact of waste heat releases on 
the outdoor air temperature and the building energy 
use, and (3) it is possible to see how the outdoor 
environment and the building consumption are 
affected by cool pavement. 
 
2. METHODOLOGY  
2.1 The data-driven urban canopy model 

The most important contribution of this work lies 
in a DMM that can predict outdoor air temperature 
and humidity in a street canyon with a high level of 
detail. The DDM is trained and tested using data 
collected by a series of weather stations in the street 
canyon. The weather stations should at least measure 
the outdoor air temperature, relative humidity, and 
pressure, so that  the average outdoor air temperature 
(�̅�𝑇𝑐𝑐𝑐𝑐𝑐𝑐) and specific humidity (�̅�𝑞𝑐𝑐𝑐𝑐𝑐𝑐) at each time (𝑡𝑡) in 
the street canyon can be observed and predicted. 

Assuming the street canyon as a single layer, that 
is an air volume with uniform temperature and 
humidity, �̅�𝑇𝑐𝑐𝑐𝑐𝑐𝑐 and  �̅�𝑞𝑐𝑐𝑐𝑐𝑐𝑐 are governed by sensible and 
latent heat balances, which can be expressed as: 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝜌𝜌 𝑑𝑑�̅�𝑇𝑐𝑐𝑐𝑐𝑐𝑐
𝑑𝑑𝑡𝑡 = ∑ ℎ𝑚𝑚𝐴𝐴𝑚𝑚(�̅�𝑇𝑚𝑚 − �̅�𝑇𝑐𝑐𝑐𝑐𝑐𝑐)

𝑀𝑀

𝑚𝑚=1
+ ∑ 𝐻𝐻𝑐𝑐

𝑁𝑁

𝑐𝑐=1
  ( 1 ) 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝜌𝜌 𝑑𝑑�̅�𝑞𝑐𝑐𝑐𝑐𝑐𝑐
𝑑𝑑𝑡𝑡 = ∑ ℎ𝑝𝑝𝐴𝐴𝑝𝑝(�̅�𝑞𝑝𝑝 − �̅�𝑞𝑐𝑐𝑐𝑐𝑐𝑐)

𝑃𝑃

𝑝𝑝=1
+

𝑐𝑐𝑝𝑝
𝐿𝐿 ∑ 𝐿𝐿𝐿𝐿𝑞𝑞

𝑄𝑄

𝑞𝑞=1
 ( 2 ) 

where 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 is the air volume of the street canyon (in 
m3), 𝑐𝑐𝑝𝑝 the specific heat capacity of dry air (in J/kg-K), 𝜌𝜌 its 
density (in kg/m3), 𝐿𝐿 the latent heat of water vaporization (in 
J/kg),  �̅�𝑇𝑚𝑚  the average temperature either of 
surrounding building facades, atmospheric layer, 
pavement, or vegetation (in oC), ℎ𝑚𝑚  or ℎ𝑝𝑝  their 
convective heat transfer coefficient (in W/m2-K), 𝐴𝐴𝑚𝑚 or 
𝐴𝐴𝑝𝑝 their surface area (in m2),  �̅�𝑞𝑝𝑝 their average specific 
humidity (in kg/kg), 𝐻𝐻𝑐𝑐  the sensible heat released 
either from surrounding buildings or traffic (in W), 𝐿𝐿𝑞𝑞  
their rate of evaporation (in kg/s), 𝑚𝑚 and 𝑝𝑝 indices of 
thermal nodes, and 𝑛𝑛  and 𝑞𝑞  indices of sensible and 
latent heat sources. Equations ( 1 ) and ( 2 ) can be 
formulated as a linear state space model, such that: 

�̇�𝒙 = 𝑨𝑨 ⋅ 𝒙𝒙 + 𝑩𝑩 ⋅ 𝒖𝒖 ( 3 ) 

𝒚𝒚 = 𝑪𝑪 ⋅ 𝒙𝒙 + 𝑫𝑫 ⋅ 𝒖𝒖 ( 4 ) 

where 𝒖𝒖 = [�̅�𝑇1, … , �̅�𝑇𝑀𝑀, 𝐻𝐻1, … , 𝐻𝐻𝑁𝑁, �̅�𝑞1, … , �̅�𝑞𝑃𝑃, 𝐿𝐿1, … , 𝐿𝐿𝑄𝑄 ]𝑇𝑇 
and 𝒙𝒙 = [�̅�𝑇𝑐𝑐𝑐𝑐𝑐𝑐, �̅�𝑞𝑐𝑐𝑐𝑐𝑐𝑐]𝑇𝑇. From this formulation of sensible 
and latent heat balances, the DDM uses either a 
explicit or implicit time discretization scheme to 
predict state variables 𝒙𝒙𝑘𝑘  at different time steps 𝑡𝑡𝑘𝑘 =

 

𝑡𝑡0 + 𝑘𝑘Δ𝑡𝑡  as shown in Figure 1. Matrices 𝑨𝑨𝒅𝒅 , 𝑩𝑩𝒅𝒅 , 𝑪𝑪𝒅𝒅 , 
and 𝑫𝑫𝒅𝒅  are derived from matrices 𝑨𝑨 , 𝑩𝑩 , 𝑪𝑪 , and 𝑫𝑫 , 
respectively, using a time discretization scheme. 

 
Figure 1. Discrete linear state space model used to predict 
outdoor air temperature and humidity in a street canyon. 

Using the discrete linear state space model, the 
training phase of the DDM consists of finding the 
vector 𝒉𝒉 of convective heat transfer coefficients that 
minimizes the discrepancy between estimates of �̅�𝑇𝑐𝑐𝑐𝑐𝑐𝑐 
and  �̅�𝑞𝑐𝑐𝑐𝑐𝑐𝑐 and their measurements. The training phase 
is thus expressed as a constrained multi-objective 
optimization so that: 

argmin
𝒉𝒉

𝑙𝑙2 (�̅�𝑇𝑒𝑒
𝑐𝑐𝑐𝑐𝑐𝑐 − �̅�𝑇𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐) , 𝑙𝑙2(�̅�𝑞𝑒𝑒
𝑐𝑐𝑐𝑐𝑐𝑐 − �̅�𝑞𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐) 

ℎ𝑙𝑙𝑙𝑙 ≤ ℎ𝑚𝑚 ≤ ℎ𝑢𝑢𝑢𝑢 
( 5 ) 

where 𝑙𝑙2 is the root mean square error with respect to 
the time discretization of the linear state space model, 
�̅�𝑇𝑒𝑒

𝑐𝑐𝑐𝑐𝑐𝑐  and �̅�𝑞𝑒𝑒
𝑐𝑐𝑐𝑐𝑐𝑐  estimates of the outdoor air 

temperature and humidity by the discrete linear state 
space model, respectively, �̅�𝑇𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐  and �̅�𝑞𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐  their 

measurements by weather stations in the street 
canyon, and ℎ𝑙𝑙𝑙𝑙  and ℎ𝑢𝑢𝑢𝑢 the lower and upper bounds 
of convective heat transfer coefficients. 
        
2.2 Coupling with detailed building energy models 

The input vector (𝒖𝒖𝑘𝑘) of the discrete linear state 
space model is iteratively evaluated at each timestep 
(𝑘𝑘) from different sources of information. Firstly, 𝒖𝒖𝑘𝑘 
consists of air temperature and humidity at the 
atmospheric level, which can be obtained either from 
measurements of a rural weather station or simulated 
data resulting from a climate model. Secondly, it 
consists of information measured or estimated at the 
street level. The surface temperature and humidity of 
pavement and vegetation, for instance, is assumed to 
be measured by a contact surface sensor or an infrared 
thermal camera. On the other hand, the sensible and 
latent heat released by traffic is usually assessed from 
an empirical model as in Grimmond [15]. Lastly, 𝒖𝒖𝑘𝑘 is 
primarily composed of information that is simulated 
by detailed building energy models. It includes the 
surface temperature of surrounding facades and the 
waste heat releases. 

Outputs (𝒚𝒚𝑘𝑘) provided by the discrete linear state 
space model after training and testing phases are used 
to specify boundary conditions of detailed BEMs. By 
default, boundary conditions of detailed BEMs are 
defined from typical meteorological data collected 

from a rural weather station. These meteorological 
data are iteratively replaced by 𝒚𝒚𝑘𝑘 until a convergence 
criteria is achieved. The convergence criteria is 
established using the average sensible ( 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 ) and 
latent (𝐿𝐿𝐿𝐿̅̅̅̅ 𝑠𝑠𝑠𝑠𝑠𝑠)  load of surrounding buildings so that: 

𝑙𝑙2 (�̅�𝐻𝑠𝑠𝑠𝑠𝑠𝑠
𝑐𝑐+1 − �̅�𝐻𝑠𝑠𝑠𝑠𝑠𝑠

𝑐𝑐 ) ≤ 𝜀𝜀�̅�𝐻𝑠𝑠𝑠𝑠𝑠𝑠  and 

 𝑙𝑙2 (𝐿𝐿𝐿𝐿̅̅ ̅̅ 𝑠𝑠𝑠𝑠𝑠𝑠
𝑐𝑐+1 − 𝐿𝐿𝐿𝐿̅̅ ̅̅ 𝑠𝑠𝑠𝑠𝑠𝑠

𝑐𝑐 )  ≤ 𝜀𝜀𝐿𝐿𝐿𝐿̅̅ ̅̅ 𝑠𝑠𝑠𝑠𝑠𝑠  
( 6 ) 

where �̅�𝐻𝑠𝑠𝑠𝑠𝑠𝑠
𝑐𝑐  and  𝐿𝐿𝐿𝐿̅̅ ̅̅ 𝑠𝑠𝑠𝑠𝑠𝑠

𝑐𝑐  are the average sensible and 
latent loads estimated by detailed BEMs at the n-th 
iteration of the one-time-step dynamic coupling with 
the DDM. Figure 2 illustrates the coupled scheme 
between detailed BEMs and the DDM. 

 
Figure 2. Coupling between detailed BEMs and the DDM. 

2.3 Cool pavement 
Cool pavement is a countermeasure to UHIs, 

whose effect on the outdoor air temperature and 
building energy consumption can be considered by the 
coupled scheme. The effect of cool pavement is 
assessed by modifying the surface temperature of the 
pavement (�̅�𝑇𝑢𝑢𝑐𝑐𝑝𝑝), so that: 

�̅�𝑇𝑢𝑢𝑐𝑐𝑝𝑝
𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙 = �̅�𝑇𝑝𝑝𝑐𝑐𝑝𝑝 − cos(𝜆𝜆𝑠𝑠𝑢𝑢𝑐𝑐) ⋅ Δ𝑇𝑇𝑚𝑚𝑐𝑐𝑚𝑚 ( 7 ) 

where �̅�𝑇𝑢𝑢𝑐𝑐𝑝𝑝
𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙  is the surface temperature of cool 

pavement, 𝜆𝜆𝑠𝑠𝑢𝑢𝑐𝑐  the zenith angle of the sun (in Deg), 
and Δ𝑇𝑇𝑚𝑚𝑐𝑐𝑚𝑚  the maximum temperature decrease it can 
be achieved by the cool pavement. 
 
3. CASE STUDY 
3.1 Studied area 

The coupled scheme was trained and tested using 
data collected by Miguel et al. [16] during a field 
experiment between April and August 2019 in a 
university campus of Singapore. The field experiment 
was primarily aimed at measuring weather conditions 
at four vertical heights of a single position within a 
street canyon. The street canyon is surrounded by four 
buildings and is only paved with asphalt. 
 
3.2 Weather conditions and surface temperature 

Measurements taken by Miguel et al. [16] at 3, 6, 
9, and 12 meters on a flux tower were used to evaluate 
�̅�𝑇𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐  and �̅�𝑞𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐  in the street canyon. In contrast 
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with �̅�𝑇𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐 , �̅�𝑞𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐  is not directly measured on the 

flux tower. It was assessed from the relative humidity 
measured at the four levels and the pressure at 3 
meters. Both �̅�𝑇𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐  and �̅�𝑞𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐  were collected every 
10 seconds. The mean over a 5-minute time frame was 
retained as measurement of �̅�𝑇𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐  and �̅�𝑞𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐 . 
Measurements between June 6 and August 19 2019 
were used to train and test the DDM. It means that the 
DDM was trained and tested on a dataset of 10368 
samples of �̅�𝑇𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐  and �̅�𝑞𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐 . The same amount of 
samples was used to specify �̅�𝑇𝑝𝑝𝑐𝑐𝑝𝑝. �̅�𝑇𝑝𝑝𝑐𝑐𝑝𝑝 was collected 
using a contact surface sensor. 
  
3.3 Surrounding buildings 

The street canyon where Miguel et al. [16] 
collected measurements of weather conditions is 
surrounded by four buildings: A, B, C, and D (see Figure 
3). Their height varies from 15 to 24 meters, while the 
street canyon has a width of 10 meters. 

 
Figure 3. Buildings being modelled using EnergyPlus. 

Buildings A, B, C, and D were modelled using 
EnergyPlus. Using this building energy simulation tool, 
it was possible to model buildings with LoD 1.2 as 
stated by Biljecki et al. [8]. Materials and internal heat 
gains were assigned from the Sketchup OpenStudio 
database (https://openstudio.net/) as those of typical 
office buildings in the tropics. An ideal load model was 
used to assess the amount of fresh air needed to keep 
the indoor temperature of buildings at 24 degrees 
Celsius and the relative humidity at 60%. 
 
3.4 Baseline and scenarios 

The baseline configuration refers to the original 
parameters of the coupled scheme that are used to 
evaluate increases or decreases in the outdoor air 
temperature or building energy demand caused by 
different scenarios. It was simulated using the Euler 
implicit method to discretize the linear state space 
model of the DDM. The multi-objective function stated 
in Equation ( 5 ) was optimized using the NSGA-2 
method with ℎ𝑙𝑙𝑙𝑙  equal to 0 Watts and ℎ𝑢𝑢𝑝𝑝  equal to 
500 Watts. The convergence criteria was defined with 
𝜀𝜀�̅�𝐻𝑠𝑠𝑠𝑠𝑠𝑠  and 𝜀𝜀𝐿𝐿𝐿𝐿̅̅̅̅ 𝑠𝑠𝑠𝑠𝑠𝑠   equal to 0.01 Watts. The weather 
conditions at the atmospheric level were assumed to 

be equal to that recorded over a typical meteorological 
year in Singapore. In contrast with other scenarios, the 
baseline assumes that the outdoor conditions are not 
affected by waste heat releases and the surface 
temperature of the street is equal to measurements.  

Therefore, scenarios aimed at estimating the 
impact of waste heat releases and cool pavement on 
the outdoor air temperature and building energy 
demand at the location where Miguel et al. [16] 
conducted their field experiment. Waste heat releases 
were assumed to be generated at a rate of 1.4 Watts 
per Watt of cooling consumed in buildings A, B, C, and 
D. It was also considered that 100% of them are 
sensible and go into the street canyon. In accordance 
with Anting et al. [17], it was supposed that cool 
pavement can achieve a decrease of 6.5 degrees 
Celsius at the highest exposure of the Sun.    
 
4. RESULTS AND DISCUSSION 
4.1 Simulations 

In Figure 4, the hourly average outdoor air 
temperature as predicted by the DDM is shown in 
comparison to this assessed from measurements 
collected by Miguel et al. [16]. It is observed that the 
discrepancy between predictions and measurements 
is the lowest when the DDM is trained on 80% of 
measurements. It is usually expected that the accuracy 
of a DDM increases with respect to the size of its 
training set. Despite this observation, it is seen that the 
discrepancy between predictions and observations is 
higher at daytime than nighttime, that is when 
variations of the outdoor air temperature are the 
highest. This result certainly originates from the fact 
that 𝒉𝒉 is assumed to be constant over time. From a 
physical point of view, its value is affected by wind 
speed and direction in the street canyon, and 
therefore, should vary over the day. 

 
Figure 4. Average daily cycle of outdoor air temperature as 
measured by weather stations (dot) and as predicted by the 
DDM using different Training Split Ratios (TSR). 
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Figure 3. Buildings being modelled using EnergyPlus. 

Buildings A, B, C, and D were modelled using 
EnergyPlus. Using this building energy simulation tool, 
it was possible to model buildings with LoD 1.2 as 
stated by Biljecki et al. [8]. Materials and internal heat 
gains were assigned from the Sketchup OpenStudio 
database (https://openstudio.net/) as those of typical 
office buildings in the tropics. An ideal load model was 
used to assess the amount of fresh air needed to keep 
the indoor temperature of buildings at 24 degrees 
Celsius and the relative humidity at 60%. 
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parameters of the coupled scheme that are used to 
evaluate increases or decreases in the outdoor air 
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model of the DDM. The multi-objective function stated 
in Equation ( 5 ) was optimized using the NSGA-2 
method with ℎ𝑙𝑙𝑙𝑙  equal to 0 Watts and ℎ𝑢𝑢𝑝𝑝  equal to 
500 Watts. The convergence criteria was defined with 
𝜀𝜀�̅�𝐻𝑠𝑠𝑠𝑠𝑠𝑠  and 𝜀𝜀𝐿𝐿𝐿𝐿̅̅̅̅ 𝑠𝑠𝑠𝑠𝑠𝑠   equal to 0.01 Watts. The weather 
conditions at the atmospheric level were assumed to 
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affected by waste heat releases and the surface 
temperature of the street is equal to measurements.  

Therefore, scenarios aimed at estimating the 
impact of waste heat releases and cool pavement on 
the outdoor air temperature and building energy 
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D. It was also considered that 100% of them are 
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of a DDM increases with respect to the size of its 
training set. Despite this observation, it is seen that the 
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physical point of view, its value is affected by wind 
speed and direction in the street canyon, and 
therefore, should vary over the day. 

 
Figure 4. Average daily cycle of outdoor air temperature as 
measured by weather stations (dot) and as predicted by the 
DDM using different Training Split Ratios (TSR). 

 

Although a time-constant 𝒉𝒉  seems to limit the 
accuracy that can be achieved by the coupled scheme 
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According to Miguel et al. [16], it is an acceptable 
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improved if weather conditions at the atmospheric 
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level or from simulations of a climate model. 

 
Table 1. Root Mean Square Error (RMSE) and Mean Bias Error 
(MBE) between predictions and measurements of the 
outdoor air temperature and humidity using different 
Training Split Ratios (TSR). 
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(K) 
MBE 
(K) 

RMSE 
(g/kg) 

MAE 
(g/kg) 

20% 2.24 0.93 6.80 5.90 8291 
40% 2.24 0.39 4.19 3.67 6219 
60% 2.31 0.80 5.46 4.76 4146 
80% 2.16 0.23 4.42 3.82 2074 

 
4.2 Baseline-scenario analysis 
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district of Singapore. However, it is important to note 
that the building consumption, as well as the waste 
heat releases, are certainly underestimated by the 
DDM in the case of Singapore. The main reason is that 
the 3D city model used to develop detailed BEMs was 
of a LoD 1.2, and thus, had no information about 
dimensions and positions of windows. As a 
consequence, buildings were assumed to be fully 
covered by walls, which neglects the impact of solar 
heat penetration on their cooling consumption. 

Figure 6 illustrates the effect of cool pavement in 
the outdoor air temperature as predicted by the DDM. 
As expected, the highest decrease in the outdoor air 
temperature appears to be achieved between noon 
and 4pm. Although the effect of cool pavement on the 
outdoor air temperature can clearly be observed from 
predictions of the DDM, it should not be the only 
countermeasure to be considered by the coupled 
scheme. In addition to cool pavement, the coupled 
scheme should also be able to evaluate the impact of 
vegetation, another countermeasure to UHIs.  

 

 
Figure 5. Average daily cycle of the outdoor air temperature 
predicted by the DDM with and without considering Waste 
Heat Releases (WHR) of buildings A, B, C, and D. 

 
Figure 6. Average daily cycle of the outdoor air temperature 
predicted by the DDM with and without considering Cool 
Pavement (CP) in the street canyon. 

Table 2 shows the average and highest impact of 
waste heat releases and cool pavement on the 
outdoor air temperature in the street canyon and the 
total sensible cooling load of buildings A, B, C, and D as 
assessed from the baseline. While waste heat releases 
appear to increase both the outdoor air temperature 
and the sensible cooling load, their magnitude looks to 
be reduced by cool pavement. Even though the result 
is consistent with expectation on the impact of waste 
heat releases and cool pavement,  their accuracy could 
have been improved if detailed BEMs had been 
calibrated against measurements of the cooling load. 
Unfortunately, no metered data was collected during 
the experiment conducted by Miguel et al. [16].   

 
Table 2. Average difference (Avg. diff.) and peak difference 
(Peak diff.) between the baseline and scenarios comprising 
Waste Heat Releases (WHR) and Cool Pavement (CP). 

Scenario Air Temperature Sensible cooling load 
Avg. diff. 

(K) 
Peak diff. 

(K) 
Avg. diff. 

(kW) 
Peak diff. 

(kW) 
WHR 0.25 0.67 1.78 4.69 
CP -0.34 -1.15 -3.90 -16.67 

733



 

5. CONCLUSION 
This study explained how interactions between 

buildings and their outdoor conditions can be 
simulated using a coupling between detailed BEMs 
and a data driven UCM. The DDM was trained and 
tested using measurements of outdoor air 
temperature and humidity collected in Singapore by 
Miguel et al. [16]. The DDM was also used to observe 
the impact of waste heat releases and cool pavement 
on the outdoor air temperature of the street canyon 
and the cooling consumption of buildings. 

One result was that the DDM predicts the outdoor 
air temperature with a similar accuracy than the 
physically-based model validated by Miguel et al. [16] 
using the same input and test data. At the same time, 
it was shown that the DDM predicts the outdoor air 
temperature with a higher temporal resolution than 
the physically-based model while considering urban 
morphology with a higher level of detail. It means a 
DDM is certainly a more appropriate solution to 
predict outdoor conditions at the neighbourhood scale 
within a CDT than any physically-based UMM that can 
be coupled with detailed BEMs.  

Another result was that the DDM is capable of 
predicting the impact of waste heat releases and cool 
pavement on outdoor conditions of a street canyon, 
which is a major improvement in comparison to other 
DDMs described in the literature [4]. This 
improvement was possible by defining a DDM that is 
still governed by fundamental principles of heat and 
mass transfer. Using the same principles, the DDM 
could easily consider additional sources of 
anthropogenic heat like traffic or countermeasures to 
UHIs like vegetation.  
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ABSTRACT: This paper presents a preliminary model for relating the optical characteristics of different dynamic 
shading systems to the visibility of the view through these systems. View visibility is dependent on the optical 
properties of the façade, the incident lighting, and the view beyond which makes it challenging to measure and 
quantify how well a view can be seen through different façade layers. In turn, this makes it difficult to understand 
how the benefits of a view through a window are preserved or diminished by partially occluding façade layers. 
Instead of relying on human subjects to confirm the fundamental attributes of human visual perception across a 
large and diverse range of façade and view scenarios, existing vision models can be leveraged to synthetically 
analyze these scenarios. Such analysis, which is piloted in this paper, can help link the optical properties of façade 
systems to what will be visible through these systems. This study finds that one such model, the HDR-VDP-3, 
appears to correctly respond to the scenarios tested which should help guide future research into criteria for 
preserving the qualities of a view (whatever they may be) when viewed through façade shading systems. 
KEYWORDS: Daylight, Views, Dynamic Facades, View Clarity 
 
 

1. INTRODUCTION 
The currently accepted framework for 

understanding view quality defines it as a function of 
content, access, and clarity [1]. View clarity is the 
property of the window/façade that determines how 
well an occupant has visual access to the view behind 
it. While this property is determined by the 
window/façade, it is dependent on how the view 
through the façade interacts with the content beyond. 
View clarity can also vary temporally with changing 
lighting conditions, both due to dynamic operation 
and how both the window and view content appear 
under a particular illumination. 

To distinguish from this broad category of clarity 
that encompasses dynamic façade operation and 
complex interdependencies, the term view visibility is 
proposed here to refer specifically to how well an 
occupant can see the available view. This property is 
contingent on both the particular location of the 
occupant and the particular lighting conditions at the 
time of the observation. Of course, a solid wall will 
have no view visibility and a free opening (with no 
glass) will have perfect visibility, regardless of the view 
content and lighting conditions. 

To refine the meaning of view visibility, we will 
start from the concept of view clarity, which is 
characterized by metrics that are typically based on 
optical properties of the material and are therefore 
specific to material assemblies. For instance, clarity of  
specular glazing is a function of transmission and 
specular reflection. For diffusing material, clarity is a 
function of near angle (clarity) and wide angle (haze) 
scattering. For fabric roller shades, the current state of 
the art is the View Clarity Index (VCI) [2], which 
depends, after an update, on normal-normal and 
normal-diffuse transmission [3]. Shading systems with 

larger scale openings, like venetian blind do not have 
a standard means of evaluating clarity.  

While clear high-transmission glazing will naturally 
always afford a high-degree of view visibility (so long 
as the outside is significantly brighter than the inside), 
other performance and comfort requirements often 
lead to competing pressures on the transmission 
properties of a façade. Avoiding glare and heat gain 
from direct sun while also maintaining daylight and 
view is the central tension managed by dynamic 
façade systems including venetian blinds, roller 
shades, and electrochromic glazing. Each of these 
systems works to reduce the transmitted light in 
different ways and, consequently, the degree to which 
daylight and views are maintained while glare is 
mitigated vary considerably. 

The visibility through electrochromic glazing can be 
degraded by changes in relative brightness across 
colors and the changing ratio between the transmitted 
view and the reflection of the interior (veiling 
reflections). These effects can be exacerbated if tinting 
leads to the use of electric lighting. Our ability to see 
through fabric depends on the openness of the weave 
(openness factor, OF), diffuse reflection and 
transmission, and whether an observer is close enough 
to the fabric relative to the size of the holes to perceive 
the surface as monolithic or as solid and void. 
Compared to shade fabric and glazing, exterior 
venetian blinds are much more angularly selective, 
capable of completely blocking views above (and 
below) a certain angle, while maintaining a high 
degree of openness in between. At typical dimensions, 
the view through venetian blinds is perceived as a 
combination of solid and void: beyond the open area, 
the view through venetian blinds is potentially 
degraded by “masking effects”, which describe the 
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way the pattern of the blinds interacts with the view 
content beyond. 

This study investigates the suitability of an existing 
model of visual perception that accounts for these 
different modes of view degradation to relate view 
visibility to the physical characteristics of different 
dynamic façade systems. The objective is to offer a 
means of comparing systems reliably even when they 
cannot be concisely described by the same physical 
parameters, as is the case with the aforementioned 
façade materials. 
 
2. METHODS 

Both the task of and approach towards quantifying 
view visibility can be framed as a visual difference 
prediction (VDP). VDP models are used in image 
reproduction to compare the impacts of different 
artifacts, including those due to rendering, 
compression, and tone-mapping operators [4]. Such 
VDP models have the ability to account for low level 
eye-functions like eye adaptation and retinal receptor 
response, high-level processing functions like pattern 
masking and object identification, and combined or 
intermediate functions like contrast sensitivity, visual 
acuity, and color appearance. Most models that are 
referred to as VDP models focus on perceptible 
changes in achromatic contrast sensitivity, whereas 
models that account for color are called Color 
Appearance Models (CAM). CAMs can be used to 
predict color difference (which generally includes both 
brightness or lightness, hue and saturation) between 
two adjacent colors, but do not yet include the 
necessary spatial dimensions to assess color 
perception across a complex scene, so are left for 
future work to incorporate into assessing view 
visibility. With the growth of High Dynamic Range 
(HDR) imaging and display, achromatic VDP have been 
extended to large dynamic ranges and used to 
compare perception of images within the adaptive 
environment in which they are viewed, such as HDR-
VDP-3 [5, 6]: this model is a “white-box” which means 
that the mechanisms of visual perception are directly 
applied (as opposed to “black-box” machine-learning 
algorithms) and uses a perceptually uniform encoding 
of luminance that has been validated up to 10,000 
cd/m2 [7]. Together, these features gives it high 
potential to extend to the novel application of the 
present study. 

In this study, we used this promising HDR-VDP-3 
model to compare the view from a room through a 
façade with different treatments to the identical 
unobstructed view through the façade openings. 
Images are generated with simulations using a range 
of high resolution HDR environment maps to both light 
the scene and provide highly detailed and realistic 
views. As shown in Figure 1, all six views include the 
direct sun incident on the façade, implying that some 
shading could be necessary. The process needed for 
capturing and preparing the HDR environment maps 
(with calibrated luminance, color, and accurate solar 
source without lens flare) is part of an ongoing study 
and will be published separately. These view images 
are used as the input for analysis, simulating a human 
observer in the space directly, rather than looking at 
the images. 

In total, 11 different façade variants of three 
different systems are evaluated. The systems include 
clear and electrochromic glazing at three transmission 
levels, interior fabric roller shades at two openness 
levels and two fabric colors, and exterior venetian 
blinds at four tilt angles. Note that the material model 
for fabric roller shades used in this study required an 
ad hoc development, which will be described in a 
separate publication as well. The 11 systems are: 

§ Clear: Glass 80% VLT 
§ EC6: Electrochromic Glass 6% VLT 
§ EC1: 1% VLT 
§ Dark 8%: Fabric with 8% OF, 10% VLR, and 6.8% VLT 
§ Dark 4%: 4% OF, 10% VLR, and 4% VLT 
§ Light 8%: 8% OF, 35% VLR, and 9.8% VLT 
§ Light 4%: 4% OF, 35% VLR, and 7% VLT 
§ Blinds 0°: 10 cm flat blinds with 30% VLR 
§ Blinds 15°: rotated 15° 
§ Blinds 30°: rotated 30° 
§ Blinds 45°: rotated 45° 

 
2.1 Simulation 

The simulated model is a replica of a mock office 
test chamber with a south facing window, with a 
specific framing geometry (six window parts, one of 
which has a thicker frame). This model was selected to 
enable future studies validating the accuracy of the 
proposed simulation approach that would include 
physical measurements and human subject studies. In 
this approach, a color–and luminance–calibrated 
fisheye HDR image taken from the perspective of the 
façade is used as the view out and source of 

D. Close TreesA. Close Building E. Trees and CloudsB. Mixed Height 
Buildings

F. Distant TreesC. Buildings and 
Vegetation

Figure 1: The six façade environment maps covering a range of view content, skylines, sun positions, and sky conditions. 
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Figure 1: The six façade environment maps covering a range of view content, skylines, sun positions, and sky conditions. 

 

illumination. Using Radiance, the HDR image 
represents sky and ground as seen from the façade. 
The direct sun is extracted from the HDR and modelled 
as a light source to accurately capture shadow rays. 
Figure 2 describes the components of the simulation 
model. Material reflectance for all interior surfaces 
were taken from previously collected measurements. 

Along with the reference scenario, which is 
simulated with no glazing (or any other material) in the 
window openings, 11 different façade system variants 
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the maximum resolution of the environment maps and 
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prediction can account for these fine scale details. 
Each variant was also simulated with two electric lights 
within the room capable of providing a median 300 lux 
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different “tasks”. The “side-by-side” task, which is 
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180° Fish-eye 
Environment map

(infinitely distant source)

Direct sun

2.9w x 6.3d x 2.5h 
test room

0.45 x 0.45m surface 
mounted down lights

100° x 80° perspective 
view 1.5m from facade

work-plane @ 1m

window wall and  facade 
system options

Reference EC1

Light 8% Blinds 0°

Figure 2: Exploded schematic of the simulated scene and 
example result renderings, one for each of the three 
system types tested and the reference. 
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this intuition to the model output, the 
sensitivity_correction, described in the model’s 
documentation as the main adjustment parameter, 
was set to -1.0, meaning the contrast and difference 
sensitivity was reduced by a factor of 10. This value 
established the clearest hierarchy of the major scene 
details, where dominant elements in the scene, like 
the skyline, were highlighted much more than smaller 
scale details like leaves, or wispy clouds. 

While Figure 3 shows the detectable contrast 
(2A,B) merged across frequency bands (how quickly 
the image is changing across pixels), the model 
operates on a range of frequencies independently. The 
HDR-VDP-3 model accounts for the different contrast 
sensitivities across these bands and includes the 
masking effects that interfering patterns can have on 
our ability to accurately reconstruct scene detail in the 
brain based on the signals received from the eye. 
Preliminary results were found to be far too sensitive 
to low frequency changes, with nearly identical images 
yielding vastly different results, so the ignore_freqs_ 
lower_than option was used to stabiize the results. 

 
3. RESULTS 

Figure 4 shows the weighted contrast detection of 
some of the tested shaded systems for portions of a 
selection of the views to qualitatively evaluate the 
models responsiveness to the different ways the 
included scenarios reduce view visibility.  

Scene A (see Figure 1) affords a close view across a 
narrow street to a building. The visible details are of a 
high contrast compared to the other scenes and are 
also predominantly rectilinear. The sun strikes the 
façade from a high incident angle and is filtered 
through light cloud cover. Because many of the 
detectable edges are horizontal lines, this scene is the 
worst performing for all the venetian blind scenarios. 
As seen in the contrast map for Blinds 0°, many of 

these horizontal details are occluded or masked by the 
horizontal blinds. Conversely, this is the best 
performing scene for both light shade scenarios. The 
relatively weak sun does not cause much veiling 
illumination, and the high contrast details of wall to 
window means that even with the contrast loss from 
the shade fabric, most detail is still readily visible. For 
shade fabric, greater openness matters more than 
color, with the light 8% outperforming the dark 4%.  

Scene C contains a mix of vegetation, buildings and 
sky. For this scene, blinds 30°, dark 4%, and light 8% all 
get similar overall view visibility scores, however the 
contrast maps in Figure 4 reveal that where and how 
the view is degraded vary considerably. The blinds 
preserve the views to the vegetation very well, even 
allowing for some reconstruction across the individual 
slats. The building elements are moderately well 
preserved, although similar to scene A, the horizontal 
details are lost. Because of the slat angle, the view to 
the sky is almost entirely blocked, and very little of the 
clouds remains visible. The dark 4% openness shades 
do not preserve the dark vegetation as well as the 
blinds but do a better job preserving the views of the 
buildings. While the light 8% fabric preserves the most 
detail of the cloud in the upper right and the view 
through the shades that are not directly illuminated by 
the sun, there is more severe contrast loss behind the 
directly illuminated fabric, especially in front of trees. 

This veiling illumination is even a problem for the 
dark 8% fabric when the background is dark and the 
sun is strong, such as scene D. While the trees are 
mostly visible wherever the fabric is shaded by the 
mullions, almost nothing is visible through the directly 
illuminated fabric. Scene D is the only scene where the 
electrochromic glazing scenarios exhibited significant 
view visibility loss: because of the bright sun and dark 
view content, even at 6% VLT the sun illuminating the 
interior wall causes some veiling reflections that 
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Figure 3: Overview of the visual difference prediction process. The Left images shows simulated luminance, the central detectable 
contrast, and the right the similarity between test and reference (see text). The final view visibility is the sum of the pixel values 
in image 4 divided by the sum of 2A, which yields the percentage of visible contrast in the reference view likely to be visible 
through the test façade. 
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relatively weak sun does not cause much veiling 
illumination, and the high contrast details of wall to 
window means that even with the contrast loss from 
the shade fabric, most detail is still readily visible. For 
shade fabric, greater openness matters more than 
color, with the light 8% outperforming the dark 4%.  

Scene C contains a mix of vegetation, buildings and 
sky. For this scene, blinds 30°, dark 4%, and light 8% all 
get similar overall view visibility scores, however the 
contrast maps in Figure 4 reveal that where and how 
the view is degraded vary considerably. The blinds 
preserve the views to the vegetation very well, even 
allowing for some reconstruction across the individual 
slats. The building elements are moderately well 
preserved, although similar to scene A, the horizontal 
details are lost. Because of the slat angle, the view to 
the sky is almost entirely blocked, and very little of the 
clouds remains visible. The dark 4% openness shades 
do not preserve the dark vegetation as well as the 
blinds but do a better job preserving the views of the 
buildings. While the light 8% fabric preserves the most 
detail of the cloud in the upper right and the view 
through the shades that are not directly illuminated by 
the sun, there is more severe contrast loss behind the 
directly illuminated fabric, especially in front of trees. 

This veiling illumination is even a problem for the 
dark 8% fabric when the background is dark and the 
sun is strong, such as scene D. While the trees are 
mostly visible wherever the fabric is shaded by the 
mullions, almost nothing is visible through the directly 
illuminated fabric. Scene D is the only scene where the 
electrochromic glazing scenarios exhibited significant 
view visibility loss: because of the bright sun and dark 
view content, even at 6% VLT the sun illuminating the 
interior wall causes some veiling reflections that 

1A. Test Shading 2A

42B

Adaptation
and mask

SUM

SU
M

VIEW VISIBILITY

1B. Reference View

% detectable 100

32103.2

15x10
4

15800
5000
1580
500
158
50

cd/m2

3

Figure 3: Overview of the visual difference prediction process. The Left images shows simulated luminance, the central detectable 
contrast, and the right the similarity between test and reference (see text). The final view visibility is the sum of the pixel values 
in image 4 divided by the sum of 2A, which yields the percentage of visible contrast in the reference view likely to be visible 
through the test façade. 

 

reduce the contrast of the view to the trees (visible in 
the lower left of the EC 6% map in Figure 4). At EC 1%, 
these veiling reflections also include the other walls of 
the room, which, because of the low daylight levels 
through the 1% glazing, are illuminated with electric 
lights to maintain sufficient indoor lighting levels. 

Scene F yields the highest view visibility for all but 
the light fabric shades and EC 1%. In both of these 
cases, there is too much loss of contrast due to veiling 
in front of the dark trees, even though the sun strikes 
the façade from a high angle. Interestingly, the blinds 
15° outperform the blinds 0° for this scene, even 
though according to any geometry-based analysis, the 
horizontal blinds would have a higher view openness. 
This is driven by two things. First, most of the scene 
detail is below the horizon line where the two blind 
positions have nearly equivalent view factors. Second, 
at 0° the tops of the blinds are visible, creating high 
contrast edges with the dark trees behind that tends 
to introduce a stronger masking effect. 

Figure 5 plots the view visibility for all 11 scenarios 
and six scenes. Three scenes, A, D and F, are overlayed 
as line plots to show where we can see a change in 
relative performance between the scenes for each 
scenario. Generally, the view visibility predicted from 
the HDR-VDP-3 model aligns with our experience. 
Clear glazing, even at low transmission, will afford by 
far the best view compared to fabric shades and 
blinds, but is still susceptible to contrast loss dues to 
veiling reflections. Shades with darker fabrics 
generally preserve views better than lighter fabrics, 

especially when lower angle, high-intensity sun is 
directly incident. Shades with higher openness factors 
always preserve view better when the fabric is the 
same. Venetian blinds that are more open to the view 
beyond are likewise going to afford better visibility, 
but the ideal angle will depend on where, in the field 
of the view, most of the relevant view content resides. 

For comparison, Figure 5 also plots, as Xs, the 
geometric view visibility calculated as the percentage 
of direct view rays that will transmit through each 
façade system from the same view point. Clear glazing 
will always have 100% visibility for any transmission 
greater than zero. The fabric roller shades generally 
outperform their geometric openness, while venetian 
blinds underperform theirs. As blinds also provide a 
smaller cutoff angle, there is a greater reduction in 
free area visible in a real perspective view compared 
to a flat parallel accounting of view openness. 

These comparisons, both within system and 
accounting for visual perception mechanisms, are 
already applicable as an image processing tool to 
complement other tone-mapping and qualitative 
rendering techniques.. However, calibration against 
human subject data will be important future work in 
order to develop robust numeric quantities to 
compare across façade system type. While we might 
expect intuitively that fabric roller shades and 
venetian blinds will perform similarly, the HDR-VDP 
model has only been calibrated to viewing images with 
certain types of introduced degradations, which may 
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100
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Figure 4: Example contrast detection maps displaying notable features discussed in the text. These maps,  
paired with tone mapped images of the same regions are equivalent to image 4 in Figure 3 but also include  
the tone-mapped pixels as background. The reference condition (no glass or other obstruction beyond the mullions on the façade) 
is shown above the three featured facades for each scene with callout box indicating the section(s) of the view shown. 
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not directly align with the degradations introduced by 
the subject and process used in this study. 

 
4. CONCLUSION 

This study explored an original application of an 
existing visual difference prediction model to evaluate 
the newly introduced concept of view visibility, i.e. the 
extent to which the main features of a view out may 
be preserved when filtered through a given façade 
system. Three different commonly used dynamic 
façade systems – venetian blinds, fabric shades and 
electrochromic glazing, for various configurations each 
– were tested on six different view environments for 
this purpose, leading to an interesting distribution of 
view visibility values, with general trends following 
intuition and a strong potential to robustly compare 
view preservation across scenarios. A visual analysis of 
the different output contrast detection maps also 
revealed that the model properly accounts for 
adaptation across visual environments, loss of contrast 
due to veiling, and masking due to pattern 
interference. With calibration through controlled 
human participant experiments, such a model shows 
promise to enable the direct comparison of view 
visibility across façade systems, thereby aiding in the 
development of a generalizable view visibility metric. 
In particular, the relative visibility loss due to the 
screened view through shades needs to be balanced 
with the loss due to masking effects from larger scale 
patterns like venetian blinds. Compared to a geometric 
approach to view visibility, the results of this study are 
more aligned with both our intuition and experience 
looking through these systems, suggesting that this 
approach warrants further investigation. 

View visibility is a critical component in the chain 
connecting building occupants to the outside world 
and is the link that architects and other building 
industry practitioners often have the greatest control 
over. This preliminary study already suggests how 
different view content may imply different relative 
success of dynamic façade systems. For instance, that 
electrochromic glazing will not perform as well when 

the view is mostly not sky and/or mostly objects with 
low reflectance. Likewise, lighter fabrics with greater 
diffuse transmission may be a better choice when the 
view is mostly towards other buildings, but a darker 
fabric may better preserve views to trees and sky. 

This research should help set up future studies to 
directly compare a given façade system’s ability to 
maintain view while also investigating other key 
daylight performance criteria, such as glare, daylight 
availability, or potential to induce physiological effects 
and/or influence circadian rhythms. 
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ABSTRACT: Several Life Cycle Assessment (LCA) tools have been generated seeking to facilitate its application in 
buildings. However, most of them are focused on Europe or the US, leaving aside the Latin American region. This paper 
presents part of the results published in the article ‘An open access online tool for LCA in building’s early design stage 
in the Latin American context. A screening LCA case study for a bioclimatic building’, where a new LCA tool for buildings 
in Latin America is presented and validated. It is analyzed how this software (EVAMED) addresses the requirements 
established in the literature for LCA tools in early design phases. A screening LCA of a bioclimatic project is presented 
as a case study. A validation has been made by comparing the results obtained with those of a commercial software. 
The difference between both tools does not exceed an average of 40% considering various environmental impact 
categories. The results show EVAMED covers several of the requirements established for LCA tools for buildings early 
design stages, like the use of regional and international databases and the BIM-LCA integration. Bioclimatic strategies 
achieve a 30% reduction in the carbon footprint of the case study. 
KEYWORDS: BIM, LCA, Early design stage, Screening LCA, Building assessment tool. 

1. INTRODUCTION
Life Cycle Assessment (LCA) is a methodology that 

has been widely accepted to evaluate and, eventually, 
improve the energy and environmental performance of 
buildings. Its application is increasing into the normative 
and legislative schemes of various countries, mainly in 
the European region [1]. Although LCA in buildings 
entails certain methodological and practical application 
difficulties, various tools have been generated to 
facilitate its application [2]. However, most of these tools 
have been concentrated in the European and North 
American context, leaving aside the Latin American 
region [3]. 

This paper presents part of the results published in 
the article ‘An open access online tool for LCA in 
building’s early design stage in the Latin American 
context. A screening LCA case study for a bioclimatic 
building’ [3], where a new LCA tool for buildings in Latin 
America, called EVAMED, is presented and validated. 
The main objective of this tool is to assist the building 
sector stakeholders, mainly in Mexico and the rest of 
Latin America, from the first design phases, to create 
buildings with a lower environmental impact throughout 

their whole life cycle. Some of the main features of this 
tool are the following: 

 Friendly interface and oriented to a non-LCA
expert user.

 Automation in the Bill of Quantities (BoQ)
through a Revit model.

 Possibility of performing screening and
simplified LCA from the early design phases. 

 Suggestion of construction systems based on
the geometry modelled in Revit (LOD 200).

 Building materials database, not just
international, but from Mexico and Latin
America.

Because the objective is that this tool can be useful 
from the first design phases, it contemplates a BIM-LCA 
integration. Although it considers the life cycle phases 
that an LCA screening requires (A1-A3, B6), it also 
contemplates other stages, such as construction (A3-
A4), replacements (B4) and deconstruction (C1). 

The first advances in the development of this tool 
were presented at PLEA 2022, where the usefulness of 
the tool to calculate the carbon footprint of building 
materials (stages A1-A3) during the design phase was 
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shown [4]. Now, this paper presents the validation of the 
software and a case study that includes the use phase of 
a bioclimatic building is presented (Screening LCA). 
 
1.1 EVAMED framework 

EVAMED is based on a series of algorithms that 
implement the calculation logic of the LCA methodology. 
It is based on the life cycle phases and the modules 
defined in the EN 15978 standard. The EVAMED 
framework can be divided into 4 general parts: 

1. Design proposal. Revit is the program used to 
establish the link with the BIM environment. It 
is also possible to use other CAD modeling 
software, although without being linked to the 
tool. 

2. Bill of Quantities (BoQ). For simplified 3D 
models (LOD 200) a plug-in developed in 
DYNAMO is used to calculate and propose 

different options for construction systems to 
the user. For detailed 3D models (+LOD 300) the 
plug-in reads the material information specified 
by the user. In case of not using Revit, the user 
can perform the BoQ manually using a 
predefined xlms spreadsheet. In all cases, an 
Excel file is generated and imported into the 
tool. 

3. LCA calculation. The calculation algorithms of 
the EN 15978 standard are used, and the life 
cycle phases indicated in figure 3 are 
considered. The MEXICANIUH, EPDs and 
Ecoinvent databases are used. 

4. The results are shown through different types 
of graphs. The user analyzes the results and 
assesses the need to make adjustments to the 
analyzed building (fig. 1).

 

 
Figure 1: EVAMED framework 
 
2. METHODS  

The validation process of the tool was carried out in 
two ways: (1) validation of the functionalities as a useful 
tool during the first building design phases and (2) 
validation of the results of the calculations of potential 
environmental impacts. For the first validation, an 
analysis of the features proposed by Meex et.al. [2] for 
LCA tools useful for the first design phases was carried 
out, where a series of basic requirements that an LCA 
tool should meet to be useful from the early design 
phases are proposed. These requirements are divided 
into four axes: (1) data-input, (2) calculation, (3) output, 
and (4) usability in the design process. For the second 
validation, a comparative analysis of the results obtained 
from the case study, with EVAMED and a commercial 
software (One Click LCA) is made.  Due to the complexity 

of the LCA methodology, this comparison focuses on the 
general results, without going into a detailed analysis of 
their causes, which is beyond the scope of this paper. 
The work of A. Kamari, B., et.al. [5] is also used as a 
reference, since they also use One Click LCA to compare 
results with a new LCA software developed by the 
authors. 

A case study of a social housing prototype in a hot-
dry climate of northern Mexico is presented. This 
housing project is part of a research carried out by 
Marincic Lovriha, Ochoa de la Torre, & Alpuche Cruz [6], 
in which bioclimatic strategies are implemented and 
analyzed. These strategies have a positive impact in the 
use phase by minimizing the energy requirements, but 
how do they influence their embodied carbon footprint? 
EVAMED tool is used to give an insight in this regard. A 
screening LCA is implemented, so just phases A1-A3 and 
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B6 are analyzed, and only the carbon footprint is 
considered. Thus, two houses are analyzed: the 
reference house with conventional design and materials, 
and the bioclimatic house with design strategies and 
alternative materials to minimize energy needs during its 
use phase. One square meter of construction is used as 
a functional unit. A thermal simulation was carried out 
by Marincic Lovriha, Ochoa de la Torre, & Alpuche Cruz 
[6] to obtain the energy demand during the use phase of 
both houses, established in 50 years. The TRNSYS 
Simulation software Studio version 16 was used. 

 
3. RESULTS 
3.1 Usefulness as a useful tool during the early design 
phases 
Data-input 

According to Meex et al. [2], data input should be 
fast, limited, and consistent with the design phase. For 
EVAMED, the data input could be divided into three 
parts: general information of the project, BoQ for the 
production phase (A1-A3), and life cycle configuration of 
the project. For the first one, general information of the 
project is defined: type of project (housing, business, 
office, etc.), location, construction area, habitable area, 
number of levels and useful lifetime. For the BoQ input 
EVAMED considers three options: 

 Manual. Users can download a template file in 
xlsm format that can be filled selecting the 
construction materials that are preloaded in the 
EVAMED database. This file can be loaded into 
the tool. 

 Automated for LOD 200 Revit models. When 
user has modeled just a basic geometry (like a 
box), without specifying materials or 
construction systems, an xlsm file can be 
generated with the quantification of different 
construction systems, calculated from that 
modeled basic geometry. Different options of 
construction systems are generated for each 
element of the envelope. To carry out this BoQ, 
a Plug-in has been developed with 
programming in Python and Dynamo. The 
calculation methods and formulas for the 
quantification of each construction system are 
based on the Complementary Technical 
Standards of the Construction Regulations for 
Mexico City.  

 Automated for LOD +300 Revit models. When 
the user has specified construction materials in 
a Revit model, a file with an xlsm extension can 
be generated with the BoQ and BoM (Bill of 
Materials). This file can be uploaded to 
EVAMED. 

Regarding the life cycle configuration, is carried out 
through a wizard-type process of four general stages: (1) 
production; where the user is shown the quantification 
of materials loaded with the xlsm file; (2) construction, 
(3) use and (3) end of life, where information on energy 
consumption is requested from the user. Figure 2 shows 
an example of the interface during project configuration 
(input data).

 

 
Figure 2. Project configuration view (wizard-type process)

 
Calculation 
Meex, et.al. [2] divides the methodological framework 
into three sections: 

 Methodological and calculation choices. All 
methodological decisions must be pre-

programmed in the tool, ready to be used by 
the user, especially for the early design phases. 
For EVAMED, the environmental impact 
categories and the algorithms of the standard 
EN 15978:2011 are considered. The basic 
principle of the environmental impacts’ 
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calculation consists of multiplying the total 
amount of each product or service with its 
respective unitary environmental impact. 

 Scope of the assessment. A holistic approach 
that considers the environmental impact 
assessment of materials and the calculation of 
operational energy demand is desirable in an 
LCA tool for buildings. At this point in the 
EVAMED development, the analysis of energy 
demand must be carried out externally. 
However, the user can enter the energy 
consumption of the use phase manually. 

 Time-investment. Because in the early design 
phases of a building the objective is to evaluate 
different design and materials options, the time 
invested must be kept as low as possible. 
Modifications can be made directly in the tool, 
either in the BoQ or at some stage of the life 
cycle. The results are displayed in real time, 
although it is necessary to switch between the 
configuration and the results view. 

 
Output 

It is necessary to present the results in a clear and 
easy way so the users can interpret them. Using charts is 
preferable to long and detailed reports [2]. Since in the 
early design phases of a building the objective is to 
evaluate different design and material options, the time 
invested should be as low as possible. It is also desirable 
to use reference values (benchmark) so that the user can 
easily assimilate the environmental impact of his project 
with respect to other similar buildings. However, not all 
countries have enough information to establish these 
benchmarks. EVAMED presents the results in three 
levels of detail: (1) by life cycle stages, (2) by construction 
elements and (3) by construction materials. All the 
graphs are interactive, so the user can explore different 
levels of detail. 

 
Usability in the design process 
This section can be divided into two parts: 

 Adaptability & flexibility. All data should be 
adapted to the design stage, easy to review or 
change without loss of data and that alternative 
solutions should be easily created and tested in 
parallel within the application. A parametrized 
input of the data for calculation is desirable  [2]. 
In EVAMED the user can make parametric 
modifications directly in the project 

configuration section, at any stage of its life 
cycle. In case of choosing to modify the 
geometry of the 3D model in Revit, it is 
necessary to generate a new Excel file with the 
BoQ and import it into EVAMED. 

 Comparison & feedback loops. According to 
Meex et al. [2], a comparison with a reference 
point or a target value would be desirable, as 
well as to compare multiple variants of their 
own design project. Another requirement is 
that high impact elements of the building, 
should be clearly indicated, preferably in a 
visual way (e.g. by means of green-red color 
scales) so that users can see which building 
parts have the largest optimization potential. In 
EVAMED these suggestions are addressed. 
Comparisons can be made between the results 
of different projects and/or versions of the 
same project, for example, between a baseline 
and various modified options. Also, for the 
construction elements results, an illustrative 
figure of a building is used to show where the 
environmental impacts are concentrated. 

 
3.2 Validation of the tool 

To validate the calculations, two building houses 
have been modeled in EVAMED and One Click LCA: one 
with conventional design and materials (reference), and 
another with bioclimatic strategies and alternative 
materials (bioclimatic). Orientation, proportion, solar 
protection on doors and windows, and use of insulating 
materials are some of the design strategies considered 
for bioclimatic housing. 

Table 1 shows the results of the reference building 
with both software. Although One Click LCA presents, on 
average, lower environmental impacts for the 
production (A1-A3) and use (B6) phases, with -40% and -
15% respectively, none of the environmental impact 
categories exceeds +- 67% difference between both 
software. For the production phase, the smallest 
difference is in the Global Warming category (-12%), 
while for the use phase, the smallest difference is in the 
Abiotic Depletion Potential category (-4%). On the other 
hand, the work of Kamari et al.  [5] reports that One Click 
LCA has an average of +31% more environmental 
impacts for the production phase, with the Ozone 
Depletion Potential category presenting the greatest 
difference with +224%. 
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Table 1:  Comparison of the LCA results delivered by EVAMED and One Click LCA 
Environmental Impact 

Category EVAMED (1) OneClick LCA (2) Difference 2 to 1 Difference 
reported 

by [8] 
(A1-A3) 

Impact 
category Unit A1-A3 B6 Total A1-A3 B6 Total A1-A3 B6 

ADPe kg Sbe 3.09E+01 1.19E-01 3.10E+01 Not reported - - Not 
reported 

ADPf MJ 7.35E+04 2.71E+06 2.78E+06 3.89E+04 2.61E+06 2.65E+06 -47% -4% -11.5% 
GWP kg CO2e 1.04E+04 1.37E+05 1.47E+05 9.10E+03 1.69E+05 1.78E+05 -12% -23% -30.1% 
ODP kg CFC11e 4.77E-04 2.03E-02 2.08E-02 2.17E-04 1.62E-02 1.64E-02 -55% -20% 224% 
AP kg SO2e 3.90E+01 1.76E+03 1.80E+03 1.28E+01 6.57E+02 6.70E+02 -67% -63% -26.7% 
EP kg PO4e 2.84E+00 1.11E+02 1.14E+02 2.27E+00 9.77E+01 1.00E+02 -20% -12% 0.2% 

WSP m3 4.48E+01 - 4.48E+01 Not reported - - Not 
reported 

POCP kg C2H4e 1.87E+00 9.79E+01 9.98E+01 Not reported - - 32.9% 
Average   -40% -15% 31% 

ADPe: Abiotic depletion potential (ADP-elements) for non fossil resources, ADPf: Abiotic depletion potential (ADP-fossil fuels) for fossil resources, 
GWP: Global Warming Potentia, ODP: Ozone Depletion Potential, AP: Acidification Potential, EP: Eutrophication Potential, WSP: Water Scarcity 
Potential, POCP: Photochemical Oxidation Potential 

The comparative analysis shows that EVAMED 
presents fewer differences with One Click LCA, 
compared to the software developed by Kamari et al.  
[5]. However, it is necessary to mention that in both 
cases, the differences may be due to the different 
databases considered in the respective software. 
Although the three-software use EPDs as the main 
source of information, the results can vary significantly 
due to the different EPDs considered and selected by 
users in each tool [5]. 
 
3.3 Screening LCA results 
By life cycle stages 
The results show that the bioclimatic house has a lower 
carbon footprint with 2.92E+03kg CO2 eq/m2 vs 
4.15E+03 kg CO2 eq/m2 of the reference house. Not just 
the use phase of the bioclimatic house has a lower 
carbon footprint, but also the production phase (table 
3). 
 
Table 3:  Global Warming Potential (kg CO2 eq/m2) 

  Reference Bioclimatic 
Production phase 2.92E+02 1.90E+02 
Use phase 3.86E+03 2.73E+03 
Total 4.15E+03 2.92E+03 

 
By building elements 
Exterior walls have the highest environmental impact in 
the reference house, while in the bioclimatic house there 
are the fourth position. The roof is the element that has 
the greatest carbon footprint in the bioclimatic house. 
The graphs shown by EVAMED are presented by 
percentage, with a color scale from dark-brown to 
yellow-green (although it is also possible to know the 
exact amount of emissions from each construction 
element). In addition, a representative figure of a 

building is shown where each element (foundation, 
exterior walls, interior walls, roof, etc.) is represented by 
the same color as the graph. The objective is that users 
be able to quickly visualize where the environmental 
impacts are concentrated, rather than knowing the exact 
emissions amount. The user can interact with the graph 
by clicking on the labels of the construction elements to 
highlight them in the graph and in the figures (fig. 3). 

 

 
Figure 3: Environmental impacts by building elements 
 
4. CONCLUSIONS 

Numerous studies have been developed on the 
implementation of LCA in the building sector. The 
parametric approach and BIM-LCA integration are the 
main approaches suggested by studies to bring LCA 
closer to decision makers during the early phases of the 
design process. Most of the existing LCA tools have been 
focused on regions of Europe, Asia and the USA, leaving 
the Latin American region out of reach. EVAMED is a tool 
which main objective is to contribute to the paradigm 
shift of sustainable building in Mexico and Latin America. 

Although the requirements established by Meex et 
al. [2] for LCA tools for buildings in the early design 
phases are mainly intended for European countries, 
EVAMED considers several of these requirements. The 
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validation analysis showed that One Click LCA presents 
an average of 40% more environmental impacts than 
EVAMED in the production phase. Regarding the 
Production phase in the Global Warming category, 
EVAMED presents an average of 15% more CO2 
emissions, compared to the results of One Click LCA. This 
difference is less than the one presented by Kamari et al. 
[5], who shows a difference of +621% with One Click LCA. 
However, it should be noted that these differences 
between software depend a lot on the specific EPDs 
considered in each tool, as well as other input data 
considered for other the life cycle stages (transport, 
machinery, energy sources, etc.). 

The case study results showed that the bioclimatic 
design strategies not just managed to reduce the carbon 
footprint of the use phase by 28%, but also the 
production phase by 25%. Most of the proposed 
bioclimatic strategies are related to design, rather than 
to the implementation of additional construction 
elements (for example, solar protections). The change 
from industrialized materials (hollow cement block) to 
handmade ones (Compact Earth Block) also helped not 
to increase the embodied carbon footprint. 
 
4.1 Limitations and future work 

Two main limitations of this first version of EVAMED 
can be detected compared to other LCA-BIM software, 
however, this does not prevent its operation: 

 Does not provide real-time feedback on 
environmental impacts due to design changes. 
Because EVAMED is an external tool to any BIM 
software, design changes are not reflected in 
real time in environmental impacts. This could 
slow down the practitioner workflow. However, 
if there is a modification to the Revit 3D model, 
a new Excel file with the actualized BoQ can be 
generated and imported into EVAMED. The 
user can also manually modify the BoQ directly 
in the tool, and the new environmental impacts 
can be analyzed. 

 Does not offer suggestions/alternatives to 
improve environmental performance. It does 
not use optimization algorithms to propose 
solutions, however, it is possible to visualize, in 
a building schematic figure, the construction 
elements with the greatest environmental 
impact in each category considered (global 
warming, eutrophication, etc.). This allows the 
user to quickly detect where to focus efforts to 
improve the environmental performance. 

 
Beyond the aforementioned technical aspects, an 

important step for the development of EVAMED (and for 
any LCA tool for buildings), is its adoption by architects, 

builders and designers. For this, the incorporation of the 
life cycle approach within the normative and legislative 
scheme of the construction sector in countries like 
Mexico is essential. As the life cycle approach becomes a 
requirement for new construction and renovating 
existing buildings, tools like EVAMED may evolve and be 
incorporated into the workflow of building practitioners. 
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Beyond the aforementioned technical aspects, an 

important step for the development of EVAMED (and for 
any LCA tool for buildings), is its adoption by architects, 

builders and designers. For this, the incorporation of the 
life cycle approach within the normative and legislative 
scheme of the construction sector in countries like 
Mexico is essential. As the life cycle approach becomes a 
requirement for new construction and renovating 
existing buildings, tools like EVAMED may evolve and be 
incorporated into the workflow of building practitioners. 
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ABSTRACT: This paper presents a novel approach to architectural education, focusing on the integration of 
hands-on building commissioning exercises within the curriculum to enhance undergraduate students' 
understanding of high-performance building codes and sustainable design practices. The course was structured 
into four modules: Indoor Air Quality, Thermal Comfort, Daylighting and Visual Comfort, and Building Envelope 
Efficiency. Each module combined theoretical lectures with practical applications, allowing students to engage 
directly with real-world environments. Observations indicated a significant improvement in students' 
comprehension and test scores compared to traditional lecture-based methods. This shift towards experiential 
learning not only deepened students' theoretical knowledge but also developed their practical skills in 
sustainable architecture. The approach demonstrates the effectiveness of hands-on learning in architectural 
education, preparing students to meet the challenges of sustainable design in their professional futures.  
KEYWORDS: High Performance Buildings, Building Commissioning, Building Energy Codes, Energy-efficient 
Buildings Standards, Architectural Education 

1. INTRODUCTION
A gap exists in conventional architectural 

education, which often emphasizes design and 
aesthetics while sidelining practical, sustainability-
focused aspects like energy efficiency and 
environmental impact. This educational disconnect 
limits the ability of upcoming architects to effectively 
contribute to the sustainable development goals. To 
address this gap, there is a need for an integrated 
approach that combines theoretical knowledge with 
practical applications, particularly in the context of 
high-performance building codes. 

This paper introduces an innovative educational 
framework developed for a net-zero energy class, 
which aims to bridge this gap. The framework 
emphasizes hands-on building commissioning tasks, 
drawing inspiration from the American Society of 
Heating, Refrigerating and Air-Conditioning Engineers 
(ASHRAE) Guideline 0.2-2015 [1]. The curriculum is 
structured to provide students with in-depth lectures 
on topics such as indoor air quality codes, thermal 
comfort, daylighting, and ASHRAE 90.1 standards [2]. 
Following each lecture, students engage in practical 
tasks, surveying a classroom environment to apply 
their newly acquired knowledge. 

The hands-on tasks are carefully designed to 
integrate seamlessly into the curriculum. Students 
work in teams to examine various aspects of the 
building environment, including indoor air quality, 
thermal comfort, daylighting and glare, employing 
tools like thermal imaging to evaluate insulation and 
air filtration. This practical approach not only ensures 
the application of theoretical knowledge but also 
fosters collaborative learning and critical thinking. 

The impact of this hands-on approach on student 
learning has been significant. It has not only improved 
student engagement but also enriched their 
understanding of high-performance building codes. 
By effectively elevating theoretical knowledge to 
practical application, students are better prepared to 
contribute to sustainable architectural practices. The 
findings from this approach suggest that such 
educational frameworks have the potential to 
transform architectural education, making it more 
relevant to contemporary challenges in sustainability. 

Moreover, the implications of adopting such 
frameworks extend beyond the classroom. They 
signify a shift in architectural education towards a 
more holistic approach, where sustainability is not 
just an optional module but a core component of the 
curriculum. This shift is essential for preparing future 
architects to play a pivotal role in creating sustainable 
and resilient built environments. 

In conclusion, the integration of hands-on 
commissioning tasks in architectural education, 
aligned with high-performance building codes, is not 
only innovative but necessary. It paves the way for a 
new generation of architects who are not only skilled 
in design but also adept in creating buildings that are 
environmentally responsible and sustainable. 

2. METHODOLOGY
The objective of this research was to evaluate the 

effectiveness of hands-on building commissioning 
tasks similar to the tasks detailed in ASHRAE's 
Guideline 0.2-2015, in enhancing undergraduate 
architecture students' understanding of high-
performance building codes. The study adopted a 
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multi-dimensional approach, involving both 
theoretical instruction and practical application. The 
curriculum was embedded within a net-zero energy 
class and aimed to transition students from a 
traditional lecture-based learning model to an 
interactive, hands-on approach. 

Over the course of the semester, the class was 
divided into four modules, each focusing on a critical 
aspect of high-performance building codes: Indoor Air 
Quality, Thermal Comfort, Daylighting and Visual 
Comfort, and Building Envelope Efficiency. After a 
series of lectures in each module, students were 
tasked with commissioning activities, which involved 
surveying and evaluating one classroom environment. 
The parameters examined during these 
commissioning tasks were selected to align closely 
with the high-performance building codes and 
standards taught in the lectures. 

Each module employed standardized instruments 
and research-grade equipment to ensure the 
consistency and reliability of the data gathered in 
commissioning one classroom within the school's 
building. The findings from these commissioning tasks 
were then compared to the high-performance 
building codes to assess compliance and identify 
areas for improvement. 

One particularly engaging commissioning exercise 
for the students was the use of thermal photography 
through a drone, which captured their interest due to 
the innovative use of technology. This method was 
employed in the Building Envelope Efficiency module, 
where students utilized the drone to take thermal 
images of the building. The focus was on examining 
the thermal performance of the building envelope, 
specifically targeting walls and roofs. This hands-on 
approach not only provided a dynamic learning 
experience but also offered a practical perspective on 
assessing and understanding the thermal efficiency of 
architectural structures. 

 
2.2 INDOOR AIR QUALITY MODULE 

In the Indoor Air Quality module, students used 
Greywolf Sensing Advanced Sense meters, calibrated 
for precision by the manufacturer, to measure a 
range of air pollutants in a design studio over a 24-
hour period. The instruments were calibrated to 
measure concentrations of Carbon Dioxide (CO2), 
Carbon Monoxide (CO), Sulfur Dioxide (SO2), Ethanol 
(EtoH), Total Volatile Organic Compounds (TVOC), 
Particulate Matter 2.5 (PM2.5), and Particulate 
Matter 10 (PM10). Please see table one for an 
example measurement by the students over a 24-
hour period. See Figure 1.  

Students were instructed to compare their 
findings with established codes such as 
Environmental Protection Agency (EPA) guidelines 
[3], Occupational Safety and Health Administration 

(OSHA) standards [4], and the Leadership in Energy 
and Environmental Design rating system (LEED) [5] . 
By aligning the collected data with these established 
codes and standards, students were able to assess 
the level of compliance of the classroom environment 
and identify areas requiring improvement. See Table 
1.  
 

 
 
Figure 1: A graph of partial IAQ data collected by the 
students. The graphed data include CO2, CO, SO2, EoTH, 
and tVOC levels over 24-hour period.  
 
Table 1: Partial list of the Measured pollutants by the 
students and comparison to the recommended limits by 
OSHA, EPA, and LEED. OSHA limits are based on 8-hour 
period.  
 

Gas AVG OSHA EPA LEED 
CO (ppm) 2 50 9 -- 

CO2 (ppm) 454 5,000 -- 1,000 
SO2 (ppm) 0.012 5 0.075 -- 

EtOH (ppm) 2 -- -- -- 
tVOC (mg/m3) 0.9 -- 0.5 0.25 

 
2.3 THERMAL COMFORT MODULE 

In the Thermal Comfort module, students utilized 
research-grade instruments within a classroom to 
measure factors influencing human thermal comfort, 
consistent with their study in the Indoor Air Quality 
module. See Figure 2 for a list of the devices used to 
collect thermal comfort and IAQ data. They employed 
a heat index meter for data on air temperature and 
mean radiant temperature, while also assessing air 
speed and humidity. These parameters were carefully 
chosen to correspond with ASHRAE Standard 55, 
which outlines the thermal environmental conditions 
for human occupancy. Utilizing the Predicted Mean 
Vote (PMV) method outlined in ASHRAE 55 [6], 
students analyzed their findings, gaining a 
comprehensive understanding of how environmental 
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factors contribute to thermal comfort in architectural 
spaces. 
 

 
 

Figure 2: Equipment setup used by the students to collect 
data required for accessing thermal comfort and IAQ in the 
design studio. List of the devices: 1-Heat Index Meter, 2-Air 
Velocity Meter, 3-Gases Meter, 4- Particulate Matter Meter. 
 

For their thermal comfort analysis, students 
measured conditions at three classroom points: 
adjacent to the window, centrally, and away from the 
window. Utilizing the Center for the Built 
Environment's Thermal Comfort Tool from the 
University of California [7], they applied the PMV 
method from ASHRAE Standard 55 (see Figure 3). 
Near the window, the air temperature and mean 
radiant temperature (MRT)—determined using a 
black globe thermometer—were both 20°C. The air 
speed was 0.1 m/s with a relative humidity of 37%. 
Accounting for a seated, quiet activity level (1 met) 
and typical classroom attire (0.61 clo), the PMV result 
was -1.96, suggesting a cooler than comfortable 
condition with a 75% probability of dissatisfaction 
(PPD). These conditions failed to meet ASHRAE 
Standard 55-2020's compliance, aligning with student 
feedback gathered through discussions and informal 
surveys indicating discomfort. 

 
Figure 3: Psychrometric Chart utilizing PMV method 
showing cold sensation at the location next to the window.  
 
2.4 DAYLIGHTING & VISUAL COMFORT MODULE 

In the Daylighting and Visual Comfort module, an 
emphasis was placed on the pivotal role that 
daylighting and glare control play in creating 
comfortable and energy-efficient buildings. 
Understanding the balance between natural light 
benefits and the potential for visual discomfort is 
critical in architectural design. To this end, students 
engaged with research-grade equipment to evaluate 
the lighting conditions in the classroom, the 
consistent focus of the course's practical modules. 
They measured illuminance levels using a Konica 
Minolta Illuminance Meter to objectively assess the 
quality of daylight within the room (see Figure 4).To 
address glare and visual discomfort, students utilized 
both a luminance meter and a camera with a fisheye 
lens, capturing a wide view of the room's lighting 
scenario [8]. See Figures 5-7. The data obtained 
provided valuable insights into the interplay of light 
and space, which were then carefully compared to 
the guidelines provided by the Illuminating 
Engineering Society (IES) [9], integrating established 
standards with hands-on learning. Therefore, 
allowing the students to understand the practical 
implications of daylighting design and create 
strategies for balancing natural light benefits against 
the risk of visual discomfort. 

 
Figure 4: Daylight availability survey of the examined 
studio. The collected data show the daylighting availability 
in lux in the morning (left) and late afternoon (right).  
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Figure 5: A 180-degree fisheye view for glare analysis. 
 

 
Figure 6: Glare analysis of the examined view. Glare sources 
are highlighted in green.  
 

 
Figure 7: luminance map of the examined view. 
 

2.5 BUILDING ENVELOP PERFORMANCE MODULE 
In the Building Envelope Efficiency module, 

students utilized both a handheld FLIR thermal 
camera and a drone-equipped thermal imaging 
system to conduct an in-depth analysis of the design 
studio's thermal integrity. This dual approach allowed 
for a detailed examination of temperature variations 
on surfaces, pinpointing problems related to air 
infiltration, thermal bridging, and insulation 
deficiencies. By analyzing these thermal images 
alongside high-performance building standards, 
students were able to critically assess the envelope's 
efficiency. This practical experience not only 
reinforced their theoretical knowledge but also 
highlighted the importance of meticulous envelope 
design in achieving energy-efficient buildings. The 
outcomes of this module were visually documented.  

students were tasked with creating 3D thermal 
models using photogrammetry, a method that 
involves taking overlapping photographs at various 
angles, including straight down shots. This technique 
requires a series of images taken around the object at 
a consistent flight altitude with significant overlap—
usually 60-80%—between images. These overlapping 
images, when processed, allow for the reconstruction 
of a 3D space, giving detailed insights into the 
thermal characteristics of the building's envelope 
[10]. See Figure 8. 

In the Building Envelope Thermal Analysis section, 
alongside photogrammetry for 3D thermal modeling, 
students also conducted detailed examinations of the 
envelope using a handheld FLIR thermal camera. This 
device complemented the drone's broad overview by 
allowing close-up inspections of areas suspected to 
have thermal inefficiencies. By juxtaposing the wide-
ranging thermal perspectives from the drone with the 
precise, localized data from the handheld camera, 
students could obtain a holistic understanding of the 
building's thermal performance. This dual approach 
provided a comprehensive assessment of the 
envelope's insulation effectiveness, air leakage, and 
potential thermal bridges. See Figure 9. 

 

 
Figure 8: A thermal 3D model produced by the students to 
examine the thermal performance of the entire building 
envelope including the roof. 
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Figure 8: A thermal 3D model produced by the students to 
examine the thermal performance of the entire building 
envelope including the roof. 

 

 
 

 
 
Figure 9: Top; A thermal picture taken with a handheld Flir 
Infrared camera. Bottom; a visible picture of the same 
scene. The thermal photo indicates some heat escape 
through the area right above the window located in the 
examined design studio.  
 
3. FUTURE IMPLICATIONS AND RECOMMENDATIONS 

This hands-on commissioning curriculum's success 
has significant implications for the future of 
architectural education. It suggests a shift towards 
more experiential learning models, which can be 
implemented in various architectural courses, 
enhancing student engagement and practical 
understanding of sustainable design principles. 
Recommendations for future courses include 
establishing partnerships with industry professionals 
and organizations for resource support, integrating 
newer technologies to keep pace with industry 
standards, and conducting formal studies to 
quantitatively measure the impact of such 
pedagogical approaches. 
 
4. STUDENT FEEDBACK AND REFLECTIONS 

Although formal data collection was not 
conducted, anecdotal observations and informal 
discussions indicated that students found the hands-
on activities enriching and more engaging than 
traditional lecture-based learning. Many students 
expressed that the practical application of theoretical 

concepts greatly enhanced their understanding of 
high-performance building codes and sustainable 
design practices. The interactive nature of the 
exercises, particularly the use of innovative 
technologies like drones for thermal photography, 
was frequently cited as a highlight. This feedback 
underscores the value of experiential learning in 
architectural education, suggesting a positive 
reception and a deeper level of engagement from the 
students. 
 
5. LIMITATIONS AND CHALLENGES 

This section addresses the limitations and 
challenges encountered during the implementation 
of the hands-on commissioning curriculum. One of 
the primary challenges was the resource-intensive 
nature of the approach, requiring access to 
specialized equipment and tools, which may not be 
readily available in all educational settings. 
Additionally, the time required to conduct hands-on 
activities was significantly greater than traditional 
lecture-based methods, posing scheduling challenges. 
There was also a learning curve associated with the 
use of technology, such as drones and advanced 
sensing equipment, which required additional 
training for both students and instructors. These 
factors, while manageable, highlight the need for 
careful planning and resource allocation in adopting 
this experiential learning model in architectural 
education. 

 
6. CONCLUSION 

This study's exploration into hands-on 
commissioning exercises as a pedagogical tool in 
architectural education reveals a transformative 
impact on student learning. The integration of 
practical exercises in line with high-performance 
building codes has not only enriched students' 
theoretical understanding but also significantly 
improved their practical skills. This was evident in the 
notable enhancement of their test scores. It's 
important to note that this observation of improved 
scores is based on instructor assessments, as a formal 
analysis of the test results was not conducted. 
Nonetheless, this perceived enhancement in 
performance is a promising indicator when compared 
to the outcomes of past student groups who were 
primarily exposed to traditional lecture-based 
methods. 

Crucially, the students' ability to apply complex 
theoretical concepts in real-world scenarios signifies a 
deeper level of learning. By participating in 
commissioning activities, students developed a 
nuanced understanding of sustainable design 
practices, a skillset indispensable in the modern 
architectural landscape. Their engagement in tasks 
like thermal imaging, air quality assessment, and 
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daylighting analysis provided them with hands-on 
experience that is often lacking in conventional 
architectural education. 

Furthermore, the method fostered a collaborative 
learning environment, enhancing students' teamwork 
and problem-solving abilities. These are key 
competencies that will benefit them in their 
professional careers. The integration of innovative 
technologies, such as the use of drones for thermal 
photography, not only captivated the students' 
interest but also prepared them for the evolving 
technological advancements in the field of 
architecture. 

The success of this educational approach 
advocates for a paradigm shift in architectural 
education, where experiential learning becomes a 
core element of the curriculum. By bridging the gap 
between theory and practice, this method prepares 
students to be not just designers but architects 
capable of contributing significantly to sustainable 
and resilient built environments. 

This hands-on commissioning curriculum has 
proven to be a necessary and innovative approach in 
architectural education. It has paved the way for a 
new generation of architects, equipped with a robust 
understanding of high-performance building codes 
and a passion for sustainable design. This approach is 
integral for cultivating architects who are not only 
adept in design but are also champions of 
environmental responsibility and sustainability in 
their professional practices. 
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between theory and practice, this method prepares 
students to be not just designers but architects 
capable of contributing significantly to sustainable 
and resilient built environments. 

This hands-on commissioning curriculum has 
proven to be a necessary and innovative approach in 
architectural education. It has paved the way for a 
new generation of architects, equipped with a robust 
understanding of high-performance building codes 
and a passion for sustainable design. This approach is 
integral for cultivating architects who are not only 
adept in design but are also champions of 
environmental responsibility and sustainability in 
their professional practices. 
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ABSTRACT: According to a study conducted by the International Energy Agency (IEA), it was found that buildings 
account for approximately 40% of global energy consumption, with about 75% of that energy being used in the 
operational phase a significant portion of 50 % of a building's energy consumption is allocated to thermal 
comfort. One approach to positively impact the energy consumption of buildings in summer and counteracting 
overheating is night cooling, where building components with thermal capacity are cooled by air during night 
periods. This paper aims to investigate, if night cooling enhances thermal comfort in a university building in 
Hannover, Germany. The building experiences significant heating during summer. In this regard, we developed 
an experiment to measure the impacts of night cooling on thermal comfort. In this study, data was gathered 
from three rooms to analyse and discuss how various night ventilation methods impact thermal comfort by 
measuring actual performance data. The results of this research indicate that night cooling is not an effective 
method for improving the thermal comfort inside the building of the Faculty of Architecture at Leibniz University 
Hannover due to low thermal mass and below-average thermal properties of the building components.  
KEYWORDS: Energy, Comfort, Night Cooling, Night Ventilation  
 
 

1. INTRODUCTION 
       
Thermal comfort plays the most significant role in the 
subjective perception of a building by its occupants, 
making it essential to allocate a substantial portion of 
a building's energy to maintain thermal comfort. 
Buildings account for approximately 40% of global 
energy consumption, with 75% dedicated to their 
operation and use [1]. Considering the diminishing 
fossil fuel resources and the relatively small share of 
renewable energy of final energy consumption for 
heating and cooling in Germany, positive impacts on 
the energy consumption for building operations 
represent a potential space for improvement [3]. 
According to studies by the International Energy 
Agency (IEA), the cooling energy consumption of 
buildings has a smaller share with around 1/6 of the 
share for heating [4]. However, when examining the 
trend in the energy end-users, such as space heating, 
space cooling, water heating, lighting, and cooking, it 
becomes evident that the energy demand for space 
cooling shows the highest growth rate. Between 2010 
and 2018, the end energy demand for space cooling 
increased by 33%, and this trend is expected to 
continue due to global warming [4]. Referring to the 
examined location of Germany, it can be specified 
that the annual average daily mid-temperature has 
been steadily increasing, especially since 1980 [5]. 
These results show that not only the cooling load of 
buildings is continuously rising but also the duration 
of cooling periods is getting longer. Consequently, 
investigating building cooling methods, especially 
passive and regenerative techniques that counteract 

heat gain during summer, has become increasingly 
important. During this process, spaces are initially 
heated through solar radiation and heat absorption, 
particularly by opaque building elements in the 
facade [6]. Subsequently, the building structure 
absorbs this heat due to its thermal mass. Methods 
for cooling buildings are diverse, ranging from active 
cooling systems such as air conditioning to activated 
solid building components, depending on the 
building's characteristics [7]. Night cooling refers to 
the process of cooling thermally retentive volumes 
that have been heated during the daytime due to 
solar radiation and heat absorption, and 
subsequently cooling them during the colder night by 
ventilation, thus ensuring that the reheating of 
spaces due to the cooled thermal mass occurs at least 
time-shifted [2]. Previous studies about night cooling 
primarily investigate the effect of night cooling on 
solid buildings with simulation tools and without the 
effects of user behaviour.  This study specifically 
examines the method of night cooling and whether 
its influence can improve thermal comfort in a 
university building during the summer period by 
measuring the actual performance of the building 
with sensors, while the daily operations in the 
building are taking place The examined building is a 
skeletal building with a concrete curtain wall and 
sliding windows. The studied rooms are on the top 
floor (third floor) and house the Institute of Building 
and Construction, Faculty for Architecture and 
Landscape, Leibniz University Hannover. 
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2. BACKGROUND 

In the book "Building Services and Energy efficient 
Buildings” by Prof. Dirk Bohne, the fundamentals for 
understanding night cooling are explained. The book 
addresses both the ecological and technical 
advantages of night cooling, supported by reference 
projects. Furthermore, Bohne observes that night 
cooling has no significant impact on the daily 
temperature profile for buildings with low thermal 
storage mass [2]. Regarding the state of research on 
night cooling and night ventilation, authors Solgi et al. 
wrote an overview in their paper "A Literature Review 
of Night Ventilation Strategies in Buildings” [8]. They 
categorize papers on night ventilation based on 
research methods (measurements, simulations, long-
term studies, operation/vacancy), building typology, 
climatic zone (humid, arid, moderate, cold), and 
geographic location. The literature can be broadly 
classified into simulation/numerical research, 
measurements/ monitoring, and a combination or 
comparison of simulation and measurements. 
Geographically, the studies are particularly 
concentrated in Europe [8]. Climatically, the focus of 
the analysed literature is on moderate zones. 
Notably, the research-density is higher in simulations 
of buildings without user behaviour, while the lowest 
research density is found in measurements / 
monitoring [8]. A recent study in the section of on-
site measurements is one by PlanTeam Schwarz and 
GreenSpleen (InnoVision Group) from 2022, where an 
empty floor of a solid office building in Berlin was 
used for an experimental setup similar to our 
research [9]. The study found that night cooling 
achieved significantly cooler room temperatures both 
during the daytime and for a year. During the hot 
period, night cooling significantly improved thermal 
comfort [9]. After analysing the research methods of 
parts of the existing literature, the research findings 
are particularly relevant in terms of showing essential 
factors for the effectiveness of night cooling that are 
explained in the following paragraphs. It becomes 
evident that most of the existing literature is based 
on simulations. The research presented in this paper 
is addressing the niche of measured data analysis and 
the actual performance of a building in terms of night 
cooling and aims to fill this research gap. 
 
2.1 Key Parameters for the effectiveness of night 
cooling 
     Air Change Rate: 
Artmann's paper specifically examines the influence 
of indoor air change during night ventilation on 
thermal comfort [10], [11]. He concludes that 
particularly in the case of natural ventilation, wind 
conditions within the range of 0.2 to 4 air changes per 
hour are the relevant factor for thermal comfort [10].  

    Thermal Effective Mass: 
Among other factors, the thermal mass of the 
building is mentioned as one of the main factors for 
the effectiveness of night cooling. Shaviv et al. found 
that in buildings with high thermal mass, the indoor 
maximum temperature can be reduced by 3-6°K [13]. 
Improvements are also observed in constructions 
with moderate thermal mass. However, buildings 
with light thermal mass led to worsened thermal 
comfort [13]. Finn et al. further specify that double 
the thermal effective mass area leads to a 
temperature difference of 3K, which emphasizes the 
relevance of thermal mass to the effectiveness of 
night cooling [14]. 
    Building and Windows: 
The application of natural ventilation assigns greater 
importance to the form and size of windows [12]. In 
one study, cross- or single-sided ventilation was 
found to have no significant impact on the cooling 
load in the building, as both variants achieved an 8 
times air change per hour confirming Artman's 
findings.  [12]. 
    Temperature Difference and Duration: 
The effectiveness of night cooling is maximized in 
regions such as deserts and arid zones with night 
temperatures below 20°C [15]. Givoni, therefore, 
examined the decrease in indoor temperature based 
on the temperature difference during the night, 
which supports the studies of Artmann and Geros 
[15]. Yang also identifies the duration of the cooling 
period as another factor. He simulated a cooling 
period of 400 hours, achieving a reduction of the 
cooling load by approximately 60% [16]. However, 
this simulation serves only as an illustration and 
cannot represent a real scenario. 
Regarding the research methodology, it can be noted 
that a significant amount of research has focused on 
simulations. On-site measurements or experimental 
data collection for buildings in operation are 
particularly lacking. For this research, we subjectively 
assume that on-site measurements provide the most 
representative research results and the most reliable 
data due to the performance gap between simulated 
and measured scenarios based on assumptions that 
are made in the simulation climate-wise and building 
components-wise [17]. Also, simulations don’t 
include user behavior such as opening windows.  
 
2.2 Thermal comfort 
   While the term "comfort" initially pertains to 
subjective perception, various methods have been 
developed to quantify thermal comfort. Therefore, 
room temperatures are measured in relation to 
outdoor temperatures, incorporating an element of 
"acceptance" for people to render comfort a 
measurable value. Key scientific models for assessing 
thermal comfort in summer include the comfort fields 
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researched by Fanger, Frank, and Roedler [18]. 
Notably in Germany, normative standards like DIN 
1944-2 specify permissible maximum temperatures 
for certain spaces. Internationally, ISO 7730 serves as 
an evaluation basis. This standard is also incorporated 
in the ASHRAE Standard 55 (USA)[18]. Figure 1 
illustrates the comfort field for naturally ventilated 
spaces according to ASHRAE, which is referenced in 
this work due to its practical applicability and 
connection to ISO 7730. The comfort field includes 
two curves: one representing 80% and another 
showing the boundary for 90% user acceptance for 
room temperatures. 
 

     
Figure 1: ASHRAE Standard 55 comfort field 
 
3. METHODOLGY 
    The process of evaluating the impact of night 
cooling on the thermal comfort in the building in this 
paper includes four steps. We collected data from 
three separate rooms to measure the effects of 
different night ventilation methods on thermal 
comfort parallel. As a first step, we selected the 
rooms on the top floor to measure the data. The 
selection was based on several characteristics such as 
representative usage of the rooms, the exposure 
through the southern facade, the size of the windows 
in each room, thermal characteristics in the 
surrounding rooms, and the equal thermal mass in 
the components of the rooms.  
As a second step, we set up the rooms with different 
night ventilation methods 1) naturally ventilated, 2) 
non-ventilated, 3) mechanically ventilated.  
As a third step, we set up the three rooms with 
identical sensors in the same place to measure a data 
set with temperature, humidity, light intensity, and 
light color over 5 days in an interval of 15 minutes as 
a compact but less precise measurement period with 
Enviro sensors. In a second measurement period 
conducted under the same settings, we studied the 
temperature profiles of surface temperatures of 
different building components, to get an insight on 
the thermal characteristics of the rooms and 
materials. We collected and preprocessed the data 
from the sensors by using Python, and evaluated and 
compared the different night ventilation methods 
with their different room temperatures. As the last 
step, we pointed out the effects of the different night 
ventilation methods on the thermal comfort of the 

building. The night ventilation in the naturally 
ventilated room was achieved by simply opening the 
windows. In the mechanically assisted room, the 
night ventilation was increased by a standard fan. The 
data sets were supplemented with external data on 
outdoor temperature and then preprocessed. In the 
second measurement period, we studied the thermal 
characteristics of the building components in the 
studied rooms and their surface temperatures. 
Therefore, we installed Raspberry Pi sensors on the 
surfaces of building components and secured them 
from room temperature influences by using a 
polystyrene capsule with an open side to the surface 
of the building component. The night ventilation 
methods were evaluated and compared based on 
their room temperatures and outdoor temperatures.  
 

 
Figure 2: Axonometric Drawing of the Faculty of 
Architecture and Landscape, marked 
 
3.1 Rooms and construction 
      For this study, three representative rooms on the 
top floor of the Faculty of Architecture and Landscape 
building were chosen. The selected rooms are used as 
office cells. The main structure of the building is 
made of beams, columns, and ceilings/floors that 
result in a skeleton structure with a curtain wall. The 
floor consists of 295 mm reinforced concrete, with a 
floor structure of 50mm screed and a linoleum 
covering. The ceiling serves as the flat roof and is 
made of 295 mm reinforced concrete, topped with 
70mm of EPS insulation and waterproof membranes. 
The beams are made of 400x300mm reinforced 
concrete. The column behind the facade is the same 
dimension. The horizontal room closure is made by 
the curtain wall facade. The facade is a curtain facade 
made of concrete panels with core insulation and an 
interior balustrade made of concrete with radiator 
space. It has approximately 65% of horizontal sliding 
steel windows. The interior walls are constructed as 
drywalls with mineral wool core insulation.  
 
4. RESULTS AND DISCUSSION 
    The results of this study show the temperature 
profiles of rooms with different ventilation methods 
during three measurement periods while the building 

 

N 1)Fan vent. room 
2)Non vent. room 
3)Natural vent. room 

 

1      2  3 
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is used. Based on this study the impact of night 
cooling on thermal comfort in the specific rooms is 
analyzed. In Figure 3 the different temperature 
profiles are presented along with the outdoor 
temperature trend, the light intensity, and the light 
color. The main diagram (bottom) shows the 
temperature profiles, the relative humidity, and the 
outside temperature. The top diagram shows the 
light intensity and light color. In general, the 
relationships between the temporal daily courses and 
the resulting temperature trends can be observed 
over 5 days. Temperatures, indoor and outdoor, rise 
during the day with the progression of sunlight, and  
they cool down during the night. At the same time, it 
can be observed, that the relative humidity decreases 
with rising temperatures and increases with falling 
temperatures, as warmer air has a higher capacity for 
humidity. Following the three ventilation methods 
and comparing them to the outside temperature, it 
becomes evident that the temperature profiles have 
a larger spread in terms of night temperatures from 
the ventilated rooms in comparison to the non-
ventilated rooms. The profiles align parallel to the 
outside temperature trend during the day. The 
ventilated rooms cool down significantly more during  
the night periods than the non-ventilated room. 
Furthermore, none of the methods result in room 
temperatures lower than the outdoor temperature.  
Analyzing the charts chronologically, the peaks of 
light intensity on the first two days of measurement 
can be attributed to the appearance of the cleaning 
staff, who also closed the windows and turned off the 
fan. As a result, the increase in room temperature 
occurs with the peak of light intensity, while the 
outside temperature rises more slowly. On the 
second day of the measurement period, a rapid 
temperature drop in the non-ventilated room is 
noticeable, which cannot be explained by the 
measured data (Fig. 3a). This phenomenon suggests 
the influence of user behavior, likely opening the 
window. On the third day of the measurement 
period, a significant peak in the naturally ventilated 
room is evident, which is also attributed to user 
behavior, such as touching or approaching the sensor 
(Fig. 3b). On the fourth day, a rapid drop and 
subsequent rise in the outside temperature can be 
observed. This is reflected in all indoor temperature 
profiles, indicating the dynamic behavior of the 
rooms in terms of temperature. At the same time, the 
graph of light intensity also drops significantly, 
corresponding to cloud cover. Also, the humidity rises 
fast suggesting rainfall (Fig. 3c). On the last day of the 
measurement period, the temperature profiles of the 
rooms do align also during the night because the 
windows could not be opened due to bad weather 
(Fig. 3d). Furthermore, the maximum temperatures of 
the last three days in the naturally ventilated room 

are slightly higher than in the non-ventilated room, 
despite cooling down more during the night. This 
contradicts initial expectations and may be explained 
by different user behavior. To quantitively examine  
the ventilation methods and their impact on thermal 
comfort in the researched rooms, the temperatures 
are analyzed using the comfort field defined by the 
ASHRAE Standard 55[18]. In Figure 4, the three 
ventilation methods are presented alongside the 
curve representing the 80% Comfort field based on 
the ASHRAE Standard 55. Considering an average 
outdoor temperature of 20,75 °C during the 
measurement period, the 80% acceptance 
temperature is around 27°C. To compare the 
different ventilation methods, the areas out of the 
80% acceptance are colorized and the integral areas 
of the graphs are pointed out to get a quantitative 
view of the effectiveness of each method. Analyzing 
the three figures by comparing the critical areas that 
are out of the thermal comfort field (ASHRAE), it 
becomes evident that the non-ventilated room has 
the most amount of critical area with 76,75 hours of 
temperatures above 27°C. The fan-ventilated room 
has 62 hours of temperatures above 27 °C, while the 
natural ventilated room has 59 hours of temperatures 
above 27 °C. To get an insight into the thermal 
characteristics of the studied rooms, in the second 
measurement period, we analyzed the surface 
temperatures of the building components during the 
day. Due to bad weather conditions, the windows had 
to stay closed and no ventilation happened. Figure 5 
shows the temperature profiles of the concrete 
facade (interior surface), the drywall surface, and the 
surface of the floor. Overall, it can be said, that the 
studied room gains much heat compared to the 
moderate outdoor temperatures. Comparing the 
surface temperatures of the different building 
components shown in Figure 5, the phase shifts of 
heat gain become evident. The surface temperature 
of the drywall rises first, the floor and facade surface 
temperature follow with a phase shift of about half 
an hour. Also, the maximum surface temperature of 
the drywall is roughly one degree higher, compared 
to the surface temperature of the massive building 
components. Considering similar heat storage 
capacities and the significantly lower weight per area 
of the drywall (36 kg/m²) compared to the weight per 
area of the façade (384 kg/m²) combined with a much 
bigger share of drywall (36m² drywall, 4,3 m² façade) 
the aligning temperatures of both components 
becomes clear. 
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components. Considering similar heat storage 
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Figure 3: Surface temperatures of building components. 

 
5. CONCLUSION 
   In this paper, we studied the effects of night cooling 
on thermal comfort in public university rooms with 
building components that have significantly below-
average thermal characteristics. Considering the high 
temperatures in the rooms due to solar heat gain and 
heat transfer into the building in the summer, we set 
up three ventilation methods for comparable rooms 
and analyzed the effects of each ventilation method 
over two measurement periods of 5 days. While night 

a) b) 

Table 01: improvement result after night ventilation  

Method Orange area 
[ h*°C ] 

Improvement 
[ % ] 

Non 
ventilated 

76,75 0 
 

Natural 
ventilated 

59,0 
 

23,13 

Fan 
ventilated 

62,0 19,22 

 

c) 

Figure 4: Comparison of ventilation methods 

 
Figure 5: Quantitative analysis of the ventilation methods on thermal comfort. 
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cooling through night ventilation is considered an 
effective method for thermal comfort in the 
literature, this study indicates that night cooling is not 
an effective method for improving thermal comfort 
inside the researched building. Although the rooms 
cool down significantly during the night, they rapidly 
heat up again when the windows are closed due to 
radiational heat gain through the façade and from the 
core of this story and so adopt the temperatures of 
the surrounding rooms. As the outdoor temperatures 
rise during the day, the rooms heat up through 
thermal gains also caused by radiation. The highest 
temperatures are reached in the rooms due to solar 
gains through south-facing windows. Due to the 
quantitative evaluation of comfort fields, 
improvements in thermal comfort through night 
ventilation can be observed. Through fan-assisted 
ventilation, thermal comfort is improved by 19.2% 
when considering the measurement period. Through 
natural ventilation, it is improved by 23.13%. 
Nevertheless, it should be emphasized that the 
building heats up quickly during the day and there are 
almost no differences in temperature profiles of the 
different ventilation methods. Especially during work 
hours, the temperatures in the building outside the 
assessed thermal comfort range are observed. To be 
precise, the unventilated room has around one hour 
of comfortable temperature (below 27°C) during the 
working hours (08:00 – 09:00) over the measurement 
period of 5 days. The mechanically and naturally 
ventilated rooms improve to 3 hours of comfortable 
temperatures during the working hours over 5 days. 
The reasons for the small impact of night ventilation 
on thermal comfort can be found in the building 
construction and the building components of the 
Faculty for Architecture and Landscape. On one hand, 
there are considerably below-average thermal 
properties of the facade. On the other hand, there is 
a low thermally effective mass in the skeletal 
construction of the building. In summary, none of the 
ventilation methods significantly influence the room 
temperature throughout the day or improve the 
thermal comfort in the rooms during the next day. 
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ABSTRACT: Poor indoor air quality is associated with various ill-health conditions; and appropriate natural 
ventilation is recognized as an effective means to keep both buildings and occupants healthy. Natural ventilation 
is crucial where people spend most of their time in indoors with pollutants. The purpose of the work reported in 
this paper was to examine the potential impact of retrofitting options of vents on improving indoor air quality by 
removing particulates produced during cooking. It focused on single-room dwellings in informal settlements in 
Nairobi, Kenya. The dwellings are occupied by extremely low-income householders who typically live and sleep in 
the same room that they cook and dine. The majority of the dwellings are windowless. Where present, windows 
are rarely opened, either because they are occluded by crowded items, or due to insecurity, or to keep out 
mosquitoes. We used Computational Fluid Dynamics (CFD) to simulate air flow and particle dispersion, focusing 
on PM2.5. The results show that retrofits for natural ventilation can effectively reduce indoor particulates. The 
effectiveness is highly related to the type, size and location of retrofit vents, and to the fresh air inlet velocity. 
KEYWORDS: Informal housing, ventilation retrofit, indoor air quality, particulate dispersion. 
 
 

1. INTRODUCTION 
Natural ventilation of indoor spaces is important 

to reduce particulate matter with a diameter of 
2.5μm (PM2.5), or less, which are dangerous to human 
health [1, 2]. Exposure to ambient PM2.5 is associated 
with various types of cancer [3], increasing the 
morbidity and mortality rates related to lung cancer 
and decreasing the survival time of patients [4]. It is 
also linked with respiratory and cardiovascular 
illnesses, increased blood pressure, and negative 
effects on the heart, the brain, and the placenta [1, 2, 
5]. Particles produced during cooking are a common 
source of poor indoor air. They are directly related to 
biomass fuels, stove properties, cooking 
temperatures, and cooking styles [6]. The problem 
tends to be greater in developing countries, where 
higher indoor pollutants are generally observed [7], 
mainly due to the less clean fuels, and limited 
technology and mechanical methods available [6]. 
Therefore, sufficient natural ventilation during, and 
after cooking, is essential to maintain healthy indoor 
air quality. 

Informal urban settlements in the global south 
experience challenges of overcrowding, poor 
ventilation and PM from biofuels. The research 
reported in the current paper studied informal 
dwellings occupied by extremely low-income people 
in Nairobi, Kenya. The dwellings are mostly single 
storey and single room. Less often they have two or 
three storeys (Fig. 1). The purpose was to assess the 
impact of natural ventilation interventions on 
effective PM dispersion. It evaluated innovative 

designs of vent options that are low cost, and easy to 
install and maintain. The designs addressed 
challenges that prevent occupants from achieving 
sufficient natural ventilation: (i) adverse weather 
conditions; (ii) lack of windows and/or vents; (iii) 
windows that are not opened enough due to privacy, 
insecurity etc.; (iv) interior overcrowding; (v) to keep 
mosquitoes out; and (vi) insufficient understanding of 
the importance of ventilation by the residents. The 
back-to-back layout of the dwellings allowed natural 
ventilation retrofit designs for only the front wall and 
roof fabrics. The effectiveness of natural ventilation is 
related to window opening behaviour, the 
penetration factor, and air exchange rate [8]; and the 
window surface area that is kept open for ventilation 
[9]. In general, small diameter particles tend to follow 
air flow more precisely, and their dispersion relies 
more on natural ventilation compared to larger 
particles [10]. 
 
2. THE CASE STUDY CONTEXT 

The location of the informal settlement is in 
Nairobi, which has subtropical highland climate with 
dry and wet seasons. Temperature variations are 
small, generally within the human thermal comfort 
zone, and suitable for the opening of natural 
ventilation apertures throughout the year, except a 
short period in July. Existing spatial policies and 
unavailability of affordable land and housing have 
made Nairobi one of the most unequal cities in Africa 
– influencing housing quality, density and activity 
adjacencies. These, along with rapid urbanisation, 
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have resulted in numerous informal settlements [11, 
12]. More than 4 million people in Nairobi live in 
crowded conditions in over 100 informal settlements, 
occupying only 5% of the total residential area [13]. 
Although studies in such settlements have revealed 
high exposures to PM [14, 15, 16, 17], such evidence 
has not translated into actions towards architectural 
interventions. Existing energy policies do not consider 
the harmful PM2.5 produced by biomass fuels, or gas, 
and kerosene used in the settlements. 
 

 
Figure 1. Typical morphology of dense informal single-room 
housing at Mukuru kwa Ruben, Nairobi. (A) Three storeys; 
(B) Two storeys; and (C) One storey. (source: Image - Google 
street view, annotated by authors).  
              

 
Figure 2. Block of informal one-storey single-room dwellings 
at Mukuru kwa Ruben informal settlement in plan, section 
and perspective view. 
  

The dwelling construction is typically timber and 
corrugated iron sheets for walls and roofs. Natural 
stones or adobe are also often used for walling. Each 
plot of land typically contains two rows of single-
room dwellings separated by a narrow access corridor 
(Fig. 2). Each row has five to ten dwellings depending 
on the plot length. Dwellings have a square plan of 
size 3.30m x 3.30m (L x W) internally; a 15° dual 
pitched roof with ceiling heights of 2.10m and 2.50m 
at eaves and ridge respectively; and a single entrance 
door of size 1.9m x 1m (H x W). Most are windowless. 
Some might have a window of size 0.90m x 0.65m (H 
x W), but not usually opened as it is occluded by 
crowded storage or due to insecurity, or to keep out 
mosquitoes. Dwellings are typically back-to-back with 
those of adjacent plots; and have one aspect, with 
the door and window (where present) facing the 
external corridor, allowing limited cross ventilation. 
The cooker or stove is slightly offset from the middle 
of the Front Wall facing the external corridor. Its 
height and diameter are 0.30m. 

All cooking, relaxing, sleeping and other activities 
happen in the single room, increasing PM exposure to 
occupants. A large proportion of Kenya’s urban 
population lives in such conditions. Over 60% of 

Kenya’s population in informal settlements live in 
Nairobi [18], and nearly a third of them are poor – a 
much greater fraction compared to the 9% poor in 
formal settlements. So far, efforts to improve the 
living conditions in these settlements in Nairobi, such 
as the Kenya Informal Settlements Improvement 
Project (KISIP), focus on tenure security and 
infrastructure, but not on the quality of dwellings and 
indoor environments. Improvements of their indoor 
air quality would be of great value. The current 
project, therefore, aimed to study the potential of 
natural ventilation retrofits and build on the efforts 
by the KISIP and NGOs working on sanitation 
improvements. 
 
3. METHODOLOGY 

Natural ventilation retrofit options were designed 
and assessed quantitatively through Computational 
Fluid Dynamics (CFD); and through physical retrofits 
and PM measurements on selected dwellings. The 
CFD results are presented in the current paper – 
focussing on PM2.5 dispersion in the room air during 
and after cooking. Numerical and the physical 
modelling errors need to be verified and validated by 
comparing them with high quality experimental data. 
The methodology, therefore, included validation of 
the CFD model. This examined the grid resolution and 
the turbulence model used. 
 
3.1. Model validation 

The CFD model validation was based on 
experimental data from a study with sufficient 
accuracy [19]. Grid independence studies were also 
obtained for the appropriate mesh selection. These 
data have been used to validate past studies [20, 21]. 
The validation room is 0.80m x 0.40m x 0.40m (Fig. 3). 
The inlet and outlet have a similar square size of 
0.04m x 0.04m and are located centrally at the short 
walls of the room, opposite each other. The inlet is 
0.20m below the ceiling, and the outlet is 0.20m 
above the floor. The inlet velocity is 0.225m/s 
resulting in around 10ACH. Particles with diameters 
between 2μm and 20μm are injected in through the 
inlet, continuously for 1,800s. The density of the 
particles is 1,400 kg/m3. 

 
Figure 3. Axonometric representation of the room that 
was used for CFD model validation. 

 

The non-commercial OpenFOAM software was 
used for the CFD simulations. The PIMPLE algorithm 
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The non-commercial OpenFOAM software was 
used for the CFD simulations. The PIMPLE algorithm 

 

was used for pressure-velocity coupling, along with 
steady Reynolds-averaged Navier-Stokes (RANS) 
equations for the creation of the flow and the k-
omega SST turbulence model. For the lagrangian 
particles’ cloud, the transient reacting ParcelFoam 
solver was used. The field flow and the particle 
trajectories were analysed in three-dimensions. The 
particles might stick at walls or escape through the 
outlets. However, they rebound back at the inlets of 
the domain. No slip boundary conditions were 
implemented for the vertical and the top boundaries 
of the computational domain and walls. Zero gradient 
conditions were implemented at the outlet. 

To ensure that the courant number remains 
relatively constant throughout the simulation, the 
time step was determined based on the courant 
number [22]. For the present study, the time step is 
0.025s. The accuracy of the CFD simulations and the 
computational cost strongly depends on the number 
of cells that the mesh employs. To allow grid 
independence, several meshes were tested. Velocity 
profiles were measured at three positions: y = 0.20m; 
y = 0.40m and y = 0.60m and compared with the 
experimental data [19]. As the grid resolution 
increased, the quality and accuracy of the mesh 
improved - with the results closer to the experimental 
data. However, after a certain grid resolution, finer 
meshes didn’t necessarily improve the results (Fig. 4). 
 

 
Figure 4: Velocity profiles at 0.60m for the different grid 
resolutions examined compared with experimental data. 
 
3.2. CFD model setup 

The dimensions for the one-room and cooker 
(source of pollutants) described in Section 2 and 
shown in Fig. 5 are used for the CFD model setup. The 
room volume is 25.27m3. The door is located 0.15m 
from the Left Wall. The effectiveness of natural 
ventilation during and after cooking was evaluated 
for four scenarios (Figs. 6): (i) Scenario 0 (S0) - ‘Base 
case’: Gaps at the bottom and the top of the door 

(0.20m from eave height) as an inlet and outlet 
respectively. Each gap is 0.01m high and 1m long; (ii) 
Scenario 1 (S1) - ‘Middle Ceiling Outlet’: Base case 
plus an outlet vent at the middle and along the 
room’s ceiling that is 0.10m wide; (iii) Scenario 2 (S2) 
- ‘Front Wall Outlet’: Base case plus an outlet vent of 
similar size as the one at S1 at the top and along the 
room’s Front Wall; and (iv) Scenario 3 (S3) - ‘Front 
Wall Holes Inlet/Front Wall Holes Outlet’: Base case 
plus six round holes of 0.15m diameter at the Front 
Wall of the room - three holes at 0.13m above the 
floor level serve as inlets, and three at 0.13m below 
the eaves serve as outlets. 
 

 

 
Figure 5: Dimensions of the room tested with CFD and 
boundary conditions of the CFD model setup. 
 

 
Figure 6: Axonometric view of the scenarios examined 
showing the inlets, outlets and the source of pollutants. 

The computational grid is based on the resolution 
examined in Section 3.1 and has the same properties 
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and cells’ size for all scenarios. Additional layers of 
cells have been added at the inlets and outlets of the 
computation domain for increased accuracy, which 
results in a slightly different total number of cells for 
the different scenarios. For simplicity, the CFD model 
does not include household items e.g. furniture. 
Fresh inlet air is constant and is not affected by 
outdoor temperature, pressure, humidity, and wind 
speed. Simulation times between 0s and 600s 
represent the cooking activity during which particles 
are injected in the room from the cooker with a 
constant rate, and 600s onwards represent the period 
after cooking. In all scenarios, the infiltration rate is 1 
Air Change per Hour (ACH). As a result, the inlet air 
velocity at S0, S1 and S2 is 1m/s, while that at S3 is 
0.12m/s to achieve 1ACH. The room is only naturally 
ventilated. The air flow is related to the air velocity at 
the inlets and is driven by buoyancy. Cooking (particle 
emission from the top surface of the cylinder) is 
performed at a constant rate for 10 minutes.  
 
4. RESULTS AND DISCUSSION 

The indoor dispersion and escape of particles for 
the four scenarios are discussed below. However, not 
all the particles escape in the first instance, as many 
remain stuck on surfaces. Results of stuck particles; 
dispersion at critical breathing levels in sitting, 
sleeping and standing positions; and results from two 
other scenarios will be reported in a separate paper. 
 
4.1. Particle dispersion in the air 

The results show that at the base case (S0), the 
particles ejected during cooking remain in the air for 
the longest (7,560s) followed by S3 (5,490s). The 
particles are fully dispersed after 1,230s and 1,260s 
for S1 and S2 respectively. Although particles at S0 
require the longest time to disperse, the highest 
numbers are observed at S3 until time = 1,380s. 
There are 33% more particles in S3 compared to S0 at 
their peaks when cooking ends at time = 600s. As 
expected, particles start accumulating at the start of 
cooking (time = 0s) and increase during cooking. The 
highest numbers are observed around, or slightly 
before the end of cooking, and decrease after 
cooking. However, variations occur across scenarios. 
The highest are observed at S0 and S3 at time = 600s, 
with 32% and 42.7% of the total injected respectively. 
For S2 the highest are at time = 540s with 4.6%; and 
for S1 at time = 480s with 8%.   

After cooking, they drop quickly at S0, but with a 
significantly slower pace compared to the other 
scenarios. The total injected drop below 10% at time 
= 1,020s for S0. This drops below 5% at time = 1,470s 
and time = 1,440s for S0 and S3 respectively. From 
time = 90s onwards, the percentage is higher at S3 
compared to S0. However, the reduction rate 
between two subsequent measuring times is greater 
at S3. At S3, the particles decrease with an average 

rate of 7.5% from time = 600s to 1,500s and average 
rate of 6.3% from times = 1,500s to 3,000s. 
Afterwards, the reduction rate decreases further. At 
S0, the reduction rate is smaller with an average of 
6.1% from times = 600s to 1,500s; and a relatively 
constant value of approximately 4% from times = 
1,500s to 3,000s.  

At the time with the highest percentage to the 
total injected (and compared to S0), S1 has 75.2% less 
particles, S2 has 85.7% less, and S3 has 33.3% more. 
Considering the highest percentage of particles that 
are dispersed in the room’s air most of the time, S3 is 
the least effective design, mainly due to the inlet and 
outlet positions which restrict particle movement. At 
S1, the particles in the room’s air range between 7% 
and 8% of the total injected from times = 120s to 
600s, fluctuating for less than 5.35% between two 
consecutive measuring times during that period.  

 

 Time = 30s Time = 150s Time = 300s Time = 600s Time = 1050s 
S0

 

 

S1
 

S2
 

S3
 

 
Figure 7. Top view of particle dispersion at between 1.5 and 
2m above the floor for different scenarios and times. 
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S0
 

 

S1
 

S2
 

S3
 

  
Figure 8: Perspective view of particle dispersion for different 
scenarios and times. 

762



 

and cells’ size for all scenarios. Additional layers of 
cells have been added at the inlets and outlets of the 
computation domain for increased accuracy, which 
results in a slightly different total number of cells for 
the different scenarios. For simplicity, the CFD model 
does not include household items e.g. furniture. 
Fresh inlet air is constant and is not affected by 
outdoor temperature, pressure, humidity, and wind 
speed. Simulation times between 0s and 600s 
represent the cooking activity during which particles 
are injected in the room from the cooker with a 
constant rate, and 600s onwards represent the period 
after cooking. In all scenarios, the infiltration rate is 1 
Air Change per Hour (ACH). As a result, the inlet air 
velocity at S0, S1 and S2 is 1m/s, while that at S3 is 
0.12m/s to achieve 1ACH. The room is only naturally 
ventilated. The air flow is related to the air velocity at 
the inlets and is driven by buoyancy. Cooking (particle 
emission from the top surface of the cylinder) is 
performed at a constant rate for 10 minutes.  
 
4. RESULTS AND DISCUSSION 

The indoor dispersion and escape of particles for 
the four scenarios are discussed below. However, not 
all the particles escape in the first instance, as many 
remain stuck on surfaces. Results of stuck particles; 
dispersion at critical breathing levels in sitting, 
sleeping and standing positions; and results from two 
other scenarios will be reported in a separate paper. 
 
4.1. Particle dispersion in the air 

The results show that at the base case (S0), the 
particles ejected during cooking remain in the air for 
the longest (7,560s) followed by S3 (5,490s). The 
particles are fully dispersed after 1,230s and 1,260s 
for S1 and S2 respectively. Although particles at S0 
require the longest time to disperse, the highest 
numbers are observed at S3 until time = 1,380s. 
There are 33% more particles in S3 compared to S0 at 
their peaks when cooking ends at time = 600s. As 
expected, particles start accumulating at the start of 
cooking (time = 0s) and increase during cooking. The 
highest numbers are observed around, or slightly 
before the end of cooking, and decrease after 
cooking. However, variations occur across scenarios. 
The highest are observed at S0 and S3 at time = 600s, 
with 32% and 42.7% of the total injected respectively. 
For S2 the highest are at time = 540s with 4.6%; and 
for S1 at time = 480s with 8%.   

After cooking, they drop quickly at S0, but with a 
significantly slower pace compared to the other 
scenarios. The total injected drop below 10% at time 
= 1,020s for S0. This drops below 5% at time = 1,470s 
and time = 1,440s for S0 and S3 respectively. From 
time = 90s onwards, the percentage is higher at S3 
compared to S0. However, the reduction rate 
between two subsequent measuring times is greater 
at S3. At S3, the particles decrease with an average 

rate of 7.5% from time = 600s to 1,500s and average 
rate of 6.3% from times = 1,500s to 3,000s. 
Afterwards, the reduction rate decreases further. At 
S0, the reduction rate is smaller with an average of 
6.1% from times = 600s to 1,500s; and a relatively 
constant value of approximately 4% from times = 
1,500s to 3,000s.  

At the time with the highest percentage to the 
total injected (and compared to S0), S1 has 75.2% less 
particles, S2 has 85.7% less, and S3 has 33.3% more. 
Considering the highest percentage of particles that 
are dispersed in the room’s air most of the time, S3 is 
the least effective design, mainly due to the inlet and 
outlet positions which restrict particle movement. At 
S1, the particles in the room’s air range between 7% 
and 8% of the total injected from times = 120s to 
600s, fluctuating for less than 5.35% between two 
consecutive measuring times during that period.  

 

 Time = 30s Time = 150s Time = 300s Time = 600s Time = 1050s 

S0
 

 

S1
 

S2
 

S3
 

 
Figure 7. Top view of particle dispersion at between 1.5 and 
2m above the floor for different scenarios and times. 
 
           Time = 30s Time = 150s Time = 300s Time = 600s Time = 1050s 

S0
 

 

S1
 

S2
 

S3
 

  
Figure 8: Perspective view of particle dispersion for different 
scenarios and times. 

 

 
 

 
Figure 9. Percentage of total injected particles that are 
dispersed in the air till time = 3000s for different scenarios. 
 

The particles are reduced rapidly when cooking 
ends and the dispersion drops below 5% of the total 
injected particles after time = 630s. This translates 
into an average reduction rate of 42.6% between 
times = 600s and 900s. For S2, the highest levels of 
particles in the room’s air are 4.6% of the total 
injected, and apart from being lower compared to S1, 
they also appear slightly later while cooking, and 
between times = 210s and 600s. Between times = 
600s and 1,200s, the average reduction rate of 
particles is 29.5% for S2. However, the deposition 
time at S2 is 30s longer than S1. At S2, less particles 
are dispersed in the air up to time = 660s compared 
to S1. Figures 7 to 9 show particle distribution at 
selected times for the scenarios examined. 
 
4.2. Particles escape from the outlets 

The percentage of injected particles that escape 
from the outlets, together with the time required for 
the particles to escape, determine the effectiveness 
of the natural ventilation intervention. The particles 
deposited at surfaces are considered as temporary 
depositions as they might suspend or circulate again 
within the room air due to an air draft or a change in 
their properties. S2 was the most effective 
intervention with 91.56% of the total ejected 
particles escaping the room. It was followed by S1 
where 76.98% of the particles escaping the room. S0 
is the least effective. Table 1 shows the percentages 
that escape the room via all the outlets of each 
scenario.  

At S0 and S3, the particles start escaping from the 
door’s outlet from time = 60s onwards, and for the 
other scenarios from time = 30s. From the total 
particles injected, only 15.53% escape from the 
door's outlet at S0, meaning that almost 85% remain 
in the room and end up on its surfaces. At S3, 20.79% 
escape from the Door’s outlet, which is the highest 
percentage among the scenarios, despite having 
additional outlets. A further 23.82% escape from the 
Front Wall holes outlets, resulting in more than 55% 
remaining indoors. On the other hand, a significant 

percentage of the particles escape from the outlets at 
the rest of the scenarios. Most escape from the 
outlets either at the Middle Ceiling or Front Wall. The 
contribution of the Door’s outlet is limited. 

At S1, 69.25% escape from the Middle Ceiling 
outlet and 7.73% from the Door’s outlet. As a result, 
only 23.02% end up at the room’s surfaces at S1. The 
contribution of the Door’s Outlet is further reduced at 
S2, despite this scenario allowing for the greatest 
percentage of particles to escape from all the outlets 
overall. Only 1.22% escape from the Door’s outlet at 
S2. Its particle dispersion is mainly driven by the Front 
Wall outlet through which 90.34% escape, allowing 
only 9.66% to remain indoors - which is much less 
compared to S1. 
 
Table 1. The percentage of particles that are deposited at 
the room’s surfaces or escape from its outlets for the 
different scenarios examined. 

 
 
4.3. Application of designed interventions 

Cost-efficient retrofit solutions for improvement 
of natural ventilation of single-room dwellings were 
examined. They are easy to install and maintain and 
can work together with windows and/or doors, or as 
standalone. Natural ventilation can be provided by 
ensuring that vents will be kept open, especially 
during cooking, but also after cooking to ensure 
particle dispersion. Where cooking happens three or 
more times a day in scenarios which require more 
than two hours to fully disperse particles, the indoor 
air quality is expected to be low for extensive periods. 
Combining multiple measures is expected to increase 
natural ventilation. To overcome the security, privacy 
and noise issues that discourage window opening, the 
proposed locations of interventions are either on the 
low or high heights of walls or roofs. This also allows 
the hanging of belongings at walls. The proposed 
integrated gauzes for all scenarios will prevent 
mosquito entry. The ceiling outlet option requires a 
cap for rain protection. 
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5. CONCLUSIONS 
The interventions examined show improved 

natural ventilation compared to the base case, 
resulting in quicker particle dispersion and less 
particle deposition at room surfaces. The designs 
consider the local climate and user thermal comfort, 
privacy, security, and protection from mosquitoes. 
Vents at the Middle of the Ceiling along the roof cap 
dispersed particles quicker than those at the Front 
Wall. However, the latter allow more particles to 
escape from them, resulting in less particle dispersion 
in the indoor air. The findings show that even with 
the use of limited technology and cost, appropriate 
design interventions can lead to significant 
improvements to indoor air quality conditions in 
single-room dwellings. This will be highly beneficial 
for many people in the wider global south, Sub-
Saharan Africa and Kenya, where the estimated 
populations that live in slums are 24%, 55%, and 56% 
[23] respectively. For continuing effective 
performance of the interventions, it is important for 
occupants to have adequate understanding of the 
links between indoor air quality and health. This 
might require user education on the purpose of the 
design interventions. Although a fixed inlet velocity 
has been assumed for this study, in reality, there 
might be periods that the ACH are lower or higher 
due to varying wind speeds and the temperature and 
pressure differences between indoors and outdoors. 
Further work is required to evaluate a range of 
conditions; sizes, positions and number of vents 
installed across the room; as well as different 
combinations of them. 
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ABSTRACT: The Quality of View (QV) through windows significantly impacts human well-being, with view clarity 
representing a crucial aspect within QV assessments. Electrochromic (EC) windows, capable of dynamically 
adjusting tint levels to manage light and heat penetration, offer varying degrees of view clarity. Evaluating this 
clarity is vital for a comprehensive understanding of how EC windows influence human comfort in architectural 
settings. This study introduces a unique quantitative approach to assess the clarity of views facilitated by EC 
windows. Employing advanced image processing techniques, a novel methodology tailored for this purpose was 
developed, generating 1152 images through the Radiance engine. These images considered multiple factors such 
as viewpoint, tint level, separate window zones, and time of day. Using the Landolt-C chart as a simulated view 
target under diverse EC window configurations, the study compared simulated images with a reference image, 
applying the Saliency Guided Enhanced Structural Similarity algorithm (SG-ESSIM) —an image quality assessment 
algorithm. The study's outcomes underscore the method's ability to identify optimal EC window configurations, 
effectively maximizing QV. Furthermore, this methodology holds promise for integration with other EC window 
control strategies, presenting opportunities for trade-off solutions in multi-objective simulation designs. 
KEYWORDS: Visual Comfort, Window view, Image processing, Computer Vision, View quality  
 
 

1. INTRODUCTION  
One of the main functions of windows and shading 

devices is to let enough daylight in and to offer a view 
out [1]. Exposure to daylight and outside view can 
enhance workers' productivity, occupants' mood and 
satisfaction, lower stress levels and relax eye muscles 
[1–5]. While interesting views [6] may influence 
discomfort glare tolerance, the prevalence of glare 
poses challenges in sustaining a consistently clear view 
throughout the day. Consequently, solutions such as 
EC glazing have gained popularity as potential 
solutions. 
EC glazing has been used as an architectural solution 
that can control the amount of radiation entering a 
building while providing the occupants with a view of 
the outside by utilising its “switchable” transmittance 
technology. The EC glazing system consists of 
multilayer coatings on the glass which on applying low 
voltage induces ion migration from the EC layer 
resulting in modulation of the optical properties seen 
as a colour change of the glazing [1]. 
A tri-zone EC, which is studied in this paper, is a type 
of multi-zone EC that has three independently 
controllable zones. This would be fitted to the tri-
functional-zone concept of windows providing 
daylight, view, and balustrade [14]. Some studies focus 
on multi-zone EC but window split purposes and pane 
numbers are different [13, 15-17]. For instance [15] 

used a window with two independently controlled 
panes, top and bottom, and aimed at determining if EC 
can be controlled to provide lower lighting energy 
consumption while maintaining occupant visual 
comfort. 
Previous studies into QV employed two assessment 
methodologies: quantitative [5, 7–9] and qualitative 
[2,4,10]. The predominantly qualitative nature of 
these studies makes them susceptible to errors 
stemming from a limited number of participants, view 
angles, and time. 
One involved EC [4], but none of them applied an 
image-processing technique that mimics human vision 
and achieves the results based on simulation from 
beginning to end. 
Utilizing such techniques helps to manipulate and test 
the view target, angle, and other factors across various 
hours and seasons with relative ease. 
The authors are unaware of any reported 
implementation of a computer-based method for 
projecting or analyzing view images, despite the 
suggestion of such a technique in two studies, [2,4], as 
part of their future work or as an alternative approach 
to their chosen one. 
One of the drawbacks of ECs is changing indoor colour 
perception depending on the tint level. It is mentioned 
in [5] that the shifted colour of the outdoor view may 
affect contrast sensitivity and colour perception. 
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Such shift colour in ECs is investigated in [4,11,12]. 
These studies did not aim to lower the colour shift or 
change it in any way, rather they investigated the 
effect of EC on how differently the colour of 
experiments will show under EC effect. Another study 
[13] investigated the possibility of achieving a neutral 
spectrum when using EC in buildings. 
This study proposes using colour shift as a factor in 
decision-making. By allowing to choose the amount of 

colour shift, this paper considers colour shift in 
conjunction with view clarity assessment and offers a 
range of solutions. Therefore, the optimal solution will 
depend on the specific context in which EC will be 
used. This means that while the view clarity score may 
not change significantly, there is potential to choose 
between various levels of colour shift in the optimum 
solution which designers or users can choose from. 

   
Figure 1: The view clarity assessment framework

 
2. METHODOLOGY 
      This study employs an advanced image processing 
technique, introducing a novel methodology tailored 
for assessing the view clarity (Fig.1)  
A south-faced office with a three-horizontal-zone 
window with electrochromic glazing was modelled in 
Rhinoceros. Each zone potentially has four tint levels 
that can be independently changed. Three viewpoints 
in the room were considered to assess the view from 
different angles. Views were rendered on the 21st of 
March and June at 9:00, 12:00, and 15:00, with the 
Radiance engine in ClimateStudio (CS). Therefore, the 
window view database includes 1152 renders, 192 for 
each hour of each month. Renders were input to the 
Saliency Guided Enhanced Structural Similarity (SG-
ESSIM) an image quality metric algorithm in Python to 
assess the clarity of the target seen through the 
window. The outcome was a CSV file with all renders’ 
view clarity (SG-ESSIM) scores. 
Aiming for the lowest colour shift, the sum of the tint 
levels of 3 zones was considered as the total tint level 
(TTL). The view clarity scores along with TTL were used 
to draw Pareto frontier lines for proposing optimum 
solutions (Fig.5 graph a to f). As the middle zone is the 
one responsible for providing a view outdoors [18], its 
tint level is reported in Table 2 for better comparison. 
 
2.1 Model generation 

The room model generated in Grasshopper is a 
south-facing room located in Isfahan, Iran, with a 
dimension of 6*5 meters with 3 meters height on the 
sixth floor at 15 meters above the ground. It has a 

window to the south with a window-to-wall ratio of 
70%, (Fig. 2). The window has been split into three 
horizontal equal panes, top, middle, and bottom, as 
recommended by [14]. Three viewpoints were defined 
to render from different angles. The three view 
positions were 3 meters from the window, they were 
in the middle of the room, and their gaze directions 
were from the positions to the center of the window, 
(Fig. 2). The eye level was 1.17 meters. 

 
Figure 2: The model dimensions, three view positions, and 
the window’s three zones (panes), (all dimensions are in 
meters) 
 
Each pane can get one of the four existing tint levels at 
a time. Sage glass brand’s tint levels were used (Table 
1). 
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Table 1: The model materials’ features and the EC glazing tint 
levels, Tvis: Visible transmittance (%), TL: The glazing’s Tint 
level from 0 the clearest level to 3, Spec: Specularity, Ro: 
Roughness 
 

Glazing Tvis   
TL 0 59.7%     
TL 1 17.3%     
TL 2 5.5%     
TL 3 0.9%     
Material Reflectance Ro Spec 

R G B 
Ceiling  0.86 0.85 0.78 0.20 0.35% 
Walls 0.73 0.66 0.54 0.20 0.21% 
Floor 0.36 0.37 0.36 0.2 1.07% 

 
2.2 Window view target 
      The Landolt-C chart is used as a view target. The 
Landolt-C optotype is a standardized symbol for 
testing vision, developed by Swiss ophthalmologist 
Edmund Landolt [19]. It consists of a ring with a gap in 
different positions (left, right, bottom, top, and the 45° 
positions in between), resembling the letter C. The 
stroke width is 1⁄5 of the diameter, and the gap width 
is the same [20]. In [4], Landolt-C was used as a target 
for taking high dynamic range pictures from the inside 
to compare its clarity under different window layers. 
We chose this target because it has a common shape 
and a consistent number of edges that the algorithm 
can detect. Also, it makes comparing the renders’ 
quality easier than any random targets. The target is 
assumed to be hung without any background at a 6-
meter distance from the window. We rotated the 
chart by 90 degrees to have an equal series of C sizes 
in each window pane in all three views (Fig. 3). The 
material for this target was CS’s black colour.  

 

 
 
Image processing 
After rendering, we analyzed 1152 renders with the  
 
 
2.3 SG-ESSIM algorithm 
     SG-ESSIM is an image quality assessment method 
that takes into account the human visual system's 
perception of salient regions in an image. It aims to 
provide a more accurate evaluation of image quality 
by focusing on the most visually important areas of an 
image [21]. The algorithm has been implemented in 
the Python environment with the help of Open-Source 
Computer Vision (OpenCV) and Numerical Python 

(NumPy) two Python libraries for computer vision and 
numerical operations, respectively. 

2.4 Code description 
     Several functions were defined to prepare as well as 
process the score of images. The preprocess function 
converts the reference view images and 1152 sample 
images to grayscale.  
Then the SG_ESSIM function as the main 
implementation of the SG-ESSIM algorithm 
preprocesses the reference and sample images, 
computes the directional gradients of the pre-
processed images, retrieves the parameters for the 
computation, computes the gradient differences 
between the directional gradients of the reference and 
sample images, calculates an edge map based on the 
maximum gradient magnitudes, and computes the 
quality score using the SG-ESSIM formula and the edge 
map. 
 
2.5 Process steps 
     In the first step, the sample images are resized to 
the same dimensions, and the pixels are perfectly 
aligned for accurate comparison. All the pixels of the 
photo, except for the ones in the window, are set to 
the same value, making them ineffective in the 
process. The output photos of the first stage are 
placed as the input of the SG-ESSIM algorithm.  
The second part of the code implements the SG-ESSIM 
algorithm. The SG-ESSIM algorithm was used to 
measure the quality of the renders compared to the 
reference images. For the reference images, we used 
Rhino to render views while the glasses were 
eliminated. In this situation, the renders show all the 
elements (C shapes) of the target clearly, and we can 
use them as references to compare the clarity of other 
renders (Fig.3). The highest possible score represents 
the full similarity to the reference is 100% and the 
lowest is 0%. The result of the algorithm is a CSV file 
with all window combinations’ SG-ESSIM scores and 
images of detected edges (Fig.4) for each render. 
 

 
Figure 4: Left: A simulated view generated by CS for view 
position 0, tint levels of 0, 0, 2 top to bottom. Middle: The 
resized grayscale format. Right: The detected edges after 
running the SG-ESSIM algorithm 

 
The example shown in Fig.4 is an image rendered on 
the 21st of March at 15:00 from view position 0, (Fig.3). 
The tint levels of the top, middle, and bottom panes 
are TL0, TL0, and TL2 (Table 1). The left image is the 
simulated view, and the middle and right images are 
produced while running the algorithm. The SG-ESSIM 

Figure 3:The Landolt-c chart is the view target from three view 
positions of 0, 1, and 2, looking toward east, south and west, 
respectively. These view images were simulated without any 
window pane as reference images. 
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score for this example was 90.9% and is the 25th best 
in the same time and position group. 
The results of the SG-ESSIM score and the TTL in each 
time and position were applied to draw the Pareto 
frontier to see a range of the most optimum solutions 
in Fig.5. 
 
3. RESULT AND DISCUSSION 
     The developed framework was evaluated by 
comparing the renders assessed with it. The results 
confirmed that it performed flawlessly. The algorithm 
correctly assigned higher SG-ESSIM scores to renders 
with higher clarity. Checking the results, the authors 
observed the SG-ESSIM algorithm correctly assigned 
higher scores to the clearer images with more 
detected edges. 
The chart analysis shows the SG-ESSIM scores of 
March’s renders are higher than the June at all studied 
hours. This can show the effect of the sun's position in 
a view’s clarity seen through the window.  
A significant finding from the analysis was that the 
optimal SG-ESSIM score occurred when the TTL was 4, 
across all six trials. This suggests a possible way to 
estimate the clarity of the image based on the tint 
level. 
Regarding the view positions, the results show the 
following: 
- At 9:00 and 12:00, human position 0, looking toward 
the east, has the highest SG-ESSIM for all TTLs, while 
at 15:00, position 1, looking toward the south, 
provides the most optimum clear view. 
- None of the 6 times resulted in any combination 
achieving its highest SG-ESSIM at position 2, looking 
toward the west. 
These findings indicate that in this case study, 
arranging the occupants' desks so that their directions 
are aligned with positions 1 and 0 will result in the 
highest SG-ESSIM. The results were consistent 
seasonally but varied throughout the day. It was 

observed that in the afternoon, position 1 provides 
more clear view than positions 0 and 2. This suggests 
flexible desk allocations, allowing workers in the 
morning and afternoon to change their locations. Even 
without such flexibility, positions 1 and 0 still provide 
the most optimum results. 
The shape of the view target can affect the view seen 
by occupants, so using this method to help designers 
decide on desk positions should be individualized 
based on each case. Further investigation in the future 
may eliminate the target dependency for this aspect. 
After choosing the position, the best combination of 
TTL and SG-ESSIM can now be selected for each time 
with an automatic control system. 
Fig.5 charts show depending on the designer's 
preference, design goals, or function of the space, a 
trade-off that balances view quality and interior 
lighting colour can be selected from the Pareto 
optimal solutions. 
The middle pane of a window has the most impact on 

the view quality, as explained in section 1. The 
selected option from the Pareto frontier chart and its 
corresponding middle pane tint level are displayed in  

 
Table 2. Besides SG-ESSIM and the total tint level, the 
middle tint level is another factor that affects the 
choice of the combination. 
The data in the table is sorted from the lowest total 
tint level to the highest. 
One of the intended benefits of this method is 
enabling the use of view as a control strategy factor. 
This can be combined with other visual, and thermal 
comfort principles, and result in an optimized 
combination with a high-clarity view. Another 
application of this method in an earlier step is in 
making interior design decisions, as it demonstrates 
the benefits and drawbacks of each position. 
 
 

768



 

score for this example was 90.9% and is the 25th best 
in the same time and position group. 
The results of the SG-ESSIM score and the TTL in each 
time and position were applied to draw the Pareto 
frontier to see a range of the most optimum solutions 
in Fig.5. 
 
3. RESULT AND DISCUSSION 
     The developed framework was evaluated by 
comparing the renders assessed with it. The results 
confirmed that it performed flawlessly. The algorithm 
correctly assigned higher SG-ESSIM scores to renders 
with higher clarity. Checking the results, the authors 
observed the SG-ESSIM algorithm correctly assigned 
higher scores to the clearer images with more 
detected edges. 
The chart analysis shows the SG-ESSIM scores of 
March’s renders are higher than the June at all studied 
hours. This can show the effect of the sun's position in 
a view’s clarity seen through the window.  
A significant finding from the analysis was that the 
optimal SG-ESSIM score occurred when the TTL was 4, 
across all six trials. This suggests a possible way to 
estimate the clarity of the image based on the tint 
level. 
Regarding the view positions, the results show the 
following: 
- At 9:00 and 12:00, human position 0, looking toward 
the east, has the highest SG-ESSIM for all TTLs, while 
at 15:00, position 1, looking toward the south, 
provides the most optimum clear view. 
- None of the 6 times resulted in any combination 
achieving its highest SG-ESSIM at position 2, looking 
toward the west. 
These findings indicate that in this case study, 
arranging the occupants' desks so that their directions 
are aligned with positions 1 and 0 will result in the 
highest SG-ESSIM. The results were consistent 
seasonally but varied throughout the day. It was 

observed that in the afternoon, position 1 provides 
more clear view than positions 0 and 2. This suggests 
flexible desk allocations, allowing workers in the 
morning and afternoon to change their locations. Even 
without such flexibility, positions 1 and 0 still provide 
the most optimum results. 
The shape of the view target can affect the view seen 
by occupants, so using this method to help designers 
decide on desk positions should be individualized 
based on each case. Further investigation in the future 
may eliminate the target dependency for this aspect. 
After choosing the position, the best combination of 
TTL and SG-ESSIM can now be selected for each time 
with an automatic control system. 
Fig.5 charts show depending on the designer's 
preference, design goals, or function of the space, a 
trade-off that balances view quality and interior 
lighting colour can be selected from the Pareto 
optimal solutions. 
The middle pane of a window has the most impact on 

the view quality, as explained in section 1. The 
selected option from the Pareto frontier chart and its 
corresponding middle pane tint level are displayed in  

 
Table 2. Besides SG-ESSIM and the total tint level, the 
middle tint level is another factor that affects the 
choice of the combination. 
The data in the table is sorted from the lowest total 
tint level to the highest. 
One of the intended benefits of this method is 
enabling the use of view as a control strategy factor. 
This can be combined with other visual, and thermal 
comfort principles, and result in an optimized 
combination with a high-clarity view. Another 
application of this method in an earlier step is in 
making interior design decisions, as it demonstrates 
the benefits and drawbacks of each position. 
 
 

 

Figure 5: Graph a-f showing the SG-ESSIM (view clarity) scores and the sum of tit levels of 192 EC window combinations were 
calculated for different times and positions. The Pareto Frontier line is depicted in red and the model numbers corresponding to 
the most optimum clear views are indicated. TTL data on the Y-axis are presented with a jitter for enhanced visualization. The SG-
ESSIM scores were multiplied by 100 for better comparison in the Pareto charts. The position of each combination on the Pareto 
line was written near each point number as: (Pos.). See Figure 3 for view positions. 
 
4. CONCLUSION 
      This paper presents a method to evaluate the 
clarity of the scenes visible through the window. The 
method involves using a computer to analyze the view 
based on the rendering results from the Radiance 
engine. Then, an image quality assessment algorithm 
evaluates the clarity of the renders using the SG-ESSIM 
algorithm. The results indicate that the algorithm can 

identify the clearest image among the others and that 
the clarity score correlates with the number of edges 
and C shapes detected in the image. This method 
allows optimal view quality selection through EC 
windows and also has the potential to be combined 
with other control strategy factors such as thermal or 
visual comfort to achieve a balanced solution in multi-
objective scenarios. In an initiative stage, this method 

a:  21st of March at 9:00 

b:  21st of March at 12:00 
 

c:  21st of March at 15:00 
 

d:  21st of June at 9:00 
 

e:  21st of June at 12:00 
 

f:  21st of June at 15:00 
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helps make interior design decisions by analyzing the 
benefits and drawbacks of each position where 
occupants sit. 
 
Table 2: The selected solutions from the Pareto line on the 
21st of March and June, their total tint level, their middle 
pane tint level (Mid TL), and their SG-ESSIM score. TTL:  
Total Tint Level is the sum of the three panes tint levels. TL: 
Tint Level defined from 0 (lightest) to 3(darkest) 

21st March at 9:00 21st June at 9:00 
# 
Render TTL Mid 

TL 
SG-
ESSIM% 

# 
Render TTL Mid 

TL 
SG-
ESSIM% 

97 0 0 90.23 101 0 0 89.52 
26 1 0 91.30 32 1 0 90.57 
27 2 1 91.30 33 2 2 90.55 
4 3 2 92.07 11 3 2 91.23 
1 4 2 92.36 1 4 2 91.94 
19 5 3 91.54 19 5 0 90.89 
6 6 3 92.02 10 6 3 91.31 
5 7 3 92.05 3 7 3 91.75 
3 8 3 92.11 6 8 3 91.51 
38 9 3 91.12 48 9 3 90.28 

 
21st March at 12:00 21st June at 12:00 
# 
Render TTL Mid 

TL 
SG-
ESSIM% 

# 
Render TTL Mid 

TL 
SG-
ESSIM% 

122 0 0 90.07 131 0 0 89.45 
50 1 0 91.01 88 1 0 90.05 
41 2 2 91.17 40 2 0 90.65 
10 3 2 91.91 22 3 2 90.93 
1,2 4 2 92.49 1 4 2 91.83 
22 5 0 91.53 25 5 0 90.86 
13 6 3 91.71 18,19 6 3 90.99 
3 7 3 92.42 2 7 3 91.81 
6 8 3 92.19 9 8 3 91.55 
37 9 3 91.23 61 9 3 90.45 

 
21st March at 15:00 21st June at 15:00 
# 
Render TTL Mid 

TL 
SG-
ESSIM% 

# 
Render TTL Mid 

TL 
SG-
ESSIM% 

121 0 0 90.28 129 0 0 89.19 
25 1 0 91.33 43 1 0 90.28 
16 2 0 91.51 33 2 2 90.39 
3 3 2 92.08 8 3 2 91.18 
1 4 2 92.61 1 4 2 91.92 
5 5 1 91.91 19 5 2 90.76 
8 6 3 91.82 11 6 3 91.00 
9,10 7 2-3 91.79 2 7 3 91.76 
13 8 3 91.71 4 8 3 91.52 
30 9 3 91.26 29 9 3 90.55 
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26 1 0 91.30 32 1 0 90.57 
27 2 1 91.30 33 2 2 90.55 
4 3 2 92.07 11 3 2 91.23 
1 4 2 92.36 1 4 2 91.94 
19 5 3 91.54 19 5 0 90.89 
6 6 3 92.02 10 6 3 91.31 
5 7 3 92.05 3 7 3 91.75 
3 8 3 92.11 6 8 3 91.51 
38 9 3 91.12 48 9 3 90.28 

 
21st March at 12:00 21st June at 12:00 
# 
Render TTL Mid 

TL 
SG-
ESSIM% 

# 
Render TTL Mid 

TL 
SG-
ESSIM% 

122 0 0 90.07 131 0 0 89.45 
50 1 0 91.01 88 1 0 90.05 
41 2 2 91.17 40 2 0 90.65 
10 3 2 91.91 22 3 2 90.93 
1,2 4 2 92.49 1 4 2 91.83 
22 5 0 91.53 25 5 0 90.86 
13 6 3 91.71 18,19 6 3 90.99 
3 7 3 92.42 2 7 3 91.81 
6 8 3 92.19 9 8 3 91.55 
37 9 3 91.23 61 9 3 90.45 

 
21st March at 15:00 21st June at 15:00 
# 
Render TTL Mid 

TL 
SG-
ESSIM% 

# 
Render TTL Mid 

TL 
SG-
ESSIM% 

121 0 0 90.28 129 0 0 89.19 
25 1 0 91.33 43 1 0 90.28 
16 2 0 91.51 33 2 2 90.39 
3 3 2 92.08 8 3 2 91.18 
1 4 2 92.61 1 4 2 91.92 
5 5 1 91.91 19 5 2 90.76 
8 6 3 91.82 11 6 3 91.00 
9,10 7 2-3 91.79 2 7 3 91.76 
13 8 3 91.71 4 8 3 91.52 
30 9 3 91.26 29 9 3 90.55 
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ABSTRACT: With the current climate crisis, there has been a growing interest in understanding how building 
facades impact the indoor performance of the building. To this end, annual performance simulations are being 
conducted to improve building efficiency in terms of daylight, energy, ventilation etc. However, with complex 
building facades, such as dynamic shading systems, such annual performance evaluation come with heavy 
computation load and time. To overcome these limitations of annual performance simulation, many studies have 
looked toward machine learning which can predict building performance instantaneously with reasonable 
accuracy. This paper presents a novel methodology that uses conditional generative adversarial network (cGAN) 
to predict annual daylight in buildings instantaneously. Seven different kinds of building geometries are studied, 
each with different window locations, size, horizontal and vertical shading devices, and at different times of the 
day with varied sky conditions. Results indicate a prediction accuracy of 96% generated in less than a second. 
The main contribution of the research lies in the proposed methodology that demonstrates the suitability of the 
cGAN model called Pix2pix as a proxy model, generating fast and highly accurate results, for rapid annual 
daylight prediction and illustrating it on a contour plot during early design phase.  
KEYWORDS: Daylight, Window shading, Machine learning, Data-driven design, Pix2pix  
 
 

1. INTRODUCTION 
Building performance simulations have recently 

allowed researchers to develop innovative facade 
strategies, ensuring indoor environmental quality, 
occupant health and wellbeing. Continuous 
developments in the field of daylight prediction have 
led to the introduction of Climate-based daylight 
modelling (CBDM). CBDM uses realistic sun and sky 
conditions derived from standard meteorological 
data for daylight prediction. However, this involves 
time-consuming ray tracing methods to capture the 
hourly climatic variations year-round. This is 
computationally expensive with a high simulation 
runtime, making rapid decision-making in the early 
design phase challenging. 

This research proposes a model that predicts 
indoor illuminance in 20 milliseconds while 
maintaining a reliable prediction accuracy. While 
cGAN’s reduced computation time make real-time 
simulations possible, its image-based predictions 
allow designers with no building-physics expertise to 
receive feedback on their design. Efficiency in 
runtime allows in-depth design exploration and 
bridges the gap between performance feedback and 
design decision-making in the early stages.  
 
2. BACKGROUND 

Recently, with easy accessibility to Machine 
Learning (ML) models such as Artificial Neural 
Network (ANN), Generative Adversarial Network 

(GAN), etc. rapid daylight prediction methods has 
become possible. However, ANN outputs one 
numerical value per ANN model, which restricts 
designers in visualizing a comprehensive daylight 
distribution [1]. On the other hand, GAN, which 
consists of a generator to generate fake images and a 
discriminator to identify them, can’t control the 
image generation process in the absence of labelled 
inputs. To overcome this limitation, conditional GAN 
(cGAN) was developed [2], where an additional class 
label embedded with contextual information is used 
to control the image generation process.  

While cGAN has been used in several image-to 
image translation tasks [3-4], its architecture 
application has been limited to space layout [5-7], 
and energy efficiency [8]. Using a smaller dataset of 
575 cases, cGAN has been used in daylight prediction 
[9]. In a previous study, the authors used the pix2pix-
based cGAN model to predict daylight for a simple 
box geometry and generate contour plots to 
graphically present the daylight distribution. 
However, the testing geometry consisted of 
oversimplified parameters with minimum complexity. 

For this reason, this paper further investigates 
pix2pix as a proxy model to rapidly predict annual 
daylight performance with high accuracy, while 
adopting more complex and detailed variables.  
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3. METHODOLOGY  
The overall methodology for rapid daylight 

prediction using cGAN consisted of the following four 
steps: 1) geometry modelling with variable 
parameters and dataset creation using twenty-three 
variables involving the building geometry, window, 
shading devices, time, and dynamic sky; 2) running 
daylight simulations to obtain daylight contour plots 
corresponding to each case in the dataset; 3) 
encoding the images of building geometry to train the 
cGAN model; and 4) daylight prediction of new test 
cases using the trained model.  

These steps are discussed below. 
 
3.1 Geometry modelling 

To predict daylight for a range of possible window 
shading configurations located in different façade 
orientations, the study tested an L-shaped building 
geometry. The geometry has arms that can extend 
along both the x- and y-axes (x1, x2) (Fig. 1). It is 3 m 
tall and has a rectangular window of varying width 
and height on each of the south (x3, x4), east (x5, x6), 
and west (x7, x8) façade (Fig. 2). Since there is no 
direct daylight access through north facades, it was 
modelled as a solid wall.  

Each window on the south (x9, x10; x15, x16), east 
(x11, x12; x17, x18), and west (x13, x14; x19, x20) façade 
consists of varying number and depth of vertical fins 
and horizontal overhangs as shading devices 
respectively (Fig. 2). However, on the same façade, 
the windows have the same shading device 
parameter values.  

The time variable was represented through the 
hour-of-year (x21), indicating changing sun position 
from 6:00 am to 6:00 pm, resulting in 4,380 hours for 
whole year. Sky condition was represented using sky 
cover, ranging from 0 (clear sky) to 10 (overcast) (x22).  

 

 
 

Figure 1: Types of building geometry cases studied. 
 

 
 

Figure 2: Variable parameters for the building 
geometry. 
 
Table 1 shows the twenty-three variables used in the 
study, their value ranges, and the steps considered. 
These variable parameters were used to create the 
full dataset, which consisted of 2100 cases.  
 
Table 1: Variable parameters for seven cases. 
 

Variable 
label Variable name Value 

range Step 

X1 x-axis extension 3.0 – 6.0 m 0.1 
X2 y-axis extension 3.0 – 6.0 m 0.1 

X3, X5, X7 Window width 
(South, East, West) 1.2 – 2.4 m 0.1 

X4, X6, X8 Window height 
(South, East, West) 1.2 – 1.8 m 0.1 

X9, X11, X13 Fin number  
(South, East, West) 0 - 4 1 

X10, X12, X14 Fin depth  
(South, East, West) 0 – 0.9 m 0.1 

X15, X17, X19 Overhang number  
(South, East, West) 0 - 4 1 

X16, X18, X20 Overhang depth  
(South, East, West) 0 – 0.9 m 0.1 

X21 Hour of year (HOY) 1 - 4380 1 
X22 Sky cover 0 - 10 1 

 
2.2 Daylight simulation 

The 2100 cases generated were used to run 
daylight simulations with the sensor grid located at a 
height of 0.8 m from the floor level. 

The hypothetical building was assumed to be in 
New York City, NY. The weather data was obtained 
from the weather station located at LaGuardia 
Airport (TMY3). 

The daylight model also requires accurate 
material characterizations in order to account for 
building surface reflections. Therefore, the ceiling and 
wall surfaces for the daylight model were modeled 
with a reflectance of 70%, while the floor surface was 
modeled with a reflectance of 20%. A double-Glazed 
Unit (DGU) was used as the glazing assembly, with a 
U-value of 1.62 W/ (m2.K), a Solar Heat Gain 
Coefficient (SHGC) of 0.28, and a Visible 
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Table 1 shows the twenty-three variables used in the 
study, their value ranges, and the steps considered. 
These variable parameters were used to create the 
full dataset, which consisted of 2100 cases.  
 
Table 1: Variable parameters for seven cases. 
 

Variable 
label Variable name Value 

range Step 

X1 x-axis extension 3.0 – 6.0 m 0.1 
X2 y-axis extension 3.0 – 6.0 m 0.1 

X3, X5, X7 Window width 
(South, East, West) 1.2 – 2.4 m 0.1 

X4, X6, X8 Window height 
(South, East, West) 1.2 – 1.8 m 0.1 

X9, X11, X13 Fin number  
(South, East, West) 0 - 4 1 

X10, X12, X14 Fin depth  
(South, East, West) 0 – 0.9 m 0.1 

X15, X17, X19 Overhang number  
(South, East, West) 0 - 4 1 

X16, X18, X20 Overhang depth  
(South, East, West) 0 – 0.9 m 0.1 

X21 Hour of year (HOY) 1 - 4380 1 
X22 Sky cover 0 - 10 1 

 
2.2 Daylight simulation 

The 2100 cases generated were used to run 
daylight simulations with the sensor grid located at a 
height of 0.8 m from the floor level. 

The hypothetical building was assumed to be in 
New York City, NY. The weather data was obtained 
from the weather station located at LaGuardia 
Airport (TMY3). 

The daylight model also requires accurate 
material characterizations in order to account for 
building surface reflections. Therefore, the ceiling and 
wall surfaces for the daylight model were modeled 
with a reflectance of 70%, while the floor surface was 
modeled with a reflectance of 20%. A double-Glazed 
Unit (DGU) was used as the glazing assembly, with a 
U-value of 1.62 W/ (m2.K), a Solar Heat Gain 
Coefficient (SHGC) of 0.28, and a Visible 

 

Transmittance (TVis) of 47.9%. The Radiance 
parameters used were -ab 6 –lw 0.01, as accuracy of 
results are typically increased with -ab values higher 
than 4 (Mardaljevic, 1995).  

 

 
 
Figure 3: Daylight simulation contour plot. 
 
The daylight contour plots were generated with 

illuminance levels between 0 lux to 10,000 lux 
represented by a color gradient from blue to red 
respectively. For instance, Figure 3 shows the contour 
plot of a representative case. This L-shaped geometry 
has arm extension along X- and Y-axis of 4.3 m and 
4.9 m. The south window width and height are 1.6 m 
and 1.4 m, east window width and height are 1.8 m 
and 1.4 m, west window width and height are 1.6 m 
and 1.6 m. The south windows have 2 fins 0.3 m deep 
and one overhang on south 0.2 m deep. The east 
windows do not have any fins or overhangs. The west 
windows have one fin 0.2 m deep and two overhangs 
0.5 m deep. The case was simulated on January 29, 
10:00 am, which is the 681st hour of the year, with a 
cloud cover of 9.  

In this way, 2100 daylight contour plots were 
collected from the daylight simulations. These 
contour plots serve as ground truth images for the 
cGAN model. 
 
2.3 Image encoding and model training 

To train cGAN, paired input images are required 
to be fed into the model. The paired images include a 
labelled image and a ground truth image.  

In this paper, since each unique combination of 
the variables cast a unique shadow pattern on the 
floor, floor plan images with these shadow patterns 
were used to represent the twenty-three design 
variables and the time variable. The cloud cover 
corresponding to the specific hour-of-year was 
represented through shades of blue on the floor plan 
using Equation (1):  

C (R, G, B) = 255 – 255 x (S/10)        (1) 

where, C (R, G, B) - integer for R, G, and B value;  
       S - cloud cover, expressed in one-tenths.  
Thus, the floor plans were encoded with the 

geometric and time-specific information (Fig. 4). The 

labelled image, paired with the corresponding 
daylight contour plot, of all the 2100 cases are then 
fed to the cGAN model to train it. 

 

 
 
Figure 4: Example of labelled input image. 
 
A cGAN model is trained by simultaneously 

training a Generative model (G) and a Discriminative 
model (D) [10]. The generator is provided with 
labeled input images (i.e., encoded images) to learn 
to generate fake output images (i.e., contour plots). 
The discriminator is provided with both the training 
data (real) and the generated data (fake) and is 
trained to classify the test data as real or fake. In this 
way, the discriminator and the generator undergo 
adversarial training. 

The objective loss functions of the generator and 
the discriminator can be expressed as Equation (2-3): 

L(G)=min [log D (x│y) + log (1-D(G(z|y)))] (2) 

L(D)=max [log D(x│y) + log (1-D(G(z|y)))] (3) 

The total value function can be stated as Equation 
(4): 

 = 

 
  (4) 

 

where, G = the generator; 
D = the discriminator;  
x = input image; 
y = ground truth image, and  
z = random noise vector. 

Adam optimizer with a learning rate of 0.0002 was 
used for training and the model was trained for 50 
epochs. 

 
2.4 Daylight prediction 

Following model training with 2100 cases, the 
prediction performance of the model was tested with 
50 new test cases, looking at windows on the south 
façade (Table 2). These cases were not part of the 
training dataset.  
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This test set consisted of 10 subsets with 5 pairs of 
input images in each subset. Each subset consisted of 
one variable parameter, while the other parameters 
remained fixed.  

 
Table 2: Validation test parameters. 
 
Subset Case 

no.
X-
axis 
exten
sion

Y-axis 
exten
sion

Window 
width

Window 
height

Fin 
no.

Fin 
depth

Over
hang 
no.

Overh
ang 
depth

HOY Cloud 
cover

1 1.6 1.7 8 6 2 1 2 1 4118 3
2 1.7 1.6 8 6 2 1 2 1 4118 3
3 1.8 1.5 8 6 2 1 2 1 4118 3
4 1.9 1.6 8 6 2 1 2 1 4118 3
5 1.8 1.8 8 6 2 1 2 1 4118 3
1 1 1 7.4 6 2 1 2 1 4118 3
2 1 1 5.8 6 2 1 2 1 4118 3
3 1 1 4.7 6 2 1 2 1 4118 3
4 1 1 6.4 6 2 1 2 1 4118 3
5 1 1 7.6 6 2 1 2 1 4118 3
1 1 1 8 5.5 2 1 2 1 4118 3
2 1 1 8 5.7 2 1 2 1 4118 3
3 1 1 8 5.8 2 1 2 1 4118 3
4 1 1 8 4.6 2 1 2 1 4118 3
5 1 1 8 5.9 2 1 2 1 4118 3
1 1 1 8 6 0 1 2 1 4118 3
2 1 1 8 6 4 1 2 1 4118 3
3 1 1 8 6 0 1 2 1 4118 3
4 1 1 8 6 3 1 2 1 4118 3
5 1 1 8 6 2 1 2 1 4118 3
1 1 1 8 6 2 2 2 1 4118 3
2 1 1 8 6 2 2.2 2 1 4118 3
3 1 1 8 6 2 2.1 2 1 4118 3
4 1 1 8 6 2 2.1 2 1 4118 3
5 1 1 8 6 2 0.5 2 1 4118 3
1 1 1 8 6 2 1 1 1 4118 3
2 1 1 8 6 2 1 3 1 4118 3
3 1 1 8 6 2 1 2 1 4118 3
4 1 1 8 6 2 1 1 1 4118 3
5 1 1 8 6 2 1 2 1 4118 3
1 1 1 8 6 2 1 2 0.7 4118 3
2 1 1 8 6 2 1 2 1.6 4118 3
3 1 1 8 6 2 1 2 2 4118 3
4 1 1 8 6 2 1 2 1.8 4118 3
5 1 1 8 6 2 1 2 0.5 4118 3
1 1 1 8 6 2 1 2 1 3640 3
2 1 1 8 6 2 1 2 1 8509 3
3 1 1 8 6 2 1 2 1 1882 3
4 1 1 8 6 2 1 2 1 5106 3
5 1 1 8 6 2 1 2 1 6902 3
1 1 1 8 6 2 1 2 1 4118 0
2 1 1 8 6 2 1 2 1 4118 2
3 1 1 8 6 2 1 2 1 4118 5
4 1 1 8 6 2 1 2 1 4118 7
5 1 1 8 6 2 1 2 1 4118 10
1 1.9 2 4.9 4.5 2 0.1 0 1.9 540 3
2 1.3 1.7 7.8 5.2 1 0.3 3 2.4 1640 9
3 1.6 1.8 6.4 4.6 2 2.2 2 0.7 3207 5
4 1.2 1.7 6.7 4.4 4 1.5 1 2.3 6202 8
5 1.4 1 4.1 5.4 2 0.6 3 1.7 302 0

G

H

I

J

A

B

C

D

E

F

 
 
For instance, subset A consisted of cases where 

the arm length for L-shaped building had varying 
extensions along X- and Y-axes, while all the other 
variables were kept unchanged. Similarly, subsets B 
and C has varying window widths and heights 
respectively. Subsets D and E tests varying fin 
numbers and depths, while subsets F and G looks at 
varying overhang numbers and depths.  

Subset H tests varying hours of the year. The five 
hours of year (HOY) tested were 3640, 8509, 1882, 
5106, and 6902 hrs, which correspond to June 1, 

4pm; December 21, 12pm; March 20, 10am; August 
1, 6pm; and October 15, 2pm respectively. The HOY 
for the reference case was 4118, which corresponds 
to June 21, 2pm. Subset I looks at varying cloud 
covers from 0 (clear sky) to 10 (cloudy).  

The only exception is subset J, where all the 
parameters were assigned random values. Table 2 
lists the values used in the 50 tests cases, categorized 
into 10 subsets. 

Model performance was assessed using the 
Structural Similarity (SSIM) index, which measures the 
similarity between two images based on their pixel 
values (Wang et al., 2003). SSIM ranges between -1 
and 1, indicating perfect similarity and anti-
correlation respectively. 

 
3. RESULTS AND DISCUSSION 

 
To ascertain cGAN model performance, the 

predicted daylight contours are compared against 
those generated from simulation results (Fig. 5). 
Despite some inaccurate predictions, overall results 
indicate a close match between the predicted 
contour plots and the ground truth images obtained 
from simulation results. The resultant average SSIM 
was 0.96 which indicates a good prediction 
performance by the model. 

The model performed the best in predicting the 
hour of year (Fig. 5 subset H) and cloud cover (Fig 5. 
subset I), both with an average SSIM of 0.976. Within 
subset H, it was seen that the lower the sun angle 
during a day the better the model performance. For 
example, H-1 i.e., June 1, 4 pm had the best 
prediction, followed by H-5 i.e., October 15, 2 pm and 
H-4 i.e., August 1, 6pm. H-2, December 21, 12pm; and 
H-3, March 20, 10am, performed the worst. Since 
more light can penetrate the interior of a space, it 
shows significant differences in the lit and the 
underlit areas, represented by high contrasting solar 
patch colors ranging from red to blue. This is perhaps 
why it is easier for the model to predict the image. On 
the contrary, H-3, being the only morning sun angle 
studied, showed the worst prediction result. As a high 
sun angle is mostly cut off from the room interior due 
to the presence of shading devices, the indoor 
daylight distribution has only subtle variations in blue 
color, which seems to make it harder for the model to 
predict. 

As mentioned before, subset I shares the same 
SSIM of 0.976 as subset H. However, with subset I, 
the best performance was seen with the cloudiest sky 
(I-5) while the worst was seen during clear sky (I-1). 
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5 1 1 8 6 2 0.5 2 1 4118 3
1 1 1 8 6 2 1 1 1 4118 3
2 1 1 8 6 2 1 3 1 4118 3
3 1 1 8 6 2 1 2 1 4118 3
4 1 1 8 6 2 1 1 1 4118 3
5 1 1 8 6 2 1 2 1 4118 3
1 1 1 8 6 2 1 2 0.7 4118 3
2 1 1 8 6 2 1 2 1.6 4118 3
3 1 1 8 6 2 1 2 2 4118 3
4 1 1 8 6 2 1 2 1.8 4118 3
5 1 1 8 6 2 1 2 0.5 4118 3
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1 1 1 8 6 2 1 2 1 4118 0
2 1 1 8 6 2 1 2 1 4118 2
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For instance, subset A consisted of cases where 

the arm length for L-shaped building had varying 
extensions along X- and Y-axes, while all the other 
variables were kept unchanged. Similarly, subsets B 
and C has varying window widths and heights 
respectively. Subsets D and E tests varying fin 
numbers and depths, while subsets F and G looks at 
varying overhang numbers and depths.  

Subset H tests varying hours of the year. The five 
hours of year (HOY) tested were 3640, 8509, 1882, 
5106, and 6902 hrs, which correspond to June 1, 

4pm; December 21, 12pm; March 20, 10am; August 
1, 6pm; and October 15, 2pm respectively. The HOY 
for the reference case was 4118, which corresponds 
to June 21, 2pm. Subset I looks at varying cloud 
covers from 0 (clear sky) to 10 (cloudy).  

The only exception is subset J, where all the 
parameters were assigned random values. Table 2 
lists the values used in the 50 tests cases, categorized 
into 10 subsets. 

Model performance was assessed using the 
Structural Similarity (SSIM) index, which measures the 
similarity between two images based on their pixel 
values (Wang et al., 2003). SSIM ranges between -1 
and 1, indicating perfect similarity and anti-
correlation respectively. 

 
3. RESULTS AND DISCUSSION 

 
To ascertain cGAN model performance, the 

predicted daylight contours are compared against 
those generated from simulation results (Fig. 5). 
Despite some inaccurate predictions, overall results 
indicate a close match between the predicted 
contour plots and the ground truth images obtained 
from simulation results. The resultant average SSIM 
was 0.96 which indicates a good prediction 
performance by the model. 

The model performed the best in predicting the 
hour of year (Fig. 5 subset H) and cloud cover (Fig 5. 
subset I), both with an average SSIM of 0.976. Within 
subset H, it was seen that the lower the sun angle 
during a day the better the model performance. For 
example, H-1 i.e., June 1, 4 pm had the best 
prediction, followed by H-5 i.e., October 15, 2 pm and 
H-4 i.e., August 1, 6pm. H-2, December 21, 12pm; and 
H-3, March 20, 10am, performed the worst. Since 
more light can penetrate the interior of a space, it 
shows significant differences in the lit and the 
underlit areas, represented by high contrasting solar 
patch colors ranging from red to blue. This is perhaps 
why it is easier for the model to predict the image. On 
the contrary, H-3, being the only morning sun angle 
studied, showed the worst prediction result. As a high 
sun angle is mostly cut off from the room interior due 
to the presence of shading devices, the indoor 
daylight distribution has only subtle variations in blue 
color, which seems to make it harder for the model to 
predict. 

As mentioned before, subset I shares the same 
SSIM of 0.976 as subset H. However, with subset I, 
the best performance was seen with the cloudiest sky 
(I-5) while the worst was seen during clear sky (I-1). 

 

 
Figure 5: Model test results. 
 
This contrasted with the performance of subset H 

since the clear sky will have strong daylight contrast 
and be relatively easier to predict while cloudy skies 
will create a gentler daylight distribution and be 
harder to predict for the model. But the model 
predicted daylight distribution under a cloudy sky 
relatively accurately. 

The next best performance was seen with varying 
depth of vertical fins (subset E), with an average SSIM 
of 0.968. However, the prediction accuracy was found 
to be inconsistent, as two different cases (E-3 and E-
4) both with the same fin depth of 2.1 m produced 
different SSIM (0.968 and 0.970 respectively). The 
SSIM between the highest possible fin depth of 2 m 
(E-1) and the lowest fin depth of 0.5 m (E-5) were also 
very close at 0.968 and 0.967 respectively, potentially 
falling within the margin of error. 
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This was closely followed by the prediction 
performance of the model looking at geometry 
dimensions (subset A) and fin number (subset D), 
both having an average SSIM of 0.967. In subset A, A-
3 showed the best performance with SSIM 0.971. A-3 
had one of the longer x-axis elongations in the study 
(18 m), which resulted in a larger south exposed 
window. This increased the daylight penetration in 
the interior, thereby making it easier for the model to 
predict the daylight distribution. In subset D, D-1 and 
D-3 produced more accurate results. However, these 
two cases had fin numbers of 0, meaning no vertical 
fins were modelled in the geometry. This suggests 
that in the particular test location of New York City, 
having fins can be detrimental to model prediction of 
building daylighting and shading. 

Window height (subset C) and window width 
(subset B) show the next best performance with 
average SSIM of 0.965 and 0.962 respectively. Also, 
the maximum value for the window height was taken 
as 6 m, considering the fixed sill level, while those for 
the window width were taken as 8 m, considering 
typical column-to-column spaces. 

The model prediction accuracy for overhang 
number (subset F) and depth (subset G) were slightly 
lower with SSIM of 0.961 and 0.954 respectively. This 
was surprising since a south facing window will have 
more daylight impact from a horizontal shading 
device like an overhang due to the sun’s path than 
vertical shading devices. 

The lowest prediction accuracy was seen when all 
the variables were randomized (subset J), having an 
average SSIM of 0.943. The second case, J-2, which 
had the longest x-axis elongation, and hence more 
space available to fit a south facing window, high 
window width and height, one very shallow fin, and 
three deep overhangs performed the best, with SSIM 
0.972. 

 
4. CONCLUSION 

The paper proposes a novel application for cGAN 
as a proxy model in rapid annual daylight prediction. 
Using twenty-three variables, including two geometry 
dimensions, window dimensions, vertical fin number 
and depth, horizontal overhang number and depth, 
the hour-of- year, and sky cover, the proposed model 
predicted annual hourly illuminance with reasonable 
accuracy of 96%. The model was most able to predict 
daylight with changing hour of year and changing 
cloud cover.  

However, the model has some limitations. The 
model training involved creating inputs and labels 
specific to the optimization task i.e., daylight 
performance of L-shaped buildings. For a different 
task, the model may need to be relabelled and 
retrained using a different input dataset. Also, while 
the model produced a visually close match when 

predicting direct daylight condition, it struggled to do 
so under diffused conditions, as seen by the red 
patches on the predicted plots that were not there in 
the ground truth plots. This may require a larger 
dataset training. 

In future, the model testing will be expanded to 
other building geometries: variations of L-shapes, 
rectangular, square etc. The different geometries will 
investigate model accuracy with changing geometry 
complexity, building orientation, window orientation, 
and a larger dataset. The predicted outcome as 
contour plots can provide intuitive feedback to 
designers during the early design phase. The contour 
plots can help obtain the minimum and maximum 
illuminances, allowing designers to identify over-lit 
and under-lit zones. This fosters design and 
optimization of various complex shading systems. 
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ABSTRACT: This study assesses the thermal properties of single-family homes during the heating season using a 2-
Resistor, 2-Capacitor (2R2C) model applied to smart thermostat data from 2,958 U.S. houses. The model 
demonstrated satisfactory accuracy with an average Scatter Index (SI) of 5.8%, highlighting its potential for large-
scale energy evaluations in existing buildings. Analysis revealed that the estimated time constants are significantly 
influenced by factors like climate zone, building age, and heating system stages, aligning with known thermal 
behavior principles and validating the model’s effectiveness. However, challenges arose in accurately modeling 
warm, humid climates and in potentially overlooking key heat loss factors. As a conclusion, the limitations and 
possible future improvement were presented.   
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1. INTRODUCTION 
Building energy modeling has been increasingly 

used to calculate complex and dynamic thermal 
behaviour of a building. However, when it is for 
existing buildings, it poses significant challenges 
because a real building contains uncertainties, such as 
occupants’ behaviour, which cannot be modelled by 
traditional deterministic model. Moreover, collecting 
high-dimensional information and creating an 
accurate model for each building require too much 
time and cost [1].  

To address these challenges, the Resistance-
Capacitance (RC) model emerges as a valuable tool. 
The RC model represents building components with a 
limited number of resistances (R) and capacities (C), 
offering simplicity, interpretability, and computational 
efficiency [2]. It achieves a balance between physical 
and statistical approaches, making it well-suited for 
managing uncertainties in building energy modeling. 

RC models have a wide range of applications within 
the building energy domain, encompassing tasks such 
as thermal load calculation, building control and 
optimization, and urban energy modeling [3]. 
Moreover, recent studies have utilized RC models to 
analyze extensive building stocks, thanks to the 
availability of large-scale, high-resolution datasets [4-
6]. 

Recent studies have consistently adopted a 2-
resistor, 2-capacitor model for a single-zone modeling, 
owing to their ability to accurately simulate thermal 
behavior while maintaining a level of simplicity [5, 7-
10]. Additionally, when it is integrated with an inverse 
or data-driven method, the thermal properties of 

buildings (R and C terms) can be extracted even from 
sparse data sources [4, 11-14], providing valuable 
insights to guide decisions in building retrofitting. 

Despite the numerous applications of RC models in 
various structures and purposes in previous research, 
there remains a gap in their application and validation 
with actual metered large-scale dataset.  These RC 
models were barely tested for predicting the thermal 
properties of large amount of existing building stocks.  

This paper aims to bridge this gap by applying an 
inverse 2R2C model to a smart thermostat dataset of 
heating season from single-family homes in the U.S. 
The specific objectives include developing an inverse 
2R2C model to estimate the time constants of U.S. 
homes in heating season, evaluating its performance, 
and discussing the model's limitations and prospects 
for future improvement. 
 
2. METHODOLOGY 
2.1 Data description 

The data used in this paper was obtained from 
smart thermostat users who agreed to anonymously 
share their thermostat usage the Donate Your Data 
(DYD) program administrated by ecobee Inc [15]. Each 
smart thermostat data contains operational data such 
as heating or cooling system runtimes, setpoints, 
indoor temperatures, and information on housing 
characteristics such as house type, floor area, location 
etc.  

This study used the ecobee DYD data from 3,836 
houses across the U.S. Since this study focuses on 
finding time constants in heating season, we used data 
between December 2020 and February 2021. 

Table 1: Descriptions of data used in this study. 
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Table 1 provides descriptions of dataset used in this 
study. 
 
2.2 2R2C model 

In this paper, a 2R2C structure, which was 
developed by [14], was used to explore the thermal 
characteristics of sample houses. The states of the 
model are given by the temperature Te of the large 
heat accumulating envelope with the heat capacity Ce, 
and by the temperature Ti of the room air and possibly 
the inner part of the walls with the capacity Ci, Re is the 
resistance against heat transfer between the room air 
and the large heat-accumulating envelope, while Ri is 
the resistance against heat transfer from the room air 
to the ambient air with the temperature Ti. The input 
energy, which is multiplication of system runtime 
fraction δsys and system power rate Φsys is supplied by 
heaters, and the solar radiation Φsolar which penetrates 
through the windows with effective area Ae and Ai. The 
model structure is illustrated in Fig. 1. 

 
Figure 1: 2R2C model structure. 

 
For simplification, we are not considering error 

terms to the differential equation for indoor 
temperature, assuming that the model is absolutely 
correct in reproducing the behavior of houses. Using 
an explicit discretization scheme, the indoor and 
envelope temperature at time t+1 can be calculated 
with all variables at time t as stated in Equation (1) and 
(2): 

Ti(t+1) = Ti(t) + dt/Ci [1/Ri (Te – Ti ) + δsysΦsys + AiΦs](t)  
(1) 

Te(t+1) = Te(t) + dt/Ce [1/Ri  (Ti – Te) + 1/Ro (To – Te)  

+ AeΦsolar](t)   (2) 

where Ti – indoor temperature (°C);  

Te – envelope temperature (°C); 
Ri – thermal resistance between the indoor air 
and the envelope (K/W); 
Ro – thermal resistance between the envelope 
and the ambient air (K/W); 
Ci – heat capacitances of the envelope (J/K); 
Ce – heat capacitances of the interior (J/K); 
Ai – effective solar gain area for interior (m2); 
Ae – effective solar gain area for envelope (m2); 
Φsys– power rate of heating system (W); 
Φsol – global horizontal solar irradiance (W/ 
m2);  
δsys – runtime fraction of heating system (-). 

 
2.3 Least squares optimization 

The optimal values for the unknown parameters 
(Ri, Ro, Ci, Ce, Ai, Ae, and Φsys) for each building was 
estimated by the least squares optimization algorithm 
with given input variables (Ti, To, δsys, and Φsolar). It 
finds the optimum values by minimizing the sum of 
squared residuals between the measured indoor 
temperature and the output of the function defined 
above.  
 
3. RESULTS AND DISCUSSION 
3.1 Model Performance and optimization results 

To assess the model's performance, the dataset 
was split into training and test sets; 80% of the data 
from a 3-month period (72 days) served as the training 
set, while the remaining 20% (18 days) was used for 
testing, applied to each house.  

Initially, the study involved 3,836 houses. 
However, this number was reduced due to several 
exclusion criteria: removal of houses lacking sufficient 
winter data, exclusion of homes in climate zone 1A 
without winter heating systems, and elimination of 
outliers with excessively high Root Mean Square Error 
(RMSE) to maintain analysis reliability. After applying 
these criteria, the number of houses eligible for 
optimization was reduced to 2,958. Table 2 provides a 
detailed summary of the optimization results for these 
2,958 houses. 
 
Table 2: Optimization and model test results for 2958 houses.  

Attributes Mean Min. Max. Std. 
Ri 4.1e-04 1.0e-04 2.0e-03 4.6e-04 

Attribute Description 

House 
Features 

House ID Anonymous unique ID of each house from ecobee DYD dataset 
State State where the house is located from ecobee DYD dataset 

Climate zone IECC climate zone where the house is located 
Floor area (ft2) Floor area of the house from ecobee DYD dataset 

House type Structural type of the house from ecobee DYD dataset (detached, semi-detached, 
apartment, or unknown) 

Building age (yrs.) Age of the house from ecobee DYD dataset 
Number of heat stages Levels of heating output available from ecobee DYD dataset 

Model 
Inputs 

Heating runtime (sec) System runtime for heating in 5-min interval from ecobee DYD dataset 
Indoor temperature (°C) Indoor dry air temperature in 5-min interval from ecobee DYD dataset 

Outdoor temperature (°C) Outdoor dry air temperature in 5-min interval from local weather data 
Solar irradiance (W/ m2) Global horizontal irradiance in 5-min interval from local weather data 
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Attributes Mean Min. Max. Std. 
Ri 4.1e-04 1.0e-04 2.0e-03 4.6e-04 

Attribute Description 

House 
Features 

House ID Anonymous unique ID of each house from ecobee DYD dataset 
State State where the house is located from ecobee DYD dataset 

Climate zone IECC climate zone where the house is located 
Floor area (ft2) Floor area of the house from ecobee DYD dataset 

House type Structural type of the house from ecobee DYD dataset (detached, semi-detached, 
apartment, or unknown) 

Building age (yrs.) Age of the house from ecobee DYD dataset 
Number of heat stages Levels of heating output available from ecobee DYD dataset 

Model 
Inputs 

Heating runtime (sec) System runtime for heating in 5-min interval from ecobee DYD dataset 
Indoor temperature (°C) Indoor dry air temperature in 5-min interval from ecobee DYD dataset 

Outdoor temperature (°C) Outdoor dry air temperature in 5-min interval from local weather data 
Solar irradiance (W/ m2) Global horizontal irradiance in 5-min interval from local weather data 

 

Model 
Param 
-esters 

Ro 1.4e-02 1.0e-04 3.9e-02 7.8e-03 
Ci 9.6e+06 6.6e+06 1.0e+07 7.9e+05 
Ce 8.9e+07 1.0e+05 1.0e+08 2.4e+07 
Ai 1.7e+00 2.8e-14 8.5e+00 2.1e+00 
Ae 1.6e+00 5.6e-12 1.0e+01 2.5e+00 

Φsys 5.0e+03 5.0e+03 5.0e+03 4.1e-02 
RMSE 1.16 0.08 3.43 0.70 

SI 5.8% 0.4% 34% 3.6% 
 

Generally, the model demonstrated proficiency in 
accurately simulating the thermal dynamics of these 
houses. This is exemplified in Figure 2(a), which 
illustrates the test results from a house where the 
model's optimization was particularly effective. The 
average RMSE was 1.16, meaning that the average 
distance between the observed data values and the 
predicted data values is 1.16°C.  

For more comprehensive view of model 
performance, we evaluated Scatter Index (SI) which is 
normalization of RMSE by the mean of observed value. 
The average SI value of the model was 5.8%. Based on 
rule of thumb, the model is acceptable when SI < 10%, 
and it is very good when SI < 5%. Based on this 
criterion, our model demonstrates a commendable 
level of predictive accuracy, although there is still 
room for further enhancement. 

In evaluating the optimization of the model's 
parameters, we observed that most parameters fell 
within acceptable ranges and exhibited reasonable 
standard deviations. However, a notable exception 
was the system power rate (Φsys), which consistently 
gravitated towards its lower limit of 5 kW, indicating 
suboptimal optimization. Given that the capacity of a 
typical residential gas furnace is approximately 20 kW 
[16], this trend implies that the model may not be 
effectively capturing the operational dynamics of the 
heating system. 

The 2R2C model is assuming that thermal output of 
the system is proportional to the runtime of the 
system. However, it might not be strictly proportional 
due to some reasons. First, for heating systems that 
can modulate their output (like modulating boilers or 
variable refrigerant flow systems), the heat production 
can be adjusted based on demand. This means longer 
runtimes don't necessarily equate to proportionally 
more heat, as the system may run longer but at a lower 
output. Second, even for systems that operate with a 
fixed output (on/off behavior), the relationship might 
not be strictly proportional due to startup and 
shutdown losses. 

As shown in Fig. 2(b), for about 68% of the whole 
sample, the model overestimated the indoor 
temperature; the model prediction (red dashed line) 
was greater than the measured data (grey solid line). 
This implies that the model might not fully account for 
all the factors influencing heat loss, such as window 
opening. 

Another possible reason could be the suboptimal 
optimization of the system power rate. It was 

previously noted that the model does not accurately 
capture the thermal dynamics of the heating system, 
leading to an unrealistically low estimation of the 
heating system's power rate. Such an underestimation 
could inadvertently result in an overestimation of the 
building envelope’s thermal resistance and 
capacitance, as the model attempts to compensate for 
the heat gain and loss. Consequently, these 
overestimated values for resistance and capacitance 
might be driving the increase in the model’s predicted 
indoor temperatures for the test dataset. 

Figure 3 presents the performance of the model 
across different climate zones. It was observed that 
the model’s RMSE is notably higher for houses located 
in warm and humid areas. In these areas, there is a 
frequent need for both heating and cooling within a 
single day during winter as shown in Fig 2(c). In 
addition, residents in such climates often use both 
natural and mechanical ventilation to regulate indoor 
temperatures and humidity. 

Given these conditions, the 2R2C model, which is 
primarily designed for conditions where heating is the 
primary concern, may not be able handle such 
variability and complexity, leading to its reduced 
effectiveness in these specific climate zones. 

 
3.2 Estimated time constant  

Based on the optimization results, the time 
constant (τ), which represents how quickly the building 
envelope and the interior space respond to 
temperature changes, was calculated for each house 
using Equation (3): 

τ = (Ri + Ro) x (Ci + Ce)   (3) 

The identified time constants ranged widely 
between 2.4 – 487.5 hours with a median of 153.4 
hours (Fig. 4). When comparing homes in different 
climates (Table 3), it was found that houses in warm 
and humid regions had a median time constant (75.0 - 
113.7 hr) that was lower than the median for the 
entire U.S. (153.4 hr). This suggests that homes in 
warm and humid areas tend to adjust to temperature 
changes more quickly than the average US home. 
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Figure 3: Model performance across different climate zones. 

 
Considering that the model’s RMSE in those 

climate zones were relatively higher than colder 
climate zones, this is likely because the model did not 
adequately account for the common practice in these 
regions of using both heating and cooling during 
winter and opening windows frequently to regulate 

temperature and humidity. As a result, the model may 
underestimate the true RC values for these houses, 
leading to less accurate predictions. 

The median time constant was generally higher in 
colder climates compared to the U.S. average. This is 
consistent with the expectation that homes in colder 
areas are built with better insulation and more airtight 
designs to retain heat. Additionally, snow 
accumulation on roofs during winter can act as an 
extra layer of insulation, effectively increasing the 
thermal resistance and capacitance of these houses. 
This means that these homes are slower to lose heat 
and take longer to warm up. 
Table 3: Estimated time constants for different climate zones. 

 Count Min. Med. Max. Std. 
2A 152 2.4 75.0 446.8 86.5 
2B 60 30.2 273.6 472.6 115.6 
3A 433 7.2 113.7 476.2 87.4 
3B 108 10.6 180.8 484.6 121.9 
3C 27 15.9 87.7 210.3 65.0 
4A 637 12.7 133.4 447.2 88.1 

Figure 2: Model test results for: (a) a house with accurate predictions (RMSE = 0.4); (b) a house with overestimated indoor 
temperatures; and (c) a house in climate zone 2A with low accuracy (RMSE = 2.1). 
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4B 10 24.2 102.8 399.8 113.9 
4C 139 5.9 153.8 481.4 99.9 
5A 755 5.1 169.6 487.5 98.2 
5B 213 25.6 183.9 451.2 96.7 
6A 283 20.8 211.5 486.8 109.3 
6B 84 17.0 216.3 426.5 101.2 
7 53 25.2 230.6 486.6 104.8 
8 4 151.9 241.7 399.1 125.1 

All 2,958 2.4 153.4 487.5 101.9 
 

 
Figure 4: Histogram of estimated time constant (Median: 
153.4 hours). 
 

To investigate the correlation between the 
estimated time constants and various house features, 
we conducted multivariate linear regression. To 
compare the impact of each independent variable in a 
regression model on a common scale, we standardized 
your independent variables before fitting the model to 
get standardized coefficients. Standardized 
coefficients represent how many standard deviations 
the dependent variable will change, per standard 
deviation increase in the predictor variable. Therefore, 
by comparing the absolute value of the standardized 
coefficients, the impact of each house feature can be 
ranked.  
Fig. 5 illustrates the ranking of seven house features 
based on their impact on time constants. Out of these, 
four features – location (climate zone), building's age, 
number of heating stages, and number of floors – 
demonstrate a statistically significant influence, as 
indicated by their p-values being less than 0.05.  

 

  
Figure 5: Ranking of house feature’s impact on time 
constants 
 

The house's location, specified by its climate zone, 
emerged as the most significant factor, showing the 
strongest positive impact on the time constant. 
Building age took the second rank, showing the 
strongest negative impact on the time constant. 
Newer buildings generally showed higher time 
constants, implying they are likely to be better 
insulated due to stricter building code. Conversely, 
older buildings tend to have lower time constants, 
which could be attributed to poorer insulation quality 
or deterioration over time. 

The number of heating stages emerged as the third 
most impactful factor, showing a strong negative 
influence. This implies that homes with shorter time 
constants tend to be equipped with multi-stage 
heating systems. The negative correlation could 
suggest a reverse cause and effect: rather than 
multiple heating stages causing lower time constants, 
homes with faster temperature responses might 
require more complex system that can respond more 
quickly and closely to changes in demand. 
Furthermore, it's important to note that only 7% of the 
sample size (213 out of 2,958 homes) featured multi-
stage heating systems. This relatively small proportion 
denotes that while the findings are notable, they may 
not be generalizable to all houses.  

Among the two variables linked to the size of a 
house – the floor area and the number of floors – it 
was observed that the number of floors has the 
significant positive influence on the time constant. This 
means that houses with more floors tend to have 
higher time constants. This trend was expected as a 
result of the greater thermal mass of larger buildings. 

It was initially expected that the detached houses 
to have lower time constants as the exposed surface 
area is larger for them. However, such relationship was 
not detected in this study. 

781



 

The results from the correlation analysis further 
confirm the estimated time constants align with widely 
accepted knowledge. Specifically, it shows that these 
time constants are significantly influenced by key 
factors such as the house's location, age, and size. This 
finding supports the proposed model’s potential 
applicability in large-scale building energy evaluations, 
as it captures essential characteristics that are known 
to impact building energy dynamics.  
 
4. CONCLUSION 

This study demonstrated the efficacy of applying a 
2R2C model to smart thermostat data for evaluating 
the thermal properties of single-family homes, with a 
focus on heating season. The model was tested across 
a diverse sample of 2,958 houses. As a result, it 
showed acceptable accuracy with average SI of 5.8%. 
Moreover, the estimated time constants revealed 
significant dependencies on factors like climate zone, 
building age, and the number of heating system 
stages, validating the model's ability to accurately 
reflect key physical aspects of building thermal 
dynamics. These results highlight the model’s 
potential in large-scale building energy evaluations, 
especially in existing buildings where capturing 
complex thermal dynamics is challenging due to sparce 
information and operational uncertainties. 

However, the model faces challenges in warm, 
humid climates and may underestimate heat losses, 
such as through open windows, and inaccurately 
represent heating system dynamics. Future 
enhancements should focus on adapting to different 
climates, improving system behavior representation, 
and incorporating a stochastic approach to address 
uncertainties, especially human factors. Further 
validation with synthetic datasets from white-box 
model simulations is also suggested to ensure the 
model’s parameters hold realistic physical 
interpretations. 

With the proposed enhancements, the model will 
enable preliminary thermal dynamic assessments 
(such as time constants) for existing houses with 
limited building information. This will facilitate the 
identification of underperforming buildings compared 
to their peers and monitor them for deteriorating, 
providing crucial insights for retrofitting decisions. 

 
ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the advice 
from Josiah Johnston at Daikin Open Innovation Lab 
Silicon Valley. Special thanks to ecobee, Inc. and its 
customers who participated in the Donate Your Data 
program, for their contribution of data. This research 
utilized the Delta advanced computing and data 
resource, supported by the National Science 
Foundation (award OAC-2005572) and the State of 
Illinois. 

 

REFERENCES  
1. Hong, T., Langevin, J., & Sun, K. (2018). Building 
simulation: Ten challenges. Build. Simul., 11, 871-898. 
2. Sonderegger, R. (1977). Diagnostic tests determining the 
thermal response of a house. 
3. Li, Y., O'Neill, Z., Zhang, L., Chen, J., Im, P., & DeGraw, J. 
(2021). Grey-box modeling and application for building 
energy simulations-A critical review. Renewable Sustainable 
Energy Rev., 146, 111174. 
4. Doma, A., Ouf, M., Newsham, G., & Knudsen, H. (2021). 
Investigating the Thermal Performance of Canadian Houses 
Using Smart Thermostat Data. ASHRAE Transactions, (1). 
5. Hossain, M. M., Zhang, T., & Ardakanian, O. (2021). 
Identifying grey-box thermal models with Bayesian neural 
networks. Energy Build., 238, 110836. 
6. Lauster, M., Teichmann, J., Fuchs, M., Streblow, R., & 
Mueller, D. (2014). Low order thermal network models for 
dynamic simulations of buildings on city district scale. Build. 
Environ., 73, 223-231. 
7. Kim, E. J., He, X., Roux, J. J., Johannes, K., & Kuznik, F. 
(2019). Fast and accurate district heating and cooling energy 
demand and load calculations using reduced-order 
modelling. Appl. Energy, 238, 963-971. 
8. Rosin, S. (2018). Reduced Order Modeling for Virtual 
Building Commissioning. 
9. Coffman, A. R., & Barooah, P. (2018). Simultaneous 
identification of dynamic model and occupant-induced 
disturbance for commercial buildings. Build. Environ., 128, 
153-160. 
10. Zong, Y., Böning, G. M., Santos, R. M., You, S., Hu, J., & 
Han, X. (2017). Challenges of implementing economic model 
predictive control strategy for buildings interacting with 
smart energy systems. Applied Thermal Engineering, 114, 
1476-1486. 
11. Real, J. P., Rasmussen, C., Li, R., Leerbeck, K., Jensen, O. 
M., Wittchen, K. B., & Madsen, H. (2021). Characterisation of 
thermal energy dynamics of residential buildings with scarce 
data. Energy Build., 230, 110530. 
12. Belić, F., Hocenski, Ž., & Slišković, D. (2016, October). 
Thermal modeling of buildings with RC method and 
parameter estimation. In 2016 Int. Conf. on Smart Systems 
and Technologies (pp. 19-25). IEEE. 
13. Zeifman, M., Lazrak, A., & Roth, K. (2020). Residential 
retrofits at scale: opportunity identification, saving 
estimation, and personalized messaging based on 
communicating thermostat data. Energy Efficiency, 13(3), 
393-405. 
14. Madsen, H., & Holst, J. (1995). Estimation of continuous-
time models for the heat dynamics of a building. Energy 
Build., 22(1), 67-79. 
15. Ecobee Inc., “Donate Your Data,” Ecobee, [Online], 
Available: https://www.ecobee.com/en-us/donate-your-
data/ [Accessed: Mar 1, 2024]. 
16. Brand, L., & Rose, W. (2012). Measure Guideline: High 
Efficiency Natural Gas Furnaces (No. NREL/SR-5500-55493; 
DOE/GO-102012-3684). National Renewable Energy Lab.  
 

782



 

The results from the correlation analysis further 
confirm the estimated time constants align with widely 
accepted knowledge. Specifically, it shows that these 
time constants are significantly influenced by key 
factors such as the house's location, age, and size. This 
finding supports the proposed model’s potential 
applicability in large-scale building energy evaluations, 
as it captures essential characteristics that are known 
to impact building energy dynamics.  
 
4. CONCLUSION 

This study demonstrated the efficacy of applying a 
2R2C model to smart thermostat data for evaluating 
the thermal properties of single-family homes, with a 
focus on heating season. The model was tested across 
a diverse sample of 2,958 houses. As a result, it 
showed acceptable accuracy with average SI of 5.8%. 
Moreover, the estimated time constants revealed 
significant dependencies on factors like climate zone, 
building age, and the number of heating system 
stages, validating the model's ability to accurately 
reflect key physical aspects of building thermal 
dynamics. These results highlight the model’s 
potential in large-scale building energy evaluations, 
especially in existing buildings where capturing 
complex thermal dynamics is challenging due to sparce 
information and operational uncertainties. 

However, the model faces challenges in warm, 
humid climates and may underestimate heat losses, 
such as through open windows, and inaccurately 
represent heating system dynamics. Future 
enhancements should focus on adapting to different 
climates, improving system behavior representation, 
and incorporating a stochastic approach to address 
uncertainties, especially human factors. Further 
validation with synthetic datasets from white-box 
model simulations is also suggested to ensure the 
model’s parameters hold realistic physical 
interpretations. 

With the proposed enhancements, the model will 
enable preliminary thermal dynamic assessments 
(such as time constants) for existing houses with 
limited building information. This will facilitate the 
identification of underperforming buildings compared 
to their peers and monitor them for deteriorating, 
providing crucial insights for retrofitting decisions. 

 
ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the advice 
from Josiah Johnston at Daikin Open Innovation Lab 
Silicon Valley. Special thanks to ecobee, Inc. and its 
customers who participated in the Donate Your Data 
program, for their contribution of data. This research 
utilized the Delta advanced computing and data 
resource, supported by the National Science 
Foundation (award OAC-2005572) and the State of 
Illinois. 

 

REFERENCES  
1. Hong, T., Langevin, J., & Sun, K. (2018). Building 
simulation: Ten challenges. Build. Simul., 11, 871-898. 
2. Sonderegger, R. (1977). Diagnostic tests determining the 
thermal response of a house. 
3. Li, Y., O'Neill, Z., Zhang, L., Chen, J., Im, P., & DeGraw, J. 
(2021). Grey-box modeling and application for building 
energy simulations-A critical review. Renewable Sustainable 
Energy Rev., 146, 111174. 
4. Doma, A., Ouf, M., Newsham, G., & Knudsen, H. (2021). 
Investigating the Thermal Performance of Canadian Houses 
Using Smart Thermostat Data. ASHRAE Transactions, (1). 
5. Hossain, M. M., Zhang, T., & Ardakanian, O. (2021). 
Identifying grey-box thermal models with Bayesian neural 
networks. Energy Build., 238, 110836. 
6. Lauster, M., Teichmann, J., Fuchs, M., Streblow, R., & 
Mueller, D. (2014). Low order thermal network models for 
dynamic simulations of buildings on city district scale. Build. 
Environ., 73, 223-231. 
7. Kim, E. J., He, X., Roux, J. J., Johannes, K., & Kuznik, F. 
(2019). Fast and accurate district heating and cooling energy 
demand and load calculations using reduced-order 
modelling. Appl. Energy, 238, 963-971. 
8. Rosin, S. (2018). Reduced Order Modeling for Virtual 
Building Commissioning. 
9. Coffman, A. R., & Barooah, P. (2018). Simultaneous 
identification of dynamic model and occupant-induced 
disturbance for commercial buildings. Build. Environ., 128, 
153-160. 
10. Zong, Y., Böning, G. M., Santos, R. M., You, S., Hu, J., & 
Han, X. (2017). Challenges of implementing economic model 
predictive control strategy for buildings interacting with 
smart energy systems. Applied Thermal Engineering, 114, 
1476-1486. 
11. Real, J. P., Rasmussen, C., Li, R., Leerbeck, K., Jensen, O. 
M., Wittchen, K. B., & Madsen, H. (2021). Characterisation of 
thermal energy dynamics of residential buildings with scarce 
data. Energy Build., 230, 110530. 
12. Belić, F., Hocenski, Ž., & Slišković, D. (2016, October). 
Thermal modeling of buildings with RC method and 
parameter estimation. In 2016 Int. Conf. on Smart Systems 
and Technologies (pp. 19-25). IEEE. 
13. Zeifman, M., Lazrak, A., & Roth, K. (2020). Residential 
retrofits at scale: opportunity identification, saving 
estimation, and personalized messaging based on 
communicating thermostat data. Energy Efficiency, 13(3), 
393-405. 
14. Madsen, H., & Holst, J. (1995). Estimation of continuous-
time models for the heat dynamics of a building. Energy 
Build., 22(1), 67-79. 
15. Ecobee Inc., “Donate Your Data,” Ecobee, [Online], 
Available: https://www.ecobee.com/en-us/donate-your-
data/ [Accessed: Mar 1, 2024]. 
16. Brand, L., & Rose, W. (2012). Measure Guideline: High 
Efficiency Natural Gas Furnaces (No. NREL/SR-5500-55493; 
DOE/GO-102012-3684). National Renewable Energy Lab.  
 

PLEA 2024 WROCŁAW 
(Re)thinking Resil ience  

 

Flooding in São Paulo: 
A Call to Action for Resilient Infrastructure 

 
SOLIMAR MENDES ISAAC1, ANDRÉ EIJI SATO1, GABRIELA KATIE SILVA MORITA1 

 
¹ Faculty of Architecture and Urbanism of the University of São Paulo (FAUUSP), São Paulo, Brazil  

 
 
ABSTRACT: This article investigates the impact of climate change in the city of São Paulo, specifically in the OD 
Zones Santa Marina, Barra Funda, Rudge and Bom Retiro. These areas are characterized by frequent and intense 
floods that affect urban mobility. Based on the application of the quantitative method of "Ergonomic Assessment 
of the Urban Environment'', the article complements its methodology with a georeferenced analysis of pedestrian 
flows. The georeferenced analysis revealed that the study area, despite its importance for mobility, is very 
vulnerable to flooding. It is concluded that 95% of bus stops in the four OD zones are located in areas prone to 
flooding, indicating significant challenges in urban mobility. Regarding the displacements, crossing the Tietê River 
represents an obstacle for pedestrians and vehicles in the city, leading people to take risks in unsafe and 
inaccessible areas. The article also highlights the importance of microaccessibility as a crucial factor for the quality 
of urban life, emphasizing the need for a human-centered approach to urban design. Furthermore, the analysis 
points out the importance of accessibility during floods, calling attention to the urgency in developing strategies 
for more inclusive and resilient mobility.   
KEYWORDS: Flood, Pedestrians, Accessibility, Resilience, São Paulo.  
 

 
1. INTRODUCTION 

Since the mid-1800s-1900s, human activities and 
the industrial revolution’s effects have increased the 
frequency and intensity of various serious cataclysms, 
affecting different regions of the world, whether 
through unsustainable energy use, changes in lifestyle 
or new dynamics in consumption patterns [1]. 

According to the IPCC Sixth Assessment Report 
(AR6) [2], it is undeniable to affirm that climate change 
is human-caused and is changing the world by many 
extreme events such as heavy precipitations. Cities 
play an important part on humans since more than 
56% of the world population live in urban settlements 
[3]. After COVID-19, many cities around the world had 
their own infrastructure and services compromised, 
especially on development cities. Although the city of 
São Paulo, Brazil, is the 33rd best in the world, the 17th 
richest city and the largest capital in Latin America [4], 
it still lacks many improvements in its urban 
infrastructure and, therefore, faces complex 
challenges related to the impact of climate change. 
The city has more than 11.451.999 inhabitants in 
1.521,11 km², being not only the most populous, but 
also the most urbanised city in Brazil [5].  

São Paulo has been suffering from heavy storms 
and consequently, floods. Data from the Inmet report 
(2022) [6] shows the frequency (in days) of extreme 
rainfall events in São Paulo (Fig. 1) - as can be seen 
when comparing the last three decades (2011-2020, 
2001-2010 and 1991-2000) - and, although there has 
been a reduction in the number of days with rainfall 
above 50 mm, the number of days with rainfall above 
80 mm and 100 mm has increased, respectively, from 

9 to 16 days and from 2 to 7 days, a fact that goes hand 
in hand with the increase in extreme events in the 
metropolis - and in several other locations across the 
country. 

 

 
Figure 1: Frequency (days) of precipitation extremes in São 
Paulo (SP). INMET data.  

 
In addition, from 2006 to 2023, the frequency and 

the intensity of heavy rainstorms have constantly 
increased over the years in São Paulo. In 2006, there 
were 13,121 registered floods. In 2023, that number 
jumped to 30,920 [7] and the annual average rainfall 
in the city was 1,400 millimetres, a 10% increase over 
the 10-year average [8]. The months with the highest 
number of floods is January, followed by February and 
March. Those months compose the summer period in 
the city.  The increase in rainfall has caused a series of 
serious problems in the City of São Paulo, such as 
flooding and landslides. In 2023, the city recorded 
1,200 flooding events, causing 223 deaths and leaving 
23,600 people homeless. 

Despite the fact that the municipality of São Paulo 
has adopted a series of actions to minimise the 
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problem of flooding over the last five years - such as 
the construction of new drainage channels to increase 
rainwater runoff capacity, public awareness 
campaigns on the importance of flood prevention and 
also the incorporation of innovative technologies for 
rainwater management, researches and studies point 
out that the city's infrastructure is still not prepared to 
deal with these events and, therefore, they have a 
serious negative impact on various services, especially 
urban mobility. 

 During floods, the majority of the transport 
modals literally stop and they all have to wait for the 
water to be drained. The city of São Paulo holds more 
than 15 million daily trips made by public 
transportation, being the second most used modal by 
its citizens [9]. From that, it is possible to affirm that 
public transportation and active means of 
transportation - which is the most widely used means 
of transport in the municipality - should have 
socioeconomic priority not only in public policies, but 
also in the management of a resilient city of São Paulo. 

In this context, the objective of this article is based 
on the analysis of the complex interactions and 
intersections between the problems of public 
transport and flooding in the urban areas of São Paulo, 
aiming to analyse this type of urban morphology and 
to reflect on strategies that improve the citizens’ 
quality of life and well-being. The case study for this 
analysis falls on the territory delimited by four Origin 
and Destination Zones [10]: Santa Marina, Barra 
Funda, Rudge and Bom Retiro. At the same time these 
regions are densely populated with great economic 
activity, they are also susceptible to flooding due to its 
own urban infrastructure, causing serious impacts on 
the citizens' travel routine. 
 
2. METHODOLOGY 

In order to achieve the objective of this article, this 
paper will highlight how climate changes trigger 
extreme events, such as flooding, which have become 
more frequent and intense throughout the years. This 
will be done through the analysis of the impact of 
these floods on urban mobility and how flooded roads 
hinder the flow of buses and pedestrians, leading to 
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methodology on the application of the quantitative 
part of the “Ergonomic Assessment of the Urban 
Environment” method [11], along with a 
geoprocessing analysis of the case study area. 
 
2.1 Case study area  

The study area of this article is based on these four 
zones established by the Origin and Destination Survey 
[10] (a survey which investigates the pattern of trips 
that people make every day in a given region): Santa 
Marina (2,94 km²), Barra Funda (1,17 km²), Rudge 
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in the Central Area of the City of São Paulo and they 
add up to an area of more than 6,37 km², as seen in 
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Figure 2: Localization map of the case study area (Santa 
Maria Zone, Barra Funda Zone, Rudge Zone and Bom Retiro 
Zone). Map prepared by the authors. 

 
As mentioned above, these four zones are densely 

populated with great economic activity. Regarding the 
land use aspect, Santa Marina and Barra Funda have a 
predominance of Mixed Use Zones, while Rudge has 
the majority of Metropolitan Structural Zones and 
Bom Retiro has the Economic Development Zones.  

The area is very important not only for São Paulo, 
but also for the citizens’ mobility since it unites other 
centralities (North, West, South and East) and also is 
responsible for the Tietê River transposition. Over this 
way, it is in this section of the city that the main bridges 
that cross the Tietê River are located: Freguesia do Ó 
Bridge, Limão Bridge and Casa Verde Bridge. Alongside 
this aspect, since this case study area has the Tietê 
River in its proximity, it presents a lot of streams that 
go inside each zone. Thus, the four zones are very 
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vulnerable to flooding due to its own urban spatial 
conformity.  

Just to have a notion, only in the Barra Funda Zone, 
the number of floods has increased from 10 (2006) to 
44 (2023). In the past 10 years there have been 142 
occasions when public transport has had to be 
interrupted, mostly due to above-average rainfall, 
such as in 2010, 2011 and 2022, with the latter year 
seeing the most affected stretches passing through 
lowland areas and in regions close to rivers and 
streams. 

According to the study made by [12], this study 
area is a territory characterised by high walkability and 
low displacements on foot, showing low pedestrian 
diversity – which potentializes the lack of security. 
 
2.2 Points of analysis 

The first point of analysis focuses on recurrent 
flooding in these urban areas. Inadequate drainage 
infrastructure, combined with heavy rainfall, results in 
frequent flooding, which impairs not only mobility but 
also public and private infrastructure. The analysis will 
identify the main affected locations and their 
consequences on pedestrian mobility (Fig. 3). 

 

 
Figure 3: Photo taken at the case study area, showing the 
dynamics of the section. 
 

The second point of analysis explores the 
interaction between public transport systems and 
flooding. Delays, cancellations and route interruptions 
are common during adverse weather conditions. It will 
be evaluated how these events affect accessibility and 
passenger experience, as well as the operational 
efficiency of the system. In addition, areas of micro-
accessibility will be highlighted, where flooding makes 
it difficult for passengers to access. 
 
2.3 The Ergonomic Assessment of the Urban 
Environment - Qualitative measurement 

The “Ergonomic Assessment of the Urban 
Environment” [11] is a method that uses Ergonomics 
as the guide of the measurement of the urban built 
environment qualities, aiming at the well-being of the 
pedestrians. This methodology has two types of 
assessment and for the matters of this article, we only 

focused on the quantitative category. This category 
takes into account the measurement of the physical 
and environmental factors that are classified as “urban 
kindness” (positive qualities) and “urban arrogances” 
(negative qualities). 

It is important to note that this method is based on 
on-site observations and applied on the microscale 
level of walkability. In this analysis, 39 physical 
variables were evaluated and grouped into 9 topics, 
shown in the figure below (Fig. 4). 

 

 
Figure 4: The ergonomic variables that are evaluated by the 
Qualitative Category of the Ergonomic Assessment of the 
Built Environment.  

 
There are ergonomic assessment sheets to guide 

the process of the evaluation, as in Figure 5. 
 

 
Figure 5: Quantitative evaluation sheet. Prepared by the 
authors.  
 

The on-site visit took place on November 23rd, 
2023 during business hours, between 2pm and 
4:30pm. Besides that, this visit was taken walking by 
the Marquês de São Vicente Avenue, since this road 
links the four OD Zones.  

 
2.4 The Geoprocessing analysis of the case study area 

After defying the case study area and applying the 
Ergonomic Assessment of the Urban Environment, the 
methodology follows a comparative analysis between 
aspects of urban micro-accessibility (bus stops) and 
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the interference caused by flooding. This part was 
done through georeferenced analysis by the QGIS 
software (version 3.22.7) using São Paulo’s open-
sourced data by the GeoSampa platform. 

 
3. RESULTS 
3.1 On-site visit observations 

In general, the visit was important to notice the 
main opportunities and challenges of the urban spaces 
towards a more resilient environment.  

The major flux of pedestrians occurred nearby the 
intermodal station (buses, subways and trains) - 
located on the Barra Funda Zone. As we walked 
towards the Bom Retiro Zone, the presence of 
pedestrians was almost non-existent. It was observed 
that the urban spaces at this area were not pedestrian 
friendly (having lots of walls, fences and abandoned 
buildings). Thus, there were a lot of very vulnerable 
and unsafe spaces. The few pedestrians we saw were 
residents walking on the sidewalk of their own 
buildings without going much further than the setback 
space.  

Another aspect that we noticed was that there 
were very few trash bins and a lot of solid waste spread 
across the sidewalks. At the same time there were just 
a few storm drains to collect rainwater. Over this way, 
it was possible to notice several rain puddles - from the 
rain that occurred on the same morning (Fig. 6). This 
indicates the insufficient urban infrastructure that 
could not drain the water correctly. 
 

 
Figure 6: Photographic registers of the rain puddles from the 
on-site visit.  
 
3.2 Ergonomics Assessment of the Urban 
Environment’s results 

The Quantitative Part of the Ergonomics 
Assessment of the Urban Environment was applied in 
the Marquês de São Vicente Avenue as this road links 
each of the four zones. 

The zone rated most negatively is Santa Marina, 
while the zone with the most positive aspects is Barra 
Funda. It was interesting to notice that the road 
aspects - which take into account variables such as 
average road speed, vehicle flow and average road 

width - were rated negatively in all, as seen in the 
tables below. (Tables 1 and 2). 

Aspects related to infrastructure (such as the 
existence or absence of garbage cans, seats, street 
lighting, signage and the proximity of bus stops), the 
block (length, slope, average height of buildings, 
existence or absence of an active façade and walls or 
railings) and safety (pedestrian flow, existence or 
absence of safety markers, police and traffic officers) 
are rated more negatively in Santa Marina and Rudge, 
being corroborated by the perception of the 
researchers during an on-site visit (Tables 1 and 2). 

 

 
Table 1: Ergonomics physical variables. Prepared by the 
authors.  
 

 
Table 2: Ergonomics physical variables. Prepared by the 
authors.  
 

In the crossings, the best-rated area was the rudge, 
with all the physical variables positive. With regard to 
sidewalk aspects, the positive highlights are Barra 
funda and Bom Retiro, which may be influenced by the 
high pedestrian traffic and good flow of public 
transport in the vicinity. 

The evaluation of the building aspect was more 
positive in Barra Funda, while the most wooded areas 
are located in Santa Maria and Rudge, even though 
this is not the biggest motivator for commuting in 
these areas. Public transport is well rated in all areas, 
with only train stations being further away. 

From the results above, it is possible to point out 
that Barra Funda presented the best urban 
environmental features and Santa Marina and Rudge, 
the worst ones. Following this fact and during the visit, 
the pedestrians’ flow was higher in the Barra Funda 
Zone and Rudge was the lowest. 

 
3.3 Geoprocessing analysis’ results 

After analysing the area, it was found that from the 
totality of 123 bus stops, only 6 of them are outside 
the flooded areas. This means that more than 95% of 
bus stops in the area are subject to flooding. 
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Figure 7: Situation of flooding points and proximity to bus 
stops. Map prepared by the authors.  
 

 
Figure 8: Map of flows of people using the public transport 
system in the metropolitan region of São Paulo. Map 
prepared by the authors.  

 
With the analysis of pedestrian flows using public 

transport (Fig. 8), we were able to conclude that the 
movements with the largest number of people occur 
from the east-west of the Metropolitan Region to our 
study area. In second place, we have a higher 
movement of people coming from the extreme north 
zone of São Paulo when compared to the south zone.  

   The largest east-west flows can be attributed to 
the large population of residents in these regions and 
the movement of workers to the city's economic 
centers. As for the lower movement in the south, it 
may be influenced by the large job offer and diversity 
of public transport in the area. 

 
Figure 9: Map with the flows of non-motorized transports 
(bicycles and pedestrians) at the case study area. Map 
prepared by the authors. 

 
In the analysis of non-motorized flows (Fig. 9), it 

was concluded that the largest number of people 
come from the Casa Verde neighbourhood. However, 
in order to do that, people need to cross the Tietê 
River to reach the study area and access the Barra 
Funda intermodal. This is done without accessibility 
and security, causing great discomfort to passers-by 

     The largest flows can be attributed to the 
difficulty of getting to the other side of the Tietê 
riverbank, considering that it is faster to get there on 
foot than by public transport at peak times. And also, 
the largest flows can be attributed to the reduced 
offers of public transport on this side of the river. 

    The second largest pedestrian flow comes from 
the central area of the city, from the neighbourhoods 
of Santa Cecília, Santa Efigênia and República. The 
lowest pedestrian flow is those in the Perdizes 
neighbourhood. This, in turn, is characterized by the 
commuting movement of university students. 
Characteristics of movement on the streets only at 
specific times. 
 
4. CONCLUSION 

This paper showed the importance of analyzing the 
urban environment based on the overlapping layers 
that make it up, having in mind the resilience for cities. 
In order to reduce flooding and besides the actions 
mentioned before, it is important to highlight that the 
City of São Paulo’s government [13] has taken a series 
of actions to minimise the problem of flooding over 
the past five years. These actions include: building new 
drainage channels to increase rainwater runoff 
capacity, public awareness campaigns on the 
importance of preventing flooding and also the 
incorporation of innovative technologies for 
stormwater management. So, São Paulo City Hall has 
implemented green infrastructure initiatives such as 
rain gardens, green parking spaces, bioswales, 
landarte, green staircases, sidewalks with infiltration 
wells and conservation forests. 
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Specifically, in 2023, two new drainage channels 
were built in the Barra Funda neighbourhood (2 km) in 
addition to the implementation of two rain gardens, 
10 sidewalks with infiltration wells and 50 green 
parking spaces [13]. 

These achievements, although preliminary, allow 
for preventive actions and can act as instruments that 
contribute to a more resilient city in the long term. 

However, through the methodology followed by 
this article it was possible to see that at the same time 
the case study area is important for the mobility of São 
Paulo City, it is very vulnerable to floods too. Over the 
geoprocessing analysis’ results, we can see that 95% of 
the bus stops of the four zones and the Marquês de 
São Vicente Avenue are located in a floodable area. 
That the largest movements of people by public 
transport are East-West, confirming the lack of 
employment and efficient transport in these areas. 

As for non-motorized travel, we have the crossing 
of the Tietê River presenting itself as a latent obstacle 
for pedestrians and vehicles in the city of São Paulo. 
Making pedestrians take risks in unsafe and 
inaccessible areas. 

Regarding the urban environment and the micro-
accessibility aspect, it was interesting to notice that 
the results of this article strongly indicate that the 
urban environment has a major role in the 
pedestrians’ presence at a microscale level. In the city 
of São Paulo, it is very common to find fences or walls 
surrounding the buildings as a way of individual 
protection. So, it is possible to find entire blocks filled 
with these elements that can act as urban arrogances 
for pedestrians. Thus, combining the understanding of 
environmental perception along with human -
centered urban design can play a crucial point to make 
cities more attractive to people.  

We also concluded the importance of 
microaccessibility as a crucial factor for the quality of 
urban life. Floods compromise citizens' access to 
public transport points, making it urgent to develop 
strategies for more inclusive and resilient mobility. 

The analysis developed in this paper also 
contributes to the approximation of academics 
towards the municipal public management in favour of 
more resilient and sustainable cities.  

The research was carried out through an open data 
platform (GeoSampa) using free and open-source 
software - an aspect that contributes to scientific 
research. A scenario like this can encourage better 
organization of civil society, promoting greater 
transparency and access to information, providing the 
population with the tools to communicate and claim 
their rights. 
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ABSTRACT: The mere objective of the built environment is to facilitate the well-being of the end user. The 
longevity of a solution thus depends on how well building designers understand what the end user wants. 
Longevity of solutions is important to obtain environmentally sustainable and resilient buildings, and continuous 
research in how the built environment affects humans is thus imperative to any sustainable development. Virtual 
Reality (VR) is used to generate data for the establishment of models that predict the impact of design variables 
on the human perception of visual aspect of the indoor environment during the design stage. However, there are 
still open questions on the expediency of VR as a tool for this purpose. This paper reports on an empirical study 
on how the graphical realism of VR affects the subjective assessment of view-out quality and privacy in a 
residential indoor environment. The results indicate that it is not likely that data are skewed by graphical realism 
of the interior representation. Furthermore, data also indicate that a larger window size reduces the notion of 
privacy more than it increased the view-out quality at the specific location featured in the experiment.    
KEYWORDS: View-out quality, perception of privacy, virtual reality, building design 
 
 

1. INTRODUCTION 
The use of Virtual Reality (VR) as an empirical tool 

to study human perception in indoor environments 
has become increasingly popular as it enables 
researchers to scale up investigations of visual 
perception of indoor environments. An example is 
Petersen et al. [1] who used VR to study the impact of 
the different geometric configurations of kinetic 
facades on the psychological state and cognitive 
performance of building occupants. Another is  
Petersen et al. [2] who used VR to validate a proposal 
for predicting the mean vote on daytime view-out 
quality and privacy from dwellings from Purup and 
Petersen [3]. The visual aspect of indoor 
environments represented using VR has also been 
combined with the thermal aspect [4] as well as the 
auditive aspect [5] of the indoors in efforts to 
investigate their combined effect on human 
perception. The immediate advantage associated 
with using VR to investigate human perception of the 
visual aspects of indoor environments is that it 
enables quality assessment experiments involving 
several subjects evaluating a series of indoor 
environments without having to establish the indoor 
environments physically – let alone avoiding the time-
consuming logistics in changing locations etc. 

Several studies have been conducted on whether 
VR environments can substitute real environments 
for empirical research, e.g. Kuliga et al. [6], 
Chamilothori et al. [7], Saeidi et al. [8], and Heydarian 
et al. [9]. The findings indicate that it is possible to 
obtain reliable assessment of visual quality of indoor 

environments using VR. However – to the knowledge 
of the authors – there are currently no published 
studies on how the graphical quality of VR 
environments affects subjective votes on the indoor 
environmental quality. This aspect could be of 
importance as graphical quality may impact the 
experience of realism and thus the qualitative 
assessment of the represented environment.  

This paper presents the results from an empirical 
study on how the graphical realism of VR affects the 
subjective assessment of indoor environments. 
 
2. METHOD 

The study reported in this paper took offset in a 
previous study by Petersen et al. [2] that conducted a 
VR-based experiment to validate proposed metrics 
for prediction of daytime view-out quality and 
privacy. In this validation study, an apartment was 
modelled in SketchUp and imported into Unity for VR 
assessment. The apartment was placed in external 
surroundings represented by 360˚ videos, and several 
subjects were then asked to assess the view-out 
quality and privacy from within the department. This 
modelling technique led to a somewhat “cartoonish” 
feel of the apartment interior, see Fig. 1. The 
question is whether this level of realism affected the 
subjective votes of the subjects.  

To investigate this, a group of 54 subjects 
consisting of students in their early 20s volunteered 
for the experiment which was conducted during 
spring of 2023. The group was divided randomly into 
two groups of 27 subjects prior to the experiment.
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Figure 1: The apartment used in the VR experiment of Petersen et al. [2]. 
 

The subjects in one of the groups were shown VR 
environments rendered in Unity, and the subjects in 
the other group were shown the same VR 
environment rendered in Unreal Engine. As seen in 
Fig. 2, the rendering in Unity has a somewhat 
“cartoonish” feel (left) whereas renderings in Unreal 
Engine are quite photo-realistic (right). Both 
renderings were embedded in surroundings 
represented by a 2D 360˚ movie. 

Upon arrival at the experimental facility, the 
subject was instructed to remain still at a certain spot 
on the floor throughout the experiment, but they 
were permitted to turn around themselves and to 
reach forward. Next, the subject was introduced to 
the VR equipment and the features of the virtual 
environment. Once the subject was comfortable with 
the controls, the subject was teleported to the 
reference room shown in Fig. 2. Here the subject was 
initially asked to complete three exercises designed 
to encourage exploration of the virtual space with the 
intention to maximize the notion of immersion before 
the actual experiment began. The first exercise was 
counting the number of pillows in the apartment, the 
second exercise was to describe the colours of 
buildings visible through the window, and the third 
required the subjects to find two small bird 
sculptures within the apartment. 

After completing the exercises, the subject was 
teleported to the single room apartment featured in 
the actual experiment and seated by the dining table 
from where the approximate view were as illustrated 
in Fig. 3 and 4. The subject was then orally asked two 
questions – originally in Danish – regarding their 
immediate perception of the view-out quality and 
privacy from this position: 

 
 Question 1: To what extent do you feel 

private relative to your surroundings on a 
scale of 0-6 where 0 is ‘not at all’ and 6 is ‘to 
a great extent’. 

 Question 2: What do you think of the view-
out on a scale of 0-6 where 0 is ‘bad’ and 6 is 
‘good’.  

 
It was chosen to start the 7-point scale at zero 

instead of one since zero was believed to have a 
better association with ‘not at all’ and ‘bad’ in this 
experiment. The experiment was repeated for each 
subject so that they all were exposed to the same 
apartment twice but with two different window sizes: 
A medium glazing area (Fig. 3), and a large glazing 
area (Fig. 4). Both the order of window size and the 
questions were randomised between subjects of the 
experiment.  

Figure 2: Renderings of the reference room used for 
immersion exercises prior to the actual experiment. Left: 
Rendering in Unity. Right: Rendering in Unreal Engine. 
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Figure 3: The apartment with large glazing areas used in the experiment. Left: Unity. Right: Unreal Engine. 
 

 
Figure 4: The apartment with medium glazing areas used in the experiment. Left: Unity. Right: Unreal Engine. 
 

This experimental design enabled the analysis of 
whether the graphical realism of renderings affects 
subjective assessment of view-out quality and 
privacy. Furthermore, it may also provide evidence on 
the effect of window size on the perception of view-
out quality and privacy at the given surroundings.  

The study can be categorised as a single-blind 
study as the underlying agenda of the experiment – 
to investigate the research question – was not 

revealed to the subjects and none of them were 
aware that the experimental design involved to 
different groups exposed to different levels of 
graphical realism. 
 
3. RESULTS 

A total of 27 subjects answered the two questions 
in each of the four apartment rooms in Fig. 3 and Fig. 
4. The difference in votes for each of the two 
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questions in the two different renderings – Unity and 
Unreal, respectively – are compared and tested for 
statistical significance in the following.  

All but one out of the eight groups of answers 
were normal distributed according to the Anderson-
Darling test. The one group that was not normal 
distributed was the votes on privacy (Question 1) in 
the apartment with large windows rendered in the 
Unreal Engine (p=0.06). Consequently, a two-tailed 
students t-test was applied for testing whether any 
difference between answers can be ascribed the 
difference in scene rendering for all but Question 2 
for the department with the large window; for this 
scenario, the Wilcoxon signed-ranks test was used. 

Fig. 5 shows box plots of the votes on view-out 
quality and privacy for the medium glazing size. The 
difference in mean value for vote on view-out quality 
is 0.63 but it is not statistically significant (p=0.07). 
The difference in mean vote for privacy is 0.11 but 
not statistically significant (p=0.71).  

 

 
Figure 5: Votes on view-out quality (left) and privacy for 
medium glazing size (right) 
 

Fig. 6 shows box plots of the votes on view-out 
quality and privacy for the large glazing size. The 
difference in mean value for vote on view-out quality 
is 0.37 but it is not statistically significant (p=0.38). 
The difference in mean vote for privacy is 0.2 but not 
statistically significant (p=0.72). 

  

  
Figure 6: Votes on view-out quality (left) and privacy for 
large glazing size (right) 
 

The mean vote of view-out quality for the large 
window apartment rendered in Unreal Engine is 0.9 
higher than for the medium window apartment 
(p=0.02). The mean privacy vote was 1.3 lower for the 
large window (p=0.00007). The mean vote of view-
out quality for the large window apartment rendered 
in Unity is 0.6 higher than for the medium window 
apartment (p=0.04). The mean privacy vote was 1.2 
lower for the large window (p=0.0002). 

 
4. CONCLUSION 

The study reported in this paper indicate that the 
graphical realism of indoor environments in virtual 
reality (VR) has a minor but not statistically significant 
effect on subjective votes on view-out quality and 
notion of privacy in indoor environments. It is 
therefore not likely that research-based findings 
regarding view-out quality and privacy in indoor 
environments using VR are skewed by graphical 
realism of the interior. Future studies are needed to 
investigate whether the realism of the modelled 
exterior surroundings (in this study represented by a 
2D 360˚ movie) could affect subjective votes. 
Furthermore, future studies may consider the effect 
of differences in brightness between the compared 
models. Lastly, the data from the experiments also 
indicate that a larger window size reduce the notion 
of privacy more than it increased the view-out quality 
at the specific location featured in the experiment.  

Overall, VR seems to be an effective tool to 
accelerate research into the understanding of how 
human perceive visual aspects of the built 
environment. This knowledge may help building 
designers to obtain a longevity of solutions which is 
essential to the sustainable development of resilient 
buildings.    
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ABSTRACT: Adaptive thermal comfort plays a crucial role in addressing climate change concerns, especially in 
Ghana. In this hot and humid region, air-conditioners are identified as one of the main culprits behind the rising 
trend in electricity demand and greenhouse gas emissions. Additionally, due to the limited prediction accuracy of 
Fanger's PMV model, there is a need to evaluate adaptive thermal comfort to develop a reliable model for 
tropical regions. This study evaluates the adaptive thermal comfort in the Balme Library in Accra, Ghana, in both 
naturally ventilated (NV) and air-conditioned (AC) modes. The presented adaptive model in this study is 
compared with the current international standards, such as ASHRAE-55 and CEN standards. Based on the linear 
regression of mean sensation votes (MTSV) and predicted mean votes (PMV) as a function of operative 
temperature, while the neutral temperature of PMV is 27.8 °C, the linear regression method in NV mode predicts 
a neutral temperature of 30.3 °C. Consequently, the PMV prediction is 2.5 °C lower than that of the linear 
regression method. Meanwhile, the current international standards underestimate the ranges of thermal 
preferences among building occupants, as this proposed model in this study reveals higher slopes in the linear 
regression model. 
KEYWORDS: Adaptive comfort models, Hot and humid climate, Air-conditioned building, Naturally ventilated 
buildings 

1. INTRODUCTION
Thermal comfort is one of the motivations to 

research climate change-related concerns which 
cause destructive effects on humans, the 
environment, and the quality of life. Climate change 
is a complex environmental issue and presents 
significant risks to ecological, infrastructure, and 
economic systems. In current conditions, human-
induced climate change is causing dangerous and 
widespread disruption in nature and affecting the 
lives of billions of people worldwide, despite efforts 
to reduce the risks. People and ecosystems least able 
to cope are being hardest hit. Meanwhile, the 
potential effects of global climate change on buildings 
are a growing concern worldwide, as rising 
temperatures can significantly impact their energy 
performance and indoor thermal comfort conditions 
[1]. For instance, heat waves can cause large 
socioeconomic and environmental impacts. The 
observed increases in their frequency, intensity and 
duration are projected to continue with global 
warming [2]. 

Additionally, in sub-Saharan African countries, 
rapid growth of construction has led to the 
proliferation of low-quality buildings with high energy 
consumption. This trend has raised environmental 
concerns regarding their contribution to 
environmental threats [3,4]. As, buildings can have a 
great impact on the environment, because buildings 
are considered one of the most significant sources of 
energy use and greenhouse gas emissions [5]. 
Therefore, enhancing the sustainability of the 
building sector is crucial to combat climate change 
[6]. To achieve this crucial goal, architects and the 
other contributors involved in construction are 
responsible for addressing various concerns when 
designing buildings, with one of the most significant 
being ensuring compliance with building codes and 
standards to evaluate of thermal comfort. While 
designers and engineers commonly refer to 
international standards, such as ISO 7730, ASHRAE-
55, CEN, and CIBSE for HVAC system sizing and 
temperature calculations. However, this approach 
fails to consider the satisfactory performance of 
buildings and occupants' tolerance levels. 
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Consequently, there is an increasing need in these 
countries to develop adaptive thermal comfort 
standards. 

 
2. RESEARCH GAP 

There are several justifications to evaluate the 
thermal comfort of Balme Library, located in Ghana's 
tropical climate. Increased urbanisation growth and 
the wasteful use of fossil fuels and non-renewable 
energy have led to climate change and the production 
of greenhouse gases. The depletion of fossil fuel 
resources, low efficiency, and high cost of their 
environmental impacts have made energy 
consumption optimisation and the use of renewable 
energy in construction inevitable [7]. On the other 
hand, by improving the standard of living, people 
expect a better level of comfort, which ultimately 
necessitates the use of heating, ventilation, and air 
conditioning (HVAC) [8]. Especially, in tropical, hot, 
and humid regions, such as Ghana, where the 
straightforward response to discomfort in this climate 
has been the adoption of air conditioners and 
mechanical cooling [9]. HVAC systems are crucial for 
maintaining a consistent temperature and humidity 
indoors all year long and making it possible to provide 
pleasant working and living conditions. However, it's 
important to recognise that the extensive use of 
HVAC systems can have adverse consequences. This 
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thermal comfort research can be justified with the 
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[16]. 

 International comfort standards 
may not be universally applicable to all 
climates due to variations in comfort 
preferences among people in different 
regions and climate zones [17]. 

 In hot and humid climates like 
Ghana, prioritise adaptive comfort and 
passive design over air-conditioning by 
implementing natural ventilation, shading, 
and insulation strategies to reduce energy 
consumption and environmental impact 
while meeting international standards like 
ASHRAE -55. 

  
3. THERMAL COMFORT APPROACHES 

Thermal comfort models can be used to gain 
insight into important building design variables and 
predict whether a given design will provide 
satisfactory thermal conditions [18]. Some popular 
thermal comfort models include the Predicted Mean 
Vote (PMV) model, Griffiths' method, and the 
adaptive model. The PMV model, introduced by 
Fanger in the late 1960s as a heat balance model, was 
developed from Fanger's laboratory and chambers 
studies [19]. International standards like ASHRAE 55 
and CEN recommend using Fanger's model. The PMV 
model assesses human thermal comfort by 
considering six key factors: clothing thermal 
resistance, metabolic rate, air temperature, mean 
radiant temperature, air velocity, and relative 
humidity; and it predicts the mean thermal sensation 
vote of a large group of individuals based on the heat 
balance of the human body [20,21]. However, its 
limitations in accurately representing real-world 
conditions have raised doubts about its accuracy in 
predicting thermal comfort in actual buildings, 
including habituation, expectation, behavioural 
adjustments, and the availability of environmental 
control options [22,23,24,25]. And the adaptive 
thermal comfort model considers occupants' ability 
to adapt to different temperatures based on outdoor 
climate and seasonal variations, taking into account 
contextual factors such as access to environmental 
controls and past thermal experiences [26]. 
 
4. METHODOLOGY  
4.1 CLIMATE 

The climate of Ghana is characteristically tropical 
and was comparatively stable over recent years [27]. 
with rainy and dry seasons named Harmattan. 
According to Köppen & Geiger classification, this 
climate zone belongs to the Aw climate i.e., the 
tropical savanna climate characterised by very hot 
days and colder nights during the dry season [28].  
 
4.2 SITE DESCRIPTION 

There are different sections in the Balme library, 
including the Reference Hall, East Stack, West Stack, 
Ghana-Korea Information Access Centre on the 
ground floor, East Mezzanine (above East Stack), 
West Mezzanine (above West Stack), and Periodical 
Hall, The Students' Reference Library (SRL), African 
Library, and Reserved Collections on the first floor. 
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These sections have passive architectural features 
such as courtyards, outdoor corridors, and high 
ceilings indoors. Some rooms have been retrofitted 
with air-conditioning, while others remain naturally 
ventilated.  
 
4.3 DATA ANALYSIS 

To conduct the current research, two types of 
data analysis have been carried out, including 
analysing subjective and objective thermal comfort 
data in naturally ventilated and air-conditioned areas 
to establish an adaptive thermal comfort model for 
Ghana, utilising surveys and data loggers in 
comparison to the international standards, such as 
ASHRAE 55. To collect the indoor environmental 
variables, including air temperature (Ta), globe 
temperature (Tg), relative humidity (RH), and air 
velocity (Va) during the surveys, wet-bulb globe 
temperature (WBGT) meter data loggers were used. 
The outdoor temperature and humidity were 
recorded over two years using Rotronic Instruments 
Temperature & Humidity data logger. The device was 
installed on the north-facing wall and a shaded area. 

Regarding the subjective data, the questionnaires 
were distributed among the library users, and 664 
individuals completed them, and 655 questionnaires 
were deemed acceptable for data analysis. This 
questionnaire involved specifying the location and 
orientations of the room to categorise the AC and NV 
modes. Another section collected demographic 
information of the participants, including gender and 
age. The third section included thermal comfort 
questions related to the subject's thermal sensation 
vote (TSV), thermal preference (TP), thermal 
acceptance (TA), humidity feeling (HF), airflow 
movement feeling (AF), and airflow preference (AP). 
The fourth section pertained to the activity level and 
clothing insulation, following the guidelines outlined 
in the standards [29,30].  

It should be mentioned that the collected data 
has been analysed by using Python as the primary 
software. To conduct this survey, in addition to the 
aforementioned items, the mean radiant 
temperature (Tr), and the Operative temperature 
(Top) were calculated via Equation (1) and (2): 
Tr = [(Tg + 273)4 + 1.1 × 108Va0.6 / Ƹ D0.4 × (Tg – Ta)]1/4 -273 
(1) 

Where D, is the diameter of the globe is 0.05 mm, 
and Ƹ, the emissivity of the surface is considered 0.9. 
Air speed is ranging from 0.2 to 0.8 m/s for lightly 
clothed (0.5 – 0.7 clo) occupants in sedentary 
activities. And Va stands for air velocity. And also, to 
calculate the operative temperature the Equation (2) 
is used. 
          Top = HTa + (1 – H) Tr          (2) 

Where, H = hc/ (hc + hr), and Tr is the mean radiant 
temperature, hc is the convection heat transfer 
coefficient, and hr is the radiation heat transfer. The 

hr is defined as 4.7 W/m2, and hc is considered for an 
air velocity of <0.2 m/s, according to the ASHRAE 
Standard 55. The neutral or comfort temperature 
(Tcomf) or comfort zone is the operative temperature 
at which the average person will be thermally neutral, 
or the most significant proportion of a group of 
people will be comfortable [31]. While PMV depends 
on the six variables of Ta, Tr, RH, Va, activity, and 
clothing level, however, it does not consider the 
expectations and adaptability of users. 
 
4.4 ADAPTIVE MODEL 

A regression analysis was carried out to estimate 
the mean Tcomf over several days or weeks of the 
survey period. On the other hand, the Griffiths 
method suggests calculating the optimal temperature 
for individual comfort within a specific building and 
month. Based on the Griffiths method, the neutral 
temperature can be calculated by the following 
Equations (3,4) using the relationship from Top, TSV, 
and G:  
          Tcomf = Top – (TSV – TSVn)/G          (3) 

Where the TSV is the thermal sensation vote, the 
TSVn represents the neutral thermal feeling, and G is 
the Griffiths coefficient. For this case study and 
sensitivity analysis, G was at 0.25, 0.33, and 0.50. 
These equations mainly consider the weighted 
running mean temperature (Trm) as an independent 
variable for outdoor temperature.  
Trm = {Tod-1 + αTod-2 + α2Tod-3 …} / {1 + α + α2…},    (4) 
Where: 
Tod-1 - daily mean outdoor temperature (°C) for the 
previous day; 
Tod-2 - daily mean outdoor temperature (°C) for the 
day before.  

The constant α is a unitless constant that shows 
the time needed for thermal adaptation, and its rate 
is between 0 and 1. However, ASHRAE 55 
recommended considering a range of 0.33 to 0.9 for 
α. The α = 0.8 is usually taken as a half-life of 
approximately 3.5 days [32]. The half-life (λ) 
calculation of an exponentially weighted Trm is given 
in the following Equation (5). 
          λ = 0.69/(1  ̶   α)          (5)   
 
5. RESULT 
5.1 Environmental conditions 

Comparisons of the thermal comfort votes, such 
as subject sample size, indoor thermal conditions, 
and the PMV for air-conditioned (AC) and naturally 
ventilated (NV) rooms, are presented in Tables 1 and 
2.  
Table 1: Subject sample size and the survey results in AC 
rooms 

796



 

These sections have passive architectural features 
such as courtyards, outdoor corridors, and high 
ceilings indoors. Some rooms have been retrofitted 
with air-conditioning, while others remain naturally 
ventilated.  
 
4.3 DATA ANALYSIS 

To conduct the current research, two types of 
data analysis have been carried out, including 
analysing subjective and objective thermal comfort 
data in naturally ventilated and air-conditioned areas 
to establish an adaptive thermal comfort model for 
Ghana, utilising surveys and data loggers in 
comparison to the international standards, such as 
ASHRAE 55. To collect the indoor environmental 
variables, including air temperature (Ta), globe 
temperature (Tg), relative humidity (RH), and air 
velocity (Va) during the surveys, wet-bulb globe 
temperature (WBGT) meter data loggers were used. 
The outdoor temperature and humidity were 
recorded over two years using Rotronic Instruments 
Temperature & Humidity data logger. The device was 
installed on the north-facing wall and a shaded area. 

Regarding the subjective data, the questionnaires 
were distributed among the library users, and 664 
individuals completed them, and 655 questionnaires 
were deemed acceptable for data analysis. This 
questionnaire involved specifying the location and 
orientations of the room to categorise the AC and NV 
modes. Another section collected demographic 
information of the participants, including gender and 
age. The third section included thermal comfort 
questions related to the subject's thermal sensation 
vote (TSV), thermal preference (TP), thermal 
acceptance (TA), humidity feeling (HF), airflow 
movement feeling (AF), and airflow preference (AP). 
The fourth section pertained to the activity level and 
clothing insulation, following the guidelines outlined 
in the standards [29,30].  

It should be mentioned that the collected data 
has been analysed by using Python as the primary 
software. To conduct this survey, in addition to the 
aforementioned items, the mean radiant 
temperature (Tr), and the Operative temperature 
(Top) were calculated via Equation (1) and (2): 
Tr = [(Tg + 273)4 + 1.1 × 108Va0.6 / Ƹ D0.4 × (Tg – Ta)]1/4 -273 
(1) 

Where D, is the diameter of the globe is 0.05 mm, 
and Ƹ, the emissivity of the surface is considered 0.9. 
Air speed is ranging from 0.2 to 0.8 m/s for lightly 
clothed (0.5 – 0.7 clo) occupants in sedentary 
activities. And Va stands for air velocity. And also, to 
calculate the operative temperature the Equation (2) 
is used. 
          Top = HTa + (1 – H) Tr          (2) 

Where, H = hc/ (hc + hr), and Tr is the mean radiant 
temperature, hc is the convection heat transfer 
coefficient, and hr is the radiation heat transfer. The 

hr is defined as 4.7 W/m2, and hc is considered for an 
air velocity of <0.2 m/s, according to the ASHRAE 
Standard 55. The neutral or comfort temperature 
(Tcomf) or comfort zone is the operative temperature 
at which the average person will be thermally neutral, 
or the most significant proportion of a group of 
people will be comfortable [31]. While PMV depends 
on the six variables of Ta, Tr, RH, Va, activity, and 
clothing level, however, it does not consider the 
expectations and adaptability of users. 
 
4.4 ADAPTIVE MODEL 

A regression analysis was carried out to estimate 
the mean Tcomf over several days or weeks of the 
survey period. On the other hand, the Griffiths 
method suggests calculating the optimal temperature 
for individual comfort within a specific building and 
month. Based on the Griffiths method, the neutral 
temperature can be calculated by the following 
Equations (3,4) using the relationship from Top, TSV, 
and G:  
          Tcomf = Top – (TSV – TSVn)/G          (3) 

Where the TSV is the thermal sensation vote, the 
TSVn represents the neutral thermal feeling, and G is 
the Griffiths coefficient. For this case study and 
sensitivity analysis, G was at 0.25, 0.33, and 0.50. 
These equations mainly consider the weighted 
running mean temperature (Trm) as an independent 
variable for outdoor temperature.  
Trm = {Tod-1 + αTod-2 + α2Tod-3 …} / {1 + α + α2…},    (4) 
Where: 
Tod-1 - daily mean outdoor temperature (°C) for the 
previous day; 
Tod-2 - daily mean outdoor temperature (°C) for the 
day before.  

The constant α is a unitless constant that shows 
the time needed for thermal adaptation, and its rate 
is between 0 and 1. However, ASHRAE 55 
recommended considering a range of 0.33 to 0.9 for 
α. The α = 0.8 is usually taken as a half-life of 
approximately 3.5 days [32]. The half-life (λ) 
calculation of an exponentially weighted Trm is given 
in the following Equation (5). 
          λ = 0.69/(1  ̶   α)          (5)   
 
5. RESULT 
5.1 Environmental conditions 

Comparisons of the thermal comfort votes, such 
as subject sample size, indoor thermal conditions, 
and the PMV for air-conditioned (AC) and naturally 
ventilated (NV) rooms, are presented in Tables 1 and 
2.  
Table 1: Subject sample size and the survey results in AC 
rooms 

 

Table 2: Subject sample size and the survey results in NV 
rooms 
 

 
In terms of thermal sensation votes, the highest 

percentage (47.2%) of respondents experienced a 
comfortable feeling in the naturally-ventilated areas 
(Fig.1). As for thermal preference, approximately 52% 
of library users preferred a slightly cooler 
temperature in the NV mode, while 42.7% preferred 
the same in the AC spaces (Fig.2). 

Figure 1: Thermal sensation votes (Percentage) 

Figure 2: Thermal Preference votes (Percentage) 
 
5.2 Outdoor environmental conditions 

The outdoor data has been generated from the 
on-site data collected between January 2022 and 
September 2022. This dataset includes outdoor 
temperature and humidity, which are presented 
using box plot diagrams (Fig. 3).  

Figure 3: Outdoor weather conditions measured on-site. 
 

Over the study period, the highest temperature 
belonged to May 2021, 32.95 °C, and the lowest one 
was in August 2022, 23.9 °C. The highest level of 
humidity was in September 2021, 90.60%, and the 
lowest was from January to May 2021, 62%. 
 
5.3 Evaluation by Fanger's PMV  

Figure 4 represents the linear regression of the 
mean sensation votes (MTSV) and predicted mean 
votes (PMV) as a function of operative temperature 
in both natural ventilated and air-conditioned modes. 
The Fanger and Toftum's [33] extended factor of 0.5 
and the calculated factor (0.11) were used to 
compare the TSV with the MV and PMVe.   

 
Figure 4: Linear regression of MTSV and the PMV as a 

function of operative temperature in NV and AC modes. 
 

Based on this figure, the neutral temperature of 
PMV is 27.8°C, while the linear regression method in 
NV mode predicts a neutral temperature of 30.3°C. 
Consequently, the PMV prediction is 2.5°C lower than 
that of the linear regression method. Meanwhile, the 

Number of valid 
surveys 162 55% Male,  

45% Female   
Variable Mean SD Max Min 
Respondents age 23.8 6.5 60.0 16.0 
Thermal sensation vote -0.2 1.1 3.0 -3.0 
Thermal Preference -0.5 0.8 1.0 -2.0 
Airflow Feeling -0.4 0.8 2.0 -2.0 
Airflow Preference 0.4 0.6 1.0 -1.0 
Humidity Feeling -0.2 0.8 3.0 -2.0 
Humidity Preference -0.5 0.7 1.0 -2.0 
Clothing  0.4 0.1 1.1 0.3 
PMV  -0.35 0.82 2.47 -2.24 

Number of valid 
surveys 429 60% Male,  

40% Female   
Variable Mean SD Max Min 
Respondents age 22.4 5.3 60.0 12.0 
Thermal sensation vote 0.2 1.0 3.0 -3.0 
Thermal Preference -0.7 0.6 1.0 -2.0 
Airflow Feeling -0.4 0.8 3.0 -2.0 
Airflow Preference 0.5 0.5 1.0 -1.0 
Humidity Feeling -0.2 0.8 3.0 -3.0 
Humidity Preference -0.3 0.7 1.0 -2.0 
Clothing  0.4 0.2 1.4 0.3 
PMVe, e= 0.5  0.48 0.24 0.99 -0.74 

797



 

linear regression predicts a comfort temperature of 
31°C in the AC mode. Therefore, the discrepancy 
increases in air-conditioned areas by approximately 
3.2 °C. The increase in the slope in AC mode can be 
observed in the thermal sensation vote bar chart 
diagram, as 33.14 percent of subjects in the AC mode 
feeling "comfortably cool". Additionally, in the NV 
mode, while 47.97 percent of individuals voted for 
"comfortable" as a neutral feeling, representing half 
of the subjects, 20.95 percent of them voted for 
"comfortably warm", or 17.34 percent for 
"comfortably cool". Therefore, these factors might be 
the rational explanations for the lower-than- 
expected slope.     
 
5.4 Comparison with the Standards 

ASHRAE-55, as one of the most widely accepted 
international standards, for naturally-ventilated 
buildings, is primarily utilised to predict indoor 
comfort temperature by using the measured outdoor 
temperature. A comparison of the adaptive comfort 
temperature and the comfort zone is illustrated using 
the regression model with ASHRAE-55 (Fig.5).  

Figure 5: Comparison of the adaptive thermal comfort with 
the ASHRAE-55 standard 

Figure 5 represents that the proposed adaptive 
model predicts a higher slope than the defined in the 
ASHRAE-55 standard. It means that this standard 
predicts a lower comfort range against the achieved 
results of the current study. And, in NV mode, the 
majority of the data points and their regression line 
reside above the standard. Additionally, in 
comparison with the CEN standard, while the slope of 
the CEN proposed model is 0.33 K-1 in the regression 
line, this study calculated higher ranges for thermal 
comfort with the slope of 0.43 K-1 for the linear 
regression as well. 
 
6. CONCLUSION 

The main aims of this research were to evaluate 
the thermal comfort in Balme Library, as a case study 
in Ghana, and to propose an adaptive thermal 
comfort model. The results of this research 
determine that the subjects whose origins were from 
Ghana, feel neutral or comfortable at different 
temperatures against the recommendations of the 
adaptive models of international standards, such as 

ASHRAE-55. For instance, in the case of NV, when 
compared to the ASHRAE-55 standard, which has a 
regression line slope of 0.31 K-1, the slope of 0.43 K-1 
for this case study suggests that Ghanaians can adapt 
to the climate faster than predicted by the standards. 
In AC mode, at the mean temperature of 28.60 °C, 
38.37% of the subjects felt comfortable and 41.86% 
of them felt "comfortably cool", "too cool", and 
"much too cool". In NV mode, at the mean 
temperature of 30.24 °C, approximately half of the 
individuals (47.97%) voted for neutral feeling. 
Therefore, the current international standards and 
the HVAC building regulations underestimate the 
ranges of thermal preferences among the building's 
occupants.  
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1. INTRODUCTION  
The building sector is the main contributor to 

energy consumption in the European Union. It is 
responsible for nearly 40% of the total demand  [1]. 
Despite improvements in construction technology 
and the strict requirements imposed by building 
regulations, the energy consumed by buildings has 
increased steadily at an average annual rate of 0.6% 
since 1990(Ibid). New tools are therefore required to 
tackle energy efficiency, not least assist on decision 
making processes.  

The renovation of the building stock that is 
necessary to achieve climate neutrality is not 
advancing at the expected rate at the moment. This is 
partly due to the lack of tools to identify the spatial 
energy consumption patterns in cities. Although 
myriad energy models are now available to evaluate 
building energy performance, large-scale analysis has 
been constrained by the complexity and uncertainty 
of urban parameters [2]. 

This research leverages previous work and 
develop a new methodology to facilitate thermal and 
lighting demand calculations at the urban scale. The 
model applies original algorithms to take into account 
the specific urban morphology, building attributes 
and local climate and thus estimate the energy loads 
for heating, cooling and lighting. The energy model is 
deployed as an online interactive tool thus targeting a 
wide range of end users, from public administrations 
to individual households.   
2. STATE OF THE ART IN URBAN BUILDING ENERGY 
MODELS 

In the 2000s a first generation of Urban Building 
Energy Models (UBEM) emerged with projects such 
as CitySim [3], SunTool [4], Urban LT [2], ClimateLite 
[5], or Ursos [6]. In the following decade (2010-2020), 
the research focused on interoperability, which 
facilitated the use of well-established building-level 
thermodynamic models, such as the Urban Modelling 

Interface, UMI [7] or the most recent City Energy 
Analyst, CEA [8]. These two projects are mainly 
focused on new developments and are optimized for 
an intermediate scale (few urban blocks or a small 
district). 

The latest trend in UBEM is to develop tools that 
can be accessed through the browser, without need 
for desktop installation. UBEM.IO [9] applies a web-
based methodology to facilitate energy estimates for 
buildings on an urban scale. Other online platforms 
simply display pre-processed energy data, obtained 
from models or existing databases (e.g. London Heat 
Map [10] or London Building Stock Model [11]). 

None of the existing tools currently combines the 
effect of urban morphology, with online access and 
interaction that enables the analysis of alternative 
scenarios.  
 
3. METHODOLOGY  

The UBEM developed in this research adapts a 
quasi-dynamic thermal model. The model deploys an 
analytical grid to adapt the resolution to the scale, 
thus generating rapid simulations for large urban 
areas. Then, the model exploits cadastral information 
to infer the key building properties. Finally, the 
energy calculation is undertaken using building 
archetypes for each cell of the grid. The model’s 
structure (Fig. 1) takes advantage of cadastral 
datasets to obtain a basic cartography, with 
information of buildings’ footprint and height. 

The calculation of energy demand is carried out at 
two scales, at the mesh level and at the building level. 
The aim is for the calculation to be as automatic as 
possible, using open sources libraries and open data, 
scalable and generalizable to other areas. The process 
is fundamentally divided into two stages, the 
precalculation of the base layers, which is carried out 
using Geographic Information Systems, and the 
calculation of the energy demand using an ad hoc 
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design Python module, which receives as input the 
precalculated layers. 

 
Figure 1: UBEM and online platform structure 
 

Both the cartographic information, obtained from 
the plugin for QGIS Spanish Inspire Cadastral 
Downloader, and the alphanumeric information in 
CAT format, downloadable from the Cadastre 
Headquarters' own page (sedecatastro.gob.es). Only 
those buildings classified as residential use are taken 
into account. 
3.1 Pre-processing stage: base layers 

Two base layers need to be generated in order to 
store the necessary spatial and thermal information; 
one layer for the analytic grid and a second layer with 
the relevant parameters disaggregated at building 
level. The former will be used to facilitate large scale 
analysis and visualization while the latter enables 
detailed calculations for each building (Fig).   

The methodology for the pre-calculation of these 
layers is similar for both grid and building level, 
except that at the grid level the results are 
aggregated according to the identifier of each grid 
cell and at the building level the data are directly 
related to the cadastral reference. In both cases, data 
derived from the urban morphology analysis itself 
and associated with it are used, included in the 
database of the source layer or linked through the 
cadastral reference from the CAT files. 

The notional characteristic grid is derived  using a 
model adapted from [12]. This model translates the 
actual urban fabric into a matrix composed of a 
number "n" of building blocks with the following 
attributes (Figure ):  

-The area of the real urban sample and the 
notional characteristic grid are equal 

-All building blocks of the grid are equal. Each 
block has the same Ground Floor Area (GFA) to 
Perimeter ratio than that calculated for the whole 
urban sample. 

-Each block has the same proportion of its 
perimeter facing the Northern-Southern quadrant 

and the Easter-Western quadrant than for the whole 
urban sample  

-The built-up area and the total perimeter of the 
grid is the same as for the urban sample 

 

 
Figure 1. Flowchart of input and derived parameters to 
create the analytic grid and building data 

 
The model will calculate the average value for all 

buildings within each cell. The formulation of the 
model enables filling the gaps in input variables (e.g. 
thermal insulation, glazing properties…) with typical 
default values, which can be verified and modified at 
any time. 

 

 
Figure 3 Notional grid (right) versus actual urban fabric 
(left) as derived from the model 

 
In order to calculate the energy demand, data 

related to the geographical position, the proportion 
of windows, the construction systems, etc. are also 
added; as well as other data that will be displayed on 
the web. 

The calculation of the attributes is carried out 
using Python, and specific libraries, such as PyQGIS, 
Pandas and Numpy. , requiring the introduction of 
the building layer downloaded from the cadastre into 
the script. The grid layer is created in GeoJSON 
format, and it contains the attributes listed in Table 1 
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Table 1 Grid Layer attributes 
Identifier              Description                       Source 

id Unique mesh 
identifier  

Env Exposed Envelope 

Data 
obtained 
from the 

cadastre layer 

GFA Ground Floor Index 
l Height 

MOR Main orientation 
Or orientation ratio 

W_D % domestic use 
W_ND % non-domestic use 

GSI Ground Space Index Data derived 
from the 
cadastre 

layer, for web 
visualization 

FSI Floor Space Index 

comp Compactness 

Lat Latitude 
Other data 

necessary to 
calculate 
demand 

Gz Glazing ratio 
tc Thermal capacity 
Ct Construction type 

 mesh side 
 
 For the building level pre-processing algorithms 

were developed and coded in Python to automatically 
calculate each building’s exposed envelope area, the 
solar obstruction in each orientation, and to break 
down the uses in each floor.  

To calculate the exposed envelope, we create a 
loop that computes the perimeter’s length that 
touches other buildings and the length that is 
exposed in each floor. Then the code multiplies the 
length of the exposed perimeter by the floor height 
(assumed as 3m in domestic buildings). The exposed 
perimeters are classified according to their 
orientation (Fig) in order to assign glazing ratios 
(based on building age and typology) and calculate 
incoming solar radiation in the thermal model, using 
orientation and obstruction angles as derived in these 
steps.  

To obtain solar obstruction we developed a tray 
tracing method. The code generates lines from the 
centre of each building with 12 different azimuths at 
30-degrees intervals (Fig). Those lines are intersected 
with opposing buildings so that for each intersection 
we calculate the obstruction angle as the arctangent 
of the obstructing building’s height by the distance 
between both buildings. A loop repeats the operation 
for all buildings along the intersecting line (we set a 
limit of 200m) to finally select the highest obstruction 
angle, which is assigned to the building. The process 
is repeated for 12 orientations and all buildings in the 
study area. It must be noted that this algorithm can 
take quite some time to process a medium size city. 
Initial tests carried out for Pontevedra (80.000 
inhabitants) took five days. Subsequent optimization 
reduced the computing time to 12 hours. The 
reduction of the number of angles and length of the 
rays can further optimize the model.  
 

 
Figure 4 Highlighted exposed perimeters are classified 
according to their orientation. 

 

 
Figure 5 Raytracing to calculated solar obstruction. 
The image shows rays for azimuths 240, 270, 300 
 

The buildings’ geometry and their derived 
parameters, which are listed in Table 2 are compiled 
in a GeoJSON file, which will be subsequently fed into 
the thermal and lighting calculations modules.  
 
Table 2. Building Layer attributes 
Identifier                  Description                              Source 

RefCat Unique building identifier 

Data obtained 
from the 

cadastre layer 

Env_N Envelope Area North 
Env_E Envelope Area East 
Env_S Envelope Area South 
Env_O Envelope Area West 

GFA Floor Area 
l Building Height 

MOR Orientationi of the facades 
OBS_N Obstruction angle north  
OBS_E Obstruction angle east  
OBS_S Obstruction angle south 
OBS_O Obstruction angle west  

date Construction date  
W_D % domestic use 

W_ND % non-domestic use 
Lat Latitude Other data 

necessary to 
calculate 
demand 

Gz Window ratio 
tc Thermal capacity 
CT Construction type 
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3.2. Energy demand calculation 
For the calculation, a Python module has been 

developed that follows the methodology developed 
in [12], in which, taking into account morphological, 
climatic, construction, and location-related 
parameters, a sequence of 7 steps is applied to obtain 
heating, cooling and lighting loads (Fig): 

1- Calculation of heat losses through the exposed 
parts of buildings’ envelope. Total conductive and 
convective losses are estimated and divided by the 
built-up area to obtain the Heat Loss Coefficient (HLC) 
in W/m²K. 

2- Heat loss per hour. The hourly heat losses are 
calculated based on the difference between the 
indoor comfort temperature and the outdoor 
temperature, multiplied by the Heat Loss Coefficient 
((Ti-Te) * HLC).  

3- Internal heat gains. Internal casual heat gains 
are determined for each type of building according to 
predefined schedules derived from literature [13], 
[14] 

4- Solar gains. Direct and diffuse solar gains are 
calculated using a multi-step procedure. First, the 
vertical solar radiation on each orientation is 
obtained from the climatological database. We use 
the sun’s position and the obstruction angle 
(obtained as defined in 3.1) to infer the hourly direct 
solar gains on each façade. The resultant value is 
weighted by the window to wall ratio to obtain the 
indoor solar gains. Similarly, the diffuse solar gains 
are calculated based on weather data, obstruction 
angle, the glazed area, and the glazing solar 
transmission.  

5- Utilization factor. The total solar gains are 
weighted by the utilization factor, which is the ratio 
between the useful solar gain and the total gains. We 
apply a function derived from correlations proposed 
by [15] 

6- Space heating/ cooling demand. In the next 
step, we compare the heat gain to loss balance, 
together with the outdoor temperature, to obtain 
hourly estimates of the indoor temperature. If the 
resultant value is above or below the comfort range a 
heat/cooling load is added accordingly. The total 
annual loads are obtained by iterating this step.  

 7- Daylight Factor (DF). The model assumes that 
the living spaces are side lit, so the approximate 
estimation method proposed by the Building 
Research Establishment [29] is applied. We obtain the 
external illuminance from the climatic data. The need 
for additional artificial lighting is defined as 150 lux 
[30]. The internal spaces are divided into passive and 
active zones as in Baker and Steemers [31]. The 
indoor illuminance is found by combining DF and 
outdoor illuminance. When it is below the required 
levels artificial lighting will be added in the passive 
zone. The final load can be obtained by multiplying 
the assigned power of artificial light per square meter 

(assumed as 6w/m²) by the hours of operation of the 
artificial lights. 

 
Figure 6 Flowchart of the thermal and lighting model 

 
The results from these calculations will be added 

to the GeoJSON table of attributes as Heating, 
Cooling and Lighting loads in kWh/m² per year. The 
online interactive map will display a colour code to 
reflect the performance of each cell of the grid or for 
each building, depending on the chosen visualization 
mode. In addition, one a single element is selected 
(cell or building) the application will display a 
summary chart with the broken-down monthly loads 
(Fig ) 
3.3. Free running performance 
Since the ultimate goal of the application is to 
promote energy savings and passive operation 
whenever possible it was considered convenient to 
provide a graphic display of indoor temperatures with 
no additional heating or cooling. We followed the 
same procedure described above instead of defining 
the indoor comfort band we calculated the heat to 
loss balance to determine the monthly average 
thermal difference in steady state conditions. Then, 
we assigned a decrement factor and time lag based 
on the thermal inertia input parameter and typical 
values. We calculated the hourly temperatures using 
a sinusoidal formula to distribute the average indoor 
temperature over the daily cycle in a way that reflects 
the thermal swing and time lag defined before:  
Ti= (DecF·TSo/2)·sin(((-1/12)*(hour-Tlag)-
1/6)*pi)+TMo    [F.1] 
Where: 
Ti= hourly internal temperature (ºC) 
DecF = Decrement Factor 
Tso= Outdoor temperature 
hour = time of the day 
Tlag = Time lag 
pi = Constant Pi 
TMo= Average monthly indoor temperature  
 
The above model was calibrated to generate 
meaningful results. The goal was to reflect the 
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patterns of performance in a simplified method that 
could be quickly processed in web browsers. The 
chart was initially generated using the python library 
Matplotlib (Fig) but in the online platform is 
translated into javascript using ChartJS.   

 
Figure 7 Snapshot of the summary charts produced by the 
application 

 
3.4. Online interactive map. 

The novelty of this application resides in the fact 
that it is hosted online, and it is connected to a map 
server, which allows user to interact with the input 
and output parameters. The basic structure of the 
platform consists of a GeoServer that hosts a PostGRE 
SQL database (Fig). The server fetches the base 
GeoJSON files with the initial parameters and heating, 
cooling and lighting values for grid and buildings. 
These data are interpreted and displayed in a map, 
adapting the visual styles and legend according to the 
range of results.  

 
Figure 8 Architecture diagram of the online platform 
 

 
Figure 9 Example of simulated heating demand displayed in 
the grid for A Coruña city.  
 

The user can access the featured elements and design 
custom requests. Single buildings or grid cells are 
accessed by clicking them on the map (Fi) . This action 

triggers the custom functions. Users can introduce or 
modify the key input parameters to override default 
values or evaluate energy conservation measures. 
The model takes the new requests to the python 
modules to recalculate thermal and lighting 
performance and fetches the processed response to 
display the new values in the map. In this way it is 
possible to visualize the effect of the selected 
measures in the energy demand (map and energy 
balance) or internal temperature (charts).   

 

 
Figure 10 Urban energy portal  for the city of Pontevedra. 
Grid view 

 

 
Figure 111 Urban energy portal  for the city of 
Pontevedra. Building level view, results of selected 
building are displayed on the left bar 

The beta version of the application can be found 
at https://litheum.citic.udc.es/. Figures 9-11 show a 
series of snapshots of the interface and interactive 
features of the tool. Fig shows the initial heating 
loads for Pontevedra, which is a municipality of 
80.000 inhabitants located in the northwest of Spain. 
The grid view is applied by the default to speed up 
the data loading process. When the user zooms in the 
disaggregated values by buildings appear 
automatically (Figure 111).  A button allows users to 
switch between grid or building view at will, although 
there is a limit to which the latter can by displayed to 
prevent overloading.  

The interactive options intend to be intuitive and 
simple. In this version, the user can select among 
several building typologies by simple names (retrofit, 
low carbon…). These names are connected to specific 
U-values, ventilation rates, etc…so they will be 
reflected in the resultant demand and temperature.  

The following stages of the research include 
various trials, where the application will be tested 
with real users. We have also planned several focus 
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Matplotlib (Fig) but in the online platform is 
translated into javascript using ChartJS.   

 
Figure 7 Snapshot of the summary charts produced by the 
application 

 
3.4. Online interactive map. 

The novelty of this application resides in the fact 
that it is hosted online, and it is connected to a map 
server, which allows user to interact with the input 
and output parameters. The basic structure of the 
platform consists of a GeoServer that hosts a PostGRE 
SQL database (Fig). The server fetches the base 
GeoJSON files with the initial parameters and heating, 
cooling and lighting values for grid and buildings. 
These data are interpreted and displayed in a map, 
adapting the visual styles and legend according to the 
range of results.  

 
Figure 8 Architecture diagram of the online platform 
 

 
Figure 9 Example of simulated heating demand displayed in 
the grid for A Coruña city.  
 

The user can access the featured elements and design 
custom requests. Single buildings or grid cells are 
accessed by clicking them on the map (Fi) . This action 

triggers the custom functions. Users can introduce or 
modify the key input parameters to override default 
values or evaluate energy conservation measures. 
The model takes the new requests to the python 
modules to recalculate thermal and lighting 
performance and fetches the processed response to 
display the new values in the map. In this way it is 
possible to visualize the effect of the selected 
measures in the energy demand (map and energy 
balance) or internal temperature (charts).   

 

 
Figure 10 Urban energy portal  for the city of Pontevedra. 
Grid view 

 

 
Figure 111 Urban energy portal  for the city of 
Pontevedra. Building level view, results of selected 
building are displayed on the left bar 

The beta version of the application can be found 
at https://litheum.citic.udc.es/. Figures 9-11 show a 
series of snapshots of the interface and interactive 
features of the tool. Fig shows the initial heating 
loads for Pontevedra, which is a municipality of 
80.000 inhabitants located in the northwest of Spain. 
The grid view is applied by the default to speed up 
the data loading process. When the user zooms in the 
disaggregated values by buildings appear 
automatically (Figure 111).  A button allows users to 
switch between grid or building view at will, although 
there is a limit to which the latter can by displayed to 
prevent overloading.  

The interactive options intend to be intuitive and 
simple. In this version, the user can select among 
several building typologies by simple names (retrofit, 
low carbon…). These names are connected to specific 
U-values, ventilation rates, etc…so they will be 
reflected in the resultant demand and temperature.  

The following stages of the research include 
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groups with relevant stakeholders to collect their 
feedback and continue improving the tool.  

 

 

 
Figure 22 Detail of parameters and recalculation 
options 
4. CONCLUSION 

This paper explained the development of an 
online application that computes urban building 
energy demand, considering the urban form and 
building characteristics. The urban energy model has 
been designed to be hosted online and allow 
interaction. The main objective is to facilitate the 
exploration of energy demand patterns to all users 
regardless of their expertise but also to provide 
meaningful results without complex modelling. The 
model will be fine-tuned and adapted to the feedback 
provided in the trials to be undertaken in the next 
stages. 
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ABSTRACT: Amid increasing demand for investment in student accommodation in Australia, ensuring high-
quality lodgings has become vital for sustaining a positive student experience. To achieve this, accommodations 
should provide an environment where students feel comfortable, healthy, and well. This research aims to identify 
key design and performance gaps in current purpose-built student accommodation (PBSA) in Melbourne. 
Through a text-mining approach, nearly 2000 online reviews from 16 PBSA in Melbourne were analysed and 
compared, concentrating on students’ perceptions regarding comfort and dissatisfaction. Sentiment, thematic, 
and probability analysis were implemented to reveal performance-related issues. This research found that 
students' dissatisfaction often centred on the Indoor Environmental Quality (IEQ) of their rooms. Interestingly, 
students’ dissatisfaction with their physical surroundings was not strongly influenced by the quality or 
availability of communal spaces. Probability analysis revealed that students who were dissatisfied with IEQ were 
85% more likely to be dissatisfied with the interior design features of their rooms. The same cohort was also 
more than 50% likely to make negative comments about lack of controllability and adaptive opportunities within 
their rooms, demonstrating the importance of autonomy for students in their private spaces. Through the 
consideration of occupants’ dissatisfaction, the findings indicate the importance of addressing interior design 
and IEQ performance as potential solutions to enhancing the performance of PBSA in Melbourne. 
KEYWORDS: Comfort, student accommodation, IEQ performance, Interior design 

1. INTRODUCTION
Purpose-built student accommodation (PBSA) is a 

fast-growing building portfolio in Australia because of 
the strong demand from international students which 
accounts for the third-largest export item for the 
country [1]. Despite pandemic constraints, 
Melbourne has seen an increase in the number of 
PBSAs, from 70 in 2018 to 110 in 2023 [2]. Combined, 
these buildings host a total of 20,000 students in 
Melbourne alone – this is 38% of total resident 
population in the Central Business District (CBD) [3]. 

This recent boom has prompted the release of 
new guidelines for establishing a baseline for building 
performance in the sector, such as the Student and 
Shared Accommodation Guidelines [4], which makes 
recommendations about private indoor space sizes, 
communal spaces, neighbourhood characteristics, 
sustainability, and waste management. However, as 
part of IEQ criteria, these guidelines highlighted 
issues regarding temperature in student 
accommodation that had been designed based on the 
existing Environmentally Sustainability Design (ESD) 
requirements. For instance, a report regarding 
student accommodation in Victoria pointed out 
several IEQ-related issues mentioned by some 
housing providers and Council officers, such as 
temperature and acoustic control within buildings [4]. 

Despite these efforts to establish building and IEQ 
performance, research studies are yet to follow suit – 
at the time this paper was written, only four peer-
reviewed papers were found on Scopus reporting 
findings from IEQ-related research in student 
accommodation in Australia [5-8].  This is at odds 
with the increasing demand to build PBSAs around 
the country over the last decade. This is potentially a 
critical issue considering the documented effect of 
IEQ on students’ health, dissatisfaction, and academic 
performance [9-11]. Studies have also shown the 
impact of biophilic design on psychological 
restoration of the students and higher academic 
scores [9, 12]. More recently, interior design has 
emerged as an important dimension, due to its 
significant effect on students’ dissatisfaction [6-7, 13]. 
Accordingly, the International Education Association 
of Australia [14], the quality of student 
accommodation – in terms of interior design and IEQ 
performance – requires improvement [13, 8]. 

This paper contributes to the research gap in 
Australia by reporting findings about user 
dissatisfaction observed in PBSAs from data 
harvested from Google Reviews (GRs). 
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2. METHODS 
This study analysed a total of 2,000 comments 

voluntarily posted on Google from 2013 to 2023, 
focusing on 16 student accommodation buildings in 
Melbourne. NVivo and Leximancer were used to 
analyse text database.  

Sentiment analysis was used to identify reviews 
that were negative in nature. For this step, machine 
learning was utilised since such methods are 
indicated to be more accurate than other approaches 
[15]. Specifically, this research used an Azure machine 
learning algorithm as it has been shown that it can 
build effective sentiment analysis models to perform 
data analytics [16]. The sentiment scoring range was 
0 to 1, with scores close to 1 being identified as 
positive [17]. This research purposefully selected 
reviews that scored close to 0 to extract the negative 
sentiments. As each review might contain positive 
and negative statement(s), this study implemented 
sentence-level sentiment analysis for higher accuracy 
[18]. Further, to develop insights regarding the most 
and least mentioned aspects in negative comments, 
exploratory content analysis was deployed to identify 
concepts that could aid the coding of the text-based 
data. This approach enabled themes to be defined as 
the coding process was completed. Finally, 
conditional probability analysis was conducted to 
understand the likeliness of different negative 
sentiments co-occurring with one or more identified 
themes.  
 
3. RESULTS AND DISCUSSION 
3.1 Prevalence of IEQ issues based on negative 
sentiments 

Through analysing the content of data with 
negative sentiments, high-level concepts were 
identified. These concepts were room, experience, 
student activities, and social activities. 
In the word frequency analysis (Fig. 1), it was 
demonstrated that the term “room” emerged as the 
most frequently used term in negative reviews with 1 
to 3-star ratings. In terms of frequency, “room” was 
followed by “place”, “service”, “cleaning”, and 
“temperature (hot)”. This highlights the importance 
of private room amenity, services, and IEQ, such as 
thermal environment. More detailed concepts are 
shown in Fig. 2. 
Sentiment scores of the negative reviews were also 
computed and the breakdowns are reported in Table 
1.  

 
Figure 1: Content and word frequency analysis of the 
scraped textual data. 

The negative sentiment scores showed that 
thermal and IAQ aspects of private rooms were closer 
to zero, which suggests more negativity around those 
themes among dissatisfied users. 

The thematic and sentiment analysis revealed 
interesting results regarding users’ dissatisfaction. As 
shown in Fig. 3, the negative sentiments were mostly 
centred around physical aspects of their private space 
and quality aspects of their communal spaces. This 
implies that when occupants were very dissatisfied, 
their priority concern was their private room’s 
thermal, visual, and acoustic comfort, architectural 
characteristics (e.g., size, layout, etc.), adaptive 
opportunities and systems (e.g., passive and active 
building system and controllability). In terms of 
communal spaces, quality aspects related to safety 
and security, utility, services, and facilities were the 
main issue among dissatisfied students. 

Results suggest the critical role of student 
accommodation providers in maintaining the basic 
standards for IEQ. Without this maintenance or basic 
provision, students could experience significant 
dissatisfaction, especially if indoor environmental 
quality needs are not met in the private spaces. 
Interestingly, students’ IEQ complaints increased 
when they realised they had no control over 
temperature and noise, or even the unavailability of 
opportunities to retrieve their comfort. These factors 
– such as students’ autonomy, controllability, and 
privacy – underscored the criticality of these features 
for students to avoid discomfort and unhealthy 
situations in their private room. 

It can also be concluded from the sentiment 
analysis that the mentioned features were negatively 
affecting students’ health. The high room 
temperature resulted in frustrated students, reducing 
their sentiment score (higher negativity) with their 
private spaces. The lack of controllability in these 
PBSA compounded these negative sentiments. Since 
this type of accommodation is considered an all-
inclusive building (e.g., utility and housing costs in 
one bill), it is of utmost importance to address such 
existing problems in PBSA. 
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(a) 

 
(b) 
Figure 2: Percentage coverage of the themes among 
dissatisfied students with: (a) private rooms and (b) 
communal areas for IEQ and design aspects. 
 
Table 1: Sentiment scores of negative reviews. 
 
Space Type Private Room Communal Spaces 
Themes Negative 

score 
average 

SD Negative 
score 
average 

SD  

Cleanliness 0.13 0.13 0.11 0.12 
IAQ 0.11 0.14 0.15 0.13 
Thermal 0.11 0.12 NA NA 
Visual 0.12 0.14 0.19 0.21 
Acoustic 0.14 0.13 0.15 0.14 
Aesthetics & 
quality of 
furniture 

0.14 0.14 0.11 0.09
7 

Bad outlook 0.16 0.20 0.21 0.12 
Connection 
with natural 
light 

0.15 0.16 0.36 0.09
5 

Nature 
connection 

0.20 0.12 NA NA 

Outdoor 
space 
connection 

0.19 0.12 0.18 0.14 

Insulation 0.17 0.16 NA NA 
IEQ 
controllability 

0.1906 0.13 NA NA 

Functional 
active & 
passive 
systems 

0.15 0.13 NA NA 

Flexible size, 
layout and 
storge 

0.16 0.14 0.12 0.10 

Safety and 
Security 

0.17 0.15 0.13 0.13 

     

 
Figure 3: Emerged themes from the negative sentiments of 
online review. 

Furthermore, among the students who showed 
dissatisfaction with their room, they would rather pay 
less and live in a lower-quality private housing than 
reside in a PBSA that was not prioritising their basic 
needs above other opportunities, such as social and 
recreational spaces. This finding emphasises how the 
availability of certain features in their room should be 
of paramount concern in interior design before 
providing additional communal features in any PBSA. 

For the communal areas, the complaints were 
mostly about the availability or the adequacy of 
spaces for a particular purpose. Some of the students 
mentioned the low capacity of library areas and study 
spaces. There were also complaints regarding the 
availability of communal spaces to use during their 
free times (e.g., gym, cinema room, etc.). Other 
factors such as cleanliness, safety, and security 
aspects were also mentioned in the negative reviews. 
For instance, there were complaints regarding broken 
windows, safety and security in hallways, and stolen 
objects from communal areas, all of which negatively 
affected their perception of communal areas. 
 
3.2 Emerged themes based on the negative reviews 
3.2.1 IEQ 

As previously discussed, IEQ was one of the most 
important features when it came to increasing 
dissatisfaction with private indoor environments. In 
some comments, students mentioned high 
temperatures and less natural ventilation as 
contributors to their negative feelings (e.g., 
frustration) and physical health (e.g., headache). For 
example, one user noted that “when it’s 25°C outside 
it’s near 40-50°C inside, it feels unsafe …”.  

Previous studies have highlighted the negative 
impact of thermal conditions and ventilation on 

813



 

students’ satisfaction levels and work efficiency [6-7]. 
Another study also pointed out that student 
dissatisfaction with IEQ may result in poor sleep 
quality and health symptoms [19]. 

The negative reviews for IEQ were mostly related 
to private spaces, but there were also some 
complaints associated with communal areas. For 
example, some students mentioned that due to 
safety reasons, users were unable to open their doors 
to take advantage of crossflow ventilation from the 
hallway. 
3.2.2 Controllability, autonomy and affordance 

As previously mentioned, another negative factor 
cited by the students was the lack of opportunity to 
change their indoor environment when users felt 
thermally uncomfortable. According to [20], the 
human-building interaction with respect to the 
thermal environment becomes crucial, as occupants 
can be comfortable in a wider range of temperatures 
than what is defined by standards. Therefore, 
controllability in the room can play a vital role in 
creating more comfortable environments by giving 
the users the autonomy to instantly change their 
indoor environment (e.g., operable windows). In one 
comment, a student mentioned that “Ventilation in 
the room is noisy as hell and you can’t do anything 
about it because windows are sealed.” Users also 
indicated that no alternatives were provided to 
reduce indoor temperature. In line with this study, 
research conducted by [21] highlighted that 
controllable windows are necessary for sustainable 
student housing facilities. Many studies demonstrate 
that a constant thermal environment might not lead 
to more satisfaction among occupants. Therefore, the 
controllability feature in the indoor environment not 
only can create a more dynamic environment but 
could also result in perceptions of control and thus, 
higher satisfaction of occupants [22]. 
3.2.3 Inclusivity and adaptability in use 

In terms of physical features, dissatisfied students 
mentioned both private and communal spaces in 
terms of adaptive opportunities. Students mainly 
complained about their room’s size and layout. Some 
students referred to their room as a “shoebox”, 
noting that it might not be worthy of the rent they 
are paying. In contrast, some students were satisfied 
with their room’s layout, mentioning that “Rooms are 
well lit with natural light and sizable”. This 
demonstrates the importance of interior design on 
students’ satisfaction. In line with this finding, studies 
have shown the importance of interior design as a 
predictor of student satisfaction with their 
accommodation [23-24]. 

Reviews also mentioned available active and 
passive systems to control IEQ in their room when 
discomfort occurs. In one comment, a student 

criticised the unavailability of windows: “the rooms 
open a tiny 2-3 inch’s provided no ventilation…”.  

The results from this study also aligned with [22], 
which regarded room size and flexibility as important 
facilities to be considered in sustainable housing. In a 
study by [25], room layout design was also shown to 
create spatial adaptation opportunities for the 
occupants in the context of residential buildings. 
Moreover, [26-27] pointed out the important role of 
room layout in balancing thermal comfort and energy 
savings in residential buildings. 

For the communal spaces, reviews mostly 
complained about the inadequacy of most communal 
and private spaces to accommodate activities such as 
socialising, studying, or cooking. This outcome aligns 
with [28], which noted that a lack of adequate private 
and communal spaces has been identified as 
problematic in the Post Occupancy Evaluation (POE) 
of some student accommodation. In addition, the 
morphological configuration of communal spaces was 
indicated to predict students’ satisfaction [23]. This 
might be due to the extent to which it can facilitate 
social interaction. Another study also highlighted the 
importance ratio of public spaces to private spaces, 
which could negatively affect their living, learning, 
and social experiences [29]. 
3.2.4 Connectivity and interaction 

In terms of negative aspects, users criticised the 
view of the room “… its location near cemetery, 
especially in rooms in which windows point at it looks 
terrifying”. In terms of light and colour, some 
students complained about the aesthetics of their 
private room “I feel like I’m stuck in a dark grey box. 
It’s aesthetically pleasing but at the same time it’s 
very depressing and the lighting I feel is not enough 
too”. This aligns with other research that has 
highlighted the importance of bright colours to boost 
pleasure in students [30] and the efficacy of interior 
lighting on well-being [22]. 

In line with the results of this study, biophilic 
features and nature views appear to play an 
important role in increasing occupants’ satisfaction 
and improving their attention [31-32].  
3.2.5 Functionality and accessibility 

This theme emerged? from comments focusing on 
the functionality of building systems, accessible 
facilities and amenities, proximity to campus, and 
efficient storage and space utilisation.  Among the 
negative comments, building systems were 
mentioned to be useless to achieve thermal comfort 
during winter or summer, such as: “Heater is not hot, 
it's completely useless in winter”. After a POE of 
student accommodation, a study [33] found that 
amenities related to IEQ (e.g., ventilation, lighting, 
and sound) were important elements in student 
accommodation facilities. Another study showed 
building facilities influenced students’ comfort and 
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students’ satisfaction levels and work efficiency [6-7]. 
Another study also pointed out that student 
dissatisfaction with IEQ may result in poor sleep 
quality and health symptoms [19]. 

The negative reviews for IEQ were mostly related 
to private spaces, but there were also some 
complaints associated with communal areas. For 
example, some students mentioned that due to 
safety reasons, users were unable to open their doors 
to take advantage of crossflow ventilation from the 
hallway. 
3.2.2 Controllability, autonomy and affordance 

As previously mentioned, another negative factor 
cited by the students was the lack of opportunity to 
change their indoor environment when users felt 
thermally uncomfortable. According to [20], the 
human-building interaction with respect to the 
thermal environment becomes crucial, as occupants 
can be comfortable in a wider range of temperatures 
than what is defined by standards. Therefore, 
controllability in the room can play a vital role in 
creating more comfortable environments by giving 
the users the autonomy to instantly change their 
indoor environment (e.g., operable windows). In one 
comment, a student mentioned that “Ventilation in 
the room is noisy as hell and you can’t do anything 
about it because windows are sealed.” Users also 
indicated that no alternatives were provided to 
reduce indoor temperature. In line with this study, 
research conducted by [21] highlighted that 
controllable windows are necessary for sustainable 
student housing facilities. Many studies demonstrate 
that a constant thermal environment might not lead 
to more satisfaction among occupants. Therefore, the 
controllability feature in the indoor environment not 
only can create a more dynamic environment but 
could also result in perceptions of control and thus, 
higher satisfaction of occupants [22]. 
3.2.3 Inclusivity and adaptability in use 

In terms of physical features, dissatisfied students 
mentioned both private and communal spaces in 
terms of adaptive opportunities. Students mainly 
complained about their room’s size and layout. Some 
students referred to their room as a “shoebox”, 
noting that it might not be worthy of the rent they 
are paying. In contrast, some students were satisfied 
with their room’s layout, mentioning that “Rooms are 
well lit with natural light and sizable”. This 
demonstrates the importance of interior design on 
students’ satisfaction. In line with this finding, studies 
have shown the importance of interior design as a 
predictor of student satisfaction with their 
accommodation [23-24]. 

Reviews also mentioned available active and 
passive systems to control IEQ in their room when 
discomfort occurs. In one comment, a student 

criticised the unavailability of windows: “the rooms 
open a tiny 2-3 inch’s provided no ventilation…”.  

The results from this study also aligned with [22], 
which regarded room size and flexibility as important 
facilities to be considered in sustainable housing. In a 
study by [25], room layout design was also shown to 
create spatial adaptation opportunities for the 
occupants in the context of residential buildings. 
Moreover, [26-27] pointed out the important role of 
room layout in balancing thermal comfort and energy 
savings in residential buildings. 

For the communal spaces, reviews mostly 
complained about the inadequacy of most communal 
and private spaces to accommodate activities such as 
socialising, studying, or cooking. This outcome aligns 
with [28], which noted that a lack of adequate private 
and communal spaces has been identified as 
problematic in the Post Occupancy Evaluation (POE) 
of some student accommodation. In addition, the 
morphological configuration of communal spaces was 
indicated to predict students’ satisfaction [23]. This 
might be due to the extent to which it can facilitate 
social interaction. Another study also highlighted the 
importance ratio of public spaces to private spaces, 
which could negatively affect their living, learning, 
and social experiences [29]. 
3.2.4 Connectivity and interaction 

In terms of negative aspects, users criticised the 
view of the room “… its location near cemetery, 
especially in rooms in which windows point at it looks 
terrifying”. In terms of light and colour, some 
students complained about the aesthetics of their 
private room “I feel like I’m stuck in a dark grey box. 
It’s aesthetically pleasing but at the same time it’s 
very depressing and the lighting I feel is not enough 
too”. This aligns with other research that has 
highlighted the importance of bright colours to boost 
pleasure in students [30] and the efficacy of interior 
lighting on well-being [22]. 

In line with the results of this study, biophilic 
features and nature views appear to play an 
important role in increasing occupants’ satisfaction 
and improving their attention [31-32].  
3.2.5 Functionality and accessibility 

This theme emerged? from comments focusing on 
the functionality of building systems, accessible 
facilities and amenities, proximity to campus, and 
efficient storage and space utilisation.  Among the 
negative comments, building systems were 
mentioned to be useless to achieve thermal comfort 
during winter or summer, such as: “Heater is not hot, 
it's completely useless in winter”. After a POE of 
student accommodation, a study [33] found that 
amenities related to IEQ (e.g., ventilation, lighting, 
and sound) were important elements in student 
accommodation facilities. Another study showed 
building facilities influenced students’ comfort and 

 

satisfaction, affecting their academic performance 
[34]. 

In terms of functionality of communal spaces, 
some users expressed complaints about the 
accessibility of some areas, such as their courtyard. In 
this instance, users mentioned being unable to use 
the courtyard, and considered it as being there solely 
for appearances. 
 
3.3 Relationship between IEQ experiences and 
dissatisfaction in student accommodation 

The probability analysis revealed that users 
dissatisfied with the IEQ of their private room were 
around 88% more likely to also report dissatisfaction 
with design-related issues of their room. Among the 
users dissatisfied with IEQ, it was 50% more likely 
that they criticise thermal issues (private and 
communal spaces), insulation, and controllability and 
adaptive opportunities in their room. Therefore, the 
room’s thermal characteristics were the most 
important aspect of their comfort. It was interesting 
that thermally dissatisfied students were more 
inclined to negatively mention their rooms’ poor 
outlook, insulation, controllability, connection with 
the outdoors, layout, and lack of adaptive 
opportunities. In terms of controllability of windows 
and thermal discomfort, users noted the lack of 
ventilation due to fixed windows in their private 
room. In terms of interior design and IEQ issues, users 
pointed out insulation and design-related issues of 
their floor plan. Results suggest that the 
uncontrollability and design-related issues (e.g., 
layout) exacerbated their thermal perception, 
contributing to lower health outcomes and 
compromised satisfaction. 

Interactive effects were also seen between 
different IEQ aspects (e.g., thermal, visual, acoustic). 
Among the users dissatisfied with thermal comfort, it 
was 53% probable that they negatively mentioned 
noise and air quality. Among thermally dissatisfied 
users, it was also 54% more likely that they would 
express negative sentiments about health and design-
related issues. The analysis showed that users 
dissatisfied with IEQ in their private space were 50% 
more likely to negatively talk about the indoor-
outdoor connection of their space and the capacity of 
the communal spaces. As mentioned in the previous 
section, when users felt thermally uncomfortable in 
their private space, they also realised the lack of 
adaptable space in the communal spaces, which 
negatively affected their satisfaction. Some users 
mentioned that “rooms no ventilation …and common 
study area has noisy students as it not a quiet 
library”. The probability analysis also showed that 
among users complaining about accessible communal 
spaces, it was 50% more probable that they were 
thermally dissatisfied with their private room. The 

result was in line with a study [35] that suggested 
users would feel uncomfortable if there were a lack 
of opportunities in their space to change IEQ. 
 
4. CONCLUSION 

This research demonstrated the important aspects 
to be investigated for re-establishing high-
performance student accommodation based on 
users’ longitudinal experiences from their spaces. For 
this purpose, a diagnostic approach was implemented 
to first identify the important factors affecting users’ 
negative sentiments of their living environment, 
specifically examining health and dissatisfaction. It 
was found that dissatisfied users mostly highlighted 
the poor quality of their IEQ in their private room, 
paying less attention to the facilities provided by the 
communal spaces. Other negative aspects were the 
lack of adaptive opportunities in their private space, 
the available adaptive opportunities to maintain their 
comfort, and the flexibility of their room layout. 

After analysing the users’ sentiments form the 
reviews, the important themes were extracted for 
further analysis to explore whether these themes 
have contributing effects on users’ health and 
dissatisfaction. This phase revealed that users’ 
dissatisfaction was concurrently affected by multiple 
themes. Therefore, the assumption of a single cause 
and effect might not be a best approach to studying 
students’ IEQ-related health and satisfaction, as there 
were design-related aspects that alleviated or 
worsened their experience with their built 
environment. 
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ABSTRACT: Indoor environments play a pivotal role in shaping the experiences, performance, and overall well-
being of students within educational spaces. While some research has explored how classroom architectural 
attributes influence students' subjective perceptions and ways to enhance these environments, there's a notable 
gap in studies involving adolescents in the design stages. This knowledge would allow the adaptation of the spaces 
where they spend a large part of their day to their specific preferences and promote well-being. This study aims to 
assess the effectiveness of using virtual reality (VR) experiences for evaluating indoor spaces with adolescents. 
Adopting an experimental approach, it employs an interactive VR navigation system and a questionnaire to 
capture students' subjective perceptions of classroom lighting and qualitative stimuli affecting their experience. 
The 15 minutes experience with 10 students, each of 13-year-old, was successful, the questionnaire integrated 
within the virtual environment facilitated the immediate assessment of the space. This study provides a valuable 
methodological framework for optimizing learning environments from a subjective perspective with VR in the early 
stages, offering added value compared to conventional approaches, aligning with occupant-centered paradigms. 
KEYWORDS: Indoor environments, virtual reality, subjective perception, classroom environment, learning spaces. 
 
 

1. INTRODUCTION 
The quality of indoor spaces significantly impacts 

the performance and well-being of occupants in 
learning environments [1–4]. The impact of physical 
factors on educational quality is extensively 
documented in research that has conducted post-
occupancy evaluations in school contexts with young 
populations [5, 6]. However, few studies focus on how 
the architectural characteristics of the classroom 
influence students' subjective perception and 
satisfaction [7, 8]. In Chile, it is known that adolescents 
in public education tend to have low satisfaction with 
their classrooms. This is based on the response of 452 
students with an average age of 13.5 years, collected 
during 2022 within the framework of the Fondecyt 
Regular research project 1210701. This fact is 
significant because these are the spaces where 
students spend most of their time.  

This research approach is key to designing learning 
spaces that promote well-being from the students' 
perspective, rather than expecting students to adapt 
to spaces that do not fully satisfy their needs. Exploring 
the subjective perceptions of occupants from the 
initial design stages would allow the adaptation of 
buildings to the specific preferences of individuals. 
Furthermore, focusing research on adolescents fills a 
significant gap to obtain empirical data from a specific 
group, as studies on perception are usually conducted 
with adults. It is essential to address the well-being 
and experiences of adolescents at a stage of life where 
emotional indices begin to decline [9]. 

 
Virtual reality (VR) techniques offer the possibility 

to examine environmental stimuli from the initial 
design phases, avoiding reliance on significant 
investments of resources and time to conduct post-
occupancy evaluations. VR allows individuals to have 
an immersive experience in spaces that have not yet 
been built and to get an initial impression of the stimuli 
that create a more pleasant experience for occupants. 
This approach aligns with new paradigms that define 
occupant-centred analysis models, to generate 
architecture that is resilient to the user experience.  

Previous research has highlighted the potential of 
virtual reality for examining indoor environments 
previous studies [10–13], yet its widespread adoption 
for such studies remains limited and has been 
conducted primarily with adults. However, VR is 
recognized as a safe technique for adolescents, as as 
supported by reference [14].  

In this context, this study aimed to investigate the 
potential use of virtual reality (VR) tools with 
adolescents to evaluate indoor environments and 
capture the impact on subjective perception, analyzing 
the lighting stimuli in educational environments. We 
present a pilot experience with adolescents, taking the 
Future Edu Space classroom as a case study. It was a 
virtual design for innovative pedagogy practices in 
mind. Therefore, the design proposes variety of 
configurations, and alternatives of light environments. 
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the performance and well-being of occupants in 
learning environments [1–4]. The impact of physical 
factors on educational quality is extensively 
documented in research that has conducted post-
occupancy evaluations in school contexts with young 
populations [5, 6]. However, few studies focus on how 
the architectural characteristics of the classroom 
influence students' subjective perception and 
satisfaction [7, 8]. In Chile, it is known that adolescents 
in public education tend to have low satisfaction with 
their classrooms. This is based on the response of 452 
students with an average age of 13.5 years, collected 
during 2022 within the framework of the Fondecyt 
Regular research project 1210701. This fact is 
significant because these are the spaces where 
students spend most of their time.  

This research approach is key to designing learning 
spaces that promote well-being from the students' 
perspective, rather than expecting students to adapt 
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Virtual reality (VR) techniques offer the possibility 
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2. METHODOLOGY 
The methodological approach of this study 

employed VR techniques to examine indoor 
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survey interactively on a virtual whiteboard using a 
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from the participants as well. When the first 
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Figure 1: Experimental design scheme. 

 

Figure 2: Experimental protocol study. 

2.2 Instrument 
The rating survey aimed to capture participants' 

subjective impressions of the atmosphere, based on 
specific attributes. It employed a semantic differential 
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word pairs included narrow/wide, colorless/colorful, 
monotoned/varied, dark/luminous, gloomy/bright, 
and cold/cozy. Participants rated their impressions on 
a scale from 1 to 6 for each pair of opposing adjectives, 
choosing the score that best aligned with their 
perceptions. They were encouraged to thoroughly 
observe each environment before responding, 
ensuring their answers reflected their most genuine 
and subjective perceptions of each scene. 

 
2.3 Participants  

The experiment was conducted at the school 
where the students were enrolled on August 2, 2023, 
between 08:00 and 13:00. The study recruited 10 
students, comprising an equal gender distribution of 5 
males and 5 females, all of whom were enrolled in the 
same grade. All participants were over 13 years, with 
a mean age of 13.7 years and a standard deviation of 
1.05 years (μ = 13.7, σ = 1.05). While not a prerequisite 
for participation, 60% of the students reported having 
previous experience with virtual reality, and 80% were 
experienced with video games—factors that could 
potentially influence their interaction with the VR 
setup. 

Ethical approval for the experiment was granted 
by the Bioethics and Biosafety Advisory Committee of 
the Research Department at the University of Bío-Bío. 
Our adherence to ethical research protocols mandated 
the obtaining of informed consent from all 
participants, ensuring voluntary participation and 
compliance with ethical standards. Given the 
challenges associated with obtaining school permits, 
we conducted a pilot study with 10 students. Insights 
from this preliminary study will inform the conduct of 
subsequent experiments with larger samples, aiming 
to explore indoor environments across diverse 
educational settings. 

 

   
Figure 3: Participants in immersive experience 
 
2.4 Case study environment 

The study utilized a virtual environment, the Future 
Edu Space (FES). Occupying an area of 70m², FES 
features a flexible design that accommodates a variety 
of learning modalities. Furthermore, FES adheres to 
Chilean norms and standards for lighting, acoustics, air 
quality, and thermal comfort [18–20]. 

The design of FES strategically integrates learning 
spaces with the educational context and the outdoor 
environment, emphasizing different modes of 
interaction. Distinctive variations in the proportion 
and orientation of openings define the environments 
within FES, each yielding unique lighting effects. While 
materials and textures are consistent across all 
settings, it is the manipulation of lighting that alters 
the perception of light, thus delineating three distinct 
atmospheres: unilateral, bilateral, or multilateral. 

These atmospheres comply with daylighting 
standards for educational spaces, verified through the 
Useful Illuminance indicator to achieve at least 50% 
UDI compliance [18–20]. Daylighting is suitable for 
visual comfort, proposing possible scenarios in which 
we want to evaluate only how the occupants perceive 
the lighting environment. Simulations utilized the 
Climate Studio plug-in for Rhino software [21], with 
virtual scenes rendered in Unity to realistically 
simulate light interaction with various materials and 
textures. The reflectance properties of the material in 
the simulation were 20% on floors, 50% on walls, and 
70% on ceilings. These simulations were performed 
annually for the assumed orientation of the north and 
south windows, using climate data from Concepción, 
the location of our pilot study. Table 3 details the 
characteristics of the atmospheres. 

 
Table 1. Daylight performance of 3 atmospheres 

Code Daylight  
Provision 

Openings 
(%) 

UDI100-2000lx 

 (%) 
VR1 Unilateral 18 53 
VR2 Bilateral 22 70 
VR3 Multilateral  40 80 
 

VR1 

 
VR2 

 
VR3 

 
Figure 4: FES atmospheres 
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360° images of the interior space were generated 
from a central viewpoint, facilitating horizontal and 
vertical head movements. The observation height, set 
at 1.40 meters, aligns with the average anthropometry 
of a standing 13-year-old adolescent, ensuring an age-
appropriate viewing perspective. 

Using FES case study provided continuity to the 
research project and fed the integrated design process 
from its initial phases through to the occupants' 
experience of the environment. 

 
3. RESULTS 

The results of the experimental study are 
presented in three sections: the effect of using the VR 
headset to assess indoor spaces with adolescents 
(Subsection 3.1), the application of the instrument for 
rating the scenes (Subsection 3.2), and the perceptual 
impressions of the environment on subjective 
assessments (subsection 3.3). 

 
3.1 VR with adolescents 

The pilot study was designed to determine a virtual 
reality navigation workflow for assessing indoor 
spaces and the experiences of 13-year-old students. 
Participants demonstrated good command of the tool. 
Those with prior virtual reality experience 
demonstrated greater skill in interacting within the 
immersive space. However, inexperienced 
participants were also able to complete the activity, 
requiring a longer induction time.  

The planned duration of the experiment was 
sufficient to develop the full experience, allowing for 
proper visualization and evaluation of the three 
scenes. Although research suggests that VR is safe for 
children to use for up to 30 minutes daily [14], 
participants began showing pressure marks on their 
skin from the headset and experienced fatigue after 15 
minutes. It is estimated that inexperienced VR 
participants might experience visual fatigue if the 
experiment is extended.  

Participants engaged effectively with the 
questionnaire within the virtual environment. They 
had the ability to vote within the immersive space 
using the Oculus Rift remote control, which provided 
them with autonomy in responding and the flexibility 
to change their vote if uncertain. This aspect 
introduced innovation into the experiment, as 
environmental research involving virtual reality 
typically relies on verbal responses for survey 
evaluations [5, 17]. Moreover, similar studies involving 
adolescents are not previously documented.  

 
3.2 Subjective assessments 

The terms used in the instrument and the 
implemented rating system were satisfactory in this 
study. Participants understood the terms describing 
physical attributes, evaluating all items without 

leaving any question unanswered. Regarding the 
rating scale, the proposed semantic differential scale 
allowed participants to assign ratings from 1 to 6, 
grading their approximation to each term. However, 
the placement of the questionnaire within the 
immersive environment had a positive impact, as 
participants had a visual reference to the rating scale 
in the space to be rated, thereby simplifying their 
responses. 

The assessments aimed to determine response 
patterns of subjective experience in an environment, 
through a frequency analysis of responses. In paired-
pair scales, there is uncertainty regarding the 
equidistance between scale items among participants, 
attributable to subjective interpretation and 
assessment of responses. However, the analysis of this 
study assumed that each participant applied a 
consistent rating on the scale. Therefore, it was 
possible to identify a general tendency (or pattern) of 
the visual stimulus perceived by the participant. 

Figure 5 shows different response patterns in each 
environment, indicating that participants perceived 
differences with respect to the visual stimulus of light. 
For example, the brighter VR3 scene exhibited a trend 
towards higher ratings on attributes interpreted as 
highly stimulating. In contrast, the atmospheres with 
less illumination (VR1 and VR2) received medium 
stimulus ratings, with more scattered and 
homogeneous responses. 
 

  
VR1 

VR2 

VR3 

Figure 5: Frequency distribution of subjective evaluations of 
virtual environments 

 
 3.3 Perceptual impressions 

Although the goal of this study was to explore the 
tool rather than draw conclusive results about the 
space, the experience served as a continuation of the 
research on the educational prototype FES, integrating 
the subjective experience of occupants in the space. 
The sample size was too small to have definitive 
conclusions about the environmental alternatives. 
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However, there was a very evident and unanimous 
trend of students' preference for the brighter 
alternative, VR3, as the space of greatest satisfaction. 
Furthermore, no order effect was detected in the 
visualization of lighting scenes, whether from brighter 
to less bright or vice versa. 

For further analysis of the perceptual impressions 
of the atmospheres, an analysis method was adopted 
that divides the evaluation scale into three distinct 
stimulus ranges. This division enables clear 
differentiation between a neutral stimulus and the 
two extremes of the scale, representing opposite 
perceptions. The extremes of the scale can be 
interpreted as representing positive and negative 
perceptions, with a neutral perception in the middle, 
as illustrated in Figure 6. This analytical approach 
simplifies the presentation and analysis of results in 
percentages, offering an accurate depiction of the 
predominant perceptual trends for each atmosphere.  
 

 
Figure 6: Impression of the spatial and light stimulation of 
virtual environments. 

 
Regarding descriptive attributes, the lighting 

dimension exhibited a more pronounced distinction of 
characteristics across the three scenes compared to 
the spatial dimension. For instance, the brightest 
classroom received higher ratings for brightness and 
lightness adjectives (60%), in contrast to the other two 
scenes, which were rated as intermediate (53%) and 
intermediate to low (47%) in terms of stimuli. Within 
spatial concepts, the notion of amplitude was more 
prominent than others. This can be attributed to 
lighting being the direct variable under investigation in 
the experiment, without any modification to materials 
or textures. 

 
4. DISCUSION 

The article describes a pilot experiment that 
explores the immersive experience of adolescents in 
educational spaces. The chosen methodology, 
combining VR with questionnaires, offers significant 
added value over more conventional approaches. 
Virtual reality (VR) provides an experience very close 
to that of the physical environment and was well 
received by the study participants. Exploring this 

technology with adolescents is relevant to tailor the 
workflow and the questionnaire to their cognitive 
abilities. The experiment was satisfactory in terms of 
technology use and the application of the instrument 
with 13-year-olds. Even with students from lower 
socioeconomic school contexts, who presumably have 
less access to new technologies. 

 Further studies with a larger sample are needed to 
obtain significant results regarding environmental 
qualities. However, this work contributes to an 
ongoing study on environmental attributes, suggesting 
the need for methodological improvements in future 
research. This includes enhancing navigation to 
facilitate entry and exit from scenes, and the display 
options for survey rate.  

The study presented some limitations in 
experimental aspects that were intentionally not 
addressed in the project. For example, how we 
constructed the scenes that presented the lighting 
atmospheres, but this should be considered in future 
works. The methodology applied can be used with 
different groups of participants to evaluate interior 
spaces with specific objectives to promote 
environments that best support their preferences and 
promote the well-being. 

 
5. CONCLUSION 

This study emphasizes the importance of using 
innovative tools to explore occupant-centered design 
paradigms and create interior environments that are 
resilient to the expectations of the people who will 
inhabit the spaces more closely. The application of 
virtual reality in the design process offers the 
opportunity to understand and respond to the specific 
preferences of occupants. Especially by integrating 
into the research the preferences and needs of 
adolescents who may have a different subjectivity 
from other groups of people; ensuring that 
educational spaces are truly inclusive and adaptive.  
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ABSTRACT: The Urban Heat Island phenomenon, exacerbated by global warming, poses a public health risk 
during periods of heat stress, particularly for elderly individuals with low purchasing power. This is especially 
relevant in Seville’s social neighbourhoods, constructed between the 1950s and 1980s, which are characterized 
by low-quality construction. The challenge lies in adapting these aging urban spaces as a passive measure to 
enhance comfort within these residences. This study proposes the validation of three complementary 
methodological approaches: remote sensing, in-situ monitoring, and microclimatic simulations. The focus is on 
public and transitional spaces in a Sevillian neighbourhood, with the aim of improving comfort and thermal 
resilience. The results will be utilized to analyse the impact of climatic and morphological parameters on the 
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1. INTRODUCTION

The effective and environmentally conscious 
management of the urban environment has become 
a leading focal point within the primary challenges of 
the urban agenda aimed at sustainable development 
[1]. The research imperatives of the 21st century 
require heightened endeavours in generating novel 
research that shows innovative protocols for 
comprehensive inspection, diagnostic mechanisms, 
and decision-making models, all directed toward a 
more holistic urban resilient paradigm. This research 
seeks to determine the most pragmatic and 
optimized renovation strategies to counteract the 
ongoing climatic obsolescence of the current layout 
of cities. Moreover, the repercussions of global 
climate change have precipitated an accelerated 
implementation of strategies focused on bioclimatic 
and passive renovation actions. These strategies are 
designed to enhance the environmental performance 
of outdated public spaces conceived decades ago, 
which currently exist beyond the boundaries of 
established comfort parameters. In addition to these 
factors, the susceptibility of individuals inhabiting 
urban environments, which is projected to 
encompass 68% of the global population by 2050 
according to United Nations [2] will experience an 
increase due to the Urban Heat Island (UHI) effect. 
This effect is currently a prevalent global issue, posing 
a significant threat to the functionality and liveability 
of cities and their associated ecosystems, in addition 
to implications for public health. According to a study 
conducted in the Mediterranean and Middle East 
regions [3], elevated temperatures contribute to a 

heightened incidence of myocardial infarctions and 
heat strokes among adults. In the case of children, 
they contribute to an increase in the risk of 
respiratory and renal disorders. As for the elderly 
population, which is projected to be 16% of the global 
population by 2050, they may experience even bigger 
heat-related risks, an elevated prevalence of chronic 
health issues and a further reduction in both 
cognitive and physiological capabilities. 

This research aims to propose a multimodal 
assessment model on urban environmental 
ergonomics for the identification of feasible and 
passive measures that improve comfort conditions in 
residential neighbourhoods. The innovation of this 
method lies in a cross-analysis based on a 
combination of modelling and monitoring methods of 
the microclimatic framework conditions of urban 
spaces. The model is applied and tested in urban 
areas of a residential area designed under the 
guidelines of the modern movement. This typology of 
neighbourhoods, built in Europe between the 1960s 
and 1980s, is characterised by broad public spaces of 
its urban layout. The main goal focus on the 
methodological insights and implications from an 
integral diagnosis and proposal for improving the 
climatic resilience of these areas, thereby serving as a 
decision-support procedure in order to identify 
optimal interventions that would ensure a more 
appropriate thermal comfort performance.   

2. MATERIALS AND METHODS

2.1 Case study 
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spaces. The model is applied and tested in urban 
areas of a residential area designed under the 
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methodological insights and implications from an 
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2. MATERIALS AND METHODS

2.1 Case study 

 

The selected case study corresponds to a 
neighbourhood built in the 1960s in the city of Seville 
(Spain). This city is subjected to a Mediterranean mild 
and warm climate, considered Csa according to the 
Köppen-Geiger climate classification. The average 
annual temperature of 18.6 oC, places it as one of the 
warmest cities in Europe. The neighbourhood is 
defined by a double grid of buildings. On the one 
hand, a network of low-rise single-family houses. The 
size of the urban spaces between them and the 
profuse vegetation mean that these places are 
significant for microclimatic analysis. On the other 
hand, high-rise multi-family buildings are integrated 
into the urban fabric, creating wider urban canyons. 
The scarce vegetation, the morphological variability 
of the canyons and their prolonged exposure to solar 
radiation, wind, air temperature and relative 
humidity changes present these as an interesting 
counterpoint to the previous ones. In the following 
image (Figure 1), a plan of the layout of the slum used 
as a case study is shown. Three microclimatic 
typologies are distinguished due to the distribution of 
buildings: microclimates between groups of low-rise 
buildings, microclimates on the ground floor under 
high-rise buildings and microclimates of the public 
space. 

 

Figure 1: Case study microclimatic typology distribution. 
 
2.2 Methodology 

The methodology used was based on both 
monitoring tools and microclimatic modelling 
software. The monitoring campaigns were performed 
at two scales using complementary methods. On the 

one hand, satellite remote sensing, and, on the other, 
through field monitoring campaigns. 

 

 
a 

 
b 

 

Figure 2: NDVI analysis of vegetation: a) High and b) Low 
photosynthetic activity.  

 
For the first one, satellite remote sensing, Crop 

Monitoring software was applied. This tool is based 
on a satellite monitoring system for field supervision 
created by EOS Data Analytics (EOSDA), a provider of 
satellite image analysis such as EOS, Sentinel 2, and 
Landsat 8. NDVI (Normalised Difference Vegetation 
Index) [4] can be determined by Crop Monitoring. It 
measures the state of the vegetation according to the 
amount of radiation absorbed or reflected by the 
chlorophyll in the leaves, it also provides an estimate 
of the vegetation density, with values between -1.0 
and 1.0. Figure 2 shows an NDVI analysis of 
vegetation: a) High and b) Low photosynthetic 
activity. Trees with higher chlorophyll will have a 
higher NVDI index, which will graphically reflect in 
yellowish or greenish tones. However, trees with low 
chlorophyll will absorb infrared and reflect more red 
radiation. It will be indicated in reddish and orange 
tones. This directly impacts on the microclimate 
because vegetation, especially large vegetation 
masses such as trees, have a greater or lesser 
influence on the microclimate of the environment 
through evapotranspiration and radiation depending 
on their photosynthetic activity. 

On the other hand, in the field monitoring 
campaign, several instruments were used for the 
acquisition of the basic parameters: air temperature, 
relative humidity, and black globe temperature (by a 
thermo-hygrometer TC100, TROTEC), wind speed (by 
an anemometer TA300, TROTEC) and pavement 
surface temperature (by an infrared thermometer 
Raytek Raynger). Figure 3 shows the distribution of 
the microclimatic monitoring points from the field 
campaign. 
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Figure 3: Microclimatic monitoring points distribution in 
the case study analysis from the field campaign. 

 
With regards to the urban microclimatic 

modelling, ENVI-met tool was used, which consists in 
a simulation software for three-dimensional 
microclimatic models. ENVI-met simulates 
climatological interactions between surfaces, 
vegetation, and the atmosphere, generating accurate 
high-resolution microclimate calculations.  

 
Figure 4: NDVI analysis of relevant case study areas using 

Crop Monitoring software. 
 
The program makes it possible to analyse the 

effects of planning strategies according to the urban 
climate, which is a major advance over other 

programs. This is a significant advantage when 
compared to other programs. This software was also 
used to calculate the UTCI (Universal Thermal Climate 
Index) of the current state and a proposal for 
microclimatic improvement applied on the analysed 
case study. 

 
3. RESULTS AND DISCUSSION 

The microclimate study based on the Crop 
Monitoring software determined areas with lower 
photosynthetic activity which resulted in a variation 
of NDVI index. Figure 4 shows NDVI analysis of 
relevant case study areas using Crop Monitoring 
software. 

The microclimate study based on the field 
monitoring campaign allowed the identification of 
hot spots and areas with a higher incidence of UHI. 
Figure 5 shows the thermal values along the route of 
the different monitoring points, as well as the 
difference between the temperatures monitored in 
situ and the corresponding temperatures measured 
at the airport located outside the city. This can 
therefore be considered the resulting UHI in these 
location points for the monitoring period considered. 

 
 

 
Figure 5: Thermal values and UHI for the different 

monitoring points. 
 

The analysis performed using the Crop Monitoring 
software and the field monitoring campaign allowed 
categorising the efficiency of the urban morphology 
from the point of view of its relative microclimatic 
efficiency. Figure 6 shows this categorisation at the 
measurement points. 
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The analysis performed using the Crop Monitoring 
software and the field monitoring campaign allowed 
categorising the efficiency of the urban morphology 
from the point of view of its relative microclimatic 
efficiency. Figure 6 shows this categorisation at the 
measurement points. 

 

 

 
Figure 6 Categorisation of the relative microclimatic 
efficiency of the case study at measurement points. 

 
For the modelling with ENVI-met software, two 

different models were generated corresponding to 
one of the areas of the case study with the worst 
microclimatic resilience characteristics according to 
previous remote sensing and field monitoring 
analyses. One of these models corresponded to the 
current state of the area. The other model 
incorporated changes consisting of replacing hard 
paving with more permeable ones and introducing a 
vegetated pergola that covered a central area of the 
modelled area. Figure 7 shows the ENVI-met view of 
both models. 

 

a b 
Figure 7: ENVI-met view of previous (a) and proposed (b) 

models showing measuring points and pavement changes.  

After a detailed analysis of the calculation models 
of the current state and the proposal, a series of 
conclusions were drawn: At 17:00 h the intervention 
manages to produce a drop in the thermal sensation 
up to 6 oC. However, at 22:00 h, in the absence of 
direct solar radiation, there is a very slight increase in 
the wind chill of 1 oC compared to the current state. 
thermal sensation 1 oC with respect to the current 
state. The variation can be up to 2 oC higher in places 
with hard pavements and dense vegetation (Figure 
8). Soft pavement and shading elements, greatly 
affects the reduction of the thermal sensation in the 
hottest hours of the day. To ensure that the tree 
canopy does not hinder the rapid heat exchange of 
the pavement with the night air, the tree layout 
should be modified. 

 

 

a  b  

 

 
 

 

Figure 8: Difference in UTCI values between the models: 
(current state and proposed) a) at 17:00 and b) at 22:00. 

 
Analysing the air temperature and UTCI data in 

the proposed adaptation of the case study, 
generalized temperature drops are observed, which 
means that during the hottest hours of the day the 
temperature is up to 4 oC lower than in the previous 
state. As a future line of research, it would be 
convenient to study the microclimatic performance if 
pavements, shading, and vegetation strategies were 
extended in the southeast orientation of the case 
study. 

If the air temperature, pavement temperature 
and UTCI variables of the previous and proposed 
models are analysed for a central point of the model, 
changes in pavement surface temperature and UTCI 
values can be seen. Moreover, these changes 
increase during the hottest hours of the day. Figure 9 
shows a graph comparing the values of air 
temperature, pavement temperature and UTCI for a 
central point of the study area considering both 
models. 

E 
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Figure 9: Comparison of air temperature, pavement 

temperature and UTCI for a central point of the study area 
considering both models.  

 
4. CONCLUSIONS 

A methodology based on the implementation of 
tools for microclimatic measurement and modelling 
has led to the following conclusions. 

Firstly, remote sensing software has provided 
information on the spatial distribution of 
microclimates and their associated parameters based 
on vegetation. This technique has allowed the 
identification, at the neighbourhood scale, UHI due to 
lack of vegetation or excessive exposure to solar 
radiation and harmful gases, causing vegetation to 
become sick. The immediacy and ease of data 
collection, as well as the generation of highly intuitive 
technical graphics, are notable aspects of this 
technique. Its main disadvantages are its 
specialization in rural environments and its lack of 
connection with geographic information systems. 

Secondly, in-situ monitoring has allowed for the 
collection of detailed data on temperature, humidity, 
and wind speed conditions during hours with and 
without direct radiation, on a day of intense heat. 
This has enabled the analysis of the morphology of 
public spaces (selected squares and streets) and their 
thermal variations, evaluating the parameters of air 
temperature and thermal sensation, in order to study 
their effectiveness in mitigating heat. The most 
effective stops have proven to be those with high 
vegetation density; with mainly shaded spaces; 
preferably with north-south orientation and 
pedestrian use. 

And, lastly, microclimatic simulations have 
allowed the prediction of the thermal behaviour of 
one of the most vulnerable spaces in different 
scenarios (analysed through monitoring) and the 
evaluation of the effectiveness of possible adaptation 

strategies. These simulations have also allowed the 
exploration of solutions such as the implementation 
of new vegetation, pavements, and shade elements. 
The proposal implies a significant improvement in the 
hottest hours with up to 6ºC difference in thermal 
sensation, compared to the current state. In other 
time slots, less effective results are collected, so it is 
inferred that a change in the general pavement 
throughout the route, the closure of the vegetable 
pergola on its southeast side, or the introduction of 
environment humidification elements, could improve 
the microclimate. It would be of interest to evaluate 
new project simulations with this change of 
parameters, to guarantee the effectiveness of the 
final design. 

The steps of the proposed methodology could, 
therefore, be applied to different case studies for the 
identification and possible mitigation of urban 
hotspots. However, the present study can be 
completed with the development of new lines of 
research. Among others: To extend, the 
monitoring periods, to heat waves episodes, 
including, in the modelling, the IPCC’s climate 
forecasts for the middle and end of the century. 
And, also, to raise new design proposals 
simulating days with different climatic 
conditions. This will allow the analysis of the 
resilience of the parameters introduced in the 
new design. 
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ABSTRACT: The history and heritage value of the Elevado Presidente João Goulart, located in downtown São Paulo 
and popularly known as Minhocão, drew the attention of the Architectural Association (AA) to conduct one of its 
visiting schools. Minhocão, configured as an elevated roadway, is closed to vehicular traffic on weekends, allowing 
the city centre’s population to occupy and make use of the space. The workshop's proposal was the development of 
a temporary bamboo structures for this area. The objective of this article is to present the methodological 
procedure used for the development of one of the structures within the workshop. The theoretical stages were 
conducted to understand the material to be worked with, including its bending capacity. Additionally, participants 
learned how to create self-supporting structures with paper strips and utilized specific software with environmental 
and structural assessment plugins. Upon obtaining the necessary knowledge, the design process for the structure 
commenced. Despite the division of teams, participants consistently exchanged information to attain an outcome in 
which bamboo could endure and enhance conditions for pedestrians. In the end, the structure was transported and 
assembled on Minhocão (1:1), where it spent an entire day, allowing for the evaluation of the public's interaction 
with it.  
KEYWORDS: Environmental Comfort, Integrated Design Process, Linear Park, Temporary Architecture, Bamboo 
 
 

1. INTRODUCTION 
The Elevado Presidente João Goulart, commonly 

referred to as Minhocão (which translates to "great 
earthworm" in Portuguese), is an elevated roadway 
constructed in 1971 to address connectivity issues 
between the eastern and western zones with the 
central area of São Paulo [1] (Fig. 1). Machado [2] 
elucidates that this approximately 3.5 km long road is 
situated within the context of the Brazilian Military 
Dictatorship, adhering to the prevailing road planning 
principles of the era, which prioritized vehicular 
circulation. 

The substantial impact on the landscape of the 
region resulted in significant urban transformations in 
the vicinity, influencing the dynamics of the 
neighbourhoods [2]. Consequently, since its 
inception, the Minhocão has been a subject of 
numerous controversies and discussions regarding its 
future [3]. In 2013, a coalition of architects, 
professors, activists, and artists established the 
Parque Minhocão Association, headquartered in an 
apartment with windows directly facing the elevated 
highway [4]. According to Veja [4], the group's aim is 
to advocate for the permanent closure of the road to 
vehicular traffic, envisioning its transformation into a 
linear park through organized events and discussions. 

Nowadays, the thoroughfare serves as a park 
during weekends and holidays, being closed to motor 

vehicles. Nevertheless, on weekdays, it continues to 
accommodate thousands of vehicles from 7 a.m. to 8 
p.m. [5], thereby assuming a dual functionality (Fig. 
2).  

 

 
Figure 1: On the left, Minhocão being built in the 70s. In the 
centre, Minhocão recently opened. On the right, current 
image of Minhocão. Photos: Author unknown. 
 

 
Figure 2: On the left, Minhocão during weekdays, and, on 
the right, Minhocão closed as a park. Photos: Author 
unknown. 

It is worth mentioning that Avenida Perimetral, 
which connected the main road junctions in Rio de 
Janeiro, was also focus of discussions like those 
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highlighted above. However, between 2013 and 
2014, almost five kilometres of the elevated road 
were imploded to make way for works to revitalize 
the city's port area - Porto Maravilha Project [6]. In 
contrast to the example provided, instances such as 
the High Line in New York and the Promenade 
Plantée in Paris employed portions of the pre-existing 
infrastructure to establish linear parks within the 
urban environment. 

The conversion of Minhocão into a park entails 
additional considerations, notably the need to 
incorporate urban furniture and vegetation. This is 
because the redevelopment project devised by 
Curitiba architect Jaime Lerner [7], commissioned by 
the Sindicato da Habitação in 2017, has been in 
abeyance since 2019. This necessity is intended to 
create a more comfortable environment for users and 
to encourage the sustained use and appropriation of 
urban spaces. 

The prospect of converting the elevated roadway 
into an urban linear park, along with the imperative 
to furnish the space either permanently or 
temporarily, motivated the Architectural Association 
to conceive an AA Visiting School specifically centred 
on Minhocão [8]. The scope of this initiative involved 
the development of 1:1 prototype for shading 
structures utilizing parametric weaving techniques 
with bamboo and other locally sourced materials. 

In recent years, the proliferation of projects 
focused on short-term and dynamic spaces has been 
on the rise, emerging as a novel solution. Referred to 
by various names such as temporary architecture, 
ephemeral architecture, and pop-up architecture, this 
design approach involves interventions, structures, 
displays, enclosures, or interactive spaces that are 
characterized by their temporary, flexibility, 
collaborative, and adaptable nature for diverse people, 
uses, and durations [9]. Then, temporary urbanism can 
also play a significant role in revitalizing urban spaces 
and facilitating the transition toward future resilient 
and sustainable cities. 

In this context, this paper demonstrates the 
development of a temporary woven structure rooted 
in the principles of environmental design for the 
Minhocão, informed by analytical and practical 
procedures. This paper also presents the 
methodology used during the 10 days of workshop, 
as outlined in Section 2, leading to the proposed 
design. 

The design exercise presented is one of the projects 
generated during the AA Visiting School São Paulo 
2019, hosted by Escola da Cidade, an architecture 
school in the centre of São Paulo, close to the elevated 
road. The event brought together students and 
professionals from various countries, and the 
workshop resulted in three projects developed by the 
students. The workshop and its results were the focus 

of an article published in The New York Times at the 
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2. METHODOLOGY 

It is important to note that the methodology 
employed followed the workshop's predefined flow, 
which had been previously established by the 
organizers and was divided into three stages: (I) 
preparation; (II) execution; and (III) assembly.  

 
2.1 Preparatory stage 

The preparation stage encompassed lectures on 
Minhocão, bamboo, and design process. The 
objective was to comprehend the various dimensions 
of the site, material, and processes involved, 
spanning physical, spatial, environmental, cultural, 
and heritage considerations. These lectures were 
immensely significant in fostering an understanding 
and appreciation of all aspects relevant to the design 
process, such as the attachment that the downtown 
population has to the elevated roadway and their 
desire to occupy this space. 

Within the preparation stage, several small 
workshops were conducted. The first, led by Alison 
Martin, focused on self-supporting structures created 
with strips of paper in reduced scale, aiming to test 
different shapes (Fig. 3). The second, led by Samuel 
Bertrand and Henrique Lattes, covered the 
fundamental functions of Rhinoceros software and 
Grasshopper, along with the utilization of Ladybug, an 
environmental comfort plugin. With Ladybug, it is 
possible to perform climatic diagnostics by visualizing 
and analysing weather data, such as psychrometric 
charts, sun paths, wind roses, among other 
functionalities. Additionally, the plugin allows for 
geometric studies, such as incident radiation and 
shading. 
 

 
Figure 3: Students working with tutors Alison Martin and 
James Solly during the preparatory stage. 
 

In the third workshop, conducted by James Solly, 
the team continued with Rhinoceros/Grasshopper, 
but this time incorporating the Kangaroo and 
K2Engineering plugins. Kangaroo allows the 
simulation of physical behaviours, including structural 
forces, tension, compression, bending, and gravity 
effects on complex geometries. Simultaneously, the 
K2Engineering plugin enhances the capabilities of 
Kangaroo by providing a specialized toolkit for 
structural calibration, accurately simulating, and fine-
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tuning structural properties, such as analysing the 
bamboo’s loads and bending capacity. Therefore, 
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different types of materials, their flexibility, and the 
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2.2 Execution stage 
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Given that the workshop spanned only 10 
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demanded an exploration of each member's 
strengths and a robust connection among team 
members. This connection was of greatest 
importance to facilitate an integrated design process, 
which was crucial not only due to the limited time but 
also because of the scarcity of available materials.  

 
Figure 4: Group executing the proposed project (1:1 scale) in 
the entrance hall of Escola da Cidade. 
 
2.3 Assembly stage 

Sunday was selected as the concluding day of the 
workshop, during which Minhocão would be 
inaccessible to vehicular traffic throughout the entire 
day, and, in addition, it is the day that São Paulo 
downtown residents use the space the most. Thus, in 
the stage referred to here as “Assembly stage”, the 
structure was transported to the elevated roadway. A 
specific location for installation was chosen based on 
the environmental variables that had been previously 
studied – explained in the following session.  

From this juncture, close observation was directed 
towards the interactions of the site users with the 
structure. It is important to underscore that designing 
such an unconventional piece of urban furniture 
holds limited value unless there is an opportunity to 
witness how the intended audience will adopt and 
utilize the structure (Fig. 5). 
 

 
Figure 5: Students taking the parts to the assembly location 
and building the prototype. On the right, projects produced 
during the AA Visiting School São Paulo 2019 in Minhocão. 

 
3. RESULTS 

As previously mentioned, the final structure 
evolved as a culmination of systematically 
progressing through all stages of the workshop flow, 
adhering to the employed methodology. Initially, a 
critical idea was generated about the significance of 
the location for the population and the importance of 
gradually transforming Minhocão into a linear park, 
starting with temporary structures for weekends, 
with the goal of a complete transformation and 
adaptation of the area. 
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The initial designs of the pop-up urban furniture 
were created and tested on paper, in a reduced scale, 
following Alison's teachings. The entire team 
participated in this stage, exchanging information, 
and offering input during the production. After 
several proposals and discussions regarding the 
shading capacity of some of the developed forms, the 
team decided to conduct studies on a Möbius strip, a 
known shape with some symbology, bringing a poetic 
dimension of temporary infinity to the project (Fig. 6). 

 

 
Figure 6: At the top of the image, two proposals made on 
paper strips are presented; at the bottom, the proposed 
form (Möbius strip) is shown from two different angles. 
 

The selection of the Möbius strip was also 
influenced by the shape it assumes when supported 
on a horizontal surface. This consideration stems 
from the fact that, depending on the scale and rigidity 
of the material, it becomes feasible to generate 
spaces – either shaded or sunny – where users can 
recline on the structure or simply remain within it, 
thereby providing various options for the user. 

With the final form determined, the bamboo 
strips began to be cut into uniform width of 25 mm. 
Additionally, the shape was transposed to Rhinoceros 
through parameterization executed in Grasshopper, 
utilizing the Kangaroo plugin, which also simulated 
the intricacies of the manufacturing process (Fig. 7A). 
In conjunction, based on the dimensions and 
flexibility of bamboo, the K2Engineering plugin was 
used to create load and bending moment diagrams. 
Each outcome achieved through this plugin was 
verified by means of physical testing.  

These studies defined the bamboo length to 
prevent the material from breaking. In some simulated 
lengths, such as 18 and 15 meters (Fig. 7B and 7C), it 
was observed that the material would not withstand 
the bending (yellow and red arrows). Therefore, the 
length of 10 meters (Fig. 7D) was established as the 
feasible option (all arrows in shades of blue). 
 

 
Figure 7: (A) Shape parametrization; (B) Bamboo slats 
placed longitudinally with a length of 18 meters, (C) 15 
meters and (D) 10 meters.  

 
Subsequently, a climatic diagnosis for the city of 

São Paulo was developed, along with studies on 
shading and radiation using the Ladybug plugin.  

Regarding the climate, the city of São Paulo 
(Latitude 23.85° S; Longitude 46.64° W; Altitude 792 
meters above sea level) is situated in a subtropical 
region, and its Köppen-Geiger climate classification is 
temperate with no dry season and hot summers (Cfa). 
Solar radiation plays a significant role in elevating 
temperatures, particularly on sunny days. On typical 
warm days with clear skies, for example, 
temperatures can easily surpass 30 °C in the early 
afternoon. 

Initially, the environmental studies were 
conducted on Minhocão without furniture to 
comprehend the optimal location for deploying the 
structure, considering the dense surroundings of the 
highway (Fig. 8A and 8B). Following that, a radiation 
study of the object itself was undertaken to 
understand the best configuration and orientation 
(Fig. 8C). Finally, the studies were conducted with the 
structure already positioned in the defined location 
(Fig. 8D). 

In accordance with these analyses, a 1:1 scale 
prototype of a Möbius strip made of bamboo was 
executed in the entrance hall of Escola da Cidade. 
Bending and torsion tests were conducted in this 
setting to achieve the desired shape. Nevertheless, the 
model was kept open for ease of transportation to 
Minhocão. Consequently, on the final day of the 
workshop, the bamboo structure was transported to 
the elevated road and finalized on-site, where bends, 
twists, fittings, and lashings were executed. 

 Several points need to be highlighted. The first 
pertains to solar radiation incidence. As anticipated, 
the incorporation of a film at strategic points in the 
bamboo weave to reduce direct solar radiation 
without impeding the airflow is desirable. This is 
particularly crucial given that the bamboo weave was 
crafted with considerable spacing. In the scenario 
where this developed urban furniture is not 
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temporary, intended for use only on weekends, but 
rather permanent, as in the creation of a definitive 
linear park, various local plant species were studied. 
These species vary in density and can be strategically 
placed for shading according to different times of the 
year (Fig. 9), in addition to contributing to the local 
microclimate. 

 

 
Figure 8: (A) Studies of radiation on the winter solstice; (B) 
Studies of radiation on the summer solstice; (C) Annual 
radiation studies of the urban furniture proposed; (D) 
Summer shading studies. 
 

 
Figure 9: Local vegetation species studied according to their 
density and shading capacity, urban furniture proposed with 
the studied vegetation and implementation imagens.  

 
The second point concerns the structure of the 

urban furniture. To ensure that it retains the intended 
design and studied configuration, it is imperative to 
incorporate a fitting and supporting structure. This 
entails having less ground contact area and more 
coverage area. Additionally, as a third point, it should 
be noted that the work was carried out manually and 
craft-wise, without the use of tools or personal 
protective equipment. This approach resulted in 
limited standardization of components and rendered 
it impossible to execute a more tightly woven 

bamboo pattern. However, it is understood that the 
final product was merely a prototype, and the 
intention is to assess and enhance this structure for 
ultimate use. 

Afterwards, and throughout the remainder of the 
day, the interaction of site users with the structure 
was observed. In addition, the experience also 
provided constructive conversations with the 
surrounding residents, who began to reflect on the 
space use and the importance of furniture in places of 
this type for the users’ comfort and permanence.  
 
4. CONCLUSION 

This article has outlined the development of a 
prototype of temporary urban furniture for one of 
Brazil's main elevated roadways. The methodological 
procedure followed the stages of a workshop 
conducted by the Architectural Association. 
Nevertheless, it is understood that these same stages 
can be replicated for the fabrication of other 
prototypes, whether using bamboo or other easily 
accessible and manageable materials. These 
prototypes can then be analysed and evaluated using 
the mentioned plugins. 

The integration of parametric design into an 
integrated design process was indispensable for a ten-
day workshop, allowing for a rapid understanding of 
the project and testing of possibilities within minutes. 
Consequently, when executing the physical model, all 
dimensions and formats were already defined. It is 
understood that both the use of parametric tools and 
the integrated design process are essential strategies 
to enhance sustainable and resilient architecture. 
However, when these procedures are applied to larger 
teams and projects, maintaining such a seamless flow 
becomes more challenging. Brazil is still progressing at 
a slow pace in transitioning from traditional design 
processes, which employ tools that generate 
significant rework and foster limited communication 
among professionals. It is imperative to expand the use 
of these strategies in Brazilian design processes, 
beginning by incorporating them into design studios 
within universities to facilitate broader adoption. 

Furthermore, it is worth highlighting that 
initiatives of this nature are highly significant as they 
have the capacity to foster a sense of belonging and 
improve the environmental comfort of places such as 
Minhocão, which during the week may not be very 
inviting to pedestrians. These initiatives can originate 
from governmental bodies, a renowned British 
architecture school, a collective of artists and 
architects, or even through small individual actions. 
They can be implemented in the central areas of large 
metropolises like São Paulo or in more secluded 
neighbourhoods of smaller cities. 

The demand for urban furniture in Minhocão is 
significant, to the extent that, two years after the AA 
Visiting School, the Municipal Department of Urban 
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Planning and Licensing initiated the installation of 
benches and platforms on Elevado Presidente João 
Goulart during weekends (Fig. 10). While most of the 
tactical furniture provided comprises dynamic seating 
to accommodate users, the issue of intensified solar 
radiation on clear-sky days remains a challenge yet to 
be addressed. 
 

 
Figure 10: Tactical urban furniture made available by São 
Paulo City Hall in Minhocão during weekends. Photos: Edson 
Lopes. 

 
Other noteworthy aspect is the utilization of 

bamboo as the chosen material for the furniture. This 
material grows rapidly in various climatic conditions, 
establishing itself as a resilient alternative. Not only is 
it renewable, but it also reduces costs and travel 
footprints. Moreover, it is both sturdy and 
lightweight, making it easy to transport. Due to all 
these advantages, it is evident that the use and 
promotion of this material need to be expanded, with 
a greater focus on skilled labour and investment in 
research. 

This workshop elucidated the remarkable 
importance of developing an innovative design for 
temporary structure adapted to an urban context, 
considering the environmental comfort concepts 
together with technological design tools. The 
parametric design becomes an ally in the design 
process, accelerating the progress in design, 
positioning, and assembly, saving rework, and 
reducing material loss. In addition, the workshop was 
an integrative and an exchanging experience, with 
people from different places, with different climatic, 
social, cultural conditions, and knowledge, which 
enriched the teamwork development. Moreover, 
certain open spaces with exclusive use need to be 
rethought so that people can take advantage of the 
city in its broadest sense and, for that, mechanisms 
that provide comfort to the user are a necessity. 
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ABSTRACT: This study delves into the complex impacts of climate change on the built environment, focusing on 
the shift in internal conditions within structures due to extreme climates. The consequent rise in energy 
consumption to optimize indoor comfort becomes a pressing concern. Specifically, this research meticulously 
estimates cooling energy usage within Palestinian housing, critically relevant in a global climate of rising 
temperatures. Employing a comprehensive multi-mode survey, data was collected from 320 households in 
Hebron, situated in the West Bank. Analysis revealed the intricate interplay of various factors, including building 
characteristics, adopted cooling methods, socioeconomic aspects, and adaptive comfort behaviour, significantly 
affecting cooling energy expenditure. A robust regression model was developed, precisely estimating cooling 
energy consumption in Palestinian households. Beyond estimation, this model serves as a vital benchmarking 
tool, enabling stakeholders like households, policy makers, and professionals to accurately assess cooling 
consumption. Moreover, it facilitates insightful comparisons with anticipated future consumption patterns under 
evolving climatic conditions. This proactive approach equips stakeholders to adapt and mitigate climate change 
impacts within the built environment. Consequently, this research enhances comprehension of the nuanced 
relationship between climate change and energy usage in the built environment, offering a practical tool 
empowering informed decisions and climate-resilient housing policies in Palestine.  
KEYWORDS: Cooling Energy; Comfort; Consumption Estimation 

1. INTRODUCTION
The energy sector in Palestine faces significant 

and complex challenges, including energy insecurity, 
economic constraints, and unsustainable 
consumption [1]. Except for fuel wood, a substantial 
proportion of Palestine's energy resources and 
electricity are sourced from Israel, playing a crucial 
role in the energy landscape [1]. Moreover, the 
political situation in the region has a notable impact 
on the supply of energy resources [1]. The housing 
sector, a major consumer of energy within Palestine, 
lacks submeters to accurately measure energy usage 
for heating, cooling, and cooking, revealing a 
significant gap [2]. 
Recently the design of low, zero and positive energy 
buildings has become an important topic on the 
global level. Green buildings in Palestine have started 
to be considered recently.  In the Palestinian case, 
green buildings are not only important to minimise 
the environmental harm, but also to be able to 
provide comfortable indoor spaces with the limited 
available energy. However, moving towards these 
models should be coupled by suitable behaviour to 
ensure the proper performance of the green 
buildings. Encouraging action such as energy 
conservation based on information alone has proven 
ineffective and could not lead to a sustained change 
in environmental behaviour [3]. Hence, establishing 

benchmarking tools to define an energy performance 
baseline at both building and city levels is critical 
[4,5]. On the building level it helps the users to 
compare their energy consumption with similar 
buildings and analyse their behaviour versus the 
performance of the building, then define potential 
behavioural or physical changes (retrofitting 
strategies) needed to minimise the energy consumed 
[6]. On the city level, energy benchmarking an 
important guiding value for building energy-saving 
work and can help in forming of suitable city level 
policy measures and programs to improve energy 
efficiency of buildings. 

Climate change is imposing an unprecedent 
challenge for policy makers, designers, and users. The 
anticipated increase of temperature will potentially 
affect the users’ health, wellbeing and even mood 
and mental health [7]. On the other hand, the COVID-
19 pandemic has highlighted the importance of 
healthy and sustainable buildings, thereby magnifying 
the need of action to provide sustainable built 
environments [8]. Hence, understanding the impact 
of climate change on the building performance is 
critical to mitigate the undesirable impact on the 
buildings’ users who would consume additional 
amount of energy to reach the comfort level. 

 Future energy demand is likely to increase 
because of climate change, but the extent of this 
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demand depends on many interacting sources of 
uncertainty [9]. In accordance with the trends of 
warming, the heating demand is predicted to 
decrease in many domains whereas the opposite is 
the case for the cooling demand [10]. The amount of 
change in demand depends on the location and the 
climatic zone [11]. The use of tailored passive design 
strategies may reduce the future annual cooling and 
heating energy demand in buildings [12].  
Conventional passive strategies that focus on heating 
such as internal wall insulation, roof insulation, 
reflective foil, thermally reflective roofs and thermally 
heavy floor coverings should be use carefully and 
more attention should be given to passive strategies 
that promotes cooling such as shading and ventilation 
[13,14].  

This study focuses on evaluating cooling energy 
consumption due to its direct impact on residents' 
thermal comfort, especially considering the expected 
increase during extreme summer climatic conditions. 
It also aims to create an actual baseline to be 
compared with predicted future cooling demand as 
anticipations of future climatic conditions suggest a 
shift in building energy performance [15]. By 
assessing cooling energy consumption, this study 
aims to identify potential alterations in consumption 
patterns attributed to climate change, positioning 
itself as a valuable benchmarking tool for the future 
[15]. 

Data was collected from 320 households in 
Hebron using a multimode survey method. The 
primary contribution of this study lies in formulating 
three regression models to estimate cooling energy 
consumption within the Palestinian housing sector. 
Statistical models, like regression, provide a reliable 
means to estimate energy consumption in buildings 
[16]. The developed regression model accurately 
predicts the total annual energy consumed for 
cooling, incorporating physical and socioeconomic 
parameters. Additionally, it considers usage patterns 
of cooling systems, household thermal comfort levels 
during summer, and initial adaptive comfort 
strategies employed to enhance thermal comfort. 
This model serves as a simplified benchmarking tool, 
empowering professionals, policymakers, and 
households to assess and quantify cooling energy 
usage within the housing sector in Hebron [16].  

 
2. RESEARCH METHOD 
In examining the intricate relationship between 
climate change and the built environment, 
particularly focusing on the impact of extreme 
climates on internal conditions in structures, this 
study addresses the escalating energy consumption 
challenges associated with optimizing indoor comfort. 
The specific focus is on cooling energy usage within 
Palestinian housing, a context particularly relevant in 

the face of global temperature increases. The 
research methodology employed a comprehensive 
multi-mode survey, collecting data from 320 
households in Hebron, situated in the West Bank [17]. 
 
2.1 Factors contributing to the cooling energy 
consumption and the statistical models.  
The study acknowledges the diverse factors 
influencing cooling energy expenditure, 
encompassing building characteristics, adopted 
cooling methods, socioeconomic aspects, and 
adaptive comfort behaviour [18, 19]. To navigate this 
complexity, a robust regression model was 
meticulously developed to precisely estimate cooling 
energy consumption in Palestinian households [20] 
[20, 21]. Beyond its estimation function, the model 
emerges as a critical benchmarking tool. 
Stakeholders, including households, policymakers, 
and professionals, can utilize this tool for accurate 
assessments of cooling consumption [22, 23]. 
Importantly, the model facilitates insightful 
comparisons with anticipated future consumption 
patterns under evolving climatic conditions [20]. 
This proactive approach equips stakeholders to adapt 
and mitigate climate change impacts within the built 
environment. By enhancing comprehension of the 
nuanced relationship between climate change and 
energy usage, this research offers a practical tool for 
informed decisions and climate-resilient housing 
policies in Palestine. 
Although the climate in Hebron is considered a 
Mediterranean climate in general, there is an impact 
of the microclimatic parameters of the study area of 
the examined case in which the investigated building 
unit is located [24]. The discrepancy between the 
meso-climate the different areas is mainly due to the 
greenery and the Urban Heat Island (UHI) effect. 
Studies have shown that loss of greenery in urban 
areas elevated urban night-time temperatures which 
will increase summer cooling loads compared to the 
reference rural site [25, 26]. ‘Urban Heat Island’ 
phenomenon (UHI) or “Urban Warming” refers to a 
distinct urban climate that is mainly attributed to the 
urban–rural variation of several factors commonly 
connected to urbanisation. These factors include the 
thermal properties of surfaces and material used, the 
urban morphology, and air pollution [27]. (UHI) has 
many implications including thermal discomfort and 
increased cooling energy demand [28]. 
Due to limited available land in the city of Hebron and 
the surrounding refugee camps, the amount of 
vegetation is very limited compared to the villages.    
In investigating the local climate's impact on 
residential buildings, the study considered three 
types of settlements: city, surrounding villages, and 
refugee camps [29]. Each settlement type exhibits 
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distinct urban forms, building densities, and amounts 
of vegetation.  

There is also a tremendous effect of the building 
design on the cooling energy consumed. The design 
of buildings’ shape and orientation [30,31]. More 
parameters have been carried out in several studies 
previously such as the building shape, volume to 
surface ratio (VSR), and compactness are usually 
chosen as the influencing parameters during the 
optimum design of a building [31]. The building 
envelope and level of insulation which usually 
includes the insulation of the wall, roof, window, and 
ground, Window Wall Ratio (WWR), and infiltration 
also play an important role in building energy 
performance [32].  In addition, thermal mass 
insulation and reflective insulation are the two main 
technologies used for controlling the thermal 
performance of the building [33]. However, of climate 
change since the climate has recently been changing 
and is anticipated to continue the buildings should be 
carefully designed to prevent overheating in summer 
through climate proof design depending on the 
previously mentioned strategies [34].  
      In this paper, the physical characteristics of 
housing units, including typology, age, size, shape, 
orientation, window parameters, surface-to-volume 
ratio, and grouping of buildings, significantly 
influence cooling energy consumption. 
The study also recognizes the crucial role of 
construction materials and envelope characteristics, 
such as heat transfer coefficient, insulation thickness, 
thermal mass, and glazing solar heat gain coefficient, 
in affecting building performance and energy 
consumption. Additionally, strategies such as 
increasing housing albedo, implementing green roofs, 
and incorporating passive design measures like 
external shading can limit cooling energy demand 
[35, 36]. 

Given the survey method used for data collection, 
the research focused on simple and non-technical 
parameters to enhance the response rate and data 
validity [37]. Housing typology was classified based on 
a socio-physical perspective, considering household 
type, number of users, and occupancy type. 
Respondents were also queried about adaptive 
comfort behavior, further enriching the study's 
insights [37]. 
 
2.2 Regression Models in Estimating Cooling Energy 
Consumption 

Regression methods play a pivotal role in 
establishing mathematical relationships between the 
dependent variable, in this case, energy consumed 
for cooling, and explanatory variables (predictors) 
[38]. Previous research has successfully employed 
regression methods to predict total energy 
consumption in the residential sector [39] and 

estimate cooling energy usage in households [40]. In 
this study, a comprehensive regression model was 
developed for the entire sample, encompassing 
households employing various cooling methods, 
including air conditioning units and fans. 

To address the potential multicollinearity issue 
inherent in regression models, a Ridge regression 
model was employed. This technique enhances the 
stability and accuracy of the regression model, 
particularly when dealing with highly correlated 
predictors. The use of Ridge regression ensures a 
robust analysis, contributing to the reliability of the 
findings and the overall quality of the regression 
model. 

In the context of multiple linear regression, all 
available predictors are incorporated simultaneously, 
each assigned an appropriate slope to quantify its 
individual impact [41]. The coefficient of 
determination, denoted as R², plays a pivotal role in 
evaluating the model's quality. Acting as a key 
indicator, R² measures the goodness of fit of the 
linear model. Essentially, it signifies the proportion of 
the dependent variable's variation explained by the 
regression equation [42]. 

The R² value ranges from 0 to 1, with a higher 
preference for models approaching an R² value close 
to 1 [43]. This metric becomes crucial in assessing the 
model's effectiveness in capturing the variation in 
cooling energy consumption, providing stakeholders 
with a clear understanding of the model's predictive 
power. 

 
2.3 Data Collection: A Multimode Survey in Hebron 
To gather comprehensive insights into cooling energy 
consumption, an independent multimode survey was 
meticulously conducted in Hebron, located 30 km 
south of Jerusalem. Hebron experiences an average 
temperature ranging from 9 to 32°C, with a mean 
temperature of 21°C [26]. The survey spanned from 
December 2016 to January 2017, ensuring a 
representation of seasonal variations. 
The research questions were purposefully designed 
to align with the local context, addressing the unique 
factors influencing cooling energy consumption. 
Eighteen distinct factors were investigated for their 
impact, as detailed in Table 1. The survey elicited 
responses from 322 households, achieving a response 
rate of 63% through direct interactions and 259 
responses through an internet survey. 
This multimodal approach enhances the robustness 
and comprehensiveness of the dataset, allowing for a 
nuanced analysis of the myriad factors influencing 
cooling energy consumption in the specific context of 
Hebron. This paper is among a series of papers in 
which the results of this questionnaire is analysed 
into different topics and lessons learnt [44], [45]. 
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Table 1: Parameters Examined for Modelling Cooling Energy 
Consumption 
 
NO PARAMETER NO PARAMETER NO PARAMETER 
1 Type of 

settlement 
8 Total monthly 

income 
14 Number of 

fans used 
2 Building 

typology 
9 Level of 

thermal 
insulation of 
walls 

15 Number of air 
conditioning 
systems used 

3 Household 
size 

10 Number of 
months in 
which cooling 
systems are 
used 

16 Using other 
cooling system 
(desert AC, 
etc.) 

4 Occupancy 
rate 

11 Duration of 
occupancy 

17 Level of 
thermal 
comfort in 
summer 

5 Building age 12 Using fans 18 First adaptive 
comfort 
measurement 
taken when 
feeling hot 
 

6 Total area 13 Using air 
conditioning 
units 

7 Main 
building 
materials 

 
2.4 Cooling Energy Consumption Calculations 
The determination of cooling energy consumption 
involved a meticulous process, starting with inquiries 
about the usage of cooling systems such as fans or air 
conditioning units within households. 
For those utilizing fans, the calculation of annual 
energy consumption from electrical systems (AEC) for 
cooling (in kilowatt-hour, kWh/year) employed the 
formula: 
 

AEC=110×Q×H×30/1000 (1) 
where AEC (Electricity): The annual energy 
consumption from electrical systems for cooling in 
kilowatt-hour (kWh)/year 

110 - Average Wattage of fans in the local 
market 
Q - the number of fans used in the house 
H - Average number of hours in which the fan is 
used per day 
N - Number of cooling months 

For households relying on air conditioning systems, 
respondents specified the wattage, quantity of units, 
and average usage duration during the cooling 
season. Utilizing data from producer catalogues, 
average wattages for common air conditioning 
systems in the Palestinian market were considered, 
as presented in Table 2. 
 
Table 2: Average Wattages of Common Air Conditioning 
Systems for Cooling in the Palestinian Market (Researcher, 
2017, based on data from producers' catalogues) 
Product  Model Wattage for cooling 

Media Air conditioning 
system 

Platinum-
18GIQ 

0.96 

Media Air conditioning 
system 

Platinum-
23GFI 

1.54 

Media Air conditioning 
system 

Platinum-
32GIQ 

1.86 

 
The annual energy consumption by the air 
conditioning systems for cooling was calculated using 
the following formula: 

 
AEC (electricity) =W*Q*H*N*30/1000 (Eq. 2) 

 
where AEC (Electricity): The annual energy 
consumption from electrical systems for heating or 
cooling in Kilowatt-hour (kWh)/year 
 

W- Wattage (gained from the producer 
catalogue for each system shown in table 2) 
Q - Number of Air conditioning systems used by 
the household 
H - Average number of hours in which the 
system used per day 
N - Number of cooling months 

 
3 RESULTS AND DISCUSSION 

The analysis of the datasets led to the derivation 
of the Fitted Regression Equation (M) for evaluating 
annual heating energy consumption (Y): 

 

     (3) 
 
The coefficient of determination R2 for the models 

(M) is calculated as 0.73. This indicates that the 
developed model can elucidate approximately 72.8% 
of the annual cooling energy usage it was designed to 
predict. Figure 1 visually compares the fitted values 
from the regression analysis with the calculated 
values based on the survey responses, providing an 
insightful depiction of the model's performance. 

While various methods exist for estimating cooling 
energy, employing building energy simulation models 
proves intricate due to its time-consuming nature and 
the need for detailed data, often unavailable in the 
Palestinian context [45,46,47]. Furthermore, 
simulations tend to overlook socio-economic factors. 
In contrast, the cooling degree days method 
efficiently calculates cooling energy needs, but it falls 
short in estimating actual household consumption. 
This research emphasizes the practicality and 
reliability of the developed regression model in 
capturing nuanced factors, including socio-economic 
aspects, contributing to a more accurate assessment 
of cooling energy consumption in Palestinian 
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Figure 1: The actual vs. the fitted energy used for 

cooling (M) 
 
4. CONCLUSION 
Advancing energy quantification and future climate 
preparedness 

Efficiently quantifying energy consumption in 
buildings is pivotal for optimising energy use and 
transitioning towards self-sustaining, eco-friendly 
energy technologies in Palestine. This study 
undertakes the critical task of delineating current 
cooling energy utilization in households, providing 
insights into potential trends influenced by climate 
change.  
    The paramount contribution of this paper lies in 
the development of a robust regression model 
employing Ridge Regression Analysis. This model 
precisely estimates cooling energy consumption in 
Hebron's residential sector, leveraging empirical data 
gathered through a comprehensive multimode 
survey. 

The derived model (M) exhibits an impressive 
R2R^2R2 of 73%, offering a nuanced understanding 
of the factors influencing total annual cooling energy. 
Key determinants include housing typology, age, 
construction materials, insulation, total area, cooling 
systems employed, number of cooling months, 
household income, occupancy period, thermal 
comfort during summer, and thermal behavior. 
Beyond estimation, this model emerges as a valuable 
benchmarking tool for assessing residential cooling 
energy, facilitating future comparisons and 
anticipating shifts in global climatic conditions. 

The findings presented herein hold significance 
not only for Hebron but also offer a robust 
methodology applicable globally. As climate change 
becomes an escalating concern worldwide, the 
developed regression model stands as a rigorous, 
transferable framework for assessing and 
benchmarking residential cooling energy 
consumption, aiding policymakers, researchers, and 
practitioners in fostering sustainable practices and 
resilient housing policies globally. 

Understanding the present time energy 
consumption trends can provide a baseline for the 
professional and policy makers to quantify the impact 
of providing tailored fit solution and adaptation 
strategies to increase the thermal comfort of users 
under the shadow of climate change. These 
adaptation strategies can be proposed on several 
scales such as increasing the vegetation and green 
roofs on the city scale, or through rational use of 
materials and other passive design solutions on the 
building level.  
 
REFERENCES  
 1.   Junaidi, A., Anayah, F.M., Assaf, R., Hasan, A.A., Monna, S., 
Herzallah, L., Abdallah, R., Dutournié, P., & Jeguirim, M. (2022). 
An overview of renewable energy strategies and policies in 
Palestine: Strengths and challenges. Energy for Sustainable 
Development. 
 2. Al Qadi, S., Behzad, S. and Amira, E. (2017). Predicting the 
Energy Performance of Buildings Under Present and Future 
Climate Scenarios– Lessons Learnt. In: FIRST INTERNATIONAL 
CONFERENCE ON CLIMATE CHANGE IPCCC 2017. Ramallah- 
Palestine: Engineers Association - Jerusalem Center. 
 3. Xie, X., Lu, Y., & Gou, Z. (2017). Green building pro-
environment behaviors: Are green users also green buyers? 
Sustainability, 9(10), 1703. https://doi.org/10.3390/su9101703  
 4. Sokratis Papadopoulos, Constantine E. Kontokosta, (2019), 
Grading buildings on energy performance using city 
benchmarking data, Applied Energy, Volumes 233–234, Pages 
244-253, ISSN 0306-2619 
 5. Mutschler, R., Rüdisüli, M., Heer, P., & Eggimann, S. (2021). 
Benchmarking cooling and heating energy demands 
considering climate change, population growth and cooling 
device uptake. Applied Energy, 288, 116636. 
 6. Al Qadi, S.B.; Elnokaly, A.; Sodagar, B. Predicting the energy 
performance of buildings under present and future climate 
scenarios: Lessons learnt. In Proceedings of the First 
International Conference on Climate Change (ICCCP), Albireh, 
Palestine, 8–9 May 2017. 
 7. Berry, H., Bowen, K., & Kjellström, T. (2009). Climate change 
and mental health: a causal pathways framework. International 
Journal of Public Health, 55(2), 123–132. 
https://doi.org/10.1007/s00038-009-0112-0  
 8. Sarmas, E., Forouli, A., Marinakis, V., & Doukas, H. (2024). 
Baseline Energy Modeling for Improved Measurement and 
Verification through the Use of Ensemble Artificial Intelligence 
Models. Information Sciences, 654, 119879. 
https://doi.org/10.1016/j.ins.2023.119879  
 9. Van Ruijven, B., De Cian, E., & Wing, I. S. (2019). 
Amplification of future energy demand growth due to climate 
change. Nature Communications, 10(1). 
https://doi.org/10.1038/s41467-019-10399-3  
 10. Larsen, M. A. D., Petrović, S., Radoszynski, A. M., McKenna, 
R., &amp; Balyk, O. (2020). Climate change impacts on trends 
and extremes in future heating and cooling demands over 
Europe. Energy and Buildings, 226, 110397. 
https://doi.org/10.1016/j.enbuild.2020.110397  
 11. Wan, K. K., Li, D. H., Pan, W., & Lam, J. C. (2012). Impact of 
climate change on building energy use in different climate 
zones and mitigation and adaptation implications. Applied 
Energy, 97, 274–282. 
https://doi.org/10.1016/j.apenergy.2011.11.048  
 12. Invidiata, A. (2016). Impact of climate change on heating 
and cooling energy demand in houses in Brazil. Energy and 

843



 

Buildings, 130, 20–32. 
https://doi.org/10.1016/j.enbuild.2016.07.067  
 13. Karimpour, M., Belusko, M., Xing, K., Boland, J., & Bruno, F. 
(2015). Impact of climate change on the design of energy 
efficient residential building envelopes. Energy and Buildings, 
87, 142–154. https://doi.org/10.1016/j.enbuild.2014.10.064 
 14. Liu, S., Kwok, Y. T., Lau, K. K., Ouyang, W., & Ng, E. (2020). 
Effectiveness of passive design strategies in responding to 
future climate change for residential buildings in hot and 
humid Hong Kong. Energy and Buildings, 228, 110469. 
https://doi.org/10.1016/j.enbuild.2020.110469   
 15. Deroubaix, A., Labuhn, I., Camredon, M., Gaubert, B., 
Monerie, P. A., Popp, M., ... & Siour, G. (2021), Large 
uncertainties in trends of energy demand for heating and 
cooling under climate change. Nature communications, 12(1), 
1-8. 
 16. Martín Rojo, D. (2022). Statistical analysis of energy 
performance certificates of maltese offices. 
 17. Misni, A. (2015). The Effect of Building Construction and 
Human Factors in Cooling Energy Use. Procedia - Social and 
Behavioral Sciences, 202, pp.373-381. 
 18. Huang, K. and Hwang, R. (2016). Future trends of 
residential building cooling energy and passive adaptation 
measures to counteract climate change: The case of Taiwan. 
Applied Energy, 184, pp.1230-1240. 
 19. Ballarini, I., Corrado, V., Madonna, F., Paduos, S. and 
Ravasio, F. (2017). Energy refurbishment of the Italian 
residential building stock: energy and cost analysis through the 
application of the building typology. Energy Policy, 105, 
pp.148-160. 
 20. Quan, S. J., & Li, C. (2021). Urban form and building energy 
use: A systematic review of measures, mechanisms, and 
methodologies. Renewable and Sustainable Energy Reviews, 
139, 110662 
 21. Pflug, T., Kuhn, T., Nörenberg, R., Glück, A., Nestle, N. and 
Maurer, C. (2015). Closed translucent façade elements with 
switchable U -value—A novel option for energy management 
via the facade. Energy and Buildings, 86, pp.66-73. 
 22. Reilly, A. and Kinnane, O. (2017). The impact of thermal 
mass on building energy consumption. Applied Energy, 198, 
pp.108-121. 
 23. Santamouris, M. (2014). On the energy impact of urban 
heat island and global warming on buildings. Energy and 
Buildings, 82, pp.100-113 
 24. Τσόκα, Σ., Velikou, K., Τολίκα, Κ., & Tsikaloudaki, K. (2021). 
Evaluating the combined effect of climate change and urban 
microclimate on buildings’ heating and cooling energy demand 
in a Mediterranean city. Energies, 14(18), 5799. 
https://doi.org/10.3390/en14185799 
 25. Erell, E., & Zhou, B. (2022). The effect of increasing surface 
cover vegetation on urban microclimate and energy demand 
for building heating and cooling. Building and Environment, 
213, 108867.  
 26. Bowler, D. E., Buyung-Ali, L. M., Knight, T. A., & Pullin, A. S. 
(2010). Urban greening to cool towns and cities: A systematic 
review of the empirical evidence. Landscape and Urban Planning, 
97(3), 147–155. https://doi.org/10.1016/j.landurbplan.2010.05.006  
 27. Oke, T. R. (1995). The Heat Island of the Urban Boundary Layer: 
Characteristics, causes and effects. In Springer eBooks (pp. 81–
107). https://doi.org/10.1007/978-94-017-3686-2_5 
 28. Nuruzzaman, M. (2015). Urban Heat Island: Causes, Effects and 
mitigation measures - a review. International Journal of 
Environmental Monitoring and Analysis, 3(2), 67. 
https://doi.org/10.11648/j.ijema.20150302.15 
 29. Santamouris, M. (2014). On the energy impact of urban heat 
island and global warming on buildings. Energy and Buildings, 82, 
pp.100-113  
 30. Andersson, B., Place, W., Kammerud, R., & Scofield, M. P. 
(1985). The impact of building orientation on residential heating 

and cooling. Energy and Buildings, 8(3), 205–224. 
https://doi.org/10.1016/0378-7788(85)90005-2 
 31. Mahmoud, A. A. (2022). The influence of buildings proportions 
and orientations on energy demand for cooling in hot arid climate. 
SVU-International Journal of Engineering Sciences and Applications 
(Online), 3(1), 8–20. 
https://doi.org/10.21608/svusrc.2022.119125.1028  
 32. Pan, D., Chan, M. Y. J., Deng, S., & Lin, Z. (2012). The effects of 
external wall insulation thickness on annual cooling and heating 
energy uses under different climates. Applied Energy, 97, 313–318. 
https://doi.org/10.1016/j.apenergy.2011.12.009  
 33. Axaopoulos, I., Axaopoulos, P. J., & Gelegenis, J. (2014). 
Optimum insulation thickness for external walls on different 
orientations considering the speed and direction of the wind. 
Applied Energy, 117, 167–175. 
https://doi.org/10.1016/j.apenergy.2013.12.008  
 34. Fosas, D., Coley, D., Natarajan, S., Herrera, M., De Pando, M. F., 
& Ramallo-González, A. P. (2018). Mitigation versus adaptation: 
Does insulating dwellings increase overheating risk? Building and 
Environment, 143, 740–759. 
https://doi.org/10.1016/j.buildenv.2018.07.033  
 35. Santamouris, M. (2014). On the energy impact of urban heat 
island and global warming on buildings. Energy and Buildings, 82, 
pp.100-113  
 36. Yıldız, Y. and Arsan, Z. (2011). Identification of the building 
parameters that influence heating and cooling energy loads for 
apartment buildings in hot-humid climates. Energy, 36(7), pp.4287-
4296  
 37. Baniassadi, A., Heusinger, J. and Sailor, D. (2018). Building 
energy savings potential of a hybrid roofing system involving high 
albedo, moisture retaining foam materials. Energy and Buildings, 
169, pp.283-294. 
 38. van Hooff, T., Blocken, B., Timmermans, H. and Hensen, J. 
(2016). Analysis of the predicted effect of passive climate 
adaptation measures on energy demand for cooling and heating in 
a residential building. Energy, 94, pp.811-820. 
 39. Kontokosta, C. and Tull, C. (2017). A data-driven 
predictive model of city-scale energy use in buildings. Applied 
Energy, 197, pp.303-317. 
 40. Lü, X., Lu, T., Kibert, C. and Viljanen, M. (2015). 
Modeling and forecasting energy consumption for 
heterogeneous buildings using a physical–statistical approach. 
Applied Energy, 144, pp.261-275. 
 41. Bozdogan, H. (2004). Statistical data mining and 
knowledge discovery. Boca Raton, FL [etc.]: Chapman & 
Hall/CRC, p.233. 
 42. Kavgic, M., Mavrogianni, A., Mumovic, D., 
Summerfield, A., Stevanovic, Z. and Djurovic-Petrovic, M. 
(2010). A review of bottom-up building stock models for energy 
consumption in the residential sector. Building and 
Environment, 45(7), pp.1683-1697. 
 43. Halawa, E., & van Hoof, J. (2012). The adaptive approach to 
thermal comfort: A critical overview. Energy and Buildings, 51, 
101–110. https://doi.org/10.1016/J.ENBUILD.2012.04.01113   
 44. Al Qadi, S Elnokaly, A. and Sodagar, B.  (2019). The role of the 
benchmarking tools in increasing the collective awareness of 
energy consumption at the domestic sector, 2nd International 
Conference on Civil Engineering – Palestine, Engineers Association, 
Jersalem Center 
 45. Al Qadi, S., Sodagar, B. and Elnokaly, A. (2018). Estimating the 
heating energy consumption of the residential buildings in Hebron, 
Palestine. Journal of Cleaner Production, 196, pp.1292-1305  
 46. Timeanddate.com. (2018). Climate & Weather Averages in 
Hebron, West Bank, Palestinian Territories. [online] Available at: 
https://www.timeanddate.com/weather/palestine/hebron/climate  
[Accessed 5 Aug. 2018]. 
 47.   Fumo, N. and Rafe Biswas, M. (2015). Regression analysis for 
prediction of residential energy consumption. Renewable and 
Sustainable Energy Reviews, 47, pp.332-343 

844



 

Buildings, 130, 20–32. 
https://doi.org/10.1016/j.enbuild.2016.07.067  
 13. Karimpour, M., Belusko, M., Xing, K., Boland, J., & Bruno, F. 
(2015). Impact of climate change on the design of energy 
efficient residential building envelopes. Energy and Buildings, 
87, 142–154. https://doi.org/10.1016/j.enbuild.2014.10.064 
 14. Liu, S., Kwok, Y. T., Lau, K. K., Ouyang, W., & Ng, E. (2020). 
Effectiveness of passive design strategies in responding to 
future climate change for residential buildings in hot and 
humid Hong Kong. Energy and Buildings, 228, 110469. 
https://doi.org/10.1016/j.enbuild.2020.110469   
 15. Deroubaix, A., Labuhn, I., Camredon, M., Gaubert, B., 
Monerie, P. A., Popp, M., ... & Siour, G. (2021), Large 
uncertainties in trends of energy demand for heating and 
cooling under climate change. Nature communications, 12(1), 
1-8. 
 16. Martín Rojo, D. (2022). Statistical analysis of energy 
performance certificates of maltese offices. 
 17. Misni, A. (2015). The Effect of Building Construction and 
Human Factors in Cooling Energy Use. Procedia - Social and 
Behavioral Sciences, 202, pp.373-381. 
 18. Huang, K. and Hwang, R. (2016). Future trends of 
residential building cooling energy and passive adaptation 
measures to counteract climate change: The case of Taiwan. 
Applied Energy, 184, pp.1230-1240. 
 19. Ballarini, I., Corrado, V., Madonna, F., Paduos, S. and 
Ravasio, F. (2017). Energy refurbishment of the Italian 
residential building stock: energy and cost analysis through the 
application of the building typology. Energy Policy, 105, 
pp.148-160. 
 20. Quan, S. J., & Li, C. (2021). Urban form and building energy 
use: A systematic review of measures, mechanisms, and 
methodologies. Renewable and Sustainable Energy Reviews, 
139, 110662 
 21. Pflug, T., Kuhn, T., Nörenberg, R., Glück, A., Nestle, N. and 
Maurer, C. (2015). Closed translucent façade elements with 
switchable U -value—A novel option for energy management 
via the facade. Energy and Buildings, 86, pp.66-73. 
 22. Reilly, A. and Kinnane, O. (2017). The impact of thermal 
mass on building energy consumption. Applied Energy, 198, 
pp.108-121. 
 23. Santamouris, M. (2014). On the energy impact of urban 
heat island and global warming on buildings. Energy and 
Buildings, 82, pp.100-113 
 24. Τσόκα, Σ., Velikou, K., Τολίκα, Κ., & Tsikaloudaki, K. (2021). 
Evaluating the combined effect of climate change and urban 
microclimate on buildings’ heating and cooling energy demand 
in a Mediterranean city. Energies, 14(18), 5799. 
https://doi.org/10.3390/en14185799 
 25. Erell, E., & Zhou, B. (2022). The effect of increasing surface 
cover vegetation on urban microclimate and energy demand 
for building heating and cooling. Building and Environment, 
213, 108867.  
 26. Bowler, D. E., Buyung-Ali, L. M., Knight, T. A., & Pullin, A. S. 
(2010). Urban greening to cool towns and cities: A systematic 
review of the empirical evidence. Landscape and Urban Planning, 
97(3), 147–155. https://doi.org/10.1016/j.landurbplan.2010.05.006  
 27. Oke, T. R. (1995). The Heat Island of the Urban Boundary Layer: 
Characteristics, causes and effects. In Springer eBooks (pp. 81–
107). https://doi.org/10.1007/978-94-017-3686-2_5 
 28. Nuruzzaman, M. (2015). Urban Heat Island: Causes, Effects and 
mitigation measures - a review. International Journal of 
Environmental Monitoring and Analysis, 3(2), 67. 
https://doi.org/10.11648/j.ijema.20150302.15 
 29. Santamouris, M. (2014). On the energy impact of urban heat 
island and global warming on buildings. Energy and Buildings, 82, 
pp.100-113  
 30. Andersson, B., Place, W., Kammerud, R., & Scofield, M. P. 
(1985). The impact of building orientation on residential heating 

and cooling. Energy and Buildings, 8(3), 205–224. 
https://doi.org/10.1016/0378-7788(85)90005-2 
 31. Mahmoud, A. A. (2022). The influence of buildings proportions 
and orientations on energy demand for cooling in hot arid climate. 
SVU-International Journal of Engineering Sciences and Applications 
(Online), 3(1), 8–20. 
https://doi.org/10.21608/svusrc.2022.119125.1028  
 32. Pan, D., Chan, M. Y. J., Deng, S., & Lin, Z. (2012). The effects of 
external wall insulation thickness on annual cooling and heating 
energy uses under different climates. Applied Energy, 97, 313–318. 
https://doi.org/10.1016/j.apenergy.2011.12.009  
 33. Axaopoulos, I., Axaopoulos, P. J., & Gelegenis, J. (2014). 
Optimum insulation thickness for external walls on different 
orientations considering the speed and direction of the wind. 
Applied Energy, 117, 167–175. 
https://doi.org/10.1016/j.apenergy.2013.12.008  
 34. Fosas, D., Coley, D., Natarajan, S., Herrera, M., De Pando, M. F., 
& Ramallo-González, A. P. (2018). Mitigation versus adaptation: 
Does insulating dwellings increase overheating risk? Building and 
Environment, 143, 740–759. 
https://doi.org/10.1016/j.buildenv.2018.07.033  
 35. Santamouris, M. (2014). On the energy impact of urban heat 
island and global warming on buildings. Energy and Buildings, 82, 
pp.100-113  
 36. Yıldız, Y. and Arsan, Z. (2011). Identification of the building 
parameters that influence heating and cooling energy loads for 
apartment buildings in hot-humid climates. Energy, 36(7), pp.4287-
4296  
 37. Baniassadi, A., Heusinger, J. and Sailor, D. (2018). Building 
energy savings potential of a hybrid roofing system involving high 
albedo, moisture retaining foam materials. Energy and Buildings, 
169, pp.283-294. 
 38. van Hooff, T., Blocken, B., Timmermans, H. and Hensen, J. 
(2016). Analysis of the predicted effect of passive climate 
adaptation measures on energy demand for cooling and heating in 
a residential building. Energy, 94, pp.811-820. 
 39. Kontokosta, C. and Tull, C. (2017). A data-driven 
predictive model of city-scale energy use in buildings. Applied 
Energy, 197, pp.303-317. 
 40. Lü, X., Lu, T., Kibert, C. and Viljanen, M. (2015). 
Modeling and forecasting energy consumption for 
heterogeneous buildings using a physical–statistical approach. 
Applied Energy, 144, pp.261-275. 
 41. Bozdogan, H. (2004). Statistical data mining and 
knowledge discovery. Boca Raton, FL [etc.]: Chapman & 
Hall/CRC, p.233. 
 42. Kavgic, M., Mavrogianni, A., Mumovic, D., 
Summerfield, A., Stevanovic, Z. and Djurovic-Petrovic, M. 
(2010). A review of bottom-up building stock models for energy 
consumption in the residential sector. Building and 
Environment, 45(7), pp.1683-1697. 
 43. Halawa, E., & van Hoof, J. (2012). The adaptive approach to 
thermal comfort: A critical overview. Energy and Buildings, 51, 
101–110. https://doi.org/10.1016/J.ENBUILD.2012.04.01113   
 44. Al Qadi, S Elnokaly, A. and Sodagar, B.  (2019). The role of the 
benchmarking tools in increasing the collective awareness of 
energy consumption at the domestic sector, 2nd International 
Conference on Civil Engineering – Palestine, Engineers Association, 
Jersalem Center 
 45. Al Qadi, S., Sodagar, B. and Elnokaly, A. (2018). Estimating the 
heating energy consumption of the residential buildings in Hebron, 
Palestine. Journal of Cleaner Production, 196, pp.1292-1305  
 46. Timeanddate.com. (2018). Climate & Weather Averages in 
Hebron, West Bank, Palestinian Territories. [online] Available at: 
https://www.timeanddate.com/weather/palestine/hebron/climate  
[Accessed 5 Aug. 2018]. 
 47.   Fumo, N. and Rafe Biswas, M. (2015). Regression analysis for 
prediction of residential energy consumption. Renewable and 
Sustainable Energy Reviews, 47, pp.332-343 

PLEA 2024 WROCŁAW 
(Re)thinking Resi l ience  

Improved Workflows for Environmental Building Certification 
An investigation in Sweden 

JI ONN TAN1 JONAS GREMMELSPACHER2 AGNIESZKA CZACHURA1 LUIS RICARDO BERNARDO1 

1Lund University, Energy and Building Design, Lund, Sweden 
2 Solenco AB, Malmö, Sweden 

ABSTRACT: Environmental Building Certification (EBC) assessments, involving modelling, simulation, and grading 
calculation, are often time-consuming, prompting a need for streamlining. This investigation assesses existing 
Building Energy Modelling (BEM) workflows for Swedish context of EBC, focusing on extracting building geometry 
from Autodesk Revit with minimal information losses, and considering both low learning curve and automation. 
The methodology involves a comparative study, a review of BEM workflows and resources, and evaluation of 
strengths and weaknesses of the developed workflow. Results show that none of the analysed BEM tools fully 
meet the criteria of good Building Information Modelling to Building Energy Modelling (BIM-BEM) interoperability, 
compatibility for Swedish EBC, and high post-simulation automation. Challenges include thermal comfort 
assessments, limited alternatives for BEM tools in Swedish EBC assessments, and scarce reliable BIM-BEM 
interoperability approaches from Revit. The developed BEM workflow using Grasshopper for Rhinoceros 
demonstrates high potential but still not entirely unsuitable for Swedish EBC assessments. 

KEYWORDS: Building Information Modelling (BIM), Building Energy Modelling (BEM), Interoperability, Scripting, 
Environmental Building Certification. 

1. INTRODUCTION

     The European Union has set an ambitious target to 
become the first climate-neutral continent by 2050 [1]. 
Sweden is aiming to achieve this goal by 2045 [2], with 
23 Swedish cities committing to reaching climate 
neutrality by 2030 through binding agreements [3]. 
Despite these initiatives, buildings and the 
construction sector still account for 34% of global 
energy demand and 37% of CO2 emissions [4]. 

The ongoing energy crisis, influenced by global 
natural gas supply fluctuations, has strongly impacted 
electricity prices in Sweden and the northern 
electricity market Nordpool. Considering these 
challenges, sustainable building design that promotes 
efficient use of resources becomes imperative. In this 
context, Environmental Building Certifications (EBCs), 
commonly known as green building rating systems, 
play a crucial role as tools to evaluate the 
environmental performance of buildings. 

EBCs such as Miljöbyggnad, BREEAM-SE, LEED, 
NollCO2, and GreenBuilding objectively assess a 
building's environmental performance based on 
specific criteria [5]. However, the assessment process 
involves time-consuming steps such as building 
modelling, simulation, credit calculation for grading, 
and report writing. Sustainability consultants conduct 
energy calculations in Building Energy Modelling 
(BEM) tools, often requiring information from Building 
Information Modelling (BIM) created by others. Poor 
interoperability between BIM and BEM poses 
challenges [6-9], with consultants having to recreate 

3D geometry models, leading to time wastage and 
data loss. Moreover, not all available BEM tools align 
with Environmental Building Certifications 
assessments, and few are tailored to meet Swedish 
regulations. 

Automating credit calculation for Environmental 
Building Certification assessments can streamline 
processes, enabling consultants to focus instead on 
design innovation and energy efficiency 
improvements. This study investigates existing 
workflows and further develops the most promising 
one. 

2. METHOD
Several BEM tools (accessed date: prior May 2023), 
including IDA ICE [10], ClimateStudio [11], Honeybee 
(Grasshopper) [12], IESVE [13], DesignBuilder [14], and 
TasEngineering [15], underwent analysis based on 
three performance criteria: C1) BIM-BEM 
Interoperability; C2) Compatibility for Swedish 
Environmental Building Certifications; and C3) Post-
Simulation Automation Feasibility (Figure 1). 
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Figure 1: Illustration of the overall method 

 
2.1 Performance Criteria 
C1) BIM-BEM Interoperability: 
As previous research shows [9, 16-19], many current 
BIM-BEM interoperability methods exhibit challenges 
in geometrical transformation consistency. In recent 
years, there is a novel BIM-BEM interoperability 
approach named Pollination which allow users to 
export energy and daylight analytical models using the 
architectural model (Autodesk Revit) into exchanged 
format including gbXML, IESVE GEM, IDF, OSM, hbjson, 
etc. Different from the automatic and semi-automatic 
gbXML (default gbXML), this tool enables the users to 
methodically visualize and validate the model floor by 
floor before exporting into the respective format. 

A comparative study of the energy analytical model 
in both BIM (Figure 2) and BEM environments was 
conducted for Honeybee (Grasshopper), IESVE, 
DesignBuilder, and TasEngineering using a building 
case study. Qualitative evaluation encompassed the 
number of thermal zones, appearance of shadings, 
and external construction elements (e.g., walls, roofs, 
floors, and windows). IDA ICE and ClimateStudio were 
excluded from further investigation as they lacked 
exchangeable formats from Pollination. 

 
Figure 2: Revit model and Pollination export  

 
C2) Compatibility for Swedish Environmental Building 
Certifications: 

In this phase of the study, all selected Building 
Energy Modelling (BEM) tools were subjected to a 
thorough examination of their compatibility with the 
specific requirements outlined by Swedish 
Environmental Building Certifications, namely 
Miljöbyggnad and BREEAM-SE. The assessment aimed 
to ensure that each tool possesses the essential 
simulation characteristics and input-output 
capabilities necessary for a comprehensive evaluation 
under these certifications. These encompass 

simulation characteristics, including dynamic and 
multi-zone simulations, as well as an extensive array of 
input parameters. Ranging from user-input weather 
files to detailed specifications of external construction 
materials, such as thermal conductivity and thickness, 
the tool addresses considerations like external glazing 
materials, thermal bridges, and internal gains. This 
encompasses factors like appliances, lighting, 
occupancy density, and metabolic rates. Moreover, 
the BEM tool should adeptly manage elements related 
to domestic and service hot water, total air infiltration 
rates (air leakage), and ventilation systems, covering 
requirements, schedules, and control mechanisms. 
Additionally, integral specifications for heating and 
cooling systems, like Coefficient of Performance (COP) 
for heating and Energy Efficient Ratio (EER) for cooling, 
must be included. The tool also factors in thermal 
comfort considerations, such as air velocity, clothing 
levels, and specific details like design winter 
temperature. In terms of output capabilities, the BEM 
tool is designed to address annual energy 
consumption, encompassing heating, ventilation, 
comfort cooling, and domestic/service hot water 
energy. It also considers property electricity, including 
lighting, fans, pumps, and appliances. Notably, the 
BEM tool's proficiency in producing thermal comfort 
outputs, such as operative temperature at an arbitrary 
point and zone operative temperature, is crucial for 
conducting comprehensive assessments under 
certifications like Miljöbyggnad.  

Computational fluid dynamics (CFD) in the context 
of buildings provides a deeper insight into air flow and 
heat transfer processes within and around building 
spaces. CFD workflows were excluded from this study 
as it is not a standard workflow for sustainability 
consultants in Sweden due to its labour intensive and 
time-consuming characteristics. 
 
C3) Post-Simulation Automation Feasibility: 

The functionality and learning curve of post-
simulation automation for Miljöbyggnad and 
BREEAM-SE certifications were evaluated. The desired 
functionalities included simple arithmetic operations, 
conditional statements, simulation input and output 
retrieval, user input, and data export to Excel. Sub-
criteria such as community support, documentation, 
tutorials, support teams, downloadable plug-ins, 
scripting templates, testing, and troubleshooting 
efficiency, built-in scripting, and visual scripting were 
considered to assess ease of development. IDA ICE is 
excluded from the study due to its pre-existing 
developer-made automatic calculation tool [20-21] for 
Miljöbyggnad and the Swedish Building Regulation 
(BBR) [22], hence, it is automatically assumed to 
feature high post-simulation automation feasibility.  

The threshold boundary for categorizing a low 
learning curve is assumed to be at least 70% score of 
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Figure 1: Illustration of the overall method 

 
2.1 Performance Criteria 
C1) BIM-BEM Interoperability: 
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approach named Pollination which allow users to 
export energy and daylight analytical models using the 
architectural model (Autodesk Revit) into exchanged 
format including gbXML, IESVE GEM, IDF, OSM, hbjson, 
etc. Different from the automatic and semi-automatic 
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number of thermal zones, appearance of shadings, 
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Figure 2: Revit model and Pollination export  

 
C2) Compatibility for Swedish Environmental Building 
Certifications: 
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as it is not a standard workflow for sustainability 
consultants in Sweden due to its labour intensive and 
time-consuming characteristics. 
 
C3) Post-Simulation Automation Feasibility: 

The functionality and learning curve of post-
simulation automation for Miljöbyggnad and 
BREEAM-SE certifications were evaluated. The desired 
functionalities included simple arithmetic operations, 
conditional statements, simulation input and output 
retrieval, user input, and data export to Excel. Sub-
criteria such as community support, documentation, 
tutorials, support teams, downloadable plug-ins, 
scripting templates, testing, and troubleshooting 
efficiency, built-in scripting, and visual scripting were 
considered to assess ease of development. IDA ICE is 
excluded from the study due to its pre-existing 
developer-made automatic calculation tool [20-21] for 
Miljöbyggnad and the Swedish Building Regulation 
(BBR) [22], hence, it is automatically assumed to 
feature high post-simulation automation feasibility.  
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learning curve is assumed to be at least 70% score of 

 

“ease of development” (Table 2), while the threshold 
boundary for distinguishing between an intermediate 
learning curve and a steep learning curve is assumed 
to be 40%. 
 
2.2 Developed BEM Workflow  
After evaluation, one suitable BEM workflow was 
identified among the selected tools. This workflow was 
chosen for further development to improve and 
streamline the process for Environmental Building 
Certifications assessments. 
 
3. RESULTS  
3.1 Performance Criteria 
C1) BIM-BEM Interoperability: 

The hbjson file seamlessly integrated into 
Honeybee (Grasshopper for Rhinoceros), ensuring the 
accurate transfer of all 47 thermal zones, alongside 
external constructions like walls, floors, roofs, glazing 
areas, and shadings.  

Similarly, the gbXML file smoothly imported into 
DesignBuilder, guaranteeing the transfer of all 47 
thermal zones and accurately capturing external 
construction elements, including walls, floors, roofs, 
glazing areas, and shadings. This successful import was 
replicated in IESVE as well. 

In contrast, the gbXML file faced challenges during 
import into TasEngineering, where the boundary 
condition of external walls was altered and registered 
as an external floor. Despite this anomaly, all 47 zones 
and other external construction elements, such as 
floors, roofs, glazing areas, and shadings, were 
correctly imported. 

In summary, illustrated in Figure 3, TasEngineering 
faced challenges in accurately receiving the geometry 
file from the Pollination export. On the positive side, 
Honeybee, DesignBuilder, and IESVE seamlessly 
received their respective data exchange schemas 
without encountering any issues related to thermal 
zones, external construction elements, or shadings. 

 

 
Figure 3: Analytical model visualization 

 
C2) Compatibility for Swedish Environmental Building 
Certifications: 

Table 1 illustrates a concise overview of the 
Environmental Building Certification (EBC) 
comprehensiveness assessment and compatibility of 
each Building Energy Modelling (BEM) tool with 
various simulations. The table outlines each tool's 
adherence to EBC requirements, building codes, and 
standards, as well as its suitability for different 
simulation types.  

 
Table 1: Comprehensive checklist summary  

 
 
DesignBuilder, in conjunction with EnergyPlus, 

excels in HVAC modelling but lacks the input capability 
for heating and cooling system distribution losses. 
Nevertheless, a workaround involves separately 
calculating distribution losses outside the simulation. 
DesignBuilder faces limitations in thermal comfort 
simulation, as it does not allow specifying the location 
and physical size of room heating units. Additionally, it 
cannot provide operative temperature output at an 
arbitrary room location. 

Honeybee, utilizing the EnergyPlus simulation 
engine, lacks input capability for thermal bridging. 
However, users can manually calculate adjusted U-
values considering thermal bridging effects. Like 
DesignBuilder, Honeybee lacks specific input 
capabilities for heating distribution losses, room 
heating unit location and size, and operative 
temperature output at an arbitrary location within a 
room. Customizability for HVAC systems is limited by 
default, but when combined with the plugin Ironbug, a 
component of Ladybug Tools, users can tailor the 
HVAC system according to OpenStudio HVAC options. 
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IESVE, with ApacheSim, excels in comprehensive 
construction specification input, detailed internal heat 
gain input, and in-depth HVAC modelling. However, it 
lacks input functionality for specifying the location and 
physical size of room heating units and operative 
temperature output at arbitrary locations without 
utilizing computational fluid dynamics (CFD) 
simulation. 

IDA ICE, a Swedish Building Performance 
Simulation (BPS) tool, fulfils all simulation 
characteristics and input-output capabilities. It allows 
for easy entry of distribution losses for heating, 
cooling, and domestic hot water in one dialogue box, 
with additional input options through the 
Miljöbyggnad extension. 

On the other hand, ClimateStudio offers basic 
HVAC schemes with limitations. Users cannot specify 
the type of heating or cooling system, and the heating 
system cannot distinguish between air systems and 
hydronic systems. It lacks input capability for heating 
distribution losses, domestic/service hot water 
distribution losses, and fan total efficiency. Due to 
limitations in setting HVAC schemes, ClimateStudio is 
not considered suitable for energy simulations in both 
BREEAM-SE and Miljöbyggnad assessments. 

TasEngineering stands out with comprehensive 
HVAC modelling and the flexibility to create custom 
HVAC schemes. It allows input for thermal bridging 
data and efficiency parameters but lacks input and 
output capabilities for room heating unit location, size, 
and operative temperature at specific locations within 
a room. 

 
C3) Post-Simulation Automation Feasibility: 

DesignBuilder, incorporating EMS runtime 
scripting, C# Scripting, and Python Scripting, offers 
comprehensive HVAC modelling capabilities. Although 
it lacks detailed descriptions for Model Attributes in its 
database, users can view them directly from the 
interface. Troubleshooting script issues may pose a 
challenge as it requires running a simulation. 
DesignBuilder’s text-based scripting, while extensive, 
may be challenging for sustainability consultants 
lacking prior programming training. 

Honeybee, within the Grasshopper interface, 
leverages scripting tools like GhPython and C#. As an 
open-source application with strong community 
support, it provides comprehensive documentation 
for simulation parameters. Users benefit from 
tutorials and documentation, and downloadable plug-
ins like TT-toolbox enhance capabilities, allowing 
direct data export to Excel. Graphical input 
components enhance usability and prevent errors. 

IESVE's Python scripting through its API, VEScripts, 
provides systematic documentation of simulation 
parameters, although lacking detailed parameter 
descriptions. The Content Store offers scripting 

packages, including those for extracting and exporting 
simulation results. It provides a variety of scripting 
templates, but like DesignBuilder, it employs text-
based scripting. 

ClimateStudio, hosted in the Grasshopper 
interface, utilizes GhPython and C#. While lacking 
open-source status, it offers the benefits of 
Grasshopper's interface, enabling visual scripting and 
downloadable plug-ins. However, it lacks community 
support, clear documentation for simulation 
parameters, and the ability to access source code. 

TasEngineering supports various scripting 
languages and automation tasks. It provides 
capabilities for inputting simulation data from Excel, 
extracting results, and exporting data to Excel. Coding 
tutorials are available, but they focus on Tas3D 
specifically. Like DesignBuilder and IESVE, 
TasEngineering relies on text-based scripting. 

 
Table 2: Functionality and ease of development   

 
 
As shown in Table 2, all investigated BEM tools 

meet the required functionality for post-simulation 
automation. In terms of ease of development, 
Honeybee, ClimateStudio, and IESVE score above 70%, 
indicating a low learning curve. DesignBuilder's 
scripting tool falls into the intermediate learning curve 
category, while TasEngineering's approach is deemed 
steep.  
 
3.2 Developed BEM workflow 
    None of the evaluated BEM tools (Figure 5) 
managed to meet all three performance criteria— 
good BIM-BEM interoperability, complete 
compatibility for Swedish EBC, and high post-
simulation automation feasibility. However, excluding 
thermal comfort assessment for Miljöbyggnad, both 
Honeybee and IESVE display significant potential for 
the development of a streamlined BEM workflow. 
Ultimately, the Honeybee workflow was chosen for 
further development due to its superior post-
simulation feasibility compared to IESVE. Additionally, 
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Community and forum 0 1 0 0 0
Documentation for simulation 
parameters

1 1 1 0 0

Tutorial on scripting 1 1 1 1 1
Support Team 1 1 1 1 1
Downloadable plug-in 1 1 1 1 0
Official scripting templates 1 1 1 1 0
Efficient testing and troubleshooting 0 1 1 1 1
Build-in scripting  1 1 1 1 0
Visual scripting 0 1 0 1 0
Ease of development score (%) 67% 100% 78% 78% 33%
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IESVE, with ApacheSim, excels in comprehensive 
construction specification input, detailed internal heat 
gain input, and in-depth HVAC modelling. However, it 
lacks input functionality for specifying the location and 
physical size of room heating units and operative 
temperature output at arbitrary locations without 
utilizing computational fluid dynamics (CFD) 
simulation. 
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Simulation (BPS) tool, fulfils all simulation 
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with additional input options through the 
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the type of heating or cooling system, and the heating 
system cannot distinguish between air systems and 
hydronic systems. It lacks input capability for heating 
distribution losses, domestic/service hot water 
distribution losses, and fan total efficiency. Due to 
limitations in setting HVAC schemes, ClimateStudio is 
not considered suitable for energy simulations in both 
BREEAM-SE and Miljöbyggnad assessments. 

TasEngineering stands out with comprehensive 
HVAC modelling and the flexibility to create custom 
HVAC schemes. It allows input for thermal bridging 
data and efficiency parameters but lacks input and 
output capabilities for room heating unit location, size, 
and operative temperature at specific locations within 
a room. 
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DesignBuilder, incorporating EMS runtime 
scripting, C# Scripting, and Python Scripting, offers 
comprehensive HVAC modelling capabilities. Although 
it lacks detailed descriptions for Model Attributes in its 
database, users can view them directly from the 
interface. Troubleshooting script issues may pose a 
challenge as it requires running a simulation. 
DesignBuilder’s text-based scripting, while extensive, 
may be challenging for sustainability consultants 
lacking prior programming training. 

Honeybee, within the Grasshopper interface, 
leverages scripting tools like GhPython and C#. As an 
open-source application with strong community 
support, it provides comprehensive documentation 
for simulation parameters. Users benefit from 
tutorials and documentation, and downloadable plug-
ins like TT-toolbox enhance capabilities, allowing 
direct data export to Excel. Graphical input 
components enhance usability and prevent errors. 

IESVE's Python scripting through its API, VEScripts, 
provides systematic documentation of simulation 
parameters, although lacking detailed parameter 
descriptions. The Content Store offers scripting 

packages, including those for extracting and exporting 
simulation results. It provides a variety of scripting 
templates, but like DesignBuilder, it employs text-
based scripting. 

ClimateStudio, hosted in the Grasshopper 
interface, utilizes GhPython and C#. While lacking 
open-source status, it offers the benefits of 
Grasshopper's interface, enabling visual scripting and 
downloadable plug-ins. However, it lacks community 
support, clear documentation for simulation 
parameters, and the ability to access source code. 

TasEngineering supports various scripting 
languages and automation tasks. It provides 
capabilities for inputting simulation data from Excel, 
extracting results, and exporting data to Excel. Coding 
tutorials are available, but they focus on Tas3D 
specifically. Like DesignBuilder and IESVE, 
TasEngineering relies on text-based scripting. 

 
Table 2: Functionality and ease of development   

 
 
As shown in Table 2, all investigated BEM tools 

meet the required functionality for post-simulation 
automation. In terms of ease of development, 
Honeybee, ClimateStudio, and IESVE score above 70%, 
indicating a low learning curve. DesignBuilder's 
scripting tool falls into the intermediate learning curve 
category, while TasEngineering's approach is deemed 
steep.  
 
3.2 Developed BEM workflow 
    None of the evaluated BEM tools (Figure 5) 
managed to meet all three performance criteria— 
good BIM-BEM interoperability, complete 
compatibility for Swedish EBC, and high post-
simulation automation feasibility. However, excluding 
thermal comfort assessment for Miljöbyggnad, both 
Honeybee and IESVE display significant potential for 
the development of a streamlined BEM workflow. 
Ultimately, the Honeybee workflow was chosen for 
further development due to its superior post-
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De
sig

nB
ui

ld
er

 

Ho
ne

yb
ee

IE
SV

E

Cl
im

at
eS

tu
di

o

Ta
s E

ng
in

ee
rin

g 

Functionality ☑ ☑ ☑ ☑ ☑
Community and forum 0 1 0 0 0
Documentation for simulation 
parameters

1 1 1 0 0

Tutorial on scripting 1 1 1 1 1
Support Team 1 1 1 1 1
Downloadable plug-in 1 1 1 1 0
Official scripting templates 1 1 1 1 0
Efficient testing and troubleshooting 0 1 1 1 1
Build-in scripting  1 1 1 1 0
Visual scripting 0 1 0 1 0
Ease of development score (%) 67% 100% 78% 78% 33%

 

the shared origin of Pollination and Honeybee under 
Ladybug Tools ensures a high level of cohesiveness 
between the extracted building geometry and 
simulations. 
    The streamlined Honeybee workflow incorporates 
multiple plug-ins, including Pollination, Ironbug, 
Ghpython, and TT-toolbox. Figures 4 illustrates this 
streamlined energy simulation workflow. 

 
Figure 4: Developed workflow (Honeybee) 

4. DISCUSSION 
A notable observation arises regarding the limited 

availability of tools specifically designed for 
compliance with Swedish building codes. Out of the six 
tools analysed, only IDA ICE originates from Sweden 
and therefore emerges as the sole option tailored for 
Swedish Building Code compliance. A similar 
observation applies to the analysis of BIM-BEM 
interoperability approaches. The selected tools lack 
reliable interoperability options. Previous studies have 
shown inconsistencies with default IFC and gbXML 
formats during the BIM to BEM translation.  

Architectural models and energy analytical models 
inherently differ, requiring processing to transform the 
former into the latter. The creation of energy 
analytical models typically involves some level of 
manual intervention, posing challenges for fully 
automatic or semi-automatic approaches. 

In the BIM-BEM interoperability study, 
DesignBuilder, Honeybee, and IESVE demonstrated 
compatibility with Revit Pollination. TasEngineering 

encountered issues with correctly receiving the gbXML 
export through Pollination. IDA ICE and ClimateStudio 
showed limitations in reliable BIM-BEM 
interoperability approaches. 

 
Figure 5: Summary of performance criteria 

 
From the compatibility for Swedish EBC study, IDA 

ICE fulfils all necessary requirements. DesignBuilder, 
Honeybee, IESVE, and TasEngineering lack the ability 
to accommodate inputs for room heating unit location 
and physical size and lack capability for thermal 
comfort metrics without CFD. ClimateStudio falls short 
in HVAC modelling. 

Achieving Miljöbyggnad thermal comfort 
assessment may be challenging without CFD 
simulations in alternatives to IDA ICE. DesignBuilder, 
Honeybee, ClimateStudio, and IESVE follow 
assumptions unsuitable for such assessments. IDA 
ICE's Miljöbyggnad extension enables input of radiator 
details and person placement for thermal comfort. 

Regarding post-simulation automation feasibility, 
IDA ICE offers developer made Swedish EBC 
calculation tools. Honeybee, IESVE, and ClimateStudio 
have a low learning curve, suitable for users for 
automating tasks. DesignBuilder has an intermediate 
curve, while TasEngineering requires a steeper 
learning curve. 

This study did not exhaustively cover all BEM tools 
and BIM-BEM interoperability approaches worldwide. 
Future research could expand the analysis, 
incorporating user testing for learning curve analysis 
and evaluating Pollination's interoperability with 
complex façade shapes. Comparative studies on input 
and simulation times for different BEM workflows and 
exploration of EBC schemes beyond Swedish 
standards are potential avenues for future research.  

Lastly, it's crucial to note that since the studies were 
conducted before May 2023, the conclusions of this 
study may need to be updated due to the rapid 
evolution of software.  
 
5. CONCLUSION 

Conducting environmental building certification 
(EBC) assessments poses significant challenges, 
primarily due to poor interoperability between 
Building Information Modelling (BIM) and Building 
Energy Modelling (BEM) tools. Sustainability 
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consultants often face time-consuming tasks 
recreating 3D energy models, and while some tools 
offer good BIM-BEM interoperability, they often lack 
the necessary detail for accurate thermal performance 
evaluation. Post-simulation tasks, compounded by the 
complexity of assessments and buildings, are prone to 
errors and labour-intensive efforts. This study 
identified and further developed a BEM workflow that 
extracts Revit building geometry with minimal losses, 
provides adequate detail for Swedish EBC 
assessments, and offers a low learning curve for 
automation development. 

In essence, no single BEM tool met all three 
performance criteria: good BIM-BEM interoperability, 
complete compatibility for Swedish EBC, and high 
post-simulation automation feasibility. IDA ICE excels 
in Swedish EBC assessments and provides developer-
made automation tools but falls short in BIM-BEM 
interoperability. IESVE and Honeybee show potential 
in importing Revit geometry with low learning curve 
for automation but lack complete Swedish EBC 
compatibility without a CFD workflow. DesignBuilder 
excels in BIM-BEM interoperability, ClimateStudio in 
post-simulation automation, while TasEngineering 
falls short in all criteria. 

This study highlights a scarcity of BEM tools designed 
for Swedish EBC compliance and reliable BIM-BEM 
interoperability from Revit in the current market. No 
IDA ICE alternative fully meets the input and output 
requirements for Swedish EBC, emphasizing the 
challenge of conducting thermal comfort simulations 
for Miljöbyggnad assessments. The Revit Pollination 
plug-in proves valuable for achieving good BIM-BEM 
interoperability by enabling users to refine and 
validate the analytic model before export. The 
developed Honeybee workflow, incorporating multiple 
plug-ins, demonstrates significant efficiency but is still 
not fully suitable for Swedish EBC assessments. 
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recreating 3D energy models, and while some tools 
offer good BIM-BEM interoperability, they often lack 
the necessary detail for accurate thermal performance 
evaluation. Post-simulation tasks, compounded by the 
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falls short in all criteria. 

This study highlights a scarcity of BEM tools designed 
for Swedish EBC compliance and reliable BIM-BEM 
interoperability from Revit in the current market. No 
IDA ICE alternative fully meets the input and output 
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hotobiological arameter valuation

For scientific research investigating “light and 
health”, we can make use of metrics consolidated by 
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ABSTRACT: The complexity of lighting studies necessitates the evaluation of lighting levels and spatial quality to 
ensure user comfort. Architects demonstrate a commitment to designing environments that prioritize internal 
visual performance, integration with the external surroundings and energy efficiency. However, there is a neglect 
of the urban context in relation to internal performance expectations. Buildings are conceived using glazed or 
reflective and emissive surfaces that redirect visible and thermal incident radiation back to the city, thereby 
reducing internal heat gains. Daylight radiation at high intensity causes glare phenomena, which refers to visual 
discomfort experienced by pedestrians and has an impact on the local microclimate by increasing the 
surrounding temperature. It is understood that the urban environmental quality can be ensured through an 
assessment and classification procedure that considers the probability of glare occurrence during the project 
design, specifically focusing on façade performance. The rating scale will be built based from the results of 
parametric ray-tracing simulations involving different geometric shapes and façade surfaces, resulting in heat 
maps. The final evaluation will be by mean of a combined classification approach, taking into account the 
probability of glare occurrence as determined by the geometric shape and surface materiality of the building 
envelope. 
KEYWORDS: daylighting, glare, urban, building evaluation, microclimate 
 
 

1. INTRODUCTION  
As a representation of modern and corporate 

architecture, in the city of São Paulo in the early 
1970s, on Brigadeiro Faria Lima avenue and later on 
Eng. Luís Carlos Berrini avenue, the appearance of tall 
buildings made up of glass façades without any type 
of solar protection was observed. An architectural 
style that has been reproduced to this day, it has 
benefits in countries with temperate climates as it 
contributes to greater permeability of natural light, 
visible sky, heat insulation and optimizes the artificial 
conditioning system (10). However, in cities with 
tropical climates, glass curtain walls without solar 
protection have implications such as excess light in 
the areas perimeter to the façades, which results in 
the use of internal solar protection and an increase in 
the thermal load due to the use of artificial lighting 
and air conditioning systems to achieve internal 
comfort.  

However, in order to reduce the impact of heat 
gain and excess light, glass façades have become 
envelopes made up of surfaces with high solar 
reflection indices. Envelopes with a high external 
reflection index have a high capacity to return 
thermal radiation (long waves) to the urban 
environment and consequently lower the 
temperature of the building envelope (15). 

The benefits to individuals of the presence of 
natural light and visibility to the external environment 
have been confirmed by studies that show lower 
rates of insomnia and depression, as well as greater 

productivity and better receptivity to high levels of 
luminosity due to visual accommodation (1); (9).  

However, the condition of the internal 
environment cannot override the comfort of users in 
the urban context, because reflective envelopes also 
cause the reflection of short waves, or visible 
radiation, which at high intensity leads to the 
occurrence of glare. 

The phenomenon of glare is given by the difficulty 
of visual accommodation to extreme conditions of 
light or brightness, causing momentary blindness, 
distraction or visual annoyance. IESNA(6). Glare can 
be perceived by people in urban environments from 
the direct and indirect reflection of sunlight that 
impacts the building envelope, affecting pedestrians 
on sidewalks, occupants of neighboring buildings and 
drivers. The damage to visual capacity can be so 
intense that the distinction between objects and 
people is compromised by a "veil of illuminance" that 
strips scene of contrast, known as disabling glare. 

In addition to the high specularity of the envelope 
surfaces, which has an impact on the intensity of 
sunlight reflection, architectural geometry, such as 
convex and concave shapes, directs the reflection of 
the sun's rays, which can distribute or concentrate 
them, known as "solar convergence". (11);(5). 

Cases of important buildings such as the Vdara 
hotel in Las Vegas, the Walt Disney Concert Hall in Los 
Angeles and the MaterDei hospital in Salvador (23), 
demonstrate how envelope designed without 
reflectivity and emissivity criteria, combined with 
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geometry that favor the high concentration of solar 
rays, cause direct and indirect visual glare in 
neighboring buildings. In addition, the reflection of 
long-wave radiation can deform and deteriorate the 
incident surfaces or affect the local microclimate by 
raising the temperature, which we call "thermal 
glare". 
(7) 

Studying the process from conception to 
execution of buildings, it can be said that the tool 
with the greatest control over the occurrence of glare 
is the architectural design process. It is during the 
design phase that architects and designers must 
evaluate and consider the definition of elements and 
materials for façade surfaces. 

In this context, in an attempt to fill the gap in the 
design process, the author proposes a method for 
evaluating and classifying the behavior of curtain 
walls in relation to the probability of glare occurring, 
which is user-friendly and highly applicable based on 
a combination of 2 criteria: visual and thermal 
(surface heating), resulting in final performance. 

The designer's assessment is based on the 
identification of the characteristics proposed in the 
project in terms of the type of materials specified on 
the façade and the form relative to the architectural 
design, compared to a scale that represents the 
capacity of the architectural ensemble to cause urban 
glare. 

To define the impact scale about visual glare 
discomfort, computer simulations will be carried out 
to determine the vertical illuminance (Ev) levels, 
through Annual Daylight Glare Probability (DGP) 
levels, obtaining the evaluation scale between 
imperceptible glare and intolerable glare. (12);(13), 

In order to build the impact scale about solar 
reflection heat up, parametric computer simulations 
will be developed using Rhinoceros 3D software and 
the Grasshopper plugin + Ladybug and Honeybee, 
using forward raytracing analysis, in different 
typologies, generating Heatmaps (3). It provides a 
graphical projection of the density of intersection 
reflected rays, in terms of the greater or lesser 
density of points representing the concentration or 
diffusion of reflected solar rays, that impacts the 
pedestrian urban layer.  
The procedure classification levels will be constructed 
from the results of the qualitative and quantitative 
analysis of Heat maps and DGP and Ev correlation, 
done individually, giving to the respective 
classification scales and the final score.  
2. OBJECTIVE 

The aim of this paper is to demonstrate the 
methodology for assessing the performance of 
façades on high-rise buildings based on the geometry 
and materiality of the envelopes for the climatic 
conditions of the city of São Paulo, in order to 

mitigate and avoid the occurrence of visual and 
thermal urban glare.  

 
3. METHOD 

The proposed evaluation procedure was based on 
the descriptive method for energy evaluation of 
commercial and residential buildings, Procel Edifica 
(4), a Brazilian energy efficiency label like U.S. 
Environmental Protection Agency label, Energy 
Star. Procel proposes the partial and systematic 
analysis and classification of criteria. These criteria 
are then combined and weighted based on the level 
of impact on the building in terms of energy 
efficiency, resulting in the building's final rating.  

It is understood that by defining the criteria and 
carrying out computer simulations, it will be possible 
to create relationships and identify the impact of 
different shapes, emissivity and surface reflectivity on 
solar reflection in the area surrounding the buildings. 
The simulations will be carried out considering a 
critical sky condition, i.e. the type of clear sky defined 
by the CIE (International Commission on 
Illumination), with little or no obstruction of sunlight 
by clouds (9).  

Therefore, the methodological procedures for 
constructing the evaluation procedure first sought to 
survey and characterize the geometric types of tall 
buildings that have been repeatedly reproduced in 
the city of São Paulo, in order to define the simulation 
models. Subsequently, there developed a database of 
transparent and opaque support materials for 
architects to consult when evaluating their buildings. 

Preliminary simulations were carried out to 
validate the 2-stage building assessment 
methodology; the first to evaluate the impact of 
geometry on solar reflection in terms of geometric 
shape and materiality, and the second assessing the 
likelihood of visual glare. Finally, the results were 
processed, quantitative and qualitative analysis of the 
data obtained and determination of the weighting 
indices for different façade orientations, in order to 
obtain the final classification of the envelope. 

 
3.1 Data collection: Geometry and material data  

The definition of geometries and materials that 
best reproduce the current architectural language 
being developed by architects for new buildings 
means that the envelope models available in the 
procedure will be reproduced in new buildings in the 
city, ensuring the validity and applicability of the 
updated, efficient and perennial evaluation method. 

For the purpose to define the geometric shapes 
that best reproduce the architecture of tall buildings 
in the city of São Paulo, the photographic survey area 
was established as the axis along Cidade Jardim 
avenue to Dr. Chucri Zaidan avenue in the Morumbi 
district. At the axis of the study, it is possible to 
observe a sample of the most recognizable high-rise 
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geometry that favor the high concentration of solar 
rays, cause direct and indirect visual glare in 
neighboring buildings. In addition, the reflection of 
long-wave radiation can deform and deteriorate the 
incident surfaces or affect the local microclimate by 
raising the temperature, which we call "thermal 
glare". 
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execution of buildings, it can be said that the tool 
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is the architectural design process. It is during the 
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Environmental Protection Agency label, Energy 
Star. Procel proposes the partial and systematic 
analysis and classification of criteria. These criteria 
are then combined and weighted based on the level 
of impact on the building in terms of energy 
efficiency, resulting in the building's final rating.  

It is understood that by defining the criteria and 
carrying out computer simulations, it will be possible 
to create relationships and identify the impact of 
different shapes, emissivity and surface reflectivity on 
solar reflection in the area surrounding the buildings. 
The simulations will be carried out considering a 
critical sky condition, i.e. the type of clear sky defined 
by the CIE (International Commission on 
Illumination), with little or no obstruction of sunlight 
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Therefore, the methodological procedures for 
constructing the evaluation procedure first sought to 
survey and characterize the geometric types of tall 
buildings that have been repeatedly reproduced in 
the city of São Paulo, in order to define the simulation 
models. Subsequently, there developed a database of 
transparent and opaque support materials for 
architects to consult when evaluating their buildings. 

Preliminary simulations were carried out to 
validate the 2-stage building assessment 
methodology; the first to evaluate the impact of 
geometry on solar reflection in terms of geometric 
shape and materiality, and the second assessing the 
likelihood of visual glare. Finally, the results were 
processed, quantitative and qualitative analysis of the 
data obtained and determination of the weighting 
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obtain the final classification of the envelope. 

 
3.1 Data collection: Geometry and material data  

The definition of geometries and materials that 
best reproduce the current architectural language 
being developed by architects for new buildings 
means that the envelope models available in the 
procedure will be reproduced in new buildings in the 
city, ensuring the validity and applicability of the 
updated, efficient and perennial evaluation method. 

For the purpose to define the geometric shapes 
that best reproduce the architecture of tall buildings 
in the city of São Paulo, the photographic survey area 
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district. At the axis of the study, it is possible to 
observe a sample of the most recognizable high-rise 

 

corporate buildings built since the year 2000, 
including environmental certifications ones.  

A photographic survey was carried out of around 
20 buildings (fig. 1), according to the criteria of 
greatest architectural expression and repeatedly 
reproduced geometry. Subsequently, 6 predominant 
geometries were selected for evaluation and as a 
reference model for applying the procedure: prism 
(right angle), angular shape (obtuse and acute) and 
curves (concave and convex), deriving, depending on 
the refinement of architectural proposals, into 22 
base geometries, as shown in fig. 2. 

 

 
Figure 1 - Photographic survey of geometries: acute and 
obtuse angular, convex, prism and concave (AUTHOR,2023) 

 

 
Figure 2 - Reference shapes for study, acute and obtuse 
angular shapes, convex, concave, prism and folding. 
(AUTHOR, 2023) 
 

The survey of surface materials was based on 
bibliographical references and technical data sheets. 
Once the data had been compiled and listed in a 
range of emissivity and reflectivity every 0.20 points 
(0.01;0.20;0.40;...;0.90 and 0.98), 11 variations of 
reflection indices were defined for the study. 

 
3.2 Envelope Evaluation: Computer simulations 
results 

The assessment of the impact of the envelope to 
determine the classification in terms of impact levels, 
as a function of the overall shape and materiality will 
be carried out using computer simulations of 
accumulative DGP analysis during the year and 
forward ray-tracing simulations, obtaining Heat 
Maps. 

The geometric models for assessing the impact 
through computer simulations was developed using 
Rhinoceros+Grasshopper plugin (fig.3) taking into 
account that the building is made up of 4 equal faces, 
in order to explore the behaviour of 360o solar 
reflection in all facade orientations, at different solar 
positions. It will consider the building in isolation, i.e. 
without any interference or obstruction from 
neighbouring buildings. 

 
 

 
 

 
 
Figure 3: Raytracing Simulations and neighbourhood 
impact. (author,2023) 

 
These preliminary evaluations have been made 

considering the most critical façade material 
reflection property, the specular surface (2 bounces), 
comprising the critical capacity of the number of 
reflections that reach the ground, resulting in a 
reflection pattern presented on a horizontal 
plane.fig.4 

 
Figure 4: Solar reflection (rays) neighbourhood impact_ 
Angular65o (left), prisma 90o (right). (author,2023) 
 
Simulation parameters 
Weather data: São Paulo (Energyplus Weather data- TMY- 
2007-2021) 
Bounces: 2 and Grid size: 5 
Intersection density (ID) = N (number of intersections in 
one mesh surface/ A (mesh area) 

 
Although, the first analyses considered only 

specular surfaces to validate the methodology, the 
results of 11 variations of reflective materials will be 
included in the total data package of the proposed 
procedure. 

The simulations were developed considering the 
climate data for the city of São Paulo and the solar 
positions with the highest impact of radiation 
surfaces (13), 20o (7h-17h), 30o (7h30-16h30pm), 40o 
(8h30-15h30), 50o (9h-15h00), and 60o (10h-14h), fig. 
5, all over the year, in summer, in equinox and in 
winter. 

 
Figure 5 - Falsecolor map of peak radiation flux under 
various solar positions (13) 
 

In the first stage, the building envelope and the 
neighbourhood area impact are assessed through 
forward raytracing simulations, in order to obtain, the 
area of influence of solar reflection and as well as 
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diffuse inter-reflections (radiosity), from facades and 
heat maps at pedestrian urban layer (PUL). Fig.6  

 

 
Figure 6: Angula65o - Raytracing Simulations Heatmaps – 
Intersections rays and neighbourhood impact. (author,2023) 

 
The evaluation matrix was built based on 

raytracing analysis results. 
Through simulations it was possible to qualify 

possible to quantify and classify the impact on the 
concentration or diffusion of solar rays (visible 
radiation, short waves and invisible, long waves) and 
area of influence, indicating high levels of luminance 
will be demonstrated through a heatmaps scale of 
high (3 points), medium (2 points) and low (1 point) 
impact, as well as, solar orientation facade impact 
coefficient on each building geometry, projected by 
the envelopes determining the scope of sunlight 
reflection, fig 7 (4)  

 
Figure 7: Hourly Envelope evaluation results matrix 
(author,2023) 

The global impact level of each geometry 
identified was based on the sum of the hourly impact 
level, while the weighting coefficient for each façade 
was determined by qualitatively assessing the surface 
area of solar reflection on the PUL.  

 
Table 1: Overall Impact level Envelope evaluation results 
matrix and Façade coefficient (author,2023) 

 
 

Based on the results of the solar reflection of the 
facades regarding the intersection density of the 
reflective solar rays (ID) and their coverage, it is 
possible to predict the possibility of impact on the 
surroundings or on neighboring buildings in the urban 
context. Therefore, it was determined critical 
positions regarding the use of streets, sidewalks, 
crosswalks and neighboring buildings. as shown in the 
studies by J.ZHU (12), fig.8 

  
Figure 8: Heat Maps and Critical position definition. 
(author,2023) 

In the second stage, the intensity of the solar rays 
reflected at the critical points will be quantified, 
qualifying the level of discomfort experienced by 
users, using the DGP metric (13). 
The critical positions identified will be used as the 
observer's points of view for the hourly assessment of 
the level of vertical illuminance in the eye (Ev-lux) 
and, obtaining the correlation of the vertical 
illuminance with the level of discomfort proposed by 
the DGP, as well as the level of limit luminance of 
10,000cd/m2 emitted by facades. (14) 
 
4. EVALUATION PROCEDURE APPLICATON 
4.1: Identification of the impact 

The evaluation procedure will consist of matrices 
of results obtained from computer simulations for 
each geometry assessed. table2. 
 
[-0po8he process will be applied by architects and 
designers in a linear fashion, starting with the 
definition of the geometry similar to the architectural 
design and the reflection indices of the façade 
materials specified in the project. 

Based on the combination of the building's 2 
variables, the level of impact will be demonstrated 
(C.), built on the diagnosis and evaluation of the 
results of DGP and heat maps the computer 
simulations. 
where:  
A1= building geometry _ B1 = reflectivity 
C = heatmaps Impact Level 

 
Table 2: Façade evaluation matrix (Author, 2023). 
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qualifying the level of discomfort experienced by 
users, using the DGP metric (13). 
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observer's points of view for the hourly assessment of 
the level of vertical illuminance in the eye (Ev-lux) 
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illuminance with the level of discomfort proposed by 
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Façade orientation will be simplified considering only 
4 cardinal points, using this graph below. fig.9 

 
Figure 9: Axis Simplification building solar orientation. (5) 

 
4.2 Facade solar orientation: Weighting Coefficient. 

The building must be analysed by façade, and a 
correction index will be applied according to its solar 
orientation, due to altitude and the angle of direct 
solar incidence, reducing or increasing the score that 
will characterize the degree of likelihood of glare 
occurring. 
 
4.3 General Building Classification 
The procedure is a user-friendly application and can 
be applied to the any building form, even in its 
complex envelope geometries, because its individual 
analysis.  

As final result of applying the procedure, the 
overall rating of the building will be obtained from 
the evaluation in 2 phases. 

First analysis phase, through evaluation per 
facade in the 3 seasons of the year, obtaining a partial 
score, table 3. The second phase is based on the 
evaluation of the highest levels of vertical 
illuminance/DGP at the critical points evaluated. The 
final classification of the building will be based on the 
simple sum of the scores obtained in phases 1 and 2, 
using table 4. 

The solar density evaluation, for each façade and 
season, will be based on the application of equation 
1, and their respective solar orientations. 

Equation 1:  
A1            B1 = C x D = Score per façade (PP) 

 
where: C = heatmaps Impact Level _ PP: is Final Score per 
façade _ FWC- is weighting according to solar radiation 
impact 
 
Table 3 – One Season Building evaluation table (Author, 
2023) 

 
 
Afterwards the total building classification to 

analysis 1, will be obtained through the sum of 
summer, equinox and winter building assessed, 
equation 2. 

Equation 2:  
PP(SUMMER)+PP(EQUINOX)+PP(WINTER)=TotalBuildingClassificatio
1 

 
Table 4 – Analysis Phase 1- Building Classification - Glare 
assessment table by façade all season year (Author, 2023) 

 
 
For the evaluation of stage 2, a matrix of results 

obtained from the DGP simulations at the critical 
positions defined in the forward raytracing 
simulations will be used. table 5. 

 
Table 5 – Phase 2- Façade evaluation matrix (Author, 2023) 

 
Through this matrix of results, the illuminance and 

DGP levels can be observed as a function of the solar 
orientation of the façade studied. 

Following the same methodology applied in phase 
1, table 6, the evaluation carried out for each period 
of the year and individually for each façade can be 
quantified to obtain the final PG score. 
 
Table 6 – One Season Building evaluation table (Author, 
2023) 

 
 

Therefore, the total PG score is obtained from the 
sum of the PG in summer, equinox and winter, 
equation 3. 

Equation 3:  
PG(SUMMER)+PG(EQUINOX)+PG(WINTER)=TotalBuildingClassification 
2 
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The Final Score (FP) and the Probability Glare 

building Classification will result from summing up de 
Total Building Classification of stage 1 (Heatmaps) 
and Stage 2(DGP analysis), through the table 7. 
 
Table 7 - Score for the final classification of the likelihood of 
glare occurring in the building (Author, 2023). 

 
 
5. CONCLUSION 

In order to meet the proposal of creating an 
evaluation procedure, parametric simulations will be 
carried out, making it possible to define criteria and 
the classification of the impact of glare in urban 
environment, mainly in urban pedestrian layer. 
Finally, the procedure is an early design tool, to 
predict problematic glare, and to assess as part of 
development proposals at planning stage mitigation 
until the building performance. 
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already be observed at the present paper.  

 
REFERENCES  
1. Boyce,P.R. Human factors in lighting. Lighting research 
Center. 2 ed. NY: ed. Taylor and Francis. 2003. 
2. Correio 24horas. The Second Sun Has Arrived: Salvador's 
New Hospital "Blinds" and Annoys Neighbours. By Moyses 
Suzart. 10 oct 21  
3. Deng.L;Schiler.M; Noble.D; Kyle.K. Exterior Glare 
Simulation: Understanding Solar Convergence From 
Concave Facades using heat Maps. USC School of 
Architecture. L.A. USA. PLEA Los Angeles: Cities, buildings 
and people: For the regeneration of the 
environment.2016.8p. 
4. Procel. National Program for the Conservation of Electric 
Energy. According INMETRO Law n° 372/2010 and Law nº 
17 de Jan 16,2021. University of Santa Catarina. 
Florianópolis. April. 2013a 
5. Suk.J. Y; Schiler.M; Kensek.K Post-treatment analysis of 
glare correction of Walt Disney concert hall. American Solar 
Energy Society Conference. 2007 

6. Suk.J. Y; Schiler.M; Kensek.K Development of a new 
daylight glare analysis methodology using the absolute 
glare factor and the relative glare factor. Energy and 
Buildings. Elsevier. 2013. p.113-122. 
7. Suk.J. Y; Schiler.M; Kensek.K Reflective and specularity of 
building envelopes: how materiality in architecture affects 
human and visual comfort. Architecture and Science 
Review. 2017 
8. Zhu, J; Wolfram J; Rein, G. Computer simulation of 
sunlight concentration due to façade form: application to 
the 2013 Death Ray in Fenchurch Street, London. Journal of 
Building Performance Simulation,12:4. nov.2018. p.378-
387. 
9. Edwards, L; Torcellini, P. A literature Review of the 
effects of natural light on building occupants. NREL, 
Colorado. EUA. 2002. p.54. 
10. Laranja, A.C. Urban parameters and the availability of 
indoors Daylight. 2010. 242 p. Thesis PhD Architecture and 
Urbanism Faculty of Architecture and Urbanism, Federal 
University of RJ, 2010. 
11. Schiler.M; Valmont.E. Microclimatic Impact: Glare 
Around the Wall Disney Concert Hall. School of 
Architecture. University of Southern California. USC. Los 
Angeles. 2005.p.6. Available at 
<www.sbse.org/awards/docs/2005/1187.pdf> Accessed on 
July 21, 2017. 
12. Wienold, J.; Christoffersen, J. Towards a New Daylight 
Glare Rating, Lux Europa, Berlin. 2005. p157-161.  
13. Wienold,J; Christoffersen,J. Evaluation and 
development of a new glare prediction model for daylight 
environment with the use of CCD cameras. Energy and 
building. 38.2006.p.743-757 
14.Yang, X; Globe, L; Stephen, W. Simulation of Reflected 
Daylight from Building Envelopes. 13th IBPSA Conference 
France. Aug.2013. p.26-28 

862



 

 
The Final Score (FP) and the Probability Glare 

building Classification will result from summing up de 
Total Building Classification of stage 1 (Heatmaps) 
and Stage 2(DGP analysis), through the table 7. 
 
Table 7 - Score for the final classification of the likelihood of 
glare occurring in the building (Author, 2023). 

 
 
5. CONCLUSION 

In order to meet the proposal of creating an 
evaluation procedure, parametric simulations will be 
carried out, making it possible to define criteria and 
the classification of the impact of glare in urban 
environment, mainly in urban pedestrian layer. 
Finally, the procedure is an early design tool, to 
predict problematic glare, and to assess as part of 
development proposals at planning stage mitigation 
until the building performance. 
In Brazil there is no kind of Municipality building 
facades glare regulation, so, this is in keeping with the 
greater goal to have this procedure as part of best 
practice guideline city code. 

The study also contributes to the creation of a 
database with more than 300 compositions of glass 
and opaque materials for façade cladding, compiled 
from manufacturers and suppliers data sheets and 
informations. 

This evaluation procedure research paper is part 
of the ongoing PhD thesis. The first stage matrix 
evaluation has been development, while the second 
stage, DGP simulations, area under validation. 
However, the full procedure structure, methodology 
application and initial values of classification scale can 
already be observed at the present paper.  

 
REFERENCES  
1. Boyce,P.R. Human factors in lighting. Lighting research 
Center. 2 ed. NY: ed. Taylor and Francis. 2003. 
2. Correio 24horas. The Second Sun Has Arrived: Salvador's 
New Hospital "Blinds" and Annoys Neighbours. By Moyses 
Suzart. 10 oct 21  
3. Deng.L;Schiler.M; Noble.D; Kyle.K. Exterior Glare 
Simulation: Understanding Solar Convergence From 
Concave Facades using heat Maps. USC School of 
Architecture. L.A. USA. PLEA Los Angeles: Cities, buildings 
and people: For the regeneration of the 
environment.2016.8p. 
4. Procel. National Program for the Conservation of Electric 
Energy. According INMETRO Law n° 372/2010 and Law nº 
17 de Jan 16,2021. University of Santa Catarina. 
Florianópolis. April. 2013a 
5. Suk.J. Y; Schiler.M; Kensek.K Post-treatment analysis of 
glare correction of Walt Disney concert hall. American Solar 
Energy Society Conference. 2007 

6. Suk.J. Y; Schiler.M; Kensek.K Development of a new 
daylight glare analysis methodology using the absolute 
glare factor and the relative glare factor. Energy and 
Buildings. Elsevier. 2013. p.113-122. 
7. Suk.J. Y; Schiler.M; Kensek.K Reflective and specularity of 
building envelopes: how materiality in architecture affects 
human and visual comfort. Architecture and Science 
Review. 2017 
8. Zhu, J; Wolfram J; Rein, G. Computer simulation of 
sunlight concentration due to façade form: application to 
the 2013 Death Ray in Fenchurch Street, London. Journal of 
Building Performance Simulation,12:4. nov.2018. p.378-
387. 
9. Edwards, L; Torcellini, P. A literature Review of the 
effects of natural light on building occupants. NREL, 
Colorado. EUA. 2002. p.54. 
10. Laranja, A.C. Urban parameters and the availability of 
indoors Daylight. 2010. 242 p. Thesis PhD Architecture and 
Urbanism Faculty of Architecture and Urbanism, Federal 
University of RJ, 2010. 
11. Schiler.M; Valmont.E. Microclimatic Impact: Glare 
Around the Wall Disney Concert Hall. School of 
Architecture. University of Southern California. USC. Los 
Angeles. 2005.p.6. Available at 
<www.sbse.org/awards/docs/2005/1187.pdf> Accessed on 
July 21, 2017. 
12. Wienold, J.; Christoffersen, J. Towards a New Daylight 
Glare Rating, Lux Europa, Berlin. 2005. p157-161.  
13. Wienold,J; Christoffersen,J. Evaluation and 
development of a new glare prediction model for daylight 
environment with the use of CCD cameras. Energy and 
building. 38.2006.p.743-757 
14.Yang, X; Globe, L; Stephen, W. Simulation of Reflected 
Daylight from Building Envelopes. 13th IBPSA Conference 
France. Aug.2013. p.26-28 

PLEA 2024 WROCŁAW 
(Re)thinking Resi l ience  

Enhancing Urban Walkability in Extreme Heat 
Climate Adjusted Walkability Metrics 

ERIN HEIDELBERGER1 HONEYKSHA WAGHELA2 ERIC PIETRASZKIEWICZ 1 
CARLOS CEREZO DAVILA1 

1Kohn Pederson Fox, New York, USA 
2 Kohn Pederson Fox, London, UK  

ABSTRACT: In areas of the world that face extreme heat, and in increasingly more areas around the globe facing 
increased heat events under climate change, walkability is limited by climatic conditions. This paper summarizes 
existing literature on pedestrian behaviours in extreme heat and introduces a comprehensive design workflow 
aimed at mapping and enhancing urban walkability in extreme heat. Focused on improving pedestrian comfort 
and walkability, the workflow models the correlation between outdoor thermal conditions and pedestrian 
behaviour, adjusting walking speeds and total walk times based on perceived temperatures. The results of this 
workflow, climate adjusted walkability metrics, are demonstrated on a sample project in the Middle East. This 
case study emphasizes the critical role of designing for comfort and demonstrates the use of the workflow as a 
design tool.  
KEYWORDS: Walkability Metric, Microclimate Design, Pedestrian Outdoor Comfort, Extreme Heat 

1. INTRODUCTION
A vital role of urban design is to promote 

walkability and connectivity. The term ‘walkability’ 
can be defined as the level of friendliness that the 
built environment offers to pedestrians [1]. In the 
past, the focus to achieve walkability has been on 
properly distributing program and building pedestrian 
oriented infrastructure. However, in extreme climates 
this can fall short as microclimate intricacies are 
overlooked, rendering streets uncomfortable for 
pedestrians due to limited solar control and wind 
flow. July 2023 marked the hottest month in recorded 
global temperatures since 1880 [2], and with the 
trend of more cities globally experiencing extreme 
heat designing for pedestrian thermal comfort is 
becoming increasingly more important.  

This paper proposes a new simulation metric and 
representation method to assess and design for 
climate adjusted walkability metrics, crucial for site-
specific walkability and creating resilient urban 
designs in extreme climates and changing climate 
scenarios. Unlike conventional walksheds relying 
solely on travel distance, this approach modifies 
pedestrian behaviours based on perceived 
temperatures, accounting for willingness to walk, 
walking speed, and walking time in extreme heat. A 
case study then demonstrates how this metric was 
applied as a design tool on a sample master plan 
project in the Middle East, where extreme climates 
significantly challenge walkability. The case study 
looks at pedestrian comfort and walkability across the 
master plan and along a key pedestrian path.  

2. LITERATURE REVIEW
Although lot of literature is available regarding the 

methods and experiments for measuring how 
outdoor thermal conditions affect human comfort 
and walking patterns at a given time, limited work 
has focused on understanding the issue dynamically.  

A cross-national analysis involving 31 countries 
found that ambient temperature strongly influenced 
pedestrian walking speed [3]. Cooler cities 
consistently showed higher pedestrian speeds 
compared to warmer counterparts. Another study 
revealed a fourfold increase in perceived travel time 
when transitioning from a comfortable thermal 
environment to a stressful one [4]. Investigations into 
walkability in Dubai linked outdoor thermal comfort 
and tolerable walk time to dynamic thermal comfort. 
These studies showed decreased willingness to walk 
when outdoor temperatures exceeded 33°C [5]. 
Research also suggested that shade and appropriate 
wind could alleviate heat-related discomfort during 
pedestrian activities in arid desert climates [6]. 

Table 1: Pedestrian behaviour patterns under different 
degrees of heat stress 

No 
Thermal 

Stress 

Moderate 
Heat 

Stress 

Strong 
Heat 

Stress 

Very 
Strong 
Heat 

Stress 
Temp. (°C) <26° 26° - 32° 32° - 38° 38-46° 
Walk Time 

(mins) 
Up to 

20 Under 14 Under 8 Under 2 

Walk Speed 
(m/s) 1.4 1.2 1 0.8 
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2.1 Summary of Findings 
Table 1 summarizes the findings of pedestrian 

behaviour in high-temperature environments, 
defining walking time and speeds by temperature 
range and thermal perception. This summary 
provides a basis for understanding pedestrian 
patterns in extreme heat under uniform conditions, 
but do not account for the dynamic conditions a 
pedestrian would experience moving through the 
built environment. 
 
2.2 Impact of Design Interventions 

In addition to understanding how perceived 
conditions impact pedestrian behaviours, it is also 
important to understand what factors in an 
environment impact perceived temperature and what 
design intervention measures can be used to reduce 
thermal stress in hot climates. Pedestrian thermal 
stress is influenced by meteorological factors 
(including dry bulb temperature, solar radiation, 
relative humidity, and wind speed) and non-
meteorological factors (including metabolic rate and 
clothing thermal resistance) [7]. The importance of 
meteorological parameters' impact on thermal 
perceptions varies by location: air temperature 
dominates in shaded areas, solar radiation in 
continuous sunlight, and wind speed in wind-
amplified locations [8]. 

Research into improving thermal comfort in hot 
climates has identified several design interventions to 
improve pedestrian experience and therefore 
walkability. Shading, whether from trees or canopies, 
significantly mitigates pedestrian thermal stress 
during mid-day hours, especially when combined with 
vegetative ground cover. Overhead shading, coupled 
with grass, yields a modest reduction in thermal 
stress, creating a 'comfortable' thermal state 
throughout the day [9]. In fully vegetated courtyards, 
peak daytime temperatures are up to 2.5 °C lower, 
demonstrating the crucial role of shading in 
enhancing outdoor comfort and walkability in a hot, 
arid climate [10].  

Shading through urban design is another measure 
to optimize outdoor comfort in hot climates. 
Kariminia et al. [11] studied Isfahan, Iran, finding that 
increasing the height-to-width ratio from 0.1 to 0.3 in 
a historic square decreased the Physiological 
Equivalent Temperature (PET) by 1.6°C, reducing 
discomfort over 3 hours. In Ghardaia, Algeria, Ali-
Toudert and Mayer [12] studied the impact of street 
grid orientation on comfort, revealing better thermal 
performance in northeast–southwest and northwest–
southeast streets. A 12.5% sky view factor decrease 
can reduce UTCI by 1° [13].  

In hot and arid climates, air movement provides 
natural cooling, dissipating heat through enhanced 
evaporation and reducing perceived temperatures. 

This cooling effect is crucial for mitigating the impact 
of intense solar radiation, making outdoor 
environments more comfortable. Additionally, 
improved ventilation through air movement prevents 
heat pockets, ensuring a more pleasant experience in 
urban settings. Research indicates that a wind speed 
of 1 m/s to 1.5 m/s has the potential to reduce air 
temperature by up to 2 °C [14]. 

Water bodies are an additional strategy to 
improve thermal comfort in outdoor environments 
due to their ability to increase humidity and reduce 
air temperature in urban areas. Evapotranspiration 
from wet grass can reduce the ground surface 
temperature by 6-8°C below the average surface 
temperature of the bare soil [15].  

Barakat et al. [16] assessed 3 different 
microclimates in Alexandria, Egypt, a hot and dry 
climate. They found that thermal conditions can be 
improved by combining mitigation strategies, 
specifically reducing the pavement areas, and 
increasing greenery surfaces, water bodies, and the 
number of trees. It is documented that these changes 
reduce air temperature and average radiation 
temperature while increasing humidity and comfort.  
 
3. METHODOLOGY 

While the literature clearly establishes a link 
between perceived temperature and pedestrian 
behaviour, no design-applicable method is available 
to correlate the two as a function of modelled 
thermal conditions. This paper therefore proposes a 
potential function to be evaluated based on 
perceived temperatures.  

 
3.1 Perceived Temperature Modelling  

The Universal Thermal Comfort Index (UTCI) is 
one of the most comprehensive indices for 
calculating heat stress in outdoor spaces [17] taking 
into consideration the dry bulb temperature, relative 
humidity, solar radiation, wind speed, and personal 
factors including clothing thermal resistance and 
metabolic rates [7]. For this workflow, UTCI is 
simulated and mapped across the project area using  
Rhinoceros 3D (Rhino) and Grasshopper, including 
the Ladybug Tools plug-ins. The calculation follows 
the workflow developed by Kessling et. al. [18]. 

Meteorological data is sourced from the Abu 
Dhabi International Weather for Energy Calculation 
(IWEC) weather file, available from the Department 
of Energy EnergyPlus Weather Data database [19]. 
This meteorological data is representative of typical 
conditions in the area, based on historical data 
collection. Modified weather files based on future 
climate projections can also be used in the simulation 
to test the long-term walkability in a design against 
the impacts of climate change [20]. 
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3D geometry of the design and surrounding 
context, modelled in Rhino, is also included in the 
simulation. The output of the UTCI modelling is a 
mesh of perceived temperatures along the 
designated analysis plane for the chosen analysis 
period.  
 
3.2 Climate Adjusted Walkability Modelling  

A typical walkshed analysis, regardless of 
pedestrian comfort, defines all areas that a 
pedestrian can reach from a set origin point(s) in a 
determined amount of time, i.e. 5 minutes. This 
modeling requires the origin point(s) and a complete 
pedestrian network to be included in the Rhino 
model as inputs. Then, paths from the origin point to 
every unique location in the network are generated. 
The length of these paths is determined by the 
distance that can be traveled in the set amount of 
time, assuming a constant speed of 1.4 m/s in a 
climate-agnostic scenario. Using the example of 5 
minutes, this means the paths would be no longer 
than 420 meters. 

When generating these paths, all potential paths 
from the origin point along the pedestrian network 
are tested at a set interval, i.e. 5 meters, building up 
until the maximum path length is reached or the 
branch of the pedestrian network ends. Then all 
shorter, coincident paths that were generated in the 
process of identifying the longest unique path are 
removed, leaving only unique paths for the analysis. 
While this step of removing coincident paths is not 
critical in a climate-agnostic walkshed, it is important 
for the proposed function to reduce simulation time.  

In the climate adjusted walkshed, the walking 
speed and length of path are adjusted down from the 
ideal, climate-agnostic walkshed. The closest point 
from the UTCI mesh along all paths included in the 
ideal walkshed are pulled to get the perceived 
temperatures along the walking paths. Then, a sliding 
average of these values over the past 30 seconds is 
calculated to account for the impact of the 
pedestrian’s thermal history. This sliding average sets 
the walking speed based on the values in Table 1, and 
it is also used to test against the end condition.  

The sliding average of the perceived temperatures 
along the paths are compared against an end 
condition to determine when the walk is terminated. 
To account for the increased fatigue as people walk in 
high heat scenarios, as shown in the decreased 
walking times at higher levels of thermal stress 
established in the literature review, this cut off 
temperature decreases as the walk progresses. While 
in the beginning of the walk there is an initial 34° cut 
off temperature, to approximate pedestrians 

decreased likelihood to start a walk-in strong heat 
stress, it linearly decreases to 31° over the course of 
the first 2 minutes, where it stays for the duration of 
the walk. If the end condition is never met, the walk 
ends after the pre-determined amount of time for the 
walkshed. 

3.4 Results and Visualization  
Results are visualized over the key paths or across 

the entire design. The function can be used to test or 
highlight the effectiveness of microclimate design 
measures and design for true walkability, even in 
extreme heat. Select microclimate measures, with an 
impact on UTCI and therefore walkability, that can be 
assessed with this workflow include shading 
strategies including vegetation, wind flow, and water 
features. 

 
4. CASE STUDY 

This function is demonstrated through a case 
study project developed by the architecture office 
Kohn Pedersen Fox (KPF) in the Middle East. The 
project is a coastal master plan in Abu Dhabi, with 
housing, commercial, and cultural spaces. The project 
aims to establish a connected district activated by 
pedestrians throughout the day and night. The harsh 
climate of Abu Dhabi, with average daytime highs 
ranging between 26°-49° throughout the year, 
necessitates careful consideration of pedestrian 
thermal comfort to achieve these goals. The case 
study reflects a representative April day from 8 am to 
8 pm with up to 32° dry bulb and 40° perceived 
temperatures. The case study compares climate-
agnostic walkability modelling, a base case without 
added microclimate design measures, and a design 
case with carefully placed pedestrian canopies, 
increased air movement, and water features to 
reduce the perceived temperatures.  

 
4.1 Walkshed Application 

The function was used to compare 5-minute 
walksheds around the masterplan in the climate-
adjusted base case and design case. Figure 1 
showcases pedestrian connectivity around the 
development with walksheds originating at all bus 
rapid transit stops. The stops were positioned to 
match major programmatic hubs in the development, 
with the climate-agnostic walking distances in mind. 
The base case, shown in orange and accounting for 
the impact of perceived temperature and without 
specific microclimate measures, demonstrates that 
these stops are not connected and that pedestrians 
have limited mobility around the development. In the 
design case, shown in blue, the lower perceived 
temperatures have greater connectivity between the 
rapid transit stops. The total area covered in the 
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walksheds increases by 228% in the design case over 
the base case.   

 

 
Figure 1: Climate adjusted walksheds 
 

 
Figure 2: Key pedestrian path overlaid on UTCI map 

 
Figure 3: Perceived temperature along key pedestrian path 
 
4.2 Key Path Application 

In addition to looking at walkability metrics across 
a larger area of the masterplan, this workflow can 
also be used for a more detailed look at specific, key 
pedestrian paths through the design.  Figure 2 
highlights a pedestrian path from the residential 
neighbourhood through some cultural programming 
to the main retail hub, overlaid on the design case 
UTCI map. Figure 3 showcases the pedestrian 
experience over a 12 min, 1,000 m path in the 
masterplan. The grey line shows perceived 
temperatures across the path without specific 
microclimate measures in the base case. This walk 
ends after 86 m and lasts less than 1.5 minutes, 
indicated by the dot on the graph. The blue line 
shows the perceived temperatures in the design case, 
with added mitigation measures, which lasts the full 
12 mins, 1,000 m.  
 
5. DISCUSSION 

The proposed function aims to combine typical 
pedestrian behaviours under different perceived 
temperatures and apply them to walkability 
modelling to introduce new climate adjusted 
walkability metrics in extreme heat scenarios.  

 
5.1 Results 

For this case study, the walkability metrics were 
applied to the base case and design case after they 
were prepared and not throughout the design 
process. In an ideal case, they would be used 
throughout the process first when designing the 
urban geometry and then to identify where 
microclimate measures are needed and what 
measures will be most effective.  

The impacts of the urban geometry are obvious in 
both the walkshed and key path applications of this 
tool. In the walkshed application, the difference in 
urban shading can be observed by looking at Point A, 
which is in the least dense area of the master plan 
and has no walks started in the base case. The 
opposite can be seen in points C and E, which are in 
more dense areas of the design. These points have 
the least difference between the base case and 
design case since the built environment itself 
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opposite can be seen in points C and E, which are in 
more dense areas of the design. These points have 
the least difference between the base case and 
design case since the built environment itself 

 

provides solar protection and lowers the perceived 
temperature. Along the key path there is the biggest 
difference between the base case and design case in 
the first half of the walk where there is less context. 
As the path moves into the denser areas of the 
masterplan the perceived temperatures in the base 
case drop.  

Intervention measures can be tested both at an 
individual, key path application and at the full master 
plan scale in the walkshed application. Knowing 
where the base case fails, specific design intervention 
measures can be placed along the route to increase 
comfort and extend the walk. Along this key 
pedestrian path that meant adding more 
concentrated mitigation measures in the first half of 
the walk and using mitigation measures to 
supplement in the second half of the walk.  

 
5.2 Assumptions in Modelling 

Both the UTCI modelling and results as well as the 
function to correlate perceived temperature and 
pedestrian behaviours have assumptions baked in 
that can impact the results of the metric.  

The UTCI modelling has default assumptions 
about the meteorological and non-meteorological 
factors that make up the perceived temperature. This 
includes the temperature difference between the air 
temperature and surface temperature, the ground 
surface reflectivity, and a modifier to the wind speeds 
from the typical weather data based on surrounding 
context and analysis plane height, as well as the initial 
skin temperature and clothing thermal resistance of 
the hypothetical pedestrian. While all the values used 
are industry standard, they can vary by location and 
cultural practices that are not accounted for in the 
model.   

UTCI modelling also assumes a pedestrian that is 
static in space and not moving between different 
conditions, as is the case with a pedestrian moving 
throughout the proposed design. While this function 
adds in a 30 second sliding average to account for 
thermal history the modelling does not fully account 
for the previous experiences of the pedestrian and 
how moving between lower and higher degrees of 
heat stress can impact thermal comfort. 

In addition to these inputs, the UTCI results are 
also impacted by the date and timeframe chosen for 
the analysis. In this case study a date in mid-April was 
chosen based on local cultural practices. This period 
of the shoulder season typically has more common 
pedestrian activity during the day in Abu Dhabi. Later, 
in the heat of the summer, pedestrians are more 
common after sundown as temperatures drop. By 
choosing a different timeframe of the year or a 
different subsection of hours in the day, both the 
UTCI and pedestrian behaviours can vary widely.  

Similarly, the cut off temperatures used in the end 
conditions of the walk have been selected to match 
the time of the year and approximate pedestrian 
decision making.  In the absence of a full pedestrian 
behaviour study specific to the location of the case 
study, general assumptions were used from the 
literature review. Both the end conditions and 
walking speeds could be adjusted with more locally 
and culturally specific data to refine the analysis as 
such data is available.  
 
5.4 Future Work  

This initial proof of concept of a climate adjusted 
walkability metric and case study application are 
meant to introduce climatic considerations into 
walkability analyses. There are many areas where this 
work can and should be expanded. 

Future work includes converting the metric from a 
series of walksheds starting at discrete points to a 
heat map showing climate adjusted walkability from 
all points on a map, expanding the workflow to 
account for cold stress as well as heat stress, and 
adjusting the metric based on cultural behaviours of 
different communities around the world. 

To address some of the potential impact of the 
assumptions in the UTCI modelling and function, CFD 
wind flow data for the design can be substituted for 
the wind speed information included in the typical 
weather data. This will better account for 
surrounding conditions as well as differentiate areas 
across the proposed design. In place of just the UTCI 
mesh, with no thermal history, a dynamic thermal 
comfort model, like the one presented by Fiala et. al 
[21], can be used to better account for how thermal 
stress builds overtime and how that impacts thermal 
comfort. 

In addition to more local and culturally specific 
data, an additional layer of pedestrian decision 
making can enhance the function. For instance, the 
walkshed application is always assuming that a 
pedestrian will take the shortest path to a unique 
location, but this misses cases where a slightly longer, 
but more comfortable path is available to the 
pedestrian. 
 
6. CONCLUSION 

This key metric and representation method are 
essential to designing resilient, connected, and 
healthy urban spaces in extreme heat conditions. This 
method combines outdoor thermal comfort with 
walking speed and distance to create climate 
adjusted walksheds. These can be used: As a design 
tool when planning new urban areas or interventions 
to help determine the form of the built environment 
and positioning of canopies, awnings, and trees; As a 
tool to test how resilient urban area are to the 
increase in extreme heat events with changing 
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weather; To argue in favour of investing in pedestrian 
thermal comfort strategies; And, to promote design 
for walkability.  
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ABSTRACT: The present study aims to explore the potential of plastic bottles as construction material focusing on 
the structural systems of the construction. This research was motivated by the increasing concern for plastic waste 
and pollution, that threatens human health and ecosystems, and seeks a solution to this plastic waste problem by 
identifying the feasible construction methods utilizing plastic bottles. To achieve this research goal, a systematic 
review of literature and projects was conducted, and an educational activity was developed based on the review. 
In the educational activity, eleven teams of two students worked on a plastic bottle chair project utilizing various 
construction methods and complementary materials. The project outcome showed the good potential of plastic 
bottles as construction materials and the bottles may be used without infilling materials if a proper system for 
structural connection and support can be developed. The significance of this study is the effort to introduce plastic 
bottles and the supporting systems as general construction materials, and the methodology that reviews multiple 
cases rather than a single project. The contribution of this study is promoting circular material cycle and affordable 
construction utilizing this “low tech - high impact” process.   
KEYWORDS: Recycle, Plastic bottle, PET, Chair, Construction 

 
 
1. INTRODUCTION 

Increasing plastic waste and pollution have 
become a major concern recently, threatening human 
health and ecosystems. According to UNESCO, about 
80% of marine pollution is plastic waste (Figure 1), 
which affects around 17% of marine species [16]. 
Although the production of plastic in the last ten years 
outweighs the production in the previous century, 
which may triple the amount of plastic waste in oceans 
by 2040, only 10% of the current plastic waste is being 
recycled [15-16]. The negative impacts of plastic waste 
have been widely known, such as the contamination of 
the environment, air pollution from uncontrolled 
incineration, and food contamination for wildlife and 
human beings [18]. 

 

 
Figure 1: About 80% of marine pollution is plastic waste 
(source: Science Photo Library, CC BY-NC).  

 
Responding to these issues, Fischer and Kowalski 

(1998) stated that the material cycle loop should be 

closed by utilizing wastes as material resources [3]. 
Also, Braungart and McDonough (2022) mentioned 
that the zero-waste design with a circular approach 
should be part of green city planning [7]. One of the 
effective ways of participating in these zero-waste 
efforts in the building industry would be increasing 
recycled materials for construction, which may reduce 
the need for new materials and processing [11].  

This paper particularly focuses on plastic bottles, 
one of the most used items in the world, exploring 
their potential as construction materials through a 
literature review and educational activities under the 
following research question: how plastic bottles can be 
assembled while gaining the required structural 
capacity for construction? The effort to identify the 
prototypes and generalize the findings based on 
multiple projects rather than focusing on a single 
project as a one-time event may be the significance of 
this study, which would help further dissemination of 
the construction using plastic bottles.     

 
2. BACKGROUND 

As the problem of plastic waste and pollution has 
been exacerbated, researchers and educators have 
tried to find a solution by utilizing plastic bottles for 
design and building material studies. Lalzarliana, 
Lalngaihawmaa, and Sainia (2018) emphasized the 
growing concerns about the demolition wastes of 
concrete constructions and plastic wastes and 
proposed a combination of these two materials, 
plastic bottles filled with crushed concrete aggregates, 
as construction materials. By testing different mixing 
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ratios, they found that 5% was the optimal water 
content for compressive strength. 

Novákováa, Šepsb, and Achtena (2017) developed 
a recycled product, PET(b)rick, focusing on the 
stacking feature and blow-molding technology of the 
recycled plastic material. By testing the structural 
performance of the materials, they found that the 
proposed material has sufficient resistance to stress, 
pressure, heat, and freezing to be a fill-in material if an 
appropriate medium can be filled with an appropriate 
amount. They also claimed that exhibiting designs 
made of recycled materials, such as PET(b)rick, may 
have a social impact appealing to others to think 
further about plastic waste problems and actions they 
can do [11]. 

Mansour and Ali (2015) also conducted 
experiments focusing on the infill materials to 
investigate and compare the structural and thermal 
performance of plastic bottles filled with different 
materials. Their study results indicated that plastic 
bottle blocks have a good structural capacity for 
partition walls or bearing walls for one roof slab. The 
study also found that the thermal capacity of air-filled 
bottles was higher compared to dry or saturated sand-
filled bottles or conventional block construction, 
which shows the potential of plastic bottles as thermal 
insulation material [6]. 

Haque and Islam (2021) focused on the application 
of the plastic bottle brick that they developed in the 
Rohingya displacement camps in Bangladesh, which is 
the largest refugee camp in the world. The current 
shelters in the camps are not resistant enough to 
natural disasters in the region, thus, the refugees in 
the camps suffer from unstable and unhygienic living 
conditions. The authors developed a plastic brick 
system utilizing plastic bottle wastes to provide an 
affordable solution to this problem. In this system, the 
bottles were filled with sand and placed at the center 
of the cardboard-framed brick. The space between the 
bottle and frame was filled with hand-blended mortar, 
which helped gain the structural capacity to resist 
extreme weather conditions [5]. 

In addition to the aforementioned research, artistic 
installations and projects have been also performed by 
various designers and artists. For example, Archtech 
S.r.l. built Two-O-Four Chair in Trento, Italy [13]. This 
chair design emphasizes the transparency of the chair 
by using transparent plastic bottles and lighting. 
Similarly, Pawel Grunert exhibited the SIE43 Chair in 
Milan, Italy [17]. This project uses a metal frame to 
support plastic bottles and create the wave shape of 
the chair. Also, Varnai Gyula displayed an installation 
artwork, Giant Armchair, in Budapest, Hungary 
utilizing 2,500 plastic bottles stacked with packing 
tapes [9]. Different from other projects, the Human-
Computer Interaction Lab at the Hasso Plattner 

Institute in Potsdam, Germany, focused on the 
connector design of plastic-bottle truss structures [2]. 

While the reviewed research achieved the 
structural strength of plastic bottles for construction 
by studying the performance of infill materials and 
filling the bottles with the materials, the reviewed 
artworks used various connectors and framing 
systems for stability and strength. Although many 
similar studies and projects are found in the literature, 
most studies tend to focus on one project rather than 
comparing multiple projects and identifying 
prototypes. Also, not many studies on stacking and 
connecting systems for plastic bottles are available. 
The present study aims to fill this knowledge gap and 
identify stack and connection prototypes for 
construction with plastic bottles. 
 
3. METHODOLOGY 

The present study employed a qualitative case 
study approach that allows an empirical, holistic, and 
multifaceted investigation in a real-world setting 
[41014]. To perform the study, relevant literature and 
existing projects were first reviewed, then, a design-
build project for an architecture course was developed 
based on the review. The course was an elective for 4th 
and 5th year undergraduate students and graduate 
students about sustainability. In the proposed design-
build project, each group had two students to design 
and build a one-to-one scale chair made of recycled 
plastic bottles. Although students could choose the 
materials for stacking and connecting the bottles, only 
recycled or biodegradable material options were 
allowed. The project poster had to describe the 
material selection process, design concept, and 
construction process, such as sketches, diagrams, and 
photos of the testing and making processes. For 
example, a group presented a photo of an experiment 
to compare the structural capacity of different plastic 
bottles to explain their material selection processes 
(Figure 2). Another group presented their construction 
process and explained how a truss structure could 
become a support for the seat (Figure 3). 

The evaluation criteria of the project were Material 
selection, Structural stability, Efficiency, Comfort, and 
Creativity. In the Material selection criterion, the 
primary material should be plastic bottles or jars, while 
other recycled or biodegradable materials should be 
complementary for structural support. In the 
Structural stability criterion, the load-bearing capacity 
of the chair should be a minimum of 200 lb (91 kg). In 
the Efficiency criterion, the making process should be 
short and simple enough to easily assemble and 
disassemble the chair. In the Comfort criterion, the 
ergonomics of the chair were evaluated, such as the 
chair dimensions, including the height, compared to 
average human body sizes. In the Creativity criterion, 
creative and innovative design that experiments with 
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a unique and novel chair form and structure received 
additional points. 

 

 
Figure 2: Material selection process of a project – 
comparing the structural capacity of a water bottle and a 
sports drink bottle to explain the team’s material finding 
process (source: Gabe DeLiberty, Leah LeBlanc).  
 
 

 
Figure 3: Construction process of a project – utilizing truss 
structure for the support (source: Omid Elhami, Maryam 
Sinejani). 
 
After the evaluation of the projects, the structural 
materials and design approach of each team were 
analyzed and compared to categorize the information. 
This result was compared to the referenced projects 
and literature. Figure 4 summarizes the process of this 
study.    
 

 
Figure 4: Process of the present study. 

 
 

4. RESULTS AND DISCUSSIONS  
A total of eleven chairs were designed and built as 

an outcome of this project. Plastic bottles of different 
types and sizes were used for the project, such as 
water bottles and jars, other drink bottles, and milk 
jars. Some projects actively utilized the colors of the 
bottles to achieve the color scheme of the team’s 
design (Figure 5).  
 

 
Figure 5: Made of sports drink bottles, biodegradable tapes, 
and packaging boxes. The colors of the bottles were actively 
utilized to achieve the color scheme of the design (source: 
Gabe DeLiberty, Leah LeBlanc).  
 
For structural connections and supports, wrapping, 
framing, filling, and weaving were the primary 
methods. Employed materials for the project were as 
follows: boxes, edge protectors for packaging, twine, 
soil and gravel, plastic wraps, and plastic bags. Some 
projects added non-structural materials, including 
newspapers and plants, to improve the comfort and 
sitting experience for the users. Table 1 shows the 
various construction strategies of the chairs 
completed in this project. It should be noted that some 
materials minimally used in the project were not 
counted in this categorization. Also, the total number 
of teams in the table exceeds 11 due to the teams 
employing multiple methods and materials.  
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Table 1: Construction and material strategies of the plastic 
bottle chair projects. 
 

Projects Primary 
material 

Supporting 
material 

Construction 
methodology 

1 Milk jar Plastic wrap Wrapping 

2 
Water 

bottles and 
jars 

Twine Weaving 

3 Water 
bottles 

Edge 
protectors, 

screws 
Framing 

4 
Sports 
drink 

bottles 
Boxes, tapes Framing 

5 Water 
bottles 

Plastic bags, 
newspapers Weaving 

6 

Water 
bottles and 
large drink 

bottles 

Yarn, plastic 
wrap 

Weaving and 
wrapping 

7 Water 
bottles 

Plastic wrap, 
boxes, 

newspapers 

Wrapping 
and framing 

8 Water 
bottles 

Wood bars, 
tapes 

Wrapping 
and framing 

9 Water 
bottles 

Twine, plants, 
boxes, water, 

clothes 

Weaving, 
framing, 

filling 

10 

Water 
bottles and 
jars, large 

drink 
bottles 

Plastic wrap, 
boxes 

Wrapping 
and filling 

11 Water 
bottles Twine, boxes Weaving and 

wrapping 

 
The distribution of structural approach in this project 
was as follows: 

 Wrapping – 6 teams   
 Framing – 5 teams 
 Weaving – 5 teams 
 Filling – 2 teams 

 
The distribution of structural framing and connection 
materials in this project was as follows: 

 Boxes – 5 teams   
 Plastic wrap – 4 teams 
 Twine – 3 teams 
 Tapes – 2 teams 
 Edge protectors – 1 team 
 Plastic bags – 1 team 

 
Figures 6 - 8 show the example projects that employed 
wrapping, framing, and weaving methods respectively.  
 
 

 

 
Figure 6: Made of milk jars and used plastic wraps. Primary 
construction method is wrapping (source: Adeyinka 
Ariwajoye, Nicole Jacobo).  
 

 
Figure 7: Made of water bottles and used edge protectors. 
Primary construction method is framing with edge 
protectors and screws (source: Omid Elhami, Maryam 
Sinejani). 
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Figure 8: Made of twine, water bottles and jars. Primary 
construction method is weaving (source: Jiahui Li, Sanaz 
Salajegheh).   

The result of this study showed that plastic bottle 
chairs could gain the required structural strength 
without filling the bottle with additional materials 
other than air if a proper support or stacking system 
can be developed. This may be the reason that not 
many students chose to use filling compared to 
wrapping, framing, and weaving. The most preferred 
material for structural support was boxes due to the 
easy access to the material. Plastic wraps were also 
used by four teams claiming that those materials were 
recycled or biodegradable. Twines and tapes were 
purchased materials, but biodegradable products. Not 
many groups chose to use edge protectors for their 
structural materials, but many noted them as 
promising materials since they are often used for 
packaging. Plastic bags were all recycled and easy to 
access, however, the processing time for using the 
bags as connectors was longer than other methods. 

The most challenging part of the project was 
supporting the seat at an appropriate height. Except 
for specific design concepts that require a low height, 
a comfortable height, which is around 16 – 18” (400 – 
450mm), had to be provided for the seat. Students 
who did not use a framing system for the support had 
to find plastic bottles with the right size and structural 
strength, and a good assembly method that could 
achieve the required height and support the required 
structural load. Another challenge that the project 
teams faced was the controversy about the 
sustainability of the connection and support materials. 

Although plastic and metal products for structural 
connections, such as plastic wraps, plastic bags, and 
edge protectors, were recycled materials from other 
packages, they are not biodegradable, and their 
availability may be discontinuous. These issues can 
make the sustainability of structural materials 
questionable. Despite the challenges, the completed 
chair project showed the potential of plastic bottles as 
construction materials for indoor environments and 
identified various feasible construction approaches. 
 
5. CONCLUSION 

The present study was motivated by the increasing 
concern about plastic waste and pollution and tried to 
find a solution to this problem by exploring the 
potential of plastic bottles as a construction material. 
Questioning the structural connection and stability of 
the construction using plastic bottles, existing research 
and some design-build projects were reviewed. Based 
on the review, a plastic bottle chair project was 
developed in an elective course for upper-level 
undergraduate and graduate students in an 
architecture program. In this project, eleven teams of 
two students designed and built one-to-one scale 
chairs made of plastic bottles experimenting with 
various assembly methods. The project outcomes 
showed that providing a framing system to stack and 
support plastic bottles was the most preferred 
structural solution by the designers, and the boxes 
were the most popular material for the support. The 
small sample size would be the limitation of this study; 
thus, further studies are necessary to generalize these 
findings.  

The present study may contribute to minimizing 
plastic waste by reclaiming plastic bottles as 
construction material that may help create a circular 
material cycle loop. In addition to this environmental 
contribution, the present study may promote more 
affordable design using plastic bottles that do not 
require specialized knowledge to build, in other words, 
a low-tech, but bringing a high impact [12]. The case 
study and comparative analysis approach of this 
research investigating multiple projects may be helpful 
in generalizing the findings and identifying the 
prototypes of the construction with plastic bottles. 
Finally, introducing further studies on recycled 
materials in architectural education may contribute to 
the dissemination of recycled materials in the building 
industry. Inviting students, who are future 
professionals, to the ongoing discussions on plastic 
waste and pollution and how to collaborate with 
others to solve these issues, may lead to a broader 
impact of the study. Future research can be continued 
to further projects and courses for expanding the 
sample size. Also, the scale of the design-build projects 
can be enlarged to walls or pavilions to expand the 
structural challenges and discussions. 
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ABSTRACT: Urban microclimates play an important role in the comfort sensation of the urban residents for their 
productivity and well-being and impact energy consumption and sustainability. Various building and planning 
regulations in the case of plot distribution are responsible for creating a varying urban microclimate that affects 
the comfort parameters of the residents. The recent update of the DAP (Detailed Area Plan 2022-2035 for 
Dhaka) has introduced the block concept with the prevailing plot-based development policy. The variation of the 
building block and plot-based development policy will influence the urban microclimate and eventually control 
the environmental parameters affecting the comfort of the residents. This paper aims to measure the 
environmental impact of neighborhoods with block and plot developments to compare them to identify the 
development with better thermal performance for a residential neighborhood. The methodology includes a 
literature review, selection of sample sites, simulation and analysis, and comparison of the results. The lack of 
existing real cases of block development for a physical survey is considered the limitation of the study. The paper 
concludes with the block-based development having better thermal performance with the scope of further 
exploration of the block morphology to give guidelines for future residential neighborhoods. 
KEYWORDS: Sustainability, Energy Efficiency, Thermal Comfort, Simulation.  

1. INTRODUCTION
According to the ASHRAE standards, thermal 

comfort is a sensation or psychological state of mind 
to feel the impact of the surrounding environment 
[1]. The environmental factors of Air temperature, 
Radiant temperature, Airspeed, and Humidity affect 
the thermal feeling. Urban morphology is important 
in thermal sensation by affecting the urban 
microclimate [2]. 

The arrangement of the buildings in the urban 
area creates a unique microclimate and regulates 
thermal comfort. From the bioclimatic chart of Olgay, 
in a tropical area like Bangladesh, to ensure thermal 
comfort, it needs wind flow (to ensure evaporative 
cooling) and to minimize heat gain by solar radiation 
[3]. Considering the effectiveness of block 
development, a new proposal is made in the Detailed 
Area Plan 2022-2035 keeping the provision for plot 
unification and developing building blocks with the 
criteria of the unified plot following the Floor Area 
Ratio (FAR) and Maximum Ground Coverage (MGC) 
following the building regulations [4]. 

This paper aims to study the microclimate of the 
urban neighborhood with existing plot development 
and future block-based development to analyze the 
environmental parameters of outdoor temperature, 
wind flow, solar radiation, relative humidity, etc., and 
compare the aspects of thermal comfort based on the 
comfort parameters in the context of Dhaka City to 
suggest probable scope for a resilient neighborhood. 

2. METHODOLOGY
The research approach is a mixed method that 

includes experimental and simulation studies. The 
literature review and microclimatic study identify the 
parameters for the thermal comfort of Dhaka city. 
The literature review also helps to identify the 
research gap in the specific field in the context of 
Dhaka. The research concludes by analyzing and 
comparing the microclimatic simulations of the 
existing plot-based and future hypothetical block 
development in ENVI-MET (demo version 5.0.1) [5]. 

2.1 Literature Review 
Various studies have addressed the impact on 

urban geometry and morphology to identify the 
impact on human thermal comfort in Dhaka City. One 
study concludes that the small plot-based 
development hampers thermal comfort by reducing 
airflow and trapping more solar radiation. Shifting 
and going to blocks can increase airflow and keep 
space for urban communities [6]. Another study 
identifies the urban geometry of Dhaka city as the 
guiding element for outdoor thermal comfort in the 
summer PET range (Physiological Equivalent 
Temperature) [7]. Studies have also addressed the 
comparison of urban microclimate and comfort 
situations following different updates of building 
regulations of Dhaka City [8, 9]. 
The government of Bangladesh has proposed a block-
based development system rather than plot-based 
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development in the new Detailed Area Plan (DAP) to 
ensure sustainable development goals [4]. To ensure 
Dhaka city's future livability and sustainability, the 
DAP proposes to keep greater open space by allowing 
greater heights for the new buildings by merging the 
small plots for block-based design [10]. 
 
2.2 Dhaka City Comfort and Microclimate Study 

The exposure to uncomfortable outdoors makes 
the indoors uncomfortable [11, 12]. From the existing 
comfort studies of Dhaka city, the thermal comfort 
temperatures vary from (23.1-32.5)0C[12, 13]. 

 

 
Figure 1: Outdoor comfort zone, summer [13]. 

 
Figure 2: Outdoor comfort zone, summer [12]. 
 

The Average temperature of cooling months 
(March to October) is higher than 30 0C and the 
Maximum temperature of summer months is higher 
than 35 0C indicating a need for higher energy need 
for cooling to ensure comfort [14]. Feeling conditions 
in ladybug grasshopper from the three available EPW 
files (Shahjalal International Airport, Tejgaon AB, and 
Tejgaon MIL) of Dhaka City, in all three cases, above 
60%-time people feel hot considering hot, neutral, 
and cold that needs strategies to maintain neutral 
condition to ensure thermal comfort. 

 

 
Figure 3: Hot and neutral feelings Percentage (EPW analysis 
in Grasshopper) [15, 16]. 
 

Olgyay’s bioclimatic chart for thermal comfort 
shows that the comfort zone can be extended 
upwards to a higher temperature and downwards to 

a lower temperature using air movement and 
radiation respectively. But, from Figure 4, since the 
upper limit needs to be addressed to ensure comfort 
in Dhaka city, Air movement should be increased 
decreasing solar Radiation [3]. 

 

 
Figure 4: Bioclimatic Chart for tropical region [3]. 

 
2.3 Selecting the sample site 

The sample site is a small area of Purbachal, 
primarily developed based on Plot layout but has the 
flexibility to Block development according to the new 
gazette of DAP 2022-2035.  

In the plot-based development, the total area for 
13 plots in sqm is 7438, and considering the FAR rules 
from Imarot Nirman Bidhimala 2008 (Building 
construction rules, 2008), the total floor area is 
36,419.24 sqm with FAR 4.52 and the total ground 
coverage is 4276.35 sqm with MGC 57.5 and 
minimum stories for each building is 8-stories. 

 

 
Figure 5: From left to right, Selected site in Purbachal 
Masterplan, Plot-based Development, Scope for Block-
based Development. 
 

 
Figure 6: (a) Plot Layout, (b) Site for Block Layout, (c) 
Footprint with summation of plot development, (d) 
Footprint with height flexibility for the block. 
 

In the block-based development, the total area by 
merging 13 plots in sqm is 7438, and considering the 
FAR rules from Imarot Nirman Bidhimala 2008 and 
maintaining the density and keeping the total floor 
area to be 36,419.24 sqm.   
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merging 13 plots in sqm is 7438, and considering the 
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Considering the extendable height provision from 
DAP 2022, the ground coverage is kept at 2,276.2025 
sqm with 16 stories. The total floor area is kept the 
same, to accommodate the same number of people 
considering the density concern. The development is 
such that it has a scope for urban community space 
enhancing environmental quality where trees can be 
planted that can further reduce air temperature by 
evapotranspirational cooling. 

 
3. ANALYSIS AND COMPARISON  

For the analysis of environmental parameters in 
plot-based and block-based development, the cases 
are simulated in ENVI-MET (demo version 5.0.1) after 
setting up the same criteria for each case. Both the 
developments are modeled with ENVI-MET spaces 
with Dhaka for location considerations. The Block-
based model since it has a large open space has the 
provision for green incorporation, and so, 3d trees 
are added in this model. In the set-back area of all the 
buildings in each case, simple grass is added. No 
additional tree is added in the plot-based 
development due to the lack of available space [5]. 

 
Figure 7: Plot-based (left) and block-based (right) 
development models of an area of Purbachal, Dhaka in 
ENVI-MET [5]. 
 

The simulation file is prepared with simple forcing 
on the hot day of the summer equinox of 21 June 
2023. Considering the weather from the historical 
climatic database of Dhaka City based on the weather 
station, temperature, and humidity are set with 
maximum and minimum temperatures of 33 0C and 
28 0C with the time of maximum and minimum 
temperatures at 1600 o’clock and 0400 o’clock, and 
with maximum and minimum relative humidity of 
66% at 0400 o’clock and 91% at 1300 o’clock 
respectively with wind direction of 180 (direct south). 
The simulation is run for 48 hours starting at 0300 
o’clock having the first 24 hours for model 
stabilization and the rest to get the full-day profile of 
microclimatic analysis. The simulation results are 
analyzed, compared, and visualized in ENVI-MET 
Leonardo [5, 17]. For analysis, the hours considered 
are the hottest hours (after stabilizing the model) of 
1200 o’clock to 1700 o’clock on June 22, 2023. 

 
3.1 Analysis of Wind Speed 

The wind speed of both plot and block-based 
developments are analyzed in the hottest hour of the 

day (1600-1700 o’clock), in all the axes. The 
accumulated result of each hot hour starting from 
1200 o’clock to 1700 o’clock shows that the average 
wind speed at that time in plot-based development 
and block-based development are respectively 1.23 
and 1.37 m/s. This indicates that, in block-based 
development, due to better wind aperture and larger 
open space in front of the building, there is a better 
provision for wind flow that can be accessed in this 
case with no additional building barrier. The building 
height also gives better access to wind in the facades.  

  

 
Figure 8: The visualized data layers of wind speed in the XY-
axis on Leonardo, ENVI-MET [5]. 
 

 
Figure 9: The visualized data layers of wind speed 

(m/s) in the YZ-axis on Leonardo, ENVI-MET [5]. 
 
In plot-based development, all the buildings have 

similar heights having very less set-backs as open 
space. So the buildings act as a single building with a 
large area footprint and the wind flows above the 
buildings (Figure 9) allowing very little to no wind 
penetration inside the buildings except for the ones 
in the south. In this case, most of the buildings fall 
under the wind-shadow zone having no wind 
movement in the rest of the buildings. Whereas in 
block-based development due to having larger open 
space, wind can penetrate better inside the open 
space. 
 
3.2 Analysis of Solar Radiation 

According to the bioclimatic chart, in the context 
of Dhaka city having a warm-humid climate, the solar 
radiation needs to be reduced to minimize heat gain 
to ensure thermal comfort in the summer period. The 
simulation results from ENVI-MET Leonardo for 
direct, diffused, and reflective solar radiations in the 
plot-based model are higher than the block-based 
model, indicating an improvement in solar heat gain. 
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Figure 10: Visualization of Direct solar radiation in 
Leonardo, ENVI-MET [5]. 
 

Considering the additional open space in the 
block-based development that can be utilized in 
incorporating landscape features of vegetation or 
waterbody can help reduce the solar radiation gain in 
this case. The vegetation helps reduce solar gain by 
creating shadow and both trees and water can help in 
evaporative cooling. 

For the plot-based model, the three types of solar 
radiation values (direct, diffused, and reflected) are 
respectively, 229.17 W/m2, 205.54 W/m2, 116.64 
W/m2, and for the block-based, the reduced 
radiations are 203.17 W/m2, 197.37 W/m2, 107.82 
W/m2 respectively. The comparisons are visualized in 
Figure 10-12 and analyzed in Table 1, showing an 
individual and overall reduction in heat gain by solar 
radiation in the block-based development. 
 

 
Figure 11: Visualization of Diffused Solar Radiation in 
Leonardo, ENVI-MET [5]. 
 

 
Figure 12: Visualization of Reflected Solar Radiation in 
Leonardo, ENVI-MET [5]. 
 
3.3 Analysis of Relative Humidity 

Considering the hot and humid climate of Dhaka, 
the humidity remains higher in the hottest months 
creating additional discomfort [3]. A minimization of 
relative humidity will facilitate better evaporative 

cooling for thermal comfort. In the sample sites, the 
incorporation of the trees in the open space of the 
block model might have increased the humidity level 
to a very low percentage of 0.49% which is from 
56.22% to 56.71% that can be neutralized by the 
higher wind flow as seen from the data analysis of 
wind velocity comparison from 3.1. 

 

 
Figure 13: Visualization of Relative Humidity in Leonardo, 
ENVI-MET [5]. 
 
3.4 Analysis of Potential Air Temperature 

To ensure thermal comfort in the hot summer day 
of a tropical climate like Dhaka, the potential air 
temperature needs to be reduced as the maximum 
feeling condition is hot (Figure 3).  

Analyzing the results, the Potential Air 
Temperature (PAT) in plot-based development is 
34.24 0C and in block-based development, it could be 
reduced to 33.09 0C due to the incorporation of green 
and open space and also due to the reduction in 
footprint and roof surface area. The decrease in 
potential air temperature leads the overall 
environmental quality towards comfort range to 
ensure the thermal comfort of the residents. 

 

 
Figure 14: Visualization of Potential Air Temperature in 
Leonardo, ENVI-MET [5]. 
 
3.5 Analysis of Mean Radiant Temperature 
Analysis of the Mean Radiant Temperature (MRT) in 
the sample models shows that the block model has a 
lesser value for the MRT that is 54.97 0C which is 1.79 
0C lower than the plot-based model of 56.76 0C 
indicating betterment in environmental character for 
user comfort. 
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Figure 15: Visualization of Mean Radiant Temperature in 
Leonardo, ENVI-MET [5]. 
 
4. FINDINGS AND RESULT 

The analysis of environmental data for each 
model (plot and block-based) in Table 1 shows that 
the block model except for the Relative Humidity, 
performs better for criteria of thermal comfort. The 
humidity although higher in the block-based model, 
can be further channelled by wind flow with further 
research in block model variation as mentioned in 
section 6. 

 
Table 1: Environmental parameters for plot-based, block-
based situations and comparison of change. 
 

Environmental 
Parameters 

Plot-based 
development 

Block-based 
development 

Wind speed m/s 1.23 1.37 
Direct Solar 
Radiation 
(W/m2) 

229.17 203.17 

Diffused Solar 
Radiation 
(W/m2) 

205.54 197.37 

Reflected Solar 
Radiation 
(W/m2) 

116.64 107.82 

Relative 
Humidity % 56.22 56.71 

Potential Air 
Temperature 0C 34.24 33.09 

Mean Radiant 
Temperature 0C 56.76 54.97 

 
The simulation analysis conducted in ENVI-MET 

(demo version 5.0.1) shows that: 
 The wind speed is increased from 1.23 m/s 

to 1.37 m/s which is an overall increase of 
11.4% approximately. 

 The mean radiant temperature and potential 
air temperature have decreased in block 
development which positively affects the 
thermal comfort in the context of Dhaka [5]. 
The decreases are respectively 1.79 0C and 
1.15 0C. 

 The decrease in direct, diffused, and 
reflected solar radiations are respectively 26 
(W/m2), 8.17 (W/m2), and 8.82 (W/m2). So 
the overall decrease in heat gain by solar 
radiation is 42.99 (W/m2). 

 The increase in relative humidity is 0.29%, 
which can be minimized again by the existing 
increased wind flow in the block-based 
development. 

 
5. LIMITATIONS OF THE RESEARCH 

Due to the absence of existing real cases of plot-
based development (under construction) which has 
the option of block-based development, the physical 
survey of the case is yet to be carried out. 

 
6. FUTURE SCOPE OF THE RESEARCH 

The development of guidelines for future block-
based growth of Dhaka City is the main future 
possibility of the research.   

 
 Analysis of environmental parameters in 

different sites with variation in orientation 
and wind access and analyzing the sites with 
block-based developments can be a future 
research focus. 

 Using various aspects of the block layout like 
single buildings or multiple buildings, their 
orientation, façade treatment, solid void 
relationship, etc.  

 Analyzing different entry routes to the site to 
further explore the feasibility of various 
block layouts. 

 
7. CONCLUSION 

The paper gives insights into the probable positive 
change in the environmental parameters in the future 
Block-based development to lead towards thermal 
comfort. Various morphological changes in the 
building mass and layout can be attained with the 
block concept that can address environmental 
considerations. The block development not only has 
scope for additional community space but also 
facilitates better airflow and reduces potential and 
mean radiant temperature showing better thermal 
comfort. So the block development can be further 
studied and worked to explore the possibilities of 
block-based development to implement a block-
based layout for ensuring the future livability of 
Dhaka city based on thermal comfort. 

The paper concludes with recommendations for 
developing the block concept in not only the 
residential sector but also in other sectors of the city 
let alone the country to incorporate the 
environmental aspects to attain user comfort for the 
resilient living of the future. 
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ABSTRACT: This study explores the usability of pretrained & fine-tuned data-driven building energy models to 
enhance model transferability across buildings. Using this transfer learning approach, four models were pretrained 
on synthetic data and tested on real building data. Two models were applied directly to the test data, and two 
models were previously fine-tuned. Fine-tuning involved adjusting the pretrained models by using the initial 
parameters for further optimization. Utilised algorithms were Multiple Linear Regression (MLR) and Random 
Forest Regression (RFR). The synthetic data were generated by simulating 804 variants of physical building energy 
models, using EnergyPlus. The MLR model applied directly to the target data performed with a mean CV-RMSE of 
25.3 % and the RFR model with a mean CV-RMSE of 31.2 %, which decreased to 26.1 % after fine-tuning. Although 
these results show lower accuracy compared to models developed in similar studies, the models offer improved 
generalization and lower computational cost. The enhanced generalization potential enables these models to be 
versatile in various building types and scenarios. This is especially relevant for applications in data-scarce 
environments, where historical building data are inaccessible. Additionally, their lower computational cost enables 
more frequent usage in resource-limited settings, such as optimization. 
KEYWORDS: Building Energy Modelling, Building Energy Prediction, Data-Driven Model, Transfer Learning, Data 
Scarcity 

1. INTRODUCTION
Buildings accounted for 34 % of the global final 

energy consumption in 2022 and the energy demand 
in buildings is continuously trending upwards with a 1 
% growth rate over the last decade [1]. Directly and 
indirectly, this energy consumption is negatively 
impacting the environment. 33.5 % of global carbon 
dioxide emissions were related to building operations 
and construction in 2022 [1]. Reduced energy 
consumption enhances the environmental 
performance of a building. To analyse the situation of 
a particular building in this regard, Building Energy 
Modelling (BEM) and Building Performance Simulation 
(BPS) allow to simulate the energetic behaviour of a 
building [2]. BEM and BPS provide a means to 
approximate the influence of chosen parameters on a 
building's energy consumption. This allows for sound 
decision-making during the design phase, in building 
control, or planning retrofit measures. 

Building energy models are abstractions of reality, 
simplified descriptions of complex systems and 
processes regarding energy in buildings [2]. In the 
literature, building energy models are commonly 
classified as physical models (‘white box models’), 
hybrid models (‘grey box models’) or data-driven 
models (‘black box models’) [3]. Physical models use 
specific building characteristics and mathematical 
equations to model and simulate thermodynamic 
processes within the building and between building 
and environment. Data-driven models do not rely on 
specific building characteristics and thermodynamic 

equations, but on high-quality datasets and data 
mining algorithms [4]. Hybrid models are a 
combination of physical and data-driven models. 

During the last decade, the number of scientific 
publications on data-driven models has increased 
significantly [4]. With the expansion of sensor 
installations and advancement in building energy 
management, more and higher quality data become 
available. These high-quality datasets bring forward 
the advantages of the data-driven approach. In 
particular, well-trained data-driven models promise a 
reduction of performance gap and a significantly 
reduced simulation time. The term ‘performance gap’ 
refers to the difference between predicted energy 
performance and actual measured energy 
performance [5]. 

Two constraints limiting the application of data-
driven methods in building energy prediction are: (1) 
the need for large amounts of training data, and (2) 
customised, building-specific model development [6]. 
Usually, models are not simply transferable from one 
building to another. To overcome these challenges, 
transfer learning is a promising approach that aims to 
improve model performance on a target domain by 
transferring knowledge gained from a source domain. 
Transfer learning was applied, for example, by Fan et 
al. (2020), Ribeiro et al. (2018), and Gao et al. (2020) 
[6–8]. These studies used data from similar buildings 
to train a data-driven model and applied that model to 
their particular target building. Another way to 
address data scarcity offer hybrid models, specifically 
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using simulation results from a physical model as 
training data for a data-driven model. Oh et al. (2020) 
and Li et al. (2021) used this approach to train data-
driven models [9, 10]. These hybrid approaches use 
physical models of the corresponding target buildings 
as a source for the training dataset. They still rely on 
building information for the physical model, a 
commonly mentioned weak point of physical models 
[9, 11]. Furthermore, this method limits the trained 
data-driven model to a specific building with the risk 
of overfitting. Applying instead a pretrain & fine-tune 
strategy, leveraging knowledge derived from a diverse 
synthetic dataset, offers independence from target 
building data and improved model transferability. 

This study aims to investigate the usability of data-
driven building energy models pretrained with 
simulation results from variants of a physical model. 
Special attention is given to model transferability to 
overcome challenges of data scarcity and leverage 
advantages of big data. The models are trained with 
daily time-series data and tested on a dataset of a real 
building. The target quantity to be predicted by the 
building energy models is the building’s daily heating 
energy consumption in GJ. 
 
2. METHODOLOGY 

The approach applied in this study is divided into 
four parts: Generation of the synthetic data and 
preparation of the metering data of the real building, 
data preprocessing, training and fine-tuning, and 
evaluation of the machine learning models. The 
development of the data-driven models was 
conducted by means of the programming language 
Python [12] and the machine learning library scikit-
learn [13]. 

 
2.1 Source and target datasets 

To construct the source dataset used for 
pretraining, 804 variations of a physical building 
energy model were created. To generate the different 
variants, the parameters of the physical model were 
changed systematically. For each of the 804 models, 
an energy simulation was carried out using the 
building energy simulation program EnergyPlus 
version 22.2.0 [14]. The following parameters were 
considered before feature selection: Volume, floor 
area, external gross wall area, external net wall area, 
external window area, wall-to-window ratio, average 
temperature setpoint at peak heat demand. For all 
simulations, weather data from the International 
Weather for Energy Calculation (IWEC) for Munich, 
Germany (weather station identification: 108660) 
were used and provided through an EnergyPlus 
Weather (EPW) file. To obtain daily time-series data, 
the hourly data from the EPW file were used to 
calculate the daily average, minimal, and maximal 
values. Before feature selection, the following daily 
weather data aspects were considered: Average dry 

bulb temperature, minimal dry bulb temperature, 
maximal dry bulb temperature, precipitation, speed of 
wind, direction of wind, atmospheric pressure. Of this 
generated dataset, 80 % was used for training and 
hyperparameter tuning, and 20 % for testing. 
Considering the time-series nature of the data, the 
split was conducted without shuffling. 

Basis for the target dataset is a three-story 
educational and research building located on the 
Mechanical Engineering Campus of the Leibniz 
University Hannover in Germany. The room types are 
mainly offices, seminar, and class rooms, as well as 
laboratories. Building characteristics were derived 
from construction documentation. The considered 
features are the same as in the source dataset above. 
For the weather features, a dataset was created using 
weather data from the closest weather stations to the 
location of the building. That are the weather station 
Hannover-Herrenhausen (identification: D2011) and 
Hannover (identification: 10338). The data were 
received by means of the meteostat API. To account 
for seasonal relevance, the available building's heating 
energy consumption time-series data (27/11/2022 – 
26/11/2023) was trimmed to the actual heating 
period. Thus, data from 01/05/2023 to 15/10/2023 
were excluded, resulting in a sample size of 197. 

 
2.2 Data preprocessing 

The two datasets described above were 
preprocessed before being passed to the machine 
learning models. For all models, that data were 
processed the same way. To handle missing data in 
features and targets, the values were interpolated in a 
linear way. The features are divided into static features 
and time-series features. Static features remain the 
same during a simulation (e.g. volume), while time-
series features change their values (e.g. dry bulb 
temperature). For both algorithms, one-day time lags 
of the time-series features were created. The data 
were standardised by means of scikit-learns 
StandardScaler.  

Feature engineering was conducted to improve the 
quality of the trained models. Considering collinearity, 
linear relationships between the input features, is 
crucial when applying linear models [15]. The Variance 
Inflation Factor (VIF) of each feature was calculated 
and the number of input features was reduced until all 
considered features had a VIF below 10. The following 
six input features were used to train the models: Floor 
area, wall-to-window ratio, one-day time lag of 
average dry bulb temperature, of average wind 
direction, of average wind speed, and of daily heating 
energy consumption. 

 
2.3 The data-driven models 

Random Forest Regression (RFR) and Multiple 
Linear Regression (MLR) are two frequently used 
machine learning algorithms in building energy 
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using simulation results from a physical model as 
training data for a data-driven model. Oh et al. (2020) 
and Li et al. (2021) used this approach to train data-
driven models [9, 10]. These hybrid approaches use 
physical models of the corresponding target buildings 
as a source for the training dataset. They still rely on 
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commonly mentioned weak point of physical models 
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synthetic dataset, offers independence from target 
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Special attention is given to model transferability to 
overcome challenges of data scarcity and leverage 
advantages of big data. The models are trained with 
daily time-series data and tested on a dataset of a real 
building. The target quantity to be predicted by the 
building energy models is the building’s daily heating 
energy consumption in GJ. 
 
2. METHODOLOGY 

The approach applied in this study is divided into 
four parts: Generation of the synthetic data and 
preparation of the metering data of the real building, 
data preprocessing, training and fine-tuning, and 
evaluation of the machine learning models. The 
development of the data-driven models was 
conducted by means of the programming language 
Python [12] and the machine learning library scikit-
learn [13]. 

 
2.1 Source and target datasets 

To construct the source dataset used for 
pretraining, 804 variations of a physical building 
energy model were created. To generate the different 
variants, the parameters of the physical model were 
changed systematically. For each of the 804 models, 
an energy simulation was carried out using the 
building energy simulation program EnergyPlus 
version 22.2.0 [14]. The following parameters were 
considered before feature selection: Volume, floor 
area, external gross wall area, external net wall area, 
external window area, wall-to-window ratio, average 
temperature setpoint at peak heat demand. For all 
simulations, weather data from the International 
Weather for Energy Calculation (IWEC) for Munich, 
Germany (weather station identification: 108660) 
were used and provided through an EnergyPlus 
Weather (EPW) file. To obtain daily time-series data, 
the hourly data from the EPW file were used to 
calculate the daily average, minimal, and maximal 
values. Before feature selection, the following daily 
weather data aspects were considered: Average dry 

bulb temperature, minimal dry bulb temperature, 
maximal dry bulb temperature, precipitation, speed of 
wind, direction of wind, atmospheric pressure. Of this 
generated dataset, 80 % was used for training and 
hyperparameter tuning, and 20 % for testing. 
Considering the time-series nature of the data, the 
split was conducted without shuffling. 

Basis for the target dataset is a three-story 
educational and research building located on the 
Mechanical Engineering Campus of the Leibniz 
University Hannover in Germany. The room types are 
mainly offices, seminar, and class rooms, as well as 
laboratories. Building characteristics were derived 
from construction documentation. The considered 
features are the same as in the source dataset above. 
For the weather features, a dataset was created using 
weather data from the closest weather stations to the 
location of the building. That are the weather station 
Hannover-Herrenhausen (identification: D2011) and 
Hannover (identification: 10338). The data were 
received by means of the meteostat API. To account 
for seasonal relevance, the available building's heating 
energy consumption time-series data (27/11/2022 – 
26/11/2023) was trimmed to the actual heating 
period. Thus, data from 01/05/2023 to 15/10/2023 
were excluded, resulting in a sample size of 197. 

 
2.2 Data preprocessing 

The two datasets described above were 
preprocessed before being passed to the machine 
learning models. For all models, that data were 
processed the same way. To handle missing data in 
features and targets, the values were interpolated in a 
linear way. The features are divided into static features 
and time-series features. Static features remain the 
same during a simulation (e.g. volume), while time-
series features change their values (e.g. dry bulb 
temperature). For both algorithms, one-day time lags 
of the time-series features were created. The data 
were standardised by means of scikit-learns 
StandardScaler.  

Feature engineering was conducted to improve the 
quality of the trained models. Considering collinearity, 
linear relationships between the input features, is 
crucial when applying linear models [15]. The Variance 
Inflation Factor (VIF) of each feature was calculated 
and the number of input features was reduced until all 
considered features had a VIF below 10. The following 
six input features were used to train the models: Floor 
area, wall-to-window ratio, one-day time lag of 
average dry bulb temperature, of average wind 
direction, of average wind speed, and of daily heating 
energy consumption. 

 
2.3 The data-driven models 

Random Forest Regression (RFR) and Multiple 
Linear Regression (MLR) are two frequently used 
machine learning algorithms in building energy 

 

prediction [11]. For each algorithm, models were 
developed using two approaches: pretraining with 
fine-tuning, and direct transfer without fine-tuning. 
Furthermore, each algorithm was used to train a 
benchmark model directly on the target data. In total, 
six models were developed. 

In linear regression, the class of linear functions is 
the hypothesis space to find the best-fit model from 
[16]. The simplest case is univariate linear regression, 
where a straight line is fitted to the input data. To 
consider multiple input features, multivariable linear 
regression is applied. Scikit-learn's Lasso Regressor 
was applied, using the warm_start parameter for fine-
tuning. The penalty term was minimised by setting 
alpha = 10e-14. This way, the loss function closely 
resembles squared error. 

Random forest regression is categorized under 
ensemble learning [16]. It involves combining multiple 
decision trees to make predictions. These trees use 
nodes to classify instances. Starting at the root and 
ending at the leaves, each node tests an attribute and 
the leaf's output classifies the instance. If the output is 
a set of finite values, the learning problem is termed 
classification; if it is numerical, it is called regression. 
The trees' results are combined using a certain type of 
bagging (also called bootstrap aggregating). From the 
training set, k subsets are generated by randomly 
selecting n examples from the training set. For each of 
those k subsets, the attributes (input features) are 
randomly picked. This reduces the over-
representation of highly predictive attributes and 
decreases correlation among subset functions. For 
each subset, the machine learning algorithm chooses 
the accordingly best-fit function. To receive 
predictions, the results of these k functions are 
aggregated, with the output in regression being their 
average. 

For the RFR models, two hyperparameters of scikit-
learn's RandomForestRegressor were tuned: The 
considered number of features when looking for the 
best split (max_features = 0.7), and the maximum tree 
depth (max_depth = None). These hyperparameter 
settings were chosen based on 5-fold time-series 
cross-validation, using the synthetic (source) dataset. 
The parameter grid of max_features contained the 
following values: None, 'sqrt', 'log2', 0.7, 0.5, 0.3, 0.1. 
The grid of max_depth contained the values None, 5, 
10, 15, 20, 25, and 30. 

To fine-tune the linear model, parameters from a 
prior fit on the source dataset (pretraining) were used 
as the initialisation parameters for a subsequent fit 
(fine-tuning). In case of the RandomForestRegressor, 
200 additional trees were added to the 100 pretrained 
trees. 

 
2.4 Evaluation of the data-driven models 

To account for the limited amount of available 
target building data, 5-fold time-series cross-validation 

(growing-window forward-validation) was carried out 
on the target dataset. The training set was used to 
fine-tune the transfer learning models, and train the 
benchmark models. All models made predictions on 
the test set of each fold. The models were evaluated 
using Mean Absolute Error (MAE), Root Mean Squared 
Error (RMSE), Coefficient of Variation of the RMSE (CV-
RMSE), and Weighted Mean Absolute Percentage 
Error (WMAPE). From the 5 folds, the metric's mean 
values were calculated. Figure 1 shows the entire 
target building's heating energy consumption, 
together with a visualisation of the growing-window 
forward-validation. 

 
3. RESULTS 

An overview of the results is given in Table 1, which 
shows the mean values of the performance metrics 
derived from the time-series cross-validation. Figure 2 
provides the RMSEs on each of the 5 folds. 

 
3.1 Linear regression models 

The MLR Direct Transfer Model, outperformed the 
other models across all metrics, with an MAE of 1.43 
GJ, and a CV-RMSE of 25.27 %. Both the MLR 
Benchmark Model and the MLR Fine-Tuned Model 
showed identical performance, with an MAE of 1.61 
GJ, and a CV-RMSE of 26.3 %. The MLR Benchmark 
Model needed on average 180 iterations to converge 
in training, and the MLR Fine-Tuned Model needed on 
average 84 iterations to converge in the fine-tuning 
process. Figure 3 gives an example of MLR model 
performance on target data. 

 

Table 1: Evaluation metrics (mean values) 

Model MAE RMSE CV-
RMSE 

WMAPE 

MLR – Benchmark 1,61 2,09 26,30 % 19,89 % 

MLR – Direct 
Transfer 

1,43 1,90 25,27 % 18,60 % 

MLR – Fine-Tuned 1,61 2,09 26,30 % 19,89 % 

RFR  – Benchmark 1,64 2,12 27,44 % 20,79 % 

RFR – Direct Transfer 1,81 2,41 31,23 % 23,00 % 

RFR – Fine-Tuned 1,49 1,98 26,10 % 19,40 % 
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Figure 3: Visual evaluation of the MLR Fine-Tuned Model. 
The pretrained model was fine-tuned on heating period 1 

and tested on heating period 2 (starting from 16/10/2023). 

 
 
 
 
 
 

 

Figure 4: Visual evaluation of the RFR Fine-Tuned Model. 
The pretrained model was fine-tuned on heating period 1 

and tested on heating period 2 (starting from 16/10/2023). 

  

Figure 1: Daily heating energy consumption in GJ of the target building and the train-test splits of the 5 folds in the growing-
window forward-validation. Data between 01/05/2023 till 15/10/2023 were not considered. 

Figure 2: Root Mean Squared Error (RMSE) of the models calculated for each of the 5 cross-validation folds. 
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3.2 Random forest regression models 
The RFR Fine-Tuned Model outperformed the 

other RFR models, ranking second-best overall with an 
average MAE, and CV-RMSE of 1.49 GJ, and 26.1 %, 
respectively. The RFR Direct Transfer Model showed 
the highest errors of all models and, in contrast to the 
fine-tuned variant, could not outperform the RFR 
Benchmark Model. In Figure 4 predictions of the RFR 
Fine-Tuned Model are plotted. 

 
4. DISCUSSION 

The MLR Benchmark Model and the MLR Fine-
Tuned Model were both fitted on the train sets of each 
fold. However, the MLR Fine-Tuned Model was 
pretrained on synthetic data, which led to different 
initialisation values of the model parameters. Both 
models delivered equivalent performance metrics, 
with an average MAE of 1.61 GJ and an average CV-
RMSE of 26,3 %. This observation suggests that the 
optimization algorithm (coordinate descent) arrived at 
a similar optimum in both scenarios. However, the 
MLR Fine-Tuned Model achieved this with fewer 
iterations. This implies a more efficient optimization 
path, owing to a better initialisation provided by the 
pretraining. Directly applied to the test data, the 
pretrained MLR model’s performance exceeds the 
other models. This indicates good generalization of the 
pretrained MLR model. 

The Random Forest Regression (RFR) Direct 
Transfer Model performed the least effective among 
the models developed. This indicates poorer 
generalization derived from the pretraining than the 
pretrained MLR model could achieve. Thus, the 
pretrained RFR model may be overfitted to the training 
data. Furthermore, the feature selection 
methodology, based on the reduction of collinearity, 
works in favour of the MLR models. 

However, the Direct Transfer Models in general 
show good generalization, with an average CV-RMSE 
of 25.3 % (MLR), and 31.2 % (RFR). The fine-tuning of 
pretrained RFR model improved the model's 
performance substantially, reducing the mean CV-
RMSE to 26,1 %. This demonstrates the potential of 
the pretrain & fine-tune approach for this model type. 
On the other hand, for the MLR model, fine-tuning led 
to a slight reduction in performance, increasing the 
mean CV-RMSE of 25.3 % (direct transfer) to 26,3 % 
(fine-tuned). This ambiguity shows the complexity of 
deciding when to apply which method. In comparison 
to the MLR Benchmark Model, the MLR Fine-Tuned 
Model provides the advantage of higher efficiency, 
indicated by fewer iterations to convergence. 
Furthermore, as Figure 2 shows, both Benchmark 
Models perform worse than all other models on the 
first fold, which contained the fewest training samples. 
This illustrates the strength of pretrained models in 
data-scarce environments. 

Feature engineering boosted the performance of 
the MLR models, and testing more feature 
combinations might lead to further improvements. 
The application of regularization, e.g. through Ridge or 
Lasso regression is expected to further enhance model 
performance. To improve the performance of the RFR 
models, special attention should be given to possible 
overfitting to synthetic (source) data and better 
generalization. Generalization might be improved 
through further tuning of more hyperparameters. 
Also, a finer parameter grid for cross-validation with 
the already considered hyperparameters 
max_features and max_depth could improve the 
performance. Additionally, different feature selections 
for the RFR models might lead to better performance 
and generalization. 

It is insightful to compare the results with those of 
similar studies in the field. Oh et al. trained a data-
driven model with simulation results of a physical 
model of their particular test building [9]. The applied 
machine learning algorithm was a Long Short-Term 
Memory (LSTM) model, a form of a Recurrent Neural 
Network (RNN) model. From varying training and 
testing periods, four cases were created, yielding CV-
RMSE values between 17.9 % and 26.1 %. In this study, 
the CV-RMSE values are between 25,3 % (MLR Direct 
Transfer) and 31.2 % (RFR Direct Transfer), which 
indicates that a slightly lower accuracy was reached. 
This discrepancy in accuracy might be attributed to the 
building-specific approach adopted by Oh et al., as 
opposed to the broader, synthetic data-driven 
methodology used here. The generalization, 
transferability, and thus applicability to a variety of 
buildings is likely higher than in [9], since the models 
here were pretrained on synthetic data derived from 
804 different physical building energy models. 
Another benefit of the here presented approach is the 
lower complexity and thus lower run-time of MLR and 
RFR models compared to LSTM models. 

Despite the apparent disparity in accuracy, the 
approach adopted in this study is notable for its 
broader applicability and reduced computational 
demands. This is particularly pertinent in scenarios 
where specific building data are not readily available 
and when computational costs are a critical factor. 
Example use cases would be early design stage 
buildings energy prediction, optimization scenarios 
with a variety of conducted simulations or prediction 
of heating energy consumption in existing buildings 
with no detailed historical data available. 

Even though the models show solid performance 
metrics models could likely be further refined, 
particularly with respect to accuracy and 
generalization from synthetic to real-world data. A 
crucial role plays the synthetic training data and its 
ability to accurately reflect real building environments. 
Thus, a promising direction of future research is 
further investigation of the generation of diverse and 
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representative synthetic data. Furthermore, using a 
mix of synthetic and real building data of a plurality of 
buildings as training data will diversify the training 
dataset and will likely support the model 
generalization. To exploit further the idea of transfer 
learning, different approaches, such as domain 
adaption might be explored. Regarding the pretrain & 
fine-tune approach of this study, additional 
hyperparameter tuning on the target dataset could 
further improve the performance. This could be 
carried out, e.g., by applying nested cross-validation. 
Testing the models on longer time periods of real 
building data will improve the validity of the 
performance metrics. Applying different machine 
learning algorithms to the here introduced approach 
of transfer learning might lead to interesting insights. 
 
5. CONCLUSION 

This study presents investigations on the usability 
of data-driven building energy models pretrained 
using synthetic data and fine-tuned to predict energy 
demand of a target building. The synthetic data were 
generated through 804 variants of physical building 
energy models, simulated with EnergyPlus. These 
physical models were not specifically adapted to the 
target building. The machine learning methods linear 
regression and random forest regression were applied 
and the corresponding models tested on real building 
heating energy consumption data. An evaluation of 
the models performances showed their potential in 
real-world scenarios, with CV-RMSEs ranging from 
25.3 % to 31.2 %. 

Compared to results from studies such as that by 
Oh et al. [9], which utilised LSTM models, achieving CV-
RMSE values between 17.9 % and 26.1 %, the current 
approach exhibits a slightly greater error margin. 
Nonetheless, the here introduced methodology is 
expected to offer benefits in generalization, 
transferability, and lower computational complexity, 
especially when compared to more complex models 
such as LSTMs. Combining synthetic data with transfer 
learning appears as an efficient alternative for 
assessing building energy consumption in scenarios 
characterised by data scarcity. It works with lower 
computational costs than physical building energy 
models and improved generalization compared to 
conventional data-driven models. This reduces the 
need for specific historical energy consumption data 
from a building. Promising paths of future research are 
the exploration of more diverse synthetic training 
data, application of a wider range of data-driven 
models, using more diverse test data, and the 
application of a pretrained model in a real use-case 
scenario. Overall, the combination of transfer learning 
and synthetic data to predict building energy 
consumption emerges as a promising strategy to 
handle data scarcity and enhance model 
transferability. 
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representative synthetic data. Furthermore, using a 
mix of synthetic and real building data of a plurality of 
buildings as training data will diversify the training 
dataset and will likely support the model 
generalization. To exploit further the idea of transfer 
learning, different approaches, such as domain 
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and the corresponding models tested on real building 
heating energy consumption data. An evaluation of 
the models performances showed their potential in 
real-world scenarios, with CV-RMSEs ranging from 
25.3 % to 31.2 %. 

Compared to results from studies such as that by 
Oh et al. [9], which utilised LSTM models, achieving CV-
RMSE values between 17.9 % and 26.1 %, the current 
approach exhibits a slightly greater error margin. 
Nonetheless, the here introduced methodology is 
expected to offer benefits in generalization, 
transferability, and lower computational complexity, 
especially when compared to more complex models 
such as LSTMs. Combining synthetic data with transfer 
learning appears as an efficient alternative for 
assessing building energy consumption in scenarios 
characterised by data scarcity. It works with lower 
computational costs than physical building energy 
models and improved generalization compared to 
conventional data-driven models. This reduces the 
need for specific historical energy consumption data 
from a building. Promising paths of future research are 
the exploration of more diverse synthetic training 
data, application of a wider range of data-driven 
models, using more diverse test data, and the 
application of a pretrained model in a real use-case 
scenario. Overall, the combination of transfer learning 
and synthetic data to predict building energy 
consumption emerges as a promising strategy to 
handle data scarcity and enhance model 
transferability. 
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Moreover, the scatterplot distinctly reveals the 
existence of predetermined values, evident along both 
the horizontal and vertical axes. 

–

values don’t necessarily 
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Rethinking Jute as a Biomaterial for Tensile Architecture in a 
Hot-humid Climate 
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ABSTRACT: This paper explores the opportunity to use the jute fabric as biomaterial for tensile membrane 
architecture in hot-humid climate of Bangladesh. Jute is very beneficial to the environment. Jute has a high tensile 
strength, is harmless, and biodegradable. Using products based on jute is environmentally friendly, sustainable, 
and lowers carbon emissions. Since ancient times, jute has been used to make twine, ropes, and bags; Bangladesh 
is the natural home of the best jute. The world’s top exporter of jute is Bangladesh. Jute is used to make a wide 
range of items. Engineered textiles, such as Jute Geo Textiles (JGT) derived from Jute, find use in filtration, 
riverbank erosion management, and road building. In this study Jute yarn is weaved with different pattern and 
quantity of polyester and cotton yarn to achieve optimum tensile strength and then coated with PVC to make it 
durable and increase its strength. The Jute fabric yarn was collected from Bangladesh Jute Research Institute 
(BJRI), weaved with Polyester and Cotton in Bangladesh University of Textiles (BUTEX) lab and tested in Bangladesh 
University of Engineering & Technology (BUET) lab facilities. A simulation software ixcube Forten was used for 
simulation. It is found that 2Jute-1Polyester fabric has optimum has optimum tensile strength to be used as Tensile 
Membrane. 
KEYWORDS: Jute, Jute fabric, Tensile membrane structures, Lightweight structures, Environment friendly material 

1. INTRODUCTION
Jute is an excellent example of eco-friendliness and 

sustainability. Jute is biodegradable and compostable. 
The carbon footprint of Jute is very low. Jute grows 
quick. Bangladesh is the natural home of the best 
quality Jute in the world. Jute is positioned second 
after Cotton in terms of production, consumption, and 
availability worldwide [1]. One study shows that 
chemical treatment of jute fabric increases its 
longevity [2]. Jute geo textiles are used for soil erosion 
protection [3]. Specially treated Jute geo textile has 
higher durability [4]. Therefore, Jute has the 
opportunity to be used as a technical textile in the field 
of Tensile Architecture, but its strength upgradation 
through fiber mixing and coating are necessary for 
better sustainability and longevity. 

Tensile Architecture is a lightweight structure 
system with a membrane or fabric held in tension. It 
can be a permanent, semi-permanent or temporary 
structure. Tensile architecture is evolved from the 
concept of Nomadic Tent, which was used for 
centuries by Arab Bedouins, Mongols. “The Shamiana” 
tents are introduced in the Indian subcontinent by the 
Mughals [5]. Tensile Architecture has many uses, from 
large span structures like airports and stadiums to 
small structures like shade shelters. The construction 
fabric market is currently worth 1.47 billion USD and is 
expected to grow to 2.26 billion USD by 2023 [6].  

The global drive for bio-based and sustainable 
developments guided by Kyoto protocols on 

greenhouse gas reduction and CO2 neutral production 
provides a higher perspective on the natural fiber 
market [7]. As there are fewer alternatives to synthetic 
fabric, jute fabric can be a good material for Tensile 
Architecture in hot-humid Bangladesh due to its 
strength, eco-friendliness, availability, and 
affordability. But jute fabric needs to improve its 
strength and environmental performance for its 
durability. The combination of Jute fabric, polyester 
and cotton with coating has been studied for better 
understanding their performances under tension load. 

2. OBJECTIVE
This paper investigates the potential use of Jute 

fabric to be used as an alternative biomaterial in 
Tensile Architecture in hot-humid climate of 
Bangladesh. It will enhance the applicability of the Jute 
fabric and lead the way to a sustainable and green 
future uses as a membrane material. 

3. METHODOLOGY
This study is mainly focused on constructing a jute 

fabric made of through the combination of jute, 
cotton, and polyester yarn. Based on the literature 
survey, a target fabric weight is set for construction. 
Jute reinforced membrane samples were made by 
combining different amounts of jute, cotton, and 
polyester yarn. These Test samples are the applied 
surface coating to increase fabric cohesion and 
bonding. The lab tests are done at BUET and BJRI 

893



 

where following tests are performed the strength of 
the samples for weight, elongation, and tensile 
strength for comparative study. 
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Jute in the world and it is one the major exporter of 
raw Jute in the world [8]. Jute is now being used in 
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radiation protection for firefighters and metal welders. 

Jute fabric and polymer-based Natural Fiber 
Composite (NFC) corrugated sheet termed as ‘Jutin’ 
has been invented by Bangladesh Atomic Energy 
Commission (BAEC) led by Dr. Mubarak Ahmad Khan 
in 2010. Jute based packaging bag “Sonali bag” has 
recently been developed by Dr. Mubarak Ahmad Khan 
and his team in 2018 [9], which is comparable to the 
common polybag, but it is biodegradable and friendly 
to the environment. The Jute-cotton or other synthetic 
fiber blended yarn is well studied. Sulphonated Jute-
Cotton blended yarn and fabric have almost equivalent 
properties of 100% Cotton fabric [10]. Jute-Polyester 
blend is studied by [11] and Jute-Acrylic blend is 
studied by [12]. 

Synthetic fabric or technical textiles are used in 
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in Tensile Architecture are such as PVC (Polyvinyl 
chloride) coated PES (Polyester) or PVDF 
(polyvinylidene bifluoride) coated PES material, etc. 
[13]. Unfortunately, these materials are not 
biodegradable and can increase environmental 
pollution [14]. So, there is a potential need for natural 
fabric in this field and jute fabric can fill that role. 
 
3.2 Jute and its properties 

There are two Jute types of trade: white 
(Chorchorus capsularis) and Tossa (Chorchorus 
olitorius). Tossa Jute is softer, silkier, and stronger than 
white Jute. It is also known as Paat in Bangladesh. Jute 
fiber is collected from the best or skin of the Jute plant. 
That’s why Jute fiber falls into the bast fiber category. 
Jute plant grows in hot humid rainy alluvial lands. Jute 
plant is photo reactive; it harvests within 120 days. It 
grows up to six to ten feet high. Matured Jute plants 
are cut, tied in a bundle, and put into slow flowing 
water for several weeks for fermentation. Jute fibers 
are pulled off from the bark, washed carefully and 
dried in the sun. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 1: Preparation of Jute fibre from jute bark 
 

Jute is a cellulose-based material. It is stiff and 
yellowish because of hemicellulose and lignin. Each 
Jute fiber is composed of smaller units known as fibrils. 
They are arranged in right-handed spirals and make 
closely held molecular chains which known as micells.  

The chemical composition of jute is as follows— 
Alpha Cellulose                       58-63% 
 Hemicellulose                       21-24% 
Lignin                       12-14% 
Pectin                       0.2-0.5%  
Fat & Wax                      0.8-1.5% 
Mineral Materials                    0.6-1.1% [14] 

 
5. TENSILE MEMBRANE  
Tensile membrane structures use lightweight fabric or 
membrane that is loaded only in tension and 
supported by a primary structure. Tensile membrane 
structures are lightweight, flexible and more stable 
than conventional structures. The membrane material 
used in Tensile Architecture are regarded as 
construction fabric or technical textiles. Based on 
material strength five different types of fabric are 
proposed by Messe Frankfurt [15], where type I fabric 
has tensile strength of 60kN/m in warp and weft. And 
type II fabric has tensile strength of 88kN/m. Most 
commonly used materials are PVC coated Polyester 
fabric. The PVC compound is added to the fabric 
directly via floating knife method where a fabric is 
stretched flat and PVC compound is then even spread 
over fabric via a knife [16]. 
 

(Shahnewaz Karim, Auyon , 2011) 
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Figure 2: Coated Tensile Membrane layers 
 

 
Figure 3: Plain weave composition of a tensile membrane 
fabric 
 

 
Figure 4: Yarn overlapping in a plain weave  
 
5.1 Fabric Composition  
The proposed Jute membrane aims to achieve Type I 
membrane as proposed by the Messe Frankfurt. 
 
Proposed Tensile Membrane Fabric Construction 01 
 Jute yarn (2 ply) as warp, Yarn Count = 13 lb/spydle 
(Ne 1.32 Nec) Available at BJRI 
Polyester filament as weft = 600 denier (66.66 tex = 
8.85 Nec) 
Warp/inch= 30, Weft/inch=40 
Warp (Jute) weigh in gm/m2 = 
(30×39.37×1.0936×453.6)/(840×1.32) =528.40 gm 
Weft (Polyester) weigh in gm/m2 = 
(40×39.37×1.0936×453.6)/(840×8.85) =105.08 gm 
Total Fabric weight (calculated) = (528.40+105.08) = 
633.48 gm/m2 
 
 

5.2 Sample Preparation 
For testing purposes, seven the samples of various 
composition have been developed in BUTEX CCI Lab 
using 13lb/spindle Jute yarn, 600denier Polyester 
yarn, and Ne 3 Cotton yarn. Sample description given 
below in the following table. 
 
Table 1: Jute/Polyester/Cotton weaved samples 
 

Sl. 
No. 

Sample ID EPI/PPI Coating 

1. 1 Jute-1Cotton 15/15 
 

Uncoated 
sample 

 
Coated 
sample 

2. 1 Jute-1Cotton in 
Warp, 

1 Jute-1Polyester in 
Weft 

15/15 Uncoated 
sample 

 
Coated 
sample 

3. 1 Jute-1Polyester 15/15 Uncoated 
sample 

 
Coated 
sample 

4. 1 Jute-2Polyester 15/15 Uncoated 
sample 

 
Coated 
sample 

5. 1 Jute-3Polyester 15/15 Uncoated 
sample 

 
6. 2 Jute-1Polyester 15/15 Uncoated 

sample 
 

Coated 
sample 

7. 3 Jute-1Polyester 15/15 Uncoated 
sample 

 
Coated 
sample 

8. 1/1 Jute Fabric 15/15 Uncoated 
sample 

 
Coated 
sample 

9. 1/1 Polyester 15/15 Uncoated 
sample 

 
Coated 
sample 

 
 
5.3 Sample testing 
Sample weight, tensile strength, thickness, and 
elongation are tested in Geotech Lab of Dept. of Civil 
Engineering, Bangladesh University of Engineering & 
Technology. Strip tensile strength was done according 
to ASTM D4595. Coated fabric was done in old Dhaka 
coating factory through direct application method.  
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Figure 5: Uncoated Jute-Polyester fabric samples 

Figure 6: Sample preparation for testing. 

 
Figure 7: Coated Jute-Polyester fabric on left and coated jute 
fabric on right. 

Figure 8: Strip tensile strength testing at Geotech lab, BUET. 
 
 

6. TEST RESULTS & DISCUSSION 
From the strength test we can see that uncoated 

jute-jute fabric has the highest strength due to its 
thicker jute yarn which breaks under heavy load early 
due to its less strain, compared to the polyester yarn 
(table 02). However, 1/1 Polyester, 3jute-1Poly, 2Jute-
1Poly fabric exhibited similar tensile strength due to 
their similar fabric weight. 
 
Table 2: Uncoated fabric strip tensile strength 

 
 
Table 3: Coated fabric strip tensile strength 

 
 
PVC surface coating helps in tensile strength 
increment. As we can see that there is significant 
increase of tensile strength in longitudinal or 
warp direction. However, in case of Jute-
Polyester samples, the tensile strength of 2Jute-
1Polyester has increased the most (table 02), it is 
around 36% increase from 1510 kg/m to 
2055kg/m. the strength of jute-jute coated fabric 
has slightly increased from 2193kg/m to 
2213.33kg/m though it is the highest strength 
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among other samples. Which indicate that PVC 
coating has less impact on jute yarns strength, 
compared to the polyester yarn. However, the 
highest tensile strength is gained by 1/1 coated 
Polyester sample which is around 73% (table 4). 
The coated Jute-Cotton combination fabrics have 
less tensile strength gain than other samples. 
 
Table 4: Coated fabric weight 

 
 
Table 4: Sample fabric Thichkness 

 
 

The PVC coating has added extra weight to fabric 
samples. Jute-jute coated fabric is the heaviest of all, 
followed by jute-cotton fabric and other samples. If we 
adjust the gsm of Jute-jute fabric to match with jute-
polyester fabrics which is around 1373gsm then we 
find that jute-jute fabric strength is lower than 2jute-
1poly coated fabric. 
 
9. SURFACE STRESS SIMULATION 

 
Figure 9: sI stress simulation of 2Jute-1polyester fabric using 
ixcube forten software. 
 
 

 
Figure 10: sI stress simulation of 2Jute-1polyester fabric using 
ixcube forten software. 
The membrane surface stress simulation was done via 
ixcube forten tensile membrane software to observe 
the surface stress of 2Jute-1polyester fabric. It is found 
that sI stress is about 22.067 kN/m (figure 09) and sII 
stress is 14.944kN/m (figure 10) which is ok to 
withstand seasonal storms in Dhaka [17]. 
 
8. CONCLUSION  

Coating enhances the tensile strength of jute 
fabric, particularly in Jute-Polyester composite fabric.  
2Jute-1polyester fabric has better tensile strength 
among the samples studied. So coated 2Jute-polyester 
weaved fabric can be used as tensile membrane in 
small to medium sized projects. As climate of 
Bangladesh is hot humid coated jute-polyester fabric 
will improve its longevity and sustainability. So jute 
weaved with polyester with coating can be a 
biomaterial for tensile membrane projects in hot 
humid climate like Bangladesh. This research has 
paved the way for future development of jute based 
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biomaterial for lightweight, cost effective tensile 
architecture. 
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ABSTRACT: This research aims to compare the greenhouse gas (GHG) emissions of new neighbourhood projects 
near the Rhône River in France and Switzerland. The study considers the influence of the river on energy demand 
and resilience to climate change of 12 project-based visions across four locations, based on three design scenarios 
developed for each site in architectural workshops at the Ecole polytechnique fédérale de Lausanne (EPFL). 
Artificial weather files account for the river's effect, facilitating a comparison between scenarios with and without 
the river’s influence. Methodologically, 3D digital models are used to calculate environmental impacts, integrating 
data from the Swiss material database and following the SIA 2032 Swiss standard. Findings suggest the Rhône 
River significantly affects building energy demand, showing a 3-6% fluctuation in demand, depending on water 
presence or not and 1-2% fluctuation for the global environmental impact. The study underlines the importance 
of considering climate conditions and water presence in urban planning and building regulations. 
KEYWORDS: Environmental impact, low carbon neighbourhood design, multi-criteria assessment, project-based 
visions 

1. INTRODUCTION
The objective of this research is to compare the 

environmental impact – greenhouse gas (GHG) 
emissions – of new neighbourhood projects located on 
four study sites in France and Switzerland near the 
Rhône River. For each site, three neighbourhood 
design scenarios (project-based visions) were 
elaborated during specific architectural workshops at 
EPFL [1]. 

The study offers a comparison of the 
environmental impact of the different urban 
typologies. By analysing the energy demand for 
building operation, we are able to explore the level of 
resilience of different urban typologies in relation to 
climate change and whether the presence of the river 
helps or worsens the situation. 

The influence of the river has been taken into 
account by generating artificial climate files where the 
presence of water (Rhône River) and the effect of the 
buildings (urban form) are taken into account using 
open-source tools that are based on low 
computational cost methods (as opposed to full high-
resolution computational fluid dynamics (CFD) 
simulations). 

In order to be able to assess the influence of the 
river, two types of files have been obtained - for each 
site and urban design - one without the effect of the 
river and the urban form and the other with these 
effects. These files serve as input for the energy 

simulation by means of the calculation engine. In 
addition to the operating energy, the grey energy due 
to the construction has been integrated into the 
analysis, taking as a reference a type of construction 
that corresponds to the usual practice for 
contemporary buildings of the Minergie type [2] with 
wood-based construction typology. 

2. METHODOLOGY
The approach uses as input data the 3D digital 

models of the project-based visions, in order to 
automatically obtain the surfaces and material 
quantities of the different construction components 
(e.g. glazed surface or opaque façade). 

At the same time, the available roof and façade 
surfaces are automatically detected in order to 
evaluate the solar and electricity production potential 
on site. 

Then, using the visual programming language 
Grasshopper [3], the reference environmental impact 
values of the KBOB building material database [4] and 
the guidelines of the SIA 2032 standard [5] are applied 
to calculate the environmental impact of each scenario 
expressed in terms of greenhouse gas (GHG) 
emissions. 

The set of urban design variants is generated from 
the three different visions per each of the four 
locations: Sion (CH), Geneve (CH), Givors (FR) and 
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Avignon (FR). In total, we analyse 12 different project-
based visions (Figure 1). 

 

 

 
Figure 1: Overview of the twelve studied neighbourhood designs (project-based visions). 
 
 

 
Figure 2: Overview of the workflow for the global analysis. GWP: global warming potential. nrCED: non-renewable cumulative 
energy demand.  

 
 
 
 
This project has been developed following a five-

phase methodology: 
 

1) Analysis of the different study sites (two in 
France and two in Switzerland) and obtaining 
the different climate files with contemporary 
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This project has been developed following a five-

phase methodology: 
 

1) Analysis of the different study sites (two in 
France and two in Switzerland) and obtaining 
the different climate files with contemporary 

 

data (last 10 years). The files that take into 
account the presence of cold water (Rhône 
river) have also been generated. 

2) For each site, 3 different project-based visions 
have been analysed based on a series of 
architectural workshops conducted at EPFL 
Lausanne (Switzerland). 

3) From the 3D models, simulations of the energy 
potential and renewable energy production 
have been carried out to obtain the operating 
energy for each study site, vision and climatic 
situation. 

4) Parametric definition of the building materials 
to be used, in order to perform the complete 
life cycle analysis, including the grey energy of 
the building materials. 

5) Comparison of the results. In terms of 
resilience to climate change, it is based on the 
evolution of energy demand (heating and 
cooling) depending on the urban design and 
the weather file used (with or without 
influence of the urban context and river). 

 
The workflow to be applied in this research is 

summarized in Figure 2. 
 

3. RESULTS 
We here present some results showing that the 

presence of the Rhône River has a non-negligible effect 
on the energy demand of the buildings. Both in 
summer, with a reduced need for cooling the 
buildings, and in winter with an increased need for 
heating in some cases. 

 
3.1 Analysis of the different study sites and climatic 
conditions 

We have generated climate files for each of the 
sites using Meteonorm software [6] and modified files 
have been generated that take into account the built 
environment and the presence of water. 

For each of them, psychrometric charts – 
generated using Climate Consultant tool [7] – have 
been analysed to see the differences in terms of 
comfort zones combining temperature and humidity 
according to ASHRAE 55. 

As an example, in Figure 3 the analysis done for the 
first site, Sion in Switzerland, is presented. 

 
 

 

 
Figure 3: Psychrometric chart for the Sion site, with and 
without the influence of the water (river). 

 
Table 1: Total of comfort hours per year for the 4 sites (Sion, 
Geneve, Givors and Avignon), with and without the influence 
of the water (river). 

Scenarios/Site 
Without river With river 

Comfort hours 
Sion (CH) 708 699 

Geneve (CH) 621 637 
Givors (FR) 874 804 

Avignon (FR) 983 883 
 
The analysis of the climatic data with hourly data 

on the psychrometric charts shows that the presence 
of the river decreases the hours of comfort, mainly due 
to the cooling effect (in winter) and the increase of the 
ambient humidity (winter and summer). 

 
3.2 Project-based visions analysis 

For each site and project vision (scenarios), we 
have measured the different parameters that will 
serve as input data in the next phase, where solar, 
energy and environmental impact simulations are 
carried out. 

Table 2 shows a summary of the data collected in 
terms of total floor, ground floor, roof, exterior wall 
and glazing area. 

For each scenario a number of square meters of 
activity (or type of use) have been identified 
(residential, commercial and school/cultural), 
calculated according to the SIA 416. The different uses 
carry a series of simulation hypotheses that are 
defined in the SIA 2024:2015 [8] with use schedules for 
occupancy, lighting, heating/cooling, ventilation and 
domestic hot water (DHW). 
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Table 2: Surface dimensions in each design scenario. 

Scenarios 
Floor Ground Roof Ext.Wall Glazing 

m2 
SI1 166,740 29,578 20,591 50,397 28,936 
SI2 151,563 20,198 18,081 50,781 29,056 
SI3 134,910 16,540 14,469 31,101 32,269 
GE1 78,266 10,456 7,642 19,536 15,254 
GE2 84,704 11,186 6,484 22,131 26,636 
GE3 85,158 19,996 8,596 9,273 16,738 
GI1 150,377 19,407 19,344 44,270 26,637 
GI2 154,596 42,037 28,061 31,209 18,517 
GI3 113,724 15,350 12,212 18,081 24,754 
AV1 123,219 22,437 21,009 69,685 24,876 
AV2 76,455 5,704 13,799 21,751 18,228 
AV3 91,146 17,007 14,869 10,464 20,004 
 
With this data, standardized simulations have been 

performed to allow comparison of the results. Table 3 
defines the square meters for each type of use. 

 
Table 3: Floor area per usage. 

Scenarios 
Residential Commercial School/cultural 

m2 
SI1 99,218 14,366 23,578 
SI2 93,813 19,497 18,055 
SI3 88,142 8,052 20,550 
GE1 50,293 13,229 4,288 
GE2 54,688 12,272 6,558 
GE3 44,355 14,893 4,288 
GI1 82,185 38,539 10,246 
GI2 68,074 30,521 13,964 
GI3 61,212 26,916 10,246 
AV1 63,979 10,054 26,749 
AV2 37,313 13,478 11,865 
AV3 52,664 19,185 2,290 
 

3.3 Operational energy balance analysis 
For each scenario and site, hourly energy 

simulations have been performed with the EnergyPlus 
engine and Designbuilder [9,10] calculation engine to 
obtain the total energy demand for lighting, 
heating/cooling, ventilation and DHW. 

For all case studies, an all-electric HVAC system 
based on an air-to-water heat pump with a COP of 3.5 
for heating/cooling and a COP of 3 for domestic hot 
water has been considered. 

The definition of the heating energy demand limit 
is based on the SIA380/1:2016 [11], so we have been 
able to adjust for each case study in its specific context 
the insulation thickness that allows to respect this 
energy demand limit for heating. In this way, the case 
studies (two in Switzerland and two in France) have 
been contextualized. This limit value, which helps to 
define the efficiency of the thermal envelope, depends 
on the floor area, the envelope surface in contact with 

the outside and the average temperature of the 
building site. 

Table 4 summarizes the limit values to be 
respected per indoor floor area. 

 
Table 4: Heating energy demand limit according to SIA380/1. 

Scenarios/Site 
1 2 3 

kWh/m2.year 
Sion (CH) 30.34 29.66 28.31 

Geneve (CH) 25.87 27.60 27.34 

Givors (FR) 24.10 26.98 22.56 

Avignon (FR) 24.48 21.56 19.17 

 
Regarding the photovoltaic solar energy 

production potential, the assumption for the 
calculation is the use of 80% of the available roof 
surface with standard east/west oriented solar panels 
and an overall efficiency of 20%. The solar energy 
calculation was done using the 3D model (Rhino 3D) 
for each case study and the Ladybug tool [12]. 

 
Table 5: Electricity balance (without river influence). 

Scenarios 
Demand Production SC SS 

kWh/m2.year % 
SI1 35.7 47.1 22.30% 29.50% 
SI2 36.7 46.7 23.60% 30.00% 
SI3 35.2 36.4 26.80% 27.80% 
GE1 38.7 30.7 34.70% 27.50% 
GE2 38 28.4 36.00% 26.90% 
GE3 39.2 25.3 41.70% 26.90% 
GI1 38.9 40 30.20% 31.00% 
GI2 38 19.6 52.50% 27.00% 
GI3 38.3 27.4 40.10% 28.70% 
AV1 32.9 79.5 14.30% 34.60% 
AV2 35.5 57.4 20.80% 33.70% 
AV3 38.1 40.1 29.30% 30.80% 
 

Table 6: Electricity balance (with river influence). 

Scenarios 
Demand Production SC SS 

kWh/m2.year % 
SI1 36.2 47.1 22.40% 29.20% 
SI2 37.2 46.7 23.70% 29.70% 
SI3 35.7 36.4 27.00% 27.50% 
GE1 39.3 30.7 34.90% 27.30% 
GE2 38.6 28.4 36.20% 26.70% 
GE3 39.7 25.3 41.90% 26.70% 
GI1 39.6 40 30.40% 30.70% 
GI2 38.7 19.6 52.90% 26.80% 
GI3 39 27.4 40.40% 28.40% 
AV1 33.7 79.5 14.50% 34.20% 
AV2 36.2 57.4 21.00% 33.30% 
AV3 38.9 40.1 29.50% 30.50% 
 
The results of the final energy balance, without 

taking into account the presence of water and the 
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engine and Designbuilder [9,10] calculation engine to 
obtain the total energy demand for lighting, 
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based on an air-to-water heat pump with a COP of 3.5 
for heating/cooling and a COP of 3 for domestic hot 
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is based on the SIA380/1:2016 [11], so we have been 
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the insulation thickness that allows to respect this 
energy demand limit for heating. In this way, the case 
studies (two in Switzerland and two in France) have 
been contextualized. This limit value, which helps to 
define the efficiency of the thermal envelope, depends 
on the floor area, the envelope surface in contact with 

the outside and the average temperature of the 
building site. 

Table 4 summarizes the limit values to be 
respected per indoor floor area. 

 
Table 4: Heating energy demand limit according to SIA380/1. 
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1 2 3 

kWh/m2.year 
Sion (CH) 30.34 29.66 28.31 

Geneve (CH) 25.87 27.60 27.34 

Givors (FR) 24.10 26.98 22.56 
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Regarding the photovoltaic solar energy 

production potential, the assumption for the 
calculation is the use of 80% of the available roof 
surface with standard east/west oriented solar panels 
and an overall efficiency of 20%. The solar energy 
calculation was done using the 3D model (Rhino 3D) 
for each case study and the Ladybug tool [12]. 

 
Table 5: Electricity balance (without river influence). 

Scenarios 
Demand Production SC SS 

kWh/m2.year % 
SI1 35.7 47.1 22.30% 29.50% 
SI2 36.7 46.7 23.60% 30.00% 
SI3 35.2 36.4 26.80% 27.80% 
GE1 38.7 30.7 34.70% 27.50% 
GE2 38 28.4 36.00% 26.90% 
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Table 6: Electricity balance (with river influence). 

Scenarios 
Demand Production SC SS 

kWh/m2.year % 
SI1 36.2 47.1 22.40% 29.20% 
SI2 37.2 46.7 23.70% 29.70% 
SI3 35.7 36.4 27.00% 27.50% 
GE1 39.3 30.7 34.90% 27.30% 
GE2 38.6 28.4 36.20% 26.70% 
GE3 39.7 25.3 41.90% 26.70% 
GI1 39.6 40 30.40% 30.70% 
GI2 38.7 19.6 52.90% 26.80% 
GI3 39 27.4 40.40% 28.40% 
AV1 33.7 79.5 14.50% 34.20% 
AV2 36.2 57.4 21.00% 33.30% 
AV3 38.9 40.1 29.50% 30.50% 
 
The results of the final energy balance, without 

taking into account the presence of water and the 

 

urban context (using the different weather files 
generated in phase 1), are summarized in Tables 5 and 
6, respectively, in terms of energy demand, electricity 
production, self-consumption (SC) and self-sufficiency 
(SS). 

As expected, the overall electrical energy to meet 
the different types of consumption (heating/cooling, 
etc.) varies depending on the climatic conditions (with 
and without the influence of the river). In general, the 
demand is higher with the presence of the river, 
mainly due to the increase in heating demand and the 
higher humidity in summer which affects the efficiency 
and consumption of electricity for cooling. 

 
3.4 Constructions elements and embodied energy 
balance analysis 

In order to be able to calculate the environmental 
impact of building materials, the type of construction 
and the layers of different materials for the thermal 
envelope have been defined (Tables 7 to 11). For each 
material, the environmental impact has been taken 
into account according to the KBOB2022 database 
defined from Ecoinvent data [4]. 

 
Table 7: Definition of façade layers and their thickness. 

 Layer Th. (cm) 
1 Wood (spruce) 1.5 

2 PE vapour barrier 0.02 

3 OSB-type chipboard 2.7 

4 Expanded polystyrene (λ: 0.04 W/mK) 22 (*) 

5 Wooden beam 12cm each 60 cm (Spruce) 12 

6 Hard particleboard 2.7 

7 Wooden batten 50mm each 60 cm 
(Spruce) 

5 

8 Wood (spruce) 2.4 

* Varies according to the energy demand limit of each site 
 

Table 8: Definition of roof layers and their thickness. 
 Layer Th. (cm) 

1 Round gravel 5 

2 Bituminous waterproofing sheet 0.8 

3 Expanded polystyrene (λ: 0.04 W/mK) 22 (*) 

4 Bituminous vapour barrier 0.3 

5 Wood (spruce) 2.4 

6 Wooden batten 50mm each 60 cm 
(Spruce) 

12 

* Varies according to the energy demand limit of each site 
 

Table 9: Definition of internal floor layers and their thickness. 
 Layer Th. (cm) 

1 Particleboard 2.4 

2 PE vapour barrier 0.02 

3 Wooden beam 12cm each 60 cm (Spruce) 12 

4 Wooden beam 12cm each 60 cm (Spruce) 5 

5 Stone wool, ρ:30kg/m3 8 

6 Wood (spruce) 1.3 

Table 10: Definition of ground floor layers and their 
thickness. 

 Layer Th. (cm) 
1 Cement screed, 85 mm 8.5 

2 Acrylonitrile-butadiene-styrene (ABS) 0.001 

3 PE vapour barrier 0.02 

4 Expanded polystyrene (λ: 0.04 W/mK) 22 

5 Bituminous waterproofing membrane 0.4 

6 Concrete foundation slab 25 

7 Reinforc. (2%) of the concrete beam slab 2% 

8 Lean concrete 8 

* Varies according to the energy demand limit of each site 
 

Table 11: Definition of internal floor layers and their 
thickness. 

 Layer Th. (cm) 
1 Hard particleboard 1.25 

2 Stone wool, ρ:30kg/m3 5 

3 Wood frame 5cm each 60 cm (Spruce) 5 

4 Hard particleboard 1.25 

 
3.5 Global environmental impact (operational and 
embodied) comparison 

Compiling the data and the calculations made 
during all the preceding phases, the global 
environmental impact (Life Cycle Analysis) is obtained 
for each of the scenarios without taking into account 
and taking into account the presence of the river. 

Firstly, table 12 presents the environmental impact 
for the operational (use) part (due to energy 
consumption) expressed in terms of GHG emissions. 
For this operational part, the differences between 
taking into account or not the water presence (Rhône 
River) near the urban area is about 3-6% 
increase/decrease in demand. 

 
Table 12: Environmental impact results for operation (use) of 
the buildings, with and without water presence. 
 

 Without river With river 
Scenarios kgCO2/m2.year 

SI1 1.80 1.86 
SI2 1.90 1.96 
SI3 2.20 2.26 
GE1 2.77 2.84 
GE2 2.80 2.87 
GE3 3.04 3.10 
GI1 2.33 2.41 
GI2 3.12 3.20 
GI3 2.81 2.89 
AV1 0.18 0.27 
AV2 1.27 1.35 
AV3 2.25 2.34 
 
Secondly, table 13 presents the global 

environmental impact for the operational (use) and 
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construction (embodied) part expressed in terms of 
GHG emissions. For the global impact, the differences 
between taking into account or not the river is about 
1-2% increase/decrease in demand. 

 
Table 13: Global environmental impact results for operation 
(use) and embodied (construction) of the buildings, with and 
without water presence. 
 

 Without river With river 
Scenarios kgCO2/m2.year 

SI1 4.76 4.82 

SI2 4.85 4.90 

SI3 4.96 5.01 

GE1 5.46 5.53 

GE2 5.79 5.86 

GE3 5.71 5.76 

GI1 5.13 5.22 

GI2 6.08 6.16 

GI3 5.35 5.43 

AV1 4.02 4.10 

AV2 4.29 4.36 

AV3 4.94 5.04 

 
These results should be considered as preliminary 

as the project continues and a more complete analysis 
is planned integrating a CFD study using Envi-met [13] 
for the creation of modified climate files taking into 
account the urban form and the presence of water and 
vegetation. Likewise, we will integrate climate files 
that take into account the different horizons (2030 to 
2100) and various RCP (Representative Concentration 
Pathway) climate change scenarios. 

 
4. CONCLUSION 

For the moment, our efforts have been 
concentrated on the analysis using modified climate 
files through a simplified workflow and low 
computational cost open-source tools (namely 
Ladybug and Dragonfly). It is observed that it is in the 
operational part (use) that the river has the greatest 
impact.  

However, our intention for the research project is 
to show how climate change (through RCP files), the 

presence of water (river) and vegetation can have an 
impact on the results, having for example a 
higher/lower need for insulation, better/worse 
outdoor temperature/humidity conditions that would 
allow passive strategies, or making the overall 
environmental impact higher or lower. 

Considering global warming, a first hypothesis to 
investigate is whether the river could have a strong 
positive influence, in particular against the urban heat 
island effect. Future work will also deepen the study of 
the interactions with urban form and environmental 
parameters (vegetation including its type, wind, etc.). 
The methodology already developed and presented in 
this paper provides a solid framework for these 
upcoming steps.  
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vegetation. Likewise, we will integrate climate files 
that take into account the different horizons (2030 to 
2100) and various RCP (Representative Concentration 
Pathway) climate change scenarios. 

 
4. CONCLUSION 

For the moment, our efforts have been 
concentrated on the analysis using modified climate 
files through a simplified workflow and low 
computational cost open-source tools (namely 
Ladybug and Dragonfly). It is observed that it is in the 
operational part (use) that the river has the greatest 
impact.  

However, our intention for the research project is 
to show how climate change (through RCP files), the 

presence of water (river) and vegetation can have an 
impact on the results, having for example a 
higher/lower need for insulation, better/worse 
outdoor temperature/humidity conditions that would 
allow passive strategies, or making the overall 
environmental impact higher or lower. 

Considering global warming, a first hypothesis to 
investigate is whether the river could have a strong 
positive influence, in particular against the urban heat 
island effect. Future work will also deepen the study of 
the interactions with urban form and environmental 
parameters (vegetation including its type, wind, etc.). 
The methodology already developed and presented in 
this paper provides a solid framework for these 
upcoming steps.  
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ABSTRACT: Recently, highly glazed facades in office buildings have become widespread worldwide, including in 
Chile, impacting their occupants' thermal and visual comfort. This study is conducted to propose design 
strategies for the glass facades of office buildings in Chile, aiming to achieve thermal and visual comfort for 
office occupants with minimal energy consumption. Multiple simulations are performed to analyse thermal and 
visual comfort for office occupants while simultaneously determining energy consumption for heating, cooling, 
and artificial lighting. The Oficity calculation engine is used to determine the mentioned energy consumptions 
and estimate visual comfort indicators like sDA and ASE. Nocturnal and daytime ventilation for cooling was also 
evaluated. The simulations consider an office space (3.6 x 5.4 x 2.7 m) with an adiabatic envelope, except for the 
glass facade exposed to the exterior. Six cities have been considered, from Arica (18.5 S) to Punta Arenas (53.2 
S). The conclusions indicate that the size of the glazed facade area should be limited to a 50% window-to-wall 
ratio, using selective glass. Nocturnal ventilation is recommended in inland cities like Santiago and Calama, 
while daytime ventilation could be beneficial in coastal cities (Arica and Concepción), as well as in Temuco.   

1. INTRODUCTION
In recent decades, around the world, office 

buildings have been designed with highly glazed 
facades, resulting in high energy consumption for 
thermal conditioning and severe issues related to 
thermal and lighting comfort for their users. Very 
similar typologies of office buildings, with extensive 
glass facades, are found in different latitudes around 
the world, as if the type of climate in these areas 
does not influence their energy and environmental 
performance. 

Indeed, the impact on energy consumption and 
the thermal and visual comfort of occupants in office 
buildings has been extensively studied in various 
cities worldwide, including Chile [1,2,3, 4, 5]. In the 
case of Santiago, Chile, facades of office buildings in 
over 100 structures built during the first decade of 
this century have been analyzed. It was determined 
that more than 50% of the office buildings 
constructed in this city exhibit a window-to-wall ratio 
(WWR) between 75 and 100% [4]. In another more 
recent study, 6 out of 9 buildings analyzed in 
Santiago, Chile, have a WWR equal to or greater than 
70% [6]. Moreover, other research has demonstrated 

that reducing the WWR of facades implies a 
significant decrease in energy consumption for 
cooling [7].  

Chile shows a high climatic diversity from north to 
south, stretching between the cities of Arica (18.5° S) 
and Punta Arenas (53.2° S). This variability is also 
evident among coastal cities and urban centers 
situated between the Coastal Range and the Andes 
Mountains, where thermal oscillation and solar 
radiation are typically higher than those observed on 
the coast at the same latitude [8]. Furthermore, in 
Chile, there has been a growing trend in extreme 
weather events in recent decades [9], highlighting the 
importance of enhancing the thermal and 
environmental performance of buildings.  

This is crucial to effectively confront these 
extreme climatic phenomena and safeguard their 
occupants. On the other hand, the country has 
committed to achieving carbon neutrality by 2050, 
with commitments related to energy transition. 
However, weak progress can be observed in Chile 
regarding energy efficiency policies for buildings. The 
construction sector in Chile consumes 25% of the 
total energy, with 6% corresponding to public 
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buildings. Currently, Chile lacks mandatory standards 
related to thermal performance and visual comfort in 
office buildings. In this regard, the Ministry of Public 
Works in the country has a set of recommendations 
outlined in the Environmental Comfort and Energy 
Efficiency Terms of Reference (TDRs), which applies 
to public buildings under the ministry's responsibility 
[6, 10]. The criteria in these Terms of Reference are 
primarily based on the thermal performance of these 
buildings. 

Additionally, the country has the Sustainable 
Building Certification System (CES) [11], which is 
voluntary for public-use buildings and based on 
international standards, such as ASHRAE55. However, 
from this system, it's not possible to clearly deduce 
architectural design recommendations for office 
buildings, as some certified buildings under this 
system have fully glazed facades. Finally, it's worth 
noting that there are still no studies defining these 
standards and design recommendations for office 
buildings based on criteria for minimal energy 
consumption while simultaneously meeting criteria 
for visual and thermal comfort for their occupants.  

Considering the aforementioned, the objective of 
this study is to establish a set of design 
recommendations for office buildings in different 
climates across the country, based on criteria aimed 
at achieving a minimum total energy consumption for 
their thermal conditioning and artificial lighting, while 
simultaneously ensuring the visual and thermal 
comfort of their occupants. 

 
2. METHODOLOGY 

The methodology of this study involves a 
parametric analysis of a series of variables related to 
glazed facades and solar protection in office buildings 
in different cities of the country. From this analysis, 
design recommendations are established to reduce 
energy consumption and meet minimum visual and 
thermal comfort requirements. 

The parametric analysis was conducted through 
simulations in an office space. This space corresponds 
to an office in a standard building defined in the IEA-
SHC TASK 27 A1 [12]. This building consists of a 
central corridor with offices for approximately 2 
people on each side along the length of the building. 

The selected office space is an intermediate office 
on a middle floor; therefore, all its surfaces are 
considered adiabatic, except for the glazed façade 
exposed to the outside. 

 The internal dimensions of the office are 3.6 m x 
5.4 m x 2.7 m, as shown in Figure 1. The reflectance 
of the interior surfaces is 0.1 for the floor, 0.5 for the 
wall, and 0.8 for the ceiling.  

The space considers three types of internal loads: 
Equipment: 15 W/m2. People: 2 persons. Lighting: 8 
W/m2. All internal loads are active during the working 

period between 09:00 and 18:00 on weekdays, during 
which energy consumption for thermal and visual 
comfort is determined. Ventilation rates were 
determined with ASHRAE 62.1 standard [13]. 

 
2.1 Thresholds and performance indicators 

As a minimum lighting requirement, 400 lux in the 
workplace is considered, which aligns with the 
Chilean Sustainable Building Certification System 
(CES) [11]. Artificial lighting is defined to provide at 
least the mentioned 400 lux on the work plane in the 
absence of natural lighting.  

To assess energy performance, sufficiency of 
natural lighting, and visual comfort of the evaluated 
cases, the following parameters are considered: Total 
annual energy consumption (kWh/m2 year), which 
includes artificial lighting, cooling, and heating.  

Visual comfort was assessed using the metrics 
Spatial Daylight Autonomy sDA300/50% and Annual 
Sunlight Exposure ASE2000/400h.  

To evaluate the energy performance, adequacy of 
natural lighting, and visual comfort of the evaluated 
cases, the following parameters are considered: 

 Total energy consumption (kWh/m2year): It 
corresponds to the sum of the annual energy 
consumption from lighting, heating, and air 
conditioning in the office 

 Spatial Daylight Autonomy sDA300/50%: 
Corresponds to the percentage of the office 
area that meets a minimum illuminance of 
300 lux by natural light for 50% of the 
working time. The percentage should exceed 
55%. 

 Annual Sunlight Exposure ASE2000/400h: 
Corresponds to the percentage of the office 
area that exceeds an illuminance of 2000 lux 
for more than 400 hours of work per year. It 
should be less than. 

 
 
 

 
 
Figure 1: Dimensions of the simulated office 
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Figure 1: Dimensions of the simulated office 
 

 

2.2 Simulation parameters 
Since this study is conducted in the southern 

hemisphere, the following three orientations of the 
office space glazed façade have been studied: North, 
East, and West. Regarding the size of the glazed 
surface of the facade, percentages (or window to wall 
ratio; WWR) of 30, 50, 70, and 90% were considered. 
 
2.3 Characteristics of glazed systems  

The characteristics of the glasses assumed in the 
simulations range from single-pane to double-pane 
glass with a certain level of selectivity. In one of the 
double-glazed systems, argon gas was considered. 
The rest have air between the two panes of the 
façade system.  

The following table shows the U-value (thermal 
transmittance), Solar Heat Gain Coefficient (SHGC), 
and Visible Transmission (Tv) of the glass types used 
in the simulations 
 
Table 1: Type of glazing considered in the study 

Type of Glazing U 
W/m2 K 

SHGC Tv 

Simple (SG) 5.8 0.86 0.86 
Double (air) (DG-air) 2.9 0.77 0.81 
Double Low e (air)  
DG Lowe-air 

1.9 0.69 0.77 

Double Low e (argon) 
DG Lowe-argon 

1.3 0.62 0.80 

Double Selective (air) 
Sel 1 

1.8 0.27 0.37 

Double Selective (air) 
Sel 2 

1.5 0.35 0.70 

Double Selective (air) 
Sel 3 

1.5 0.26 0.50 

 
2.4 Solar protection systems 

With the purpose of controlling the incident solar 
radiation on the facade to prevent overheating 
indoors and for natural lighting control, the use of a 
solar shading system has been considered, consisting 
of vertical louvers. The louvers have a width C of 5 cm 
and a spacing B of 5 cm between them. The slat's 
reflectance is 60%. 

The following figure displays the parameters 
characterizing the exterior vertical solar shading 
louvers, where A represents the slat's opening angle 
Figure 2). For this study, opening angles of 30°, 45°, 
and 60° have been considered. Additionally, the 
facade without exterior solar shading has been 
considered. An interior curtain has also been 
assumed with solar transmittance (Ts) of 20% and 
visible transmittance (Tv) of 18%, as well as luminous 
transmittance characteristics. 

 

 
 

Figure 2: External vertical louvers 
 
2.5 Ventilation strategies  

In order to try to decrease cooling energy 
consumption, the application of nighttime ventilation 
and daytime ventilation strategies was assumed from 
October to March each year. Regarding nighttime 
ventilation in the hours preceding the workday (from 
22:00 of the previous day until 7:00), hourly air 
exchanges of 1.0 air changes per hour (ach), 3.0 ach, 
and 6.6 ach were considered. As for daytime 
ventilation, it was assumed to be 1.0 ach and 3.0 ach. 
These air exchanges are in addition to air infiltrations 
and the ventilation set for the two occupants of the 
office space, which amounts to a value of 0.74 ach. 
Air infiltration was assumed to be at 0.4 ach.  
 
2.6 Cities   

In this study, cities from the northernmost point 
of Chile (Arica) to Punta Arenas, located in the 
Patagonia region at the extreme south of the country, 
have been considered. Undoubtedly, it is expected 
that as one goes from the north to the south of the 
country, the climate will become progressively colder. 
However, in addition to the variation in latitude, one 
must consider the influence of the ocean and the fact 
that inland cities are situated between two mountain 
ranges for much of the country (up to approximately 
latitude 41.5 S). Indeed, the coastal mountain range 
acts as a barrier preventing the ocean's effect from 
penetrating inland. This implies that the temperature 
fluctuations in coastal cities are lower than those in 
the interior. This can be observed, for instance, in 
Figure 3, which displays the temperatures of Santiago 
and Concepción (the latter having higher minimum 
temperatures than Santiago, despite being located 
farther south). Generally, inland cities also experience 
less cloud cover, resulting in higher solar radiation 
compared to coastal cities. (Note the cities of Arica 
and Calama as examples). 
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Table 2: Cities considered in the study 
City Latitude 

South        
 
    ° 

Köppen 
Climate 
Classification 

Solar 
Radiation 
(kWh/m2 
year) 

Arica 18.5 BWk 1546 
Calama 22.5 BWk 2414 
Santiago 33.5 BSk 1910 
Concepción 36.8 Csb 1493 
Temuco 38.7 Csb 1354 
Pta. Arenas 53.2 Csc    899 

 
2.7 Simulation process   

The simulations were carried out using the code 
of the online software Oficity (www.oficity.cl), which 
performs dynamic simulations of natural lighting and 
energy consumption in an office building. Oficity 
utilizes the calculation engines Radiance and 
EnergyPlus, two validated and widely used tools in 
scientific research. Two simulations are conducted 
per hour over a complete year. These simulations 
encompass all possible combinations among the 
mentioned parameters (orientation, type of glazing, 
glazing area, type of solar protection including louver 
angle, and variations in ventilation), for which the 
energy consumption for heating, cooling, and 
artificial lighting to reach corresponding thresholds is 
determined. Simultaneously, the respective visual 
comfort indicators (sDA and ASE) are calculated.  

To estimate the heating and cooling energy 
consumption, it is assumed that the office has a heat 
pump for air conditioning with a coefficient of 
performance (COP) of 3.0 for both heating and 
cooling. The cooling thermostat is set at 25°C, while 
the heating thermostat is set at 20°C.  

To estimate artificial lighting consumption, Oficity 
considers dimmable luminaires capable of adjusting 
power according to lighting needs. 

  

 
Figure 3: Annual variation of temperature in Concepción 
and Santiago 
 
3. RESULTS 

For each city, the minimum energy consumption 
values obtained in the north orientation are shown in 
Table 3. The same type of information is presented in 
Tables 4 and 5 for west and east orientations. It is 
noticeable that the prevailing window size in almost 
all cases corresponds to a WWR (window-to-wall 

ratio) of 50%. The exception is the case of Punta 
Arenas, where for east and west orientations, the 
minimum energy consumption corresponds to WWR 
cases of 30%. This could be explained by the fact that 
heating energy consumption prevails in this city. It 
can also be observed that total energy consumptions 
tend to decrease in cities further south in the 
country. This is explained by the general trend where 
the highest total energy consumption tends to be 
significantly higher for cooling compared to heating 
consumption. 

 
Table 3: Summary of Results for North-Facing Office  

WWR Type of 
window 

SDA ASE Total 
Energy  

% 
 

% % kWh/m2 
year 

Arica 50 Sel 3 63 0 27.9 
Calama 50 Sel 3 60 0 37.1 
Santiago 50 Sel 3 77 0 27.7 
Concep. 50 Sel 3 70 0 20.1 
Temuco 50 Sel 3 63 0 16.1 
P. Aren. 50 Sel 3 60 0 14.1 

 
 

Table 4: Summary of Results for West-Facing Office  
WWR Type of 

window 
SDA ASE Total 

Energy  
% 

 
% % kWh/m

2 year 
Arica 50 Sel 2 77 0 45.5 
Calama 50 Sel 2 60 0 49.7 
Santiago 50 Sel 2 73 0 43.4 
Concep. 50 Sel 2 70 0 28.3 
Temuco 50 Sel 2 67 0 26.2 
P. Aren. 30 Sel 2 57 0 17.4 

 
 
Table 5: Summary of Results for East-Facing Office  

WWR Type of 
window 

SDA ASE Total 
Energy  

% 
 

% % kWh/m
2 year 

Arica 50 Sel 3 60 0 37.3 
Calama 50 Sel 2 70 0 29.3 
Santiago 50 Sel 3 57 0 28.3 
Concep. 50 Sel 2 80 0 20.6 
Temuco 50 Sel 2 70 0 16.4 
P. Aren. 30 Sel 2 57 0 16.6 

 
As an example, in the case of Arica (with 

predominantly hot climate) and for the north 
orientation, the office space has artificial lighting 
consumption of 3.9 kWh/m2 year and cooling 
consumption of 24.0 kWh/m2 year, with zero heating 
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consumption. In the case of Punta Arenas, with a 
predominantly cold climate, under the same 
orientation, the lighting consumption is 6.4 kWh/m2 
year, cooling is 4.4 kWh/m2 year, while heating 
reaches 3.3 kWh/m2 year. Comparing these values 
with the case of Santiago, it is observed that for this 
city, the office space oriented to the north has an 
artificial lighting energy consumption of 3.2 kWh/m2 
per year, no heating consumption, and a cooling 
consumption of 24.1 kWh/m2 per year. 

Regarding the angle of the louvers, in general, it 
ranged between 0° and 30°, including east and west 
orientations 

On the other hand, it is interesting to observe the 
results obtained when applying daytime and 
nighttime ventilation strategies for cooling the office 
space during the spring and summer periods in the 
respective cities. 

In the case of the city of Arica, the effect on 
energy consumption (where cooling consumption 
prevails) of daytime ventilation is similar to that of 
nighttime ventilation. This could be explained by the 
fact that daytime temperatures in this coastal city are 
not extremely high during summer, due to the 
influence of the ocean. See figure 4. The figures 4 
through 8 show simulations of all cases by city (from 
most to least energy-efficient) in which daytime and 
nighttime ventilation are applied 

 

 
 
Figure 4: Arica: Impact of daytime and nocturnal ventilation 
on energy consumption 

 

 
 

Figure 5: Calama: Impact of daytime and nocturnal 
ventilation on energy consumption 

 
In the case of Calama, as shown in figure 5, a 

significant difference is observed in the effect on 

energy consumption for indoor air conditioning 
between daytime and night-time ventilation. This is 
explained by the high thermal oscillation between 
day and night throughout the year in this city, 
including the summer season. Therefore, it is 
advisable to use night-time ventilation to reduce 
cooling energy consumption in office buildings in this 
city. 

In the case of Santiago, it's possible to observe a 
greater impact on the decrease of night-time 
ventilation than daytime ventilation (See figure 6). 
This could be explained by the lower temperatures in 
this city during summer periods compared to 
daytime. 

 
Figure 6: Santiago: Impact of daytime and nocturnal 
ventilation on energy consumption 
 

In the case of Concepción, nighttime ventilation 
shows a significant impact on reducing energy 
consumption for interior conditioning, but daytime 
ventilation might be sufficient, as seen in Figure 6. It's 
worth noting that Concepción is a coastal city. 

 

 
Figure 7: Concepción: Impact of daytime and nocturnal 
ventilation on energy consumption 
 

In the case of Temuco, nocturnal ventilation also 
shows a significant impact. However, due to the 
lower temperatures in this city during the day, 
daytime ventilation could also be applied for cooling 
the indoor environment in summer. See figure 8.  

In the case of cities like Punta Arenas, located at 
the southernmost tip of the country, it doesn't make 
sense to apply additional cooling strategies such as 
daytime and nighttime ventilation since the cooling 
demands are not high in this city 
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Figure 8: Temuco: Impact of daytime and nocturnal 
ventilation on energy consumption 
 
4. CONCLUSION 

Based on this study, recommendations have been 
established for the design of glazed facades for office 
buildings located in various cities with different 
climates in Chile. These recommendations consider 
criteria to achieve a minimum total energy 
consumption (summing up heating, cooling, and 
artificial lighting) while simultaneously achieving 
thermal and visual comfort for the occupants of the 
office space. 

For the development of this study, a parametric 
analysis was conducted involving various variables 
that influence the energy performance and lighting in 
office buildings. The study involved simulations 
where energy consumption for heating, cooling, and 
artificial lighting necessary to achieve the considered 
thresholds of thermal and visual comfort were 
simultaneously determined. 

In this study, representative climatic data from 
the involved cities have been considered; however, 
these data do not necessarily encompass the 
heatwaves observed in these cities in recent years. In 
the future, it is advisable to conduct these studies 
using climate databases that account for these 
heatwaves to assess the scope of the problem and 
find solutions to adapt the buildings that will face 
these extreme climatic phenomena. In this regard, 
other cities in the country should also be considered 
in future studies. At the same time, other types of 
solar protection systems could also be considered, 
such as the vertical louvers analyzed in this study but 
with different dimensions and spacing between 
louvers, as well as perforated systems and lighter 
options like exterior solar shading fabrics 
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1.INTRODUCTION 
The concept of Positive Energy Districts (PEDs), 

one of the central pillars for driving the urban energy 
transition, has been developed through EU initiatives 
and research programmes, but a common definition 
has not been established yet [1]. Mayor 
organisations, programmes, research projects and 
individual PED projects have their own interpretation 
of how energy balance is calculated, what are the 
scale and boundaries of projects and what key 
concepts are needed to be covered by a PED [2]. It is 
clear the PED concept originates from the energy 
balance assessment, but the existing PED definitions 
show that the scope of PEDs go beyond the energy 
aspect and cover challenges related to social, 
economic or environmental sustainability as well. 

Indicators are needed to measure the 
performance of PED projects, which have also started 
to be developed in relation to individual PED projects 
[3] and EU H2020 projects with pilot cases [1, 4, 5, 6, 
7, 8]. These build upon widely researched building 
and neighbourhood level sustainability indicators 
developed for research, governmental or commercial 
purposes [9] and smart city indicators [6]. 

Systemic reviews of PED related KPIs collect 
indicator sets based on sustainable neighbourhood 
concept definitions [10] and state that their 
methodological approaches are based on KPIs 
supported by decision making criteria analyses, Life 
Cycle Thinking methods or their mixture [11] and that 
PED KPIs mainly categorised by and cover the three 

pillars, i.e., environmental, economic, and social of 
sustainability [12]. 

Similarly to the PED definition, Key Performance 
Indicators (KPIs) are not yet consolidated either and 
cover a diverse field of sustainability aspects [12]. 
This means that projects with PED ambitions can get 
lost in the wide vision of the different initiatives and 
the related target metrics is not supporting to 
determine where to focus their efforts. Therefore, a 
standard set of PED KPIs could help on one hand to 
develop a base PED definition [10] and also to 
establish a common ground for performance 
assessment. 

The aim of the research is to define a common 
indicator set for PEDs by assessing the commonalities 
in existing PED definitions. 

2. METHODOLOGY
To define a common set of PED indicators, first 

the different PED definitions were collected from 
literature focusing on prominent EU programmes and 
PED-relevant projects across Europe. The SET-Plan 
Action 3.2 [13], Horizon 2020 Framework Programme 
– Smart Cities and Communities calls [14], EC Joint
Research Centre, JPI UE [15] and the European Energy 
Research Alliance [16] programmes and initiatives 
establish the EU level decarbonisation goals and 
research areas for Positive Energy Districts, while 
ATELIER [4], MAKING-CITY [5], POCITYF [6], SPARCS 
[7], +CityxChange [17] and syn.ikia [1] are lighthouse 
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projects of the H2020 programme with their own 
interpretation of PEDs. 

The definitions from the above listed sources are 
collected and detailed in [2], which were then 
extracted and reviewed for this research. All sources 
were also assessed based on their availability of 
developed KPI sets (no EU initiatives defined KPIs, all 
H2020 projects developed KPI sets), which were then 
collected along with additional sources from 
literature to establish a pool of indicators used on this 
field. 

To determine the commonalities in potential 
indicators based on the PED definitions, the following 
steps were taken:  

1. the text of the definitions was split according 
to which part of the PED performance 
characteristic/attribute each sentence part 
relates to; 

2. the main sustainability categories and sub-
categories a definition section relates to 
were identified; 

3. the KPIs that can measure the performance 
of PEDs for each category and sub-category 
were identified and selected from the 
collected pool of indicators; 

4. the following characteristics of the identified 
common indicators were analysed: 
dimension of sustainability coverage, 
assessed life-cycle, assessment scale, 
relevant stakeholders, type of the 
calculation; 

5. the results of the deconstruction of 
definitions and related KPI assignations were 
compared, the cutoff point between Core 
and Optional indicators was defined to 
establish the most common PED themes and 
KPIs. 
 

For example: the syn.ikia definition can be 
dissected (Step 1) to seven statements, one of them 
is “90% Renewable energy generation off-site”, which 
can be categorized (Step 2) into the Energy topic and 
Energy generation subtopic. From the indicator pool, 
the renewable or non-renewable thermal or electrical 
energy generation on- or off-site KPIs can be 
identified (Step 3) to measure the success of 
complying with the definition section. These 
indicators are in the Environmental sustainability 
domain, relate to the Design and Operation life-cycle 
of the project and can be measured on building and 
neighbourhood scale (Step 4). Compared to the 
others, energy generation indicators can be 
considered as Core KPIs in PED developments (Step 
5).  

 

3. RESULTS OF DEFINITION INVESTIGATION AND 
CORE KPI SET ESTABLISHMENT 

The categories and sub-categories of the 
indicators are defined based on common 
neighbourhood sustainability topics (Buildings, 
Community, Ecology, Economy, Energy, 
Infrastructure, Location, Resources, Mobility [19]) 
and the categorisation of newer PED indicators 
(additional topics: ICT, Governance, Residents). After 
the review and combination of the topics in the 
different sources, the list of categories was defined to 
be used in this research: Energy, Environmental 
Performance, Economic performance, Society and 
Residents, Mobility, Materials and Resources and 
Governance (Table 1). 

 
Table 1: KPI Categories and Subcategories considered in at 
least one of the PED definitions  
  
Main category Subcategory 
Energy Energy generation 

Usage factors 
Energy balance 
Energy efficiency 
Energy savings 
Active management 
Flexibility 

Environmental 
Performance 

Emission 
Emission reduction 
Resilience 

Economic performance Cost 
Cost reduction 

Society and Residents Participatory approach 
Life quality of users 
Inclusiveness 
Affordability 

Mobility Mobility 
Materials and Resources Materials 
Governance Scalability 

Local context 
 

3.1 Energy 
The Energy category is represented in all the 

investigated definitions with clear performance 
targets (Table 2). The results also show that the 
energy KPIs cover the three most important functions 
of districts in the context of their urban energy 
system [18]:  all of the eleven definitions consider 
energy production and seven of them consider 
energy efficiency and energy flexibility topics. 
Additionally, seven consider active energy 
management which includes the use of integrated 
Building Management Systems, peak-load reduction 
strategies and smart metering and 5 definitions 
mention the flexibility topic. 

 
3.2 Environmental Performance 

The results show that emissions reduction is a 
quantified target of seven of the definitions, but they 
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mention the flexibility topic. 

 
3.2 Environmental Performance 

The results show that emissions reduction is a 
quantified target of seven of the definitions, but they 

 

differ in their considered emissions type. The syn.ikia  
and JPI UE definitions consider the overall 
greenhouse gas emissions of the district and target 
their 100% reduction, while the SET-Plan Action 3.2, 
EERA JPSC, ATELIER, SPARCS and +CityxChange 
definitions target net zero CO2 emissions. 

The deeper investigation of the available 
indicators of the considered initiatives shows that 
both CO2 and GHG emissions only take into account 
the operational energy related emissions and 
embodied carbon emissions is not considered yet. 

From other environmental indicators only JPI UE 
mentions Resilience aspect, focused on the resilience 
of the energy supply. 

 
Table 2: Energy targets of the 11 investigated PED 
definitions 
 
  Energy 

efficiency 
Energy 
generation 

Energy 
balance 

SET Plan 
Action 3.2. 

- local surplus RES net zero 
import 

Horizon 2020 - - + 
JPI UE - local surplus RES + 

EC Joint 
Research 
Centre 

near zero 
energy 
demand 

demand covered 
to a very 
significant extent 
by RES 

+ 

EERA JPSC - local surplus RES + 

ATELIER - surplus RES + 

MAKING-CITY  - -  + 

POCITYF - - + 

SPARCS  - local surplus RES + 

syn.ikia - 90% RES 
generation 

+ 

+CityxChange - local surplus RES net zero 
import 

-: no target defined; +: positive energy balance 
 

3.3 Economic performance 
Only the syn.ikia project mentions in its PED 

definition that PEDs should target “10% life cycle 
costs reduction compared to the level of 2020 nearly 
zero-energy buildings”. As operation energy costs 
clearly connected to the energy reduction targets, all 
other definitions imply a certain degree of cost 
reduction by complying with PED requirements. 

When considering the available indicator pool for 
economic performance all PED Horizon projects 
define the Payback Period KPI and three of them 
(syn.ikia, POCITYF and ATELIER) also considers 
Investment cost and Operation Cost indicators. Other 
financial indicators that are mentioned in the KPI 
pool: Debt Service Coverage Ratio, Economic Value 
Added, Local Job Creation, Energy Poverty, Average 
CO2 abatement costs etc. 

 
 

3.4 Society and Residents 
The category Society and Residents includes both 

the aspects related to participation and engagement 
and the social impact of PED developments as well. 

As the participation of all stakeholders in the PED 
development process can improve the predictability 
of project outcomes, ensure more just and 
knowledgeable operations, facilitate community 
cohesion and improve communications to bring a 
system-wide energy transformation through 
collective action [20], some of the PED definitions (4 
of 11) target the use of Participatory approaches in 
their definition as well. EC Joint Research Centre 
indicates the open and voluntary qualifications for 
the participation requirement. 

The indicator pool from the investigated projects 
also includes metrics to measure the quality (e.g.: 
Degree of satisfaction, Degree of local community 
involvement in the implementation and planning 
phase) and quantity (e.g.: Percentage of citizens’ 
participation in online decision-making) of 
participatory actions. 

Different aspects of the social impact of PED 
developments are mentioned by 1-1 PED definition:  

 Life quality of users (JPI UE) 
 Inclusiveness (JPI UE) 
 Affordability: (SET-Plan Action 3.2.)  

 
3.5 Mobility, Materials and Resources and 
Governance 

There is a discrepancy in the mention of mobility 
targets in the PED definitions and the number of 
developed project mobility related KPIs: only JPI UE 
mentions mobility in its definition, but SPARCS, 
POCITYF, MAKING-CITY and ATELIER projects all 
define several relevant KPIs. 

Only the Horizon 2020 and POCITYF definitions 
mention materials and resource management, 
highlighting on circularity principles. Also, these 
consider governance related aspects such as the 
scalability of the PED development (to encourage 
better replication of the innovative concept), specific 
requirements of ICT technologies and the 
consideration of the local context. 

 
3.6 Missing topics 

The investigation of the relevant PED aspects 
coverage by the PED definitions compared with the 
available indicator pool shows that all main 
categories are covered by at least one definition.  

This definition-based approach for KPI 
development ignores some aspects commonly 
considered in sustainability projects, such as: water, 
indoor and outdoor comfort, safety, investment-
related indicators. This may be a result of several 
definitions only mentioning that PED projects should 
be in line with environmental, economic and social 
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sustainability principles without specifying any 
particularities. 

 
3.7 Core KPI list and optional indicators 

The results of the PED definition assessment 
shows that only the Energy generation, Energy 
balance, Energy efficiency, and Active management 
aspects were considered at least in 7 of the 11 
definitions. Additionally, five definitions also consider 
GHG emissions and Energy flexibility aspects and 4 of 
them Participatory approaches. All the other PED 
aspects only included in one definition. Based on 
these results the cutoff point for Core indicators is at 
least 4 mentions. Table 3 shows the Core categories 
and the associated KPIs that can measure the PED 
performance of the requirement. 

 
Table 3: Common KPIs identified by assessing the selected 
definitions 
 

Category KPI 

Energy gene-
ration 

Renewable thermal energy generation off-site 
Renewable electrical energy generation off-site 
Non-renewable thermal energy generation off-site 
Non-renewable electric energy generation off-site 
Renewable thermal energy generation on-site 
Renewable electrical energy generation on-site 
Non-renewable thermal energy generation on-site 
Non-renewable electric energy generation on-site 
Ratio of generated renewable energy used within 
the PED boundaries 

Energy 
balance 

Energy imported from outside the PED 
Energy exported from the PED 
Renewable energy imported from outside PED 
Renewable energy exported from the PED 

Energy 
efficiency 

Total primary energy demand 
Total annual saved primary energy 

Active 
management 

Integrated Building 
Management Systems 
Percentage of systems with smart energy meters, 
Percentage of peak load reduction 

Flexibility Flexibility index 
Energy storage capacity installed 

GHG 
emissions 
 

CO2 emission 
non-CO2 GHG emission 
GHG emission 
CO2 emission reduction 
non-CO2 GHG emission reduction 
GHG emission reduction 

Participatory 
approaches 

Local community involvement in the 
implementation and planning phase 
Energy citizenship 

 
The common indicator set mainly consist of 

energy related KPIs, from the non-energy aspects of 
sustainability only indicators measuring GHG 
emissions are commonly considered. This means that 
currently only the Environmental dimension of 
sustainability is covered in the common indicator set 
and Social and Economic dimensions are ignored. 

In addition to the common indicators, other, less 
frequently appearing KPIs were identified as well 
covering the rest of environmental (Resilience, 
Mobility, Materials and Resources, Local context) and 
the economic (Cost reduction, Scalability), and social 
(Life quality of users, Inclusiveness, Affordability) 
dimensions of sustainability. These indicators can be 
considered as optional indicators, where their usage 
could depend on the individual ambition of PED 
developments. 

District characteristics are also established in the 
definitions. They focus on defining the geographical 
boundaries (mainly as districts with several 
connected buildings within a defined area), usage 
type (mixed use), building type (new or renovation) 
and included components (buildings and energy 
systems). These characteristics are quantifiable but 
differ from the indicators as they are not related to 
the performance of a PED district. However, they are 
useful for outlining the scope of the PED concept, as 
in establishing what kind of districts can target PED 
ambitions and use the developed concepts and 
methodologies.  

 
Table 4: Number of PED aspects considered in the different 
definitions 

 
 Number of aspects 
SET Plan Action 3.2. 10 
Horizon 2020 10 
JPI UE 13 
EC Joint Research Centre 7 
EERA JPSC 6 
ATELIER 11 
MAKING-CITY 8 
POCITYF 10 
SPARCS  3 
syn.ikia 6 
+CityxChange 11 

 
4. CONCLUSION 

The study investigated five prominent EU 
programmes and six PED-relevant projects across 
Europe to determine the commonalities between 
their PED definitions. The research demonstrates that 
energy, carbon emissions and participatory 
approaches can be considered as the core targets for 
any PED project. 

Additionally, there are several optional aspects 
that individual projects can target, but are not clearly 
mentioned and quantified in the existing PED 
definitions. As theoretical research on the Positive 
Energy District concept is still ongoing, new PED 
definitions (or updates of the existing ones) can 
emerge. With the application of the methodology 
outlined in this paper on them can result in adding 
new entries to the common aspect list.  

Currently less research is available on non-energy 
ambitions of PEDs [10] which is reflected in the 
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existing PED definitions. However, the identification 
of what is needed on the non-energy related aspects 
should be considered as integral parts of PEDs.  
Therefore, without creating overly broad scope that 
can risk diluting the core ambitions of PEDs, it is 
necessary to improve existing PED definitions to 
better reflect all PED ambitions. 

After establishing the core PED aspects, relevant 
indicators were selected to establish a Core PED KPI 
set. This common indicator set to evaluate PED 
performance is needed to bridge the gap between 
the wide-ranging PED research in academia and the 
practice where projects with PED ambitions need 
clear targets to achieve. 

The comparison of the common KPI list with the 
indicators developed within some of the assessed 
projects or initiatives also shows that the initiatives 
consider more sustainability aspects or categories 
than what can be identified from their definitions. For 
example, the POCITYF project developed 8 of its 63 
KPIs to cover the topic of Mobility, however the goal 
of providing sustainable transport modes and 
infrastructure for electric vehicles does not appear in 
the PED definition of the project (adopted from the 
Horizon 2020 Framework Programme) [6].  

Finally, the core KPIs can also be used to finetune 
current PED definitions of to establish new ones with 
defining the focus areas where they intend to 
measure the performance of districts. This research 
can provide the following recommendations:  

 PED scope: a PED definition should clearly 
set what kind of boundaries, functions, 
components PED districts should include 

 New definitions should at least include 
quantified goals for energy efficiency, 
flexibility and production and GHG 
emissions 

 It is recommended to adapt life-cycle 
thinking in setting targets for carbon 
emissions to also consider the embodied 
carbon impacts 

 The targets for mobility within a Positive 
Energy District is recommended to be 
included in the definition 

  It is recommended to add targets for social 
and economic sustainability 

 PED definitions could define the 
recommended range of topics for 
customization, to provide space for 
individual circumstances and ambitions 
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ABSTRACT: The European Union aims to reduce emissions and achieve net decarbonisation by 2050. To support 
this goal, the Renovation Wave strategy aims to increase the rate of energy renovation of buildings. However, 
current assessment tools for energy renovation projects may not be accurate or consistent, leading to 
discrepancies between simulation results and actual building performance. A new energy study methodology using 
statistical methods to treat input and result data is necessary. This methodology simplifies the energy performance 
assessment process and the evaluation of energy refurbishment results. This article contains part of the first phase 
of this methodology which involves sensitivity analysis, which was conducted using three case studies from Spanish 
residential housing. Two types of analysis were performed: individual parameter sensitivity and Yates analysis 
considering parameter interactions. The results indicate that the methodology can effectively assess the sensitivity 
of buildings to various parameters and their combined effect. 

KEYWORDS: Energy, thermal simulation tools, retrofitting, Sensitivity Analysis. 

1. INTRODUCTION
The European Union is committed to reducing 

emissions and to achieve net decarbonisation by 2050. 
To this end, the "Renovation Wave" strategy has been 
developed, aiming at significantly increasing the rate 
of energy renovation of buildings.  To achieve this goal, 
it is also necessary to provide technicians with simple 
and reliable assessment tools. The most widely used 
calculation engines for dynamic thermal simulation, 
while being contrasted, continue to present 
robustness concerns mainly due to the lack of accuracy 
and consistency of the input data. This is generally the 
case for infiltrations, or when the thermal 
characteristics of the building envelope are to be 
determined for existing buildings, and may lead to 
important discrepancies between the results obtained 
from the simulation and the actual performance of 
buildings[1].   

The MAREnE research project in which this work is 
framed proposes an energy study methodology using 
a statistical approach in the treatment of input and 
result data, implementing sensitivity and uncertainty 
quantification methods, which simplifies the energy 
performance assessment process and the evaluation 
of the results obtained in energy refurbishment.  

In the present work the results of the first steps in 
the development of the above-mentioned 
methodology, are presented, which correspond to the 
sensitivity analysis.   

This analysis has been carried out using three of 
the typologies resulting from a previous nationwide 
study conducted by the authors. This study concludes 
with the definition of 3 typologies, each one 
representative of a cluster of buildings, for each of the 

5 regions into which the national territory has been 
divided according to climatology. Each typology differs 
from the others in according to the following 
indicators: (1) the ratio between the surface area of 
the building and the surface area of the thermal 
envelope and (2) the ratio between the length and the 
width of the building. 

In this paper, the results obtained for the 
"Mediterranean" climate zone, represented by the 
climate of Barcelona, are shown. The three typologies 
studied are depicted in Table 1 and Figure 1. 

Table 1. Reference buildings for each of the clusters in the 
North Atlantic climate. 
Cluster name W (m) L (m) h (m) area (m2) 

1 BA_09_15_12 9 15 12 540 
2 BA_03_27_06 3 27 6 162 
3 BA_15_03_06 15 3 6 90 

Figure 1. Image of the thermal models of each of the clusters 
used for the energy simulation 

2. METHODOLOGY
Five study variables were chosen for the sensitivity 

analysis on the basis of their relevance in the energy 
performance of a building. These are presented in 
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Table 2. Initially, we considered to include two other 
parameters: orientation and ground floor 
transmittance. However, these were later discarded 
with the aim of limiting the number of simulations to 
be carried out. The first, because it was already 
included as a variable in the typological study 
performed previously. The second, due to its minor 
influence on the overall building performance. 

 
Table 2. Study variables with the value of the two levels. 

Variable type (+) (-) 
1. Infiltration (ach) Continuous 0,13(1) 3,75(5) 
2. Façade transmittance Discrete 0,23(2) 3,00(3) 
3. Roof transmittance Discrete 0,19(2) 2,503) 
5. Window to Wall % Continuous 10(4) 60(4) 
7. Glass transmittance Discrete 1,50(2) 5,70(4) 

    
(1) limit Passivhaus [2] (4) Energy Certificate database [3] 
(2) Annex E DBHE CTE [4] (5) INFILES project [5] 
(3) Rvalues for the energy certification of existing buildings [6] 

 
A 2^K factorial experiment was conducted, with 

K=5. The main effects and interactions between the 
factors (previously referred to as variables) and their 
values were analysed for a total of 160 cases. In order 
to carry out the experiment, a minimum and a 
maximum value was defined for each of the 
parameters. For example, in the case of infiltration, a 
ratio of 0.13 ach was defined as the minimum value 
(most favourable) and a ratio of 3.75 ach as the 
maximum value (most unfavourable). No intermediate 
values were studied to enable a 2^k factorial analysis 
to be applied. The maximum and minimum values of 
the parameters analysed were defined according to 
literature and are presented in Table 2. 

 
The DesignBuilder, E+ and JPlus tools were used to 

make the experiment. The output data used as 
indicators were the annual heating and cooling 
demand.  

Once the results of the simulations were obtained, 
two types of analysis were performed. The first 
focused on the absolute differences that each of the 
parameters yielded individually, for which the 
difference in demand was calculated and pooled for all 
cases where only one parameter changed. Each of the 
parameters studied therefore generated 16 demand 
variation values that were grouped together for 
further analysis.  

The second used the Yates analysis to observe the 
sensitivity considering the combination of the 
parameters according to their degree of interaction. 

The results obtained were arranged according to 
the "Yates order" to obtain the "estimated effect" 
between the factors. 

 
 

 

 Thermal demand difference analysis 
For the analysis of the variation in heating and 

cooling demand, the demand results were normalised 
by dividing them by the surface area of the building 
under study. Subsequently, the cases were grouped 
according to the factor modified and the results of the 
cases differing by only one factor were compared. For 
example, the case where the roof and façade are 
improved was compared with the case where the roof, 
façade and infiltrations are improved. This allows us to 
see the effect of the improvement of infiltrations 
interacting with other factors. Once the demand 
change values were obtained for each of the cases, the 
cases were plotted using a box plot chart. Studying the 
data using a box plot chart provides valuable 
information about the distribution of the data, as it 
provides the chance to examine whether the data are 
evenly distributed or, on the contrary, outliers exist. It 
also makes it possible to observe whether the data are 
skewed towards a certain value, or how sensitive the 
results are to the variation of the factors’ values.  

 
 Yates algorithm 
The effect calculation in Yates' algorithm is a useful 

tool for understanding the interaction between factors 
in a factorial design [7]. It helps to identify whether the 
interaction between two factors is significant and its 
kind, that is, the effect that one factor on the other, 
which can be: 

Positive effect: indicates that the two factors 
interact to increase the effect of the first factor. For 
example, if the effect in Yates' algorithm for factors A 
and B is positive, it means that increasing the level of 
factor B will increase the effect of factor A as well. 

Negative effect: indicates that the two factors 
interact to decrease the effect of the first factor. For 
example, if the effect in the Yates algorithm for factors 
A and B is negative, it means that increasing the level 
of factor B will decrease the effect of factor A. 

Null effect: indicates that the two factors do not 
interact. For example, if the effect in Yates' algorithm 
for factors A and B is null, it means that increasing the 
level of factor B has no effect on the effect of factor A.  
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Figure 2. Box plot with demand variations (top charts) and estimated percentage effect for Yates cooling (graphs below) for each 
of the clusters studied. 

 
3. RESULTS 

The sensitivity of the three models (representative 
of each of the three clusters analysed) has been 
studied for both heating and cooling. 

The analysis of the results of each parameter 
individually unveils the potential influence on the 
energy demand of each parameter, as well as its 
variability depending on the value of the other 
parameters. The sensitivity and dispersion of the 
results are depicted in Figure 2 and Figure 4. 
 

 Analysis of the influence of independent 
factors 

Cooling demand 
In terms of cooling, when the factors are analysed 

individually, the behaviour of the 3 clusters have a 
similar pattern, which it can be observed in Figure 2, 
both in the box plot and the bar chart.  

Among the five factors analysed, the window to 
wall rate (WtW) is the one that presents the greatest 
estimated effect on cooling demand. The value of such 
effect is negative, which means that reducing WtW 
entails a reduction in the cooling energy demand.  

  Glazing transmittance is the factor with the 
second highest estimated effect in general terms, but 
in this case, its effect is positive and thus, increasing its 
value results in an increased demand. In turn, the 
thermal transmittance of the façade has a much more 
moderate effect, being the transmittance of the roof 
and infiltrations the two factors with lower estimated 
effect. In the case of the latter, some differences in 
trends can be observed between the clusters: in 
cluster 1, the reduction of air infiltration 

(improvement of airtightness) leads to an overall 
increase in demand. 

However, in clusters 2 and 3, improved airtightness 
leads to a reduction in cooling demand, even slightly 
more than reducing the roof transmittance.   

It is noticeable that the variation in demand in 
absolute terms (kWh/m2 y) when the value of one of 
the factors is changed is lower in cluster 1 than in the 
other two clusters. However, when analysed in 
percentage terms, the variations are very similar in the 
3 clusters.  

These results indicate that, in the case of an energy 
retrofitting, the most effective intervention action 
would be the reduction of the window surface, 
followed by the reduction of the glass transmittance. 
Reducing the transmittance of the façade, which is the 
most common intervention, would have a much more 
moderate effect, while acting the air tightness or the 
roof transmittance would have little impact on the 
overall cooling demand. 

Figure 3 shows how the variations of improvement 
in percentage terms, with respect to the initial 
demand, are much more similar between the three 
clusters than what is observed if the variation of 
demand in absolute terms is analysed in Figure 2. 
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Figure 3: Percentual cooling demand variability of clusters 1 
and 3 for each of the factors.  

Heating demand 
The results obtained for heating demand are 

presented in Figure 4. 
Again, the trends are similar in the three cases, 

being air tightness, façade transmittance, glass 
transmittance and roof transmittance the factors with 
higher estimated effect in this order.  

The data from the box plot indicate that the WtW 
factor can have both a positive and a negative 
estimated effect. However, the Yates algorithm gives 
only a positive effect.  

In clusters 2 and 3 the sensitivity of the model to 
the value of the façade transmittance and the 
infiltrations is similar. This is somehow an expected 
result as these two clusters represent building where 
the façade surface with respect to the built area is 
higher than in cluster 1.  

 
 Analysis of the interaction between factors 
When analysing the interaction between factors, 

some may be expected and known results, while 
others present more uncertainty. For instance, one of 
the interactions that are interesting to investigate is 
the one between WtW rate and glass transmittance 
and their combined effect on heat demand. This is 
presented in Figure 4. This figure shows how in some 
combinations the reduction of the WtW rate results in 
a reduction of the demand, while in other cases it 
entails an increase in demand. 

A further observation of the results shows that all 
the cases in which reducing the WtW rate (from 60% 
of openings to 10%) results in a reduction in the 
heating demand (negative improvement), correspond 
to cases where the glass transmittance is 5.7 (highest 
value).   

 

Table 3. Cases where a reduction in WtW means a reduction 
in demand. 

 
 
In turn, all the cases in which demand increase is 

more noticeable (more than 30 kWh/m2) present a 
low glass transmittance.  
 
Table 4. Cases where the reduction in WTW results in an 
increase in demand greater than 30kWh/m2. 

 
 
The rest of the cases in which reducing the WtW 

rate results in a moderate increase in the heating 
demand (lower than 30 kWh/m2) include cases with 
both the high and the low glass transmittance. In these 
cases, other factors, such as the wall transmittance, 
roof transmittance or infiltrations, are playing a role in 
the energy behaviour of the building. 
 
Table 5. Cases where a reduction in WTW means a slight 
increase in demand. 

 
 

The relationship between the WtW rate and the 
glass transmittance is reflected and directly quantified 
in the results yield through the Yates analysis, which 
are shown in Figure 5.  

The 4 strongest relationships are: (1) AC, window 
to wall rate with glass thermal transmittance; (2) BD, 
air infiltration with façade thermal transmittance; (3) 
AB, window to wall rate with air infiltration; and (4) 
AD, window to wall rate with façade thermal 
transmittance.   
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glass transmittance is reflected and directly quantified 
in the results yield through the Yates analysis, which 
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It is noticeable that two of the strongest 
relationships involve air infiltrations (factor B). 
Considering how the infiltration parameters are 
introduced in the simulation, the relationship of the 
infiltrations with the transmittance of the façade and 
with the percentage of glazing is not consistent. This is 
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Figure 5. Estimated percentage effect between factors for 
interaction degrees 2, 3, 4 and 5. 
 
 
 
 
 
 

 

4. CONCLUSION 
The individual parameter sensitivity analysis, in 

combination with the study of their aggregate effect 
using the Yates Analysis, is presented as an 
appropriate methodology to obtain high quality 
information on the energy performance of buildings.  

Individually, regarding heating demand, 
infiltrations are presented as the most sensitive 
variable, followed by the thermal transmittance of the 
façade, the thermal transmittance of the glass and the 
percentage of openings in the façade. The window to 
wall ratio has a particular behaviour, with a reduction 
in some cases and an increase in others.  

 The Yates analysis shows a clear relationship 
between the window to wall ratio and the thermal 
transmittance of the openings. This is an expected 
result but demonstrates that the methodology is 
capable of quantitatively assessing this type of 
relationship. 

The Yates algorithm also gives either a positive or 
negative estimated effect per factor, even if in some 
cases the effect can be in one sense or the other. 

Further analysis is needed in order to examinate 
some interactions between factors that were yielded 
by the Yates’ algorithm, and which in a first glance do 
not seem to correspond to what would be expected. 
conform to reality. 

It should be noted that the study is limited to 
quantifying the sensitivity of the cooling and heating 
demand to the different parameters analysed, without 
making a qualitative or quantitative assessment of 
what would be an optimal design solution. For the 
latter, it would be necessary to take into consideration 

Figure 4. Box plot with demand variations (top charts) and estimated percentage effect for Yates heating (graphs below) for each 
of the clusters studied. 
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other aspects such as natural lighting, the relationship 
with the exterior or cost.  
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Mapping the Exposure to Extreme High Temperatures in 
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A Case Study of Guangzhou City 
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ABSTRACT: The Local Climate Zone (LCZ) method, relying on surface cover characteristics, addresses the 
limitations of the traditional urban-rural dichotomy and is increasingly applied in climate research. While 
existing LCZ studies mainly focus on regional surface features and urban heat island intensity, few address the 
living conditions of residents, particularly during extreme heat. Given the global aging population trend and 
physiological characteristics of the elderly, their safety in extreme heat environments is a pressing concern. This 
study, based on remote sensing, meteorological, and population data, investigates high-temperature exposure 
risks for the elderly in Guangzhou. By mapping the LCZ, analyzing heat risks for each type, studying elderly 
residential preferences, and exploring the relationship between preferred LCZ types and frequent heat risks, we 
identify significant heat exposure risks in areas favored by the elderly. This underscores an unnoticed 
vulnerability, demanding urgent attention to improve living environments for this vulnerable demographic in the 
face of heat risks.  
KEYWORDS: heat risk, heat exposure, local climate zone, extreme high temperatures, elderly population  

1. INTRODUCTION
As the impact of global warming intensifies, 

extreme high-temperature events are becoming 
increasingly frequent [1]. One of the main reasons for 
urban heat is the rapid development of urbanization, 
which replaces natural surfaces with impermeable 
surfaces such as asphalt, resulting in significantly 
higher urban temperatures compared to rural areas, 
known as the Urban Heat Island (UHI) [2]. UHI not 
only affects the urban environment, causing 
problems such as rapid energy consumption and 
deteriorating air quality [3] but also has a significant 
impact on human health [4], particularly threatening 
larger populations in urban areas. 

Simultaneously, against the backdrop of global 
aging, the elderly, as a numerous yet vulnerable 
group, are one of the populations most likely to be 
adversely affected by high temperatures [5]. The 
elderly have a high incidence of cardiovascular and 
respiratory diseases, which are the main health 
hazards caused by high temperatures. Existing 
research indicates that the elderly are more 
susceptible to the impact of high temperatures [6], 
with higher mortality rates in regions with a high UHI 
effect compared to those with a low UHI effect [7]. 
Detailed research indicates that the risk of mortality 
associated with temperature in European cities tends 
to rise as temperatures approach the extreme limits 
of each city's typical temperature range, particularly 
affecting older age groups, their mortality rate 
exhibits exponential growth, starting from 1% [8]. 

Therefore, more attention should be paid to research 
on the elderly and heat risks. 

Local Climate Zones (LCZ) refer to regions 
spanning from hundreds of meters to several 
kilometers in horizontal scale, where surface cover, 
structure, materials, and human activities are 
uniformly distributed [9]. The LCZ theory provides 
researchers with a standardized classification method 
based on surface cover characteristics. Due to its 
ability to overcome the limitations of the traditional 
"urban-rural dichotomy," LCZ has gained prominence 
in climate research. Existing studies on LCZ primarily 
focus on regional surface characteristics and urban 
heat island intensity, showing the potential to analyze 
exposure to high temperatures of the urban residents 
[10]. However, few LCZ-related studies have focused 
on vulnerable residents during extreme high-
temperature events, especially the elderly. In fact, 
the vulnerability of the cardiovascular and respiratory 
systems of the elderly implies that their living 
environment safety is a critical issue in the context of 
extreme high temperatures. Therefore, studying the 
extreme heat exposure of the elderly using the LCZ 
framework is crucial. 

Guangzhou city is one of China's important 
metropolises with a rich history and culture, boasting 
a population of 19.73 million. Although it is in the 
early stages of population aging, the large population 
base and rapid aging make the elderly population in 
Guangzhou numerous and continuously increasing. As 
a city with a high level of urbanization, Guangzhou 
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suffers from a severe UHI effect, forming a regional 
UHI cluster with other cities in the Pearl River Delta, 
such as Shenzhen and Foshan. Guangzhou primarily 
focuses on urban renewal as a means of urban 
development, requiring more attention to resident 
needs and direct improvement of living environments. 
Therefore, studying the heat risks faced by the elderly 
in Guangzhou is of great significance for maintaining 
the local elderly population's life and health and 
improving their living environment. 

This study explicitly targets Guangzhou, which is 
experiencing rapid population aging, to explore the 
extreme heat exposure of the elderly population. The 
main objectives of the study include: (1) mapping 
Guangzhou's LCZs and analyzing surface cover 
characteristics, (2) mapping the distribution of the 
elderly population and studying their living patterns, 
(3) identifying heat risk areas in Guangzhou and 
assessing the exposure of the elderly population in 
these areas, and (4) integrating maps of low-latitude 
regions, elderly population distribution, and heat risk 
to study the relationship between the living 
environment of the elderly and heat exposure. 
 
2. MATERIALS & METHODS 
2.1 Data 

Remote sensing image data from Google Earth in 
2020 and population data from WorldPop in 2020, 
providing age and structure data based on the global 
population census database, were used. The 
population data predict the population quantity per 
100m x 100m grid, including males and females, 
focusing on restricted areas in China. Temperature 
data for June to August 2020 with cloud cover less 
than 20% were obtained from the MODIS product 
MOD11A1.006, released by NASA. 
 
2.2 Methods 
2.2.1 Preprocessing 

Using ArcGIS tools, the geographic coordinate 
system was standardized to GCS WGS 1984, and the 
projected coordinate system was standardized to 
WGS 1984 UTM Zone 49N, with a resolution of 100 
meters x 100 meters. Specifically, the temperature 
data needed to be transformed using the MRT tool. 
2.2.2 Mapping Local Climate Zones 

Using the World Urban Database and Access 
Portal Tools [11] method based on the LCZ theory. 
The main steps were as follows: 

(1) Create training files in Google Earth containing 
17 subfolders named according to the LCZ 
classification framework. Each subfolder includes 5-
15 training area shapes with simple rules, with the 
shortest side greater than 200 meters. Export the 
training files in “kmz” format. 

(2) Submit the training application, including basic 
information and training files, to https://LCZ-

generator.rub.de/. After receiving the result files, 
including LCZ maps and evaluation files, optimize the 
training files until the overall accuracy reaches 0.75 or 
higher, based on report prompts and Google Earth 
image map comparisons. 
2.2.3 Mapping elderly population distribution 

According to WHO standards, people aged 65 and 
above were defined as the elderly. ArcGIS tools were 
used to overlay the downloaded eight population 
data layers to obtain the elderly population layer. To 
ensure calculation accuracy, the background value of 
the population data was adjusted from “Nodata” to 
“0”, and then the population data layers were added 
using the raster calculator. 
2.2.4 Mapping extreme high temperatures 

Based on the minimum lethal temperature from 
relevant studies [12], 38.3°C was chosen as the 
threshold for extreme high temperature in this study. 
When loading temperature data in ArcGIS, the "LST-
Day" band was selected. The "Raster Calculator" was 
used to convert temperature data to Celsius, were 
used as follows:  

T = N * 0.02 - 273.15                    (1) 

where   T - Celsius temperature (◦C); 

N - original data. 

Subsequently, the "Raster Calculator" was 
employed to filter data greater than or equal to 
38.3°C. Finally, the "Mosaic Tool" was used to merge 
the various filtered datasets, generating the map of 
extreme high temperatures, with the calculation 
method using "average." 
2.2.5 Data analysis 

(1) Use the "Raster to Polygon" tool in ArcGIS to 
convert extreme high temperatures data into vector 
data format as the heat risk area layer. Use the 
"Extract by Mask" tool to extract the elderly 
population in the heat risk area. 

(2) Use the "Zonal Statistics as Table" tool in 
ArcGIS, with LCZ data as input data, to statistically 
analyze the distribution of the elderly in each LCZ, the 
distribution of heat risk areas, and the distribution of 
the elderly in risk areas. 
 
3. RESULTS 
3.1 Mapping local climate zones in Guangzhou 

In Guangzhou City, there are 15 LCZ types (Fig. 1), 
with built types accounting for 23.91% of the total 
area. This percentage is quite high in the context of a 
mega-city and is twice the proportion in Beijing, the 
capital of China (11%). Built types mainly include LCZ6 
(open low-rise), LCZ4 (open high-rise), and LCZ2 
(compact mid-high-rise). LCZ6 is mainly distributed in 
urban villa areas and suburban villages, revealing the 
existence of a large number of low-density living 
spaces in Guangzhou. LCZ4 represents modern high-
rise residential areas in urban districts, typical 
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residential areas in modern Chinese cities. LCZ2 
mainly covers self-built houses and old 
neighborhoods due to the unique land ownership 
relationship in Guangzhou. Some land belongs to 
community residents, and to increase land value, 
they tend to build dense and tall residential buildings 
on their own land. LCZ2 is often adjacent to LCZ8 
(large low-rise) because community residents usually 
build both residences and factories on their own land, 
forming a unique "urban village" within the city. Land 
cover types account for 76.09% of the total area, with 
LCZA (dense trees) and LCZB (scattered trees), 
characterized by dense and scattered trees, mainly 
distributed in the north and east of the city, being 
critical components of the urban ecosystem. LCZG 
(water) are distributed in the city, mainly the Pearl 
River, playing a crucial role in Guangzhou's economic 
development. 

 
Figure 1: The spatial distribution of LCZs in Guangzhou (a. 
the map of LCZs in Guangzhou; b. the proportion of LCZs) 
 
3.2 Mapping elderly population in different LCZs 

The total elderly population in Guangzhou is 
approximately 1.12 million, but there are significant 
differences in different regions (Fig. 2). About 79.4% 
of the elderly population is distributed in built types, 
mainly concentrated in LCZ4 (25.16%) and LCZ2 
(22.22%). The old city area is the main part of LCZ2, 
while LCZ4 has a large green area and good lighting, 
with both areas having generally higher population 
densities. LCZ6 and LCZ8 are also major residential 
areas for the elderly, accounting for 17.3% and 12.3% 
of the elderly population, respectively, mainly located 
on the urban outskirts with low-rise housing and 
factories. In contrast, very few elderly people are 

distributed in LCZ1 (compact high-rise) and LCZ3 
(compact low-rise), accounting for less than 3%, 
totaling approximately 26,000 people. About 20.6% 
of the elderly population is distributed in areas with 
scattered trees, totaling around 63,000 people, 
mainly in LCZB, an area consisting of orchards and 
plantations, while the elderly population in other 
LCZs is below 4%. Considering that the majority of the 
elderly population is distributed in built types, 
subsequent research will focus on the heat risk 
situation faced by the elderly in this large category of 
areas. 

 
Figure 2: The spatial distribution of elderly population in 
Guangzhou (a. the elderly population distribution in 
Guangzhou; b. the proportion of elderly population in 
different LCZs) 
 
3.3 Extreme high temperatures of different LCZs 

The total area of heat risk areas in Guangzhou is 
approximately 468.4 square kilometers, accounting 
for 6.30% of the total area of Guangzhou (Fig. 3). 
They are mainly distributed in the central urban area, 
Huadu District, and the central area of Zengcheng 
District, with built types LCZ8, LCZ2, and LCZ4 being 
dominant. These three LCZ types together account for 
67% of the total heat risk area. The results indicate 
that the heat risk areas in Guangzhou are mainly 
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almost no greenery. LCZ2 and LCZ4 are the main 
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LCZ8. In this situation, the heat released from 
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formation of heat risk areas. At the same time, LCZ2 
and LCZ8 are the two types of areas with the highest 
probability of risk occurrence, far exceeding other 
built types. (Fig. 4) LCZ2, due to its high and dense 
buildings, has difficulty dissipating heat, making it 
prone to forming heat risk areas. LCZ8, on the other 
hand, releases a large amount of heat due to its 
industrial land characteristics, thereby forming risk 
areas. Among land cover types, LCZE (rock and hard) 
has the highest probability of risk occurrence, 
highlighting the significant impact of greenery on the 
formation of heat risk areas. 

 
Figure 3: The spatial distribution of heat risk areas in 
Guangzhou (a. the heat risk area distribution in Guangzhou; 
b. the proportion of heat risk area in different LCZs) 
 

 
Figure 4: The heat risk proportion of different LCZs 
 
3.4 Heat exposure in the elderly population  

Approximately 327,000 elderly people in 
Guangzhou are in high-temperature risk areas, 
accounting for 29.1% of the total elderly population 
(Fig. 5). Of the elderly people at risk, 92.8% are 
distributed in built types, mainly in LCZ2, LCZ4, and 
LCZ8, totaling around 303,000 people. This is 
consistent with the fact that these three LCZ types 
have the highest distribution of heat risk areas in 
Guangzhou. Among them, LCZ2 and LCZ4 are not only 
the regions with the most elderly people at risk but 
also the regions with the highest distribution of the 
elderly population. This indicates that the heat risk 
faced by the elderly has been overlooked, as no one 
subjectively wants to live in areas with the highest 
risk. It is noteworthy that LCZ8, besides LCZ2 and 
LCZ4, has the highest distribution of elderly people at 
risk, accounting for nearly 20%, significantly higher 
than LCZ6. However, in the statistics of the 
distribution of the elderly population, LCZ6 contains a 
significantly higher number of elderly people than 
LCZ8. Combining the differences in land cover 
characteristics between LCZ6 and LCZ8, we conclude 
that the spacing between buildings and the green 
space coverage are closely related to the exposure of 
the elderly to heat risk. 

 
Figure 5: Heat exposure in the elderly population of 
different LCZs 
 
4. DISCUSSION 
4.1 Correlation between elderly distribution and 
extreme high temperatures 

Observing the significant overlap between the LCZ 
types where the elderly population is most 
concentrated and those with the highest frequency of 
heat risk area, we further explored the correlation 
between the elderly population and heat risk area. 
We established a coordinate system with the elderly 
population as the x-axis and the count of heat risk 
zones as the y-axis. Each LCZ's position was marked 
on the coordinate system based on the respective 
elderly population and heat risk area count (Fig. 6). 
Overall, LCZs with a higher elderly population tended 
to have more heat risk areas, indicating a strong 
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positive correlation between the elderly population's 
distribution and the number of heat risk areas. 
Notably, LCZ8 stood out as a deviation, surpassing the 
expected number of risk zones, aligning with the 
characteristic of higher risk occurrence in this LCZ 
type. Optimizing the living environment for the 
elderly to reduce heat risk involves contrasting the 
compositional elements between no risk areas and 
heat risk areas, such as supplementing the lacking 
blue-green spaces in high-risk areas. 

 
Figure 6: The linear fitting of elderly distribution and heat 
risk  
 
4.2 Comparison of residential preferences between 
the elderly population and the general population 

To emphasize the focus on the elderly population, 
we compared the distribution patterns of the elderly 
with those of the general population. In different 
LCZs, the elderly and the general population in 
Guangzhou exhibited a high degree of consistency. 
The top four LCZs for both groups, in terms of their 
respective total proportions, were LCZ4, LCZ2, LCZ6, 
and LCZ8, in descending order (Fig.7). This suggests 
that the elderly in Guangzhou typically reside in 
mixed areas with the general population. This 
phenomenon aligns with China's policy promoting 
aging in place and is influenced by local customs and 
family cultural beliefs. A slight difference is observed 
in the proportions of LCZ4 and LCZ2, where the 
elderly population exceeds that of the general 
population, while LCZ6 and LCZ8 exhibit the opposite 
trend. Consequently, it can be inferred that the 
elderly prefer residing in high-rise buildings, reflecting 
their inclination towards modern high-rise 
communities, while the general population may be 
more associated with industrial areas due to work-
related factors. In future urban development, 
attention should be paid to improving the ecological 
environment in old urban areas and industrial office 
areas to enhance the quality of living. 

 
Figure 7: Comparison of residential preferences between the 
elderly population and the general population 
 
5. CONCLUSION 

The distribution of LCZs in Guangzhou is 
predominantly characterized by the land cover types 
(76.09%). However, nearly 80% of the elderly 
population inhabits areas classified by built types, 
with LCZ2, LCZ4, and LCZ6 being the primary types. 
These zones are correlated with the spatial 
characteristics of Guangzhou's urban structure and 
the layout of urban villages. Simultaneously, these 
three types are the main distribution areas for the 
elderly population. Guided by policies promoting 
aging in place and the urban context, the elderly in 
Guangzhou cohabitate with the general population, 
primarily in high-rise and mid-high-rise residential 
buildings. The primary heat risk areas in the city are 
found in LCZ2, LCZ4, and LCZ8, showing a substantial 
overlap with the distribution areas of the elderly 
population. The analysis of the correlation between 
the elderly population distribution and heat risk area 
indicates a significant positive correlation. Future 
research could explore the differences in elements 
among different LCZs and discover effective 
approaches to reduce heat risks for the elderly. 

Approximately 29.1% of the elderly population in 
Guangzhou is exposed to heat risks, indicating a 
severe threat to the current health of the elderly. 
Considering the overlap between the regions where 
the elderly prefer to live and areas with a higher 
concentration of heat risk area, it is evident that this 
threat has been overlooked for an extended period. 
We recommend that Guangzhou further refine its 
urban renewal policy guidelines. While the city has 
initiated urban renewal activities early on and has 
focused on improving the quality of life for the elderly 
through services and activity spaces, future urban 
development should consider the transformation of 
outdoor spaces commonly used by the elderly to 
alleviate their exposure to heat risks. Special 
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attention is needed for LCZ2 and LCZ8, where heat 
risk area has a disproportionately high prevalence, to 
genuinely improve the living environment for 
residents. 
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ABSTRACT: This paper summarizes the literature review on some broadly used physiological indicators in IEQ-
cognitive performance discipline. Several physiological indicators, including HR/HRV, EEG, CBF and skin 
temperature, are presented and compared by explaining their pros and cons via literature research. Skin 
temperature is more sensitive to thermal environment rather than cognitive performance. Correlation between 
HR/HRV and cognitive performance is only observed related to indoor thermal and lighting environment rather 
than noise condition. And higher HR/HRV can cause faster task response and lower task accuracy. EEG is an 
effective method to detect level of brain activity affected by thermal and acoustic stimuli. Strong correlation is 
observed when testing problem-solving and decision-making tasks. Lack of evidence is found from literature to 
study the correlation between noise condition and CBF in indoor offices. Further research on enhancing current 
knowledge on existing physiological indicators in recommended. The gap on how lighting/noise impact 
physiological measurements and cognitive performance is bigger than thermal environment. And looking for a 
new indicator that can better connect IEQ stimuli and different cognitive task performance maybe another option.  
KEYWORDS: heart rate/heart rate variability, skin temperature, EEG, cerebral blood flow, cognitive load. 

1. INTRODUCTION
With the global warming and the intensification of 

greenhouse gas emissions over the past 100 years, 
coupled with the increase in time people spend 
indoors in recent decades, IEQ (Indoor Environmental 
Quality) now has become one of the essential research 
topics because its significant impact on occupants’ 
well-being and behaviour, as well as cognition. 
Previous research categories IEQ into four parts: IAQ 
(Indoor Air Quality), thermal comfort, Acoustic and 
Visual Environment. Furthermore, each element of IEQ 
stimuli have corresponding potential impact on 
cognitive performance of indoor workers. Over the 
past few decades, multiple disciplines have placed 
emphasis on cognitive performance and conducted in-
depth research on it. And in the research related to IEQ 
and cognitive performance, various physiological 
measurement has been used as indicators to quantify 
relevant metrics of cognitive performance and 
cognitive load. Those physiological parameters play a 
role in jointing IEQ discipline and cognition discipline. 
However, the current findings on the correlation 
between cognitive performance and IEQ factors is still 
not completely solved. It is hard to measure actual 
cognitive performance because of the complexity of 
both cognition and IEQ system. Parsons defined 
“performance” as “the extent to which activities have 
been carried out to achieve a goal”. (1) This definition 
indicates that there are two potential ways to evaluate 
the performance: intensity of activity or achievement 
of the goal. Zhang et al summarized three primary 
methods to evaluate cognitive load: 1) primary task 

performance, 2) subjective perceptions of cognitive 
load, 3) physiological responses. (2) Task performance 
can normally be measured according to task score and 
completion time, but it is hard to directly measure 
cognitive load. Therefore, in current cognitive 
performance study, scientists use multiple “activities” 
to indicate cognitive load, which involves different 
psychological and physiological factors. Psychological 
factors including mental fatigue and workload are 
normally measured using s set of questionnaires, and 
most of physiological factors can be directly measured 
by instruments during the experiments. Applied 
physiological measurements includes heart rate or 
heart rate variability, EEG, pupillometry, blood 
pressure, oxygen saturation, body and skin 
temperature, respiratory rate, eye movement, ECG, 
EDA, and cerebral blood flow, etc. The experimental 
results for those responses are still ambiguous and 
sometimes conflicting. Also, the results may vary 
across different adopted cognitive tasks and selected 
indoor environmental variables.  

Cognitive functions are divided into six categories 
by Wang et al.: attention, perception, memory, 
language function, higher order skills and social 
cognition, with their respective sub-categories. (3) 
Each cognitive function is associated with 
corresponding brain activity at specific brain region. 
Because of those biological diversity, it is necessary to 
understand the interaction among each IEQ stimuli 
and cognitive performance by adopting various 
physiological measurements to indicate cognitive load 
or performance. However, the diversity of definition of 

929



 

cognitive performance in different research and the 
feeling of invasion on physiological measurement tools 
gives additional difficulty on filling the gap in this 
research field. (4,5)    

For maintaining health and meeting safety 
requirements, also increasing productivity and 
reducing labour cost, office environments start to 
obtain great attention in this discipline as a complex 
psycho-physical system. (6) Previous research does 
not address enough focus on the function of indoor 
office environments. In indoor offices, some cognitive 
functions including attention, memory and higher 
order tasks such as problem-solving and decision-
making are highlighted. This review paper is to 
summarize some popularly applied physiological 
measurement sin published literature relevant to 
cognitive performance and IEQ stimuli in office 
environments, with consideration on various cognitive 
tasks, to make it easier to understand the the 
correlation among those variables and help 
researchers to fill the gap in further studies.  
 
2. Methodology 

This research mainly based on survey of the 
literature contains all the following aspects: Cognitive 
performance/Cognitive load, at least one IEQ stimuli, 
office environment, applied physiological 
measurements in the experiment. Physiological 
indicators such as attention, memory, problem-solving 
and decision-making will be highlighted during the 
review because of the office environment. Indoor Air 
Quality will not be discussed in this literature research. 
Reviewed literature including journal articles, 
conference papers, books are collected across 
multiple platforms. All the selected experimental 
studies are implemented in real offices or simulated 
office environments.  
 
3. Findings 
3.1 Skin temperatures 
      Previous research found that skin temperature is 
an effective physiological indicator to reflect the 
occupants’ response to thermal environment. 
Compared with all other reviewed physiological 
measurements, skin temperature is the best one to 
indicate occupants’ sensation and comfort, especially 
in hot environments. (7) In moderate condition, skin 
temperature can also be used as indicator to thermal 
sensation. (8) And in the last few years, scholars 
suggest there is a correlation between skin 
temperature and cognitive performance. General 
evidence suggests higher skin temperature comes 
with lower cognitive performance. Yeom and Delogu 
found that participants’ cognitive performance in 
response time and working memory is negatively 
correlated with air temperature between 18◦C and 
28◦C, and relatively high skin temperature of specific 

local body part is correlated negatively with cognitive 
performance. (9) And in a climate chamber that meets 
requirements of the office environment, Hao’s team 
suggests only skin temperature at wrist can be used as 
indicator in hot environments, and skin temperature 
at 34.5◦C is recommended for optimal performance to 
six cognitive texts. (8) Instead of using skin 
temperature only, Tsutsumi et al. chose to study the 
correlation between skin wittedness and cognitive 
performance with two simple tasks under different 
relative humidity levels, but it is found that cognitive 
performance is relatively stable with change in relative 
humidity even skin wittedness obviously decreased 
(10).  
       Skin temperature is normally considered highly 
related to thermal environment and the effect of 
lighting conditions and noise levels on skin 
temperature is hard to be observed. Fanger’s previous 
study showed that noise is not significantly correlated 
with thermal sensation and skin temperature. (11) And 
Luo et al. studied the effect of CCT (correlated colour 
temperature) and found that, even cognitive 
performance changed under different CCT level, 
change on skin temperature is not observed during the 
experiment. (12) Relationship between office noise 
and skin temperature is very poor in moderate 
temperature environment. (13)  
 
3.2 Heart rate/Heart rate variability 
       Heart rate is a high-quality physiological indicator 
to cognitive performance in moderate temperature 
environments, because it is highly relevant to thermal 
stress and can be real-time monitored. Also, it can be 
measured using small devices in a non-invasive way. 
But there is still doubt whether heart rate can be used 
as a physiological indicator in environments with high 
thermal stress. Chen et al. found that, in hot 
environments, when heart rate is raised up to 90bpm, 
the speed and accuracy of Stroop test and d2 test 
decline significantly, and when this number reach 
100bpm, the accuracy of visual learning, addition, 
multiplication and typing also dropped. (14) And there 
is an inverted U-shaped relationship is observed 
between the accuracy and heart rate in his research. 
In moderate thermal environments, when thermal 
comfort is maintained by adjusting air velocity, heart 
rate also increases significantly with elevated air 
temperature and pNN50 decreased. (15) But the 
cognitive performance decreases with elevated air 
temperature. Therefore, in both moderate and high 
thermal environments, HR/HRV can be used as an 
indicator to predict cognitive performance for indoor 
workers.   
       Apart from the effect of thermal environment on 
HR/HRV, Smolders observed the level of illumination 
at eye can also cause response at heart rate. Heart rate  
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and rise over the baseline in a high illuminance 
condition and drop below the baseline in a low 
illuminance condition. (16) And participants’ 
performance on reaction time is better when heart 
rate is higher. However, this research only addressed 
lighting condition without mentioning other IEQ 
factors. Different types of noise in office can affect 
cognitive performance is observed by Brocolini et al. 
without significance. (17) But this correlation currently 
is not found by observing occupants’ HR/HRV. There 
lacks enough evidence on the correlation among heart 
rate, cognitive performance, and noise condition in 
office environment. (18) The combined effect of both 
air temperature and noise level is higher than 
individuals on working memory, sustained attention 
and reaction time. (18) And this pattern can be also 
observed in Abbasi’s research. The combined effect of 
noise and air temperature is more obvious than each 
individual. (19)  they also found the impact on heart 
rate by air temperature is more significant when noise 
level is relatively high, And mean heart rate is lower at 
different air temperature when noise level is low. (19) 
Which means heart rate is more sensitive when air 
temperature or noise level is higher.   
 
3.3 Electroencephalogram (EEG) 
       EEG is an instrumental test that can measure the 
level of brain activity and pattern to observe wearer’s 
cognitive load in real-time. It is a newly applied 
technology in IEQ-cognitive performance discipline. 
However, compared with devices used to measure 
skin temperature and heart rate, devices used in EEG 
measurement is much larger and more invasive during  

 
the test which is always a potential influential factor 
on subjects’ perception and comfort. But skin 
temperature and HR/HRV cannot directly measure 
brain activity like EEG.  
       An experimental study using EEG to measure 
cognitive load by Wang et al. suggests that, in 
moderate environment, higher cognitive load can be 
caused by higher air temperature with increase of 
theta band activity of frontal lobe and decrease of 
alpha band activity of parietal lobe, and generally 
better performance is observed in relative cooler 
environment. (20) Another study on cognitive 
performance by Oh et al. also applied EEG to 
investigate the effect of noise level and illuminance in 
a simulated office. (21) In his study, significant 
correlation between relative theta activity level and 
average reaction time is observed under dimmer lights 
and lower noise level, and he also noticed lighting 
intensity alone cannot have a significant impact on 
EEG measurements but noise and combined effect of 
noise and lighting both can correlate with EEG level. A 
more detailed research on how noise interact with 
brain activity and cognitive performance by Astuti et 
al. They noticed not only noise level, but type of noise 
also significantly correlated with cognitive 
performance. (22) And participants’ attention 
condition is best when they are exposed to noise level 
at 65dBA in both continuous and intermittent types. 
And when noise level reach 70dBA in both types, 
mental workload start to play a role in impacting 
participants’ cognitive performance. Literature listed 
above found no effect of illuminance and CCT on EEG  
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signal. No literature about the effect of daylight factor 
on EEG and cognitive performance is found.  
        
3.4 Cerebral blood flow (CBF) 
       Functional Near-Infrared Spectroscopy (fNIRS) is 
commonly applied in neuroscience and biology to 
measure patterns of cerebral blood flow. Compared 
with the popularity of fNIRS in other discipline, it is not 
commonly applied in IEQ discipline. Similar with EEG 
device, fNIRS test devices also have a non-negligible 
volume which may be invasive during cognitive test. 
The application of fNIRS and cerebral blood flow in IEQ 
discipline is first introduced by Tanabe and Nishihara 
as an indicator to cognitive load (4). It can measure the 
concentration of chromophores oxygenated 
hemoglobin (ΔO2Hb) and deoxyhemoglobin (ΔHHb) 
with specific algorithm which can be significantly 
influenced by the level of mental workload/cognitive 
load. In Tanabe and Nishihara’s research, when 
operative temperature varies between 25◦C and 33◦C, 
the increase rate of both ΔO2Hb and total hemoglobin 
in frontal lobe significantly increased with 
temperature in three cognitive tasks. But only task 
performance in this experiment did not change with 
higher physiological measurements. Another 
experiment by Nishihara et al. investigated the 
correlation between thermal environment and 
cognitive performance. (23) And performance in  

 
accuracy and response rate has no signiticant 
difference even the change rate of cerebral blood flow 
is different. Second experiment by Tanabe and 
Nishihara tested effect of lighting condition. They 
observed difference on cerebral blood flow under 
different tasks at 3 lux levels but no obvious different 
is observed on CBF. No enough evidence was found to 
prove correlation between noise and CBF in indoor 
offices.  
 
4. CONCLUSION 
       The effect of indoor environmental factors, 
cognitive performance, cognitive load and relevant 
physiological measurements need further 
investigation. Among all those physiological 
measurements above, skin temperature is the best 
one to predict thermal stress. Therefore, in both 
moderate and stressful thermal environments, the 
difference on skin temperature is obvious. But only the 
wrist skin temperature is significantly relevant to 
cognitive performance. Skin temperature is not 
sensitive to change of surrounding CCT. When CCT 
largely increases, cognitive performance is affected 
but no change on skin temperature is observed, which 
means skin temperature is highly correlated with 
cognitive load and thermal stress only, and it is not a 
high-quality indicator to cognitive performance. 
Further research on the effect of different noise 
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conditions and other lighting characteristics on skin 
temperature in offices is recommended. 
        Compared with heart rate variability (HRV), heart 
rate can better reflect cognitive performance after 
reach a certain level. When heart rate is high enough, 
performance to task under multiple functions will lose 
accuracy in both moderate and stressful thermal 
environments. Same as skin temperature, heart rate is 
also highly relevant to thermal stress. When thermal 
comfort is maintained with elevated air temperature, 
heart rate could increase when cognitive performance 
is declining. But cognitive performance could increase 
with heart rate under different illuminance condition. 
Therefore, the application of heart rate as cognitive 
performance indicator depends on the independent 
variable. Further research on the correlation between 
heart rate and noise on cognitive performance in 
offices is suggested. 
        EEG and fNIRS are two technologies that can 
measure level of brain activity. Compared with other 
physiological parameters, brain activity level can 
better predict cognitive load. The results of EEG 
measurements are dependent on cognitive task type 
and measured part of brain. There are obvious 
individual difference using EEG to measure cognitive 
load and stronger EEG signal can successfully predict 
lower cognitive performance in moderate thermal 
environments. Using EEG technology can help 
researchers to observe the direct impact of thermal 
condition and noise level on cognitive load, but it fails 
to analyze the correlation between illuminance level 
and cognitive load. Same patterns can be observed 
using cerebral blood flow. Compared with change in 
indoor environmental factors, differences on cognitive 
task difficulty cause stronger brain activity difference.  
        From the review and analysis of some broadly 
applied physiological parameters, the selection of 
applied physiological indicators in IEQ discipline 
should be determined based on the purpose of 
research. To observe the difficulty level of cognitive 
task and cognitive performance, brain activity is 
possible to be a good indicator. And for experiment on 
the correlation between thermal environment and 
cognitive performance, heart rate and skin 
temperature are probably helpful. EEG and cerebral 
blood flow patterns are also affected by different noise 
levels which makes them good method to observe the 
cross-modal effect or combined effect between 
thermal condition and noise level. However, there is 
no credible physiological indicator that can connect 
indoor lighting condition and cognitive performance. 
To better understand how the complex IEQ system 
affect cognitive performance in office work, further 
study on looking for another physiological indicator is 
required. Further research on other existing 
physiological measurements also need to be enhanced. 
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PLEA 2024 WROCŁAW
(Re)thinking Resil ience

County-Level Assessment of Building Stock Thermal 
Resilience During Heat Waves and Power Outages 

 

investigated these counties’ 

The impacts of climate change have been felt 
across the globe, exposing populations to more 
frequent and more severe weather events [1-2]. As 
global temperatures rise due to the accumulation of 
greenhouse gases in the atmosphere, various regions 
are experiencing changes in weather patterns and an 
increase in extreme weather phenomena. Between 
2020 and 2022, the U.S. experienced 60 separate 
weather and climate disasters, each exceeding a billion 
dollars in damages [3]. Notable occurrences among 
these included unprecedented heatwaves and 
wildfires in California, Oregon, and Washington during 
the fall of 2020 [4], a historic winter storm/cold wave 
event focused on the Deep South and Texas in 
February 2021 [5], and a drought and heatwave in the 
Western and Southern Plains states in the summer of 
2022 [6]. Extreme weather occurrences, along with 
power outages, present a specific threat to energy 
infrastructure and fundamental services reliant on 
electricity. This situation jeopardizes the effective 
functioning of buildings in maintaining safe indoor 
environments. However, buildings should play a 
fundamental role in enhancing resilience against 
climate change events such as heatwaves to safeguard 
the safety and well-being of occupants. Therefore, a 
research question arises: which segments of our 
residential building stock are most at risk of 
overheating with the increasing frequency and 

severity of extreme weather events and power 
outages? Thus, the objective of this paper is to 1) 
investigate the thermal resilience of existing 
residential building infrastructure, with a focus on the 
efficacy of homes in mitigating heatwave challenges 
with power outages and 2) create a replicable 
framework for such analysis.

Previous studies on thermal resilience emphasize 
its role in providing human comfort and safety during 
extreme climate events. Sheng et al. [7] delved into an 
assisted living facility’s response to heatwaves and 
power outages, emphasizing the significance of 
passive envelope strategies and natural ventilation. 
White et al. [8] explored resilient, sustainable design 
approaches, demonstrating how passive building 
techniques bolster resistance to outages. Sengupta et 
al. [9] explored the resiliency and passive survivability 
of an office building, sustainable design approaches, 
demonstrating that implementation of cooling 
systems active or passive as well as sun blinds are 
important to combat overheating risks during 
heatwaves. Another Sengupta et al.’s [10] study 
focused on overheating risks in educational buildings 
during heatwaves and outages, shedding light on the 
vital role of resilient cooling strategies. 

Prior work primarily explored thermal resilience in 
a specific building. However, our research aims to 
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extend this scope by geo-spatially evaluating the 
thermal resilience of a diverse set of residential 
buildings. This expansion allows us to conduct a 
comprehensive analysis of the thermal resilience of 
existing residential infrastructure in the face of 
heatwave challenges and power outages, with the 
ultimate goal of establishing a replicable methodology 
for such investigations.

In this study, we investigate thermal resilience in 
the US housing stock using ResStock [11]. Built on the 
OpenStudio / EnergyPlus building energy simulation 
engine, the ResStock database has an extremely rich 
documentation of US residential building 
characteristics across various geographical resolutions 
ranging from national to county level. ranging from 
national to county level. Detailed information on the 
characteristics of the housing stock and how to access 
their metadata is provided in Ref [11]. To our 
knowledge, this is the first published study using the 
ResStock database for resilience testing.  We randomly 
selected a 20% sample of ResStock buildings (n=4,374) 
in Illinois to create a meaningful subset of housing and 
achieve a county-level assessment of building thermal 
resilience. We focused on Illinois for two primary 
reasons: 1) Diversity: e.g., dense urban, suburban, and 
rural areas with multiple climate zones. 2) Notable 
changes in weather patterns: an increasing frequency 
of extreme weather events in recent years [12,14].

To assess thermal resilience, we selected July 
2012’s peak heat period in Chicago as a representative 
extreme heat scenario. Two metrics such as Dry Bulb 
Temperature (DBT) and Heat Index (HI) [15] are used 
to measure occupant heat exposure and vulnerability. 
As illustrated in Figure 1, our methodological 
framework involves the following four-phase process. 
The first phase gathers representative samples from 
the 2023 ResStock database, with each building model 
having an XML file and a CSV file for annual schedules 
(i.e., window, HVAC operations). For Illinois’ two 
climate zones (4A and 5A), we coupled each building 
model with appropriate weather files, using Chicago 

and Springfield as reference cities for zones 5A and 4A, 
respectively. The second phase modifies XML files to 
simulate power outages and window opening 
schedules during heatwaves which includes disabling 
HVAC systems,  then setting higher thresholds for the 
natural ventilation temperature setpoints, maximum 
air exchange rates, and outdoor humidity ratios (to 
enable window opening to avoid indoor overheating). 
The third phase focuses on configuring the simulation 
platform using the OpenStudio-HPXML workflow 
framework. This framework integrates the OpenStudio 
software suite with the Home Performance XML 
(HPXML) data standard, which is especially useful for 
large-scale computation as it simplifies managing and 
automating multiple building simulations and data 
handling. Along with this framework, a batch 
simulation can be launched for a representative 
sample of buildings (in our study, n=4,374). The final 
phase involves extracting and analyzing the time series 
data to assess thermal resilience based on the 
simulation outputs. 

Our methodological framework, built in Python 
3.7, automates the majority of the simulation process, 
offering a pipeline for future research in assessing 
building thermal resilience. Our developed framework 
is applicable to buildings that rely on HVAC for cooling 
during heatwaves. The framework incorporates a pre-
outage (normal operation), phase of three days, 
followed by a simulated three-day power outage, 
resulting in a total evaluation period of six days.

Figure 2 presents our simulated results of the 
hourly DBT before and during the blackouts. On the 
first day of the outage, the median DBT value reached 
31.5°C within an 18-hour period from the outage 
onset. The 85th percentile DBT peaked at 37.4°C in the 
same timeframe. The highest peak in the three-day 
outage scenario occurred on the second day, with the 
median DBT hitting 32.5°C at 41 hours post-outage, 
and the 85th percentile of residential buildings 
reached a maximum of 38.4°C at 42 hours. These 
results demonstrate the risk for significantly elevated 
indoor temperatures in residences without 
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phase involves extracting and analyzing the time series 
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Our methodological framework, built in Python 
3.7, automates the majority of the simulation process, 
offering a pipeline for future research in assessing 
building thermal resilience. Our developed framework 
is applicable to buildings that rely on HVAC for cooling 
during heatwaves. The framework incorporates a pre-
outage (normal operation), phase of three days, 
followed by a simulated three-day power outage, 
resulting in a total evaluation period of six days.

Figure 2 presents our simulated results of the 
hourly DBT before and during the blackouts. On the 
first day of the outage, the median DBT value reached 
31.5°C within an 18-hour period from the outage 
onset. The 85th percentile DBT peaked at 37.4°C in the 
same timeframe. The highest peak in the three-day 
outage scenario occurred on the second day, with the 
median DBT hitting 32.5°C at 41 hours post-outage, 
and the 85th percentile of residential buildings 
reached a maximum of 38.4°C at 42 hours. These 
results demonstrate the risk for significantly elevated 
indoor temperatures in residences without 

interventions, posing risks of discomfort, as well as 
health and safety concerns. These findings are 
consistent with prior research [7], where 

temperatures reached 30°C within a 20-hour period. 
However, our study reveals an oscillating pattern in 
line with outdoor temperature fluctuations, differing 
from previous study.

 In examining HI performance, Figure 3 shows the 
HI variation during a three-day power outage. On the 
first day, the median HI hits 36.14 °C in a 21-hour 
period from the start of the outage, indicating extreme 
caution for 11 consecutive hours. The 85th percentile 
HI peaked at 51.35 °C in the same timeframe reaching 
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second day, the maximum HI across all simulated 
buildings in Illinois reached a median of 35.5 °C at 47 
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our results are reported with the 85th percentile 
instead of the 95th percentile to mitigate the influence 
of potential outliers and extreme values.

The comparison of simulated building resilience 
results across the two different Illinois climate zones, 
as shown in Figure 4, demonstrates the variation in 
DBT, Relative Humidity (RH), and the HI. There is a 
marked difference between the overall state 
conditions and climate zone 4A, where 4A consistently 
shows higher temperatures and median thermal 
performance for both DBT and HI compared to the 
state average. These findings prompt further 
investigation into how different building 
characteristics contribute to resilience during power 
outages and heatwaves.

In general, buildings are designed based on a group 
of fixed assumptions and conditions in the design or 
renovation phases. However, the actual performance 
of buildings during occupancy often diverges from 
these architect-intended initial conditions. In this 
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section, we investigate a range of building 
characteristics to determine which are correlated with 
overheating, particularly by analyzing mean and 
maximum DBT temperatures. Examined design 
variables include attic types, wall insulation levels, and 
air changes per hour (ACH).

The ridgeline plots in Figure 5 show the probability 
distribution of the mean and maximum temperatures 
across different attic types during heatwaves and 
blackouts. As can be seen, residences featuring 
finished attics or cathedral ceilings demonstrate a 
noteworthy reduction in mean temperature compared 
to other types with an average mean of 27 °C. It also 
shows less variability in temperature, suggesting a 
more regulated and consistent indoor climate. This 
pattern may highlight the critical role of attic 
construction in moderating indoor thermal 
environments, pointing to the potential benefits of 
strategic attic design for improved thermal resilience.

 

due to CMU’s high thermal mass and efficient thermal 

The ACH in a building is commonly used as an 
indicator of air infiltration. Evaluating the degree of 
infiltration helps in assessing the potential for 
mitigating indoor heat by exchanging it with outdoor 
air or preventing the loss of cooler indoor air. Figure 1 
illustrates the ACH values and their corresponding 
average and peak temperatures as computed by the 
HI. Notably, airtight dwellings (1 ACH and 2 ACH) show 
reduced temperature variability and lowest mean 
temperature profiles. However, there is still a notable 
probability of these dwellings reaching peak 
temperatures in the extreme caution zone as defined 
by the HI. This suggests that while airtightness 
contributes to resilience, it could also lead to 
overheating concerns during certain periods. 
Conversely, buildings with higher ACH (e.g., 3 ACH, 5 
ACH and higher) often experience wider and more 
elevated temperature ranges. As can be seen from 
Figure 7, on average there is a 20-30% likelihood of 
these dwellings reaching the extreme caution level. 
We are not suggesting here that the ACH should be 
indiscriminately increased or decreased to improve 
resilience. Instead, we aim to highlight what could be 
“good” versus “poor” design based on overheating risk 
assessment. 
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Additional analysis was conducted for the most 
resilient and vulnerable counties in Illinois, outlined in 
white, in Figure 8. The most vulnerable counties, i.e. 
those with the highest HI are Piatt County with a mean 
HI of 47.7°C, and mean DBT of 35.6°C, and Mason 
County with a mean HI of 49.5°C, and a mean DBT of 
35.5 °C. The most resilient counties in terms of HI are 
Woodford County, with a HI of 25.5°C and a mean DBT 
of 24.7°C, and Marshall County, with a HI temperature 
of 25.8 °C and a mean DBT of 25.5°C. We further 
correlated these counties with their socioeconomic 
status according to the federal poverty level (FPL). The 
FPL, an economic measure, uses a percentage to 
compare household income against the poverty 
threshold. Lower FPL percentages indicate incomes 

closer to the poverty line. Figure 9 shows that 
households with annual incomes below 100% of the 
FPL experience a wide range of HI values, suggesting 
these buildings are more prone to inadequate thermal 
control, elevating health risks during heatwaves and 
power outages. A similar pattern was observed in 
households with 150-200%, 200-300%, and 300-400% 
of the FPL. This suggests a correlation where lower-
income households, which are often in buildings with 
less investment in thermal resilience measures, are at 
a greater risk during extreme temperature events. Our 
findings emphasize the need for targeted 
interventions in building design and energy assistance 
programs to protect vulnerable populations from 
extreme heat.

 

4. LIMITATIONS AND FUTURE WORK
In this study, we used the ResStock energy models, 

which do not represent individual existing buildings 
but are based on building stock statistics and, in 
aggregate, have been validated to match measured 
energy data [17].  These models have not been 
validated in terms of indoor thermal conditions, and, 
therefore, their accuracy for these outcomes is 
unknown.  Furthermore, we only used a 20% sample 
of Illinois residential buildings from the ResStock 
database for thermal resilience evaluation due to 
computational cost constraints. For more 
comprehensive analysis, future research could expand 
the dataset size, possibly using the full database to 
explore wider patterns and characteristics for building 
resilience evaluation across construction years and 
varying degrees of retrofitting. This would provide a 
more detailed understanding of the factors that 
contribute to thermal resilience in residential 
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buildings. In addition, nationwide thermal resilience 
evaluation also would benefit from identifying the 
vulnerable state and/or the most vulnerable counties 
across the nation, which is possible with this dataset 
and high-performance computing clusters. 

Future research on building thermal resilience 
could incorporate more demographic data. National 
surveys like the U.S. Census can supplement ResStock 
models by providing detailed demographic 
information. This would allow users to quantify 
resilience measures through computing metrics like 
physiologically equivalent temperature (PET) and 
perceived temperature (PE). Additionally, our study 
assumed that occupants would open windows when 
outdoor temperatures are lower than indoor 
temperatures, but this may not always be true without 
empirical evidence or measurements of window-
opening behavior during power outages. Therefore, 
there is a need to collect more data on such behaviors.

Our study developed a methodological framework 
which can investigate the vulnerability of residential 
buildings to extreme temperatures during power 
outages, a consequence of climate change-induced 
weather events. Through the use of ResStock models, 
our research demonstrates a means to understand the 
risks posed to indoor thermal conditions and delves 
into the factors influencing resilience. Building 
characteristics such as attic type, wall material, 
insulation, and infiltration are correlated with an 
infrastructure’s ability to withstand extreme 
conditions. Our analysis shows that the HI reached 
critical levels indicating extreme caution and danger 
zones during blackouts, with the 85th percentile HI 
peaking at 52°C. This highlights the acute threat to 
occupant safety during simultaneous power outages 
and heatwaves. Moreover, our geospatial vulnerability 
assessment reveals regional disparities in thermal 
resilience across Illinois counties, correlating 
socioeconomic status with overheating vulnerability. 
This approach equips stakeholders with knowledge to 
develop targeted strategies for enhancing the overall 
resilience of residential infrastructure in the face of 
escalating climate challenges. Our research 
contributes not only to the understanding of building 
thermal dynamics but also offers a replicable 
methodology for future studies, guiding efforts to 
create thermally safe and climate-resilient 
communities.

–

–

 

–

–

Strickland MJ, et al (2022). Estimating Heat-Related
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ABSTRACT: This paper presents a comprehensive analysis of daylight performance in a standard office across 
twelve different locations. The assessment covers both the visual and non-visual impacts of daylight, taking into 
account aspects such as vision, glare, view quality, and circadian rhythms. Evaluation criteria are based on the 
prerequisites for daylight and view credits outlined in LEED v.4 [1], in conjunction with the WELL 2.0 Building 
Standard [2] for daylighting evaluations. The assessed space is outfitted with sidelight windows, representing a 
typical section of an office within a multi-story building. The study's findings shed light on how daylight 
performance is influenced by geographical location, prevailing weather conditions, window dimensions, shading 
devices, glass transmittance, and floor plate depth. Notably, the study demonstrates the feasibility of designing 
spaces that meet the daylight and view credit criteria of LEED v.4 while complying with the circadian lighting 
requirements of WELL 2.0 in diverse locations. Achieving this goal relies on implementing window systems that 
provide ample bright light while employing minimal window size and shading devices to control glare at 
occupants’ eye level. 
KEYWORDS: Daylighting, Equivalent Melanopic Lux, LEED, WELL Standard, Healthy Buildings 
 
 

1. INTRODUCTION  
The benefits of daylighting have been widely 

documented by numerous researchers. Daylighting 
serves as an effective strategy to reduce reliance on 
electric lighting, diminish cooling and heating loads, 
and enhance human comfort, well-being, and 
productivity [3]. This paper analyses the application 
of the daylight metrics developed by the Illuminating 
Engineering Society (IES) LM-83-12 Standard [4] 
adopted by LEED v.4 [3], and the WELL 2.0 Q4 2023 
[2] Building Standard, across twelve diverse locations. 
Even though the latest LM-83-23 [5] release, an 
updated version of the LM-83-12 Standard includes 
changes such as a reduced illuminance threshold 
value of 150 lux for spaces with minimal visual tasks, 
a dirt depreciation factor, and a higher Annual Sun 
Exposure of up to 20%. 

The latest WELL 2.0 Standard mandates an 
Equivalent Melanopic Lux (EML) exceeding 150 EML 
(1 point) or 275 EML (3 points) at vertical viewing 
positions. Moreover, the WELL standard offers an 
alternative provision for projects with enhanced 
daylighting, providing 3 points for Circadian Lighting 
attainment when a project achieves 180 EML and a 
spatial daylight autonomy (sDA300,50%) of more 
than 75% and annual sunlight exposure (ASE) less 
than 10% of occupied floor area, between 8:00 and 
18:00 hours. 

This paper explores the feasibility of achieving 
both the LEED v.4 (sDA300,50%> 75%, ASE <10%) and 

the WELL 2.0 (EML>200, EML>275) points 
concurrently in regularly occupied spaces. 
 
2. METHODOLOGY 

Twelve locations were chosen, ranging from 
latitudes 0º to 65º in the Northern Hemisphere (refer 
to Table 1). These locations represent a variety of 
climates, featuring distinct sky conditions that vary 
from predominantly clear skies (e.g., Phoenix) to 
consistently overcast skies (e.g., Caracas and 
Anchorage). Moreover, they experience varying 
durations of daylight throughout the year, with 
shorter daylight hours in winter days (around 7.5 
hours) and longer summer days (up to 18 hours). In 
Fig. 1 three sky types (clear, partly cloudy and cloudy) 
are depicted across three locations (Quito, Phoenix 
and Anchorage) showcasing their respective monthly 
percentages (displayed in the left column) and the 
fluctuating monthly hours (presented in the right 
column). 

A typical south-facing office space was modeled in 
Rhino, featuring windows on a single façade that 
represents a section of a deep open-plan office 
measuring 3.0 m high, 6 m wide, and 9.1 m long. The 
space includes a window spanning from 4.5 m to 5.7 
m wide and 1.5 m to 2 m high, with a visible 
transmittance (Tvis) ranging from 60% to 70%. 
Additionally, the window wall ratio (WWR) varies 
from 40% to 70%. The interior surface reflectances 
are 0.7 for the ceiling, walls, and shading and 0.2 for 
the floor. No blinds were used in the simulations. 
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Table 1: Locations, latitude, and annual sky types (%). 

Location Latitude Clear Sky Partly 
Cloudy 

Cloudy 

Quito 0.1 9 87 4 
Caracas 10.6 10 34 56 
Puerto Rico 18.4 13 64 22 
Miami 25.8 18 61 21 
Houston 30.0 26 41 33 
Phoenix 33.4 69 21 10 
San Francisco 37.6 29 48 23 
New York 40.7 14 54 32 
Boston 42.3 26 39 35 
Seattle 47.4 16 30 53 
Edmonton 53.6 34 33 33 
Anchorage 61.1 14 28 58 
 

 
Figure 1: Sky types of Quito (top), Phoenix (center) and 
Anchorage (bottom); monthly percentages (left column) 
and monthly hours (right column). 

 
The Rhino office model was linked to the 

RADIANCE-based ClimateStudio 1.9 [6] plugin in 
Grasshopper to generate climate-based annual hourly 
illuminance data for 150 sensors within the space. 
Each location underwent over 1,000 iterations (see 
Table 2). Simulations meeting the criteria to attain 4 
points of LEED v.4 daylight credits were chosen. 
These selected simulations were compared against 
WELL’s EML circadian metrics, in addition to the 
mean autonomous UDI (Useful Daylight Illuminance), 
the disturbing glare across regularly occupied floor 
area sDG (Spatial Disturbing Glare) and LEED VF (View 
Factor) 3 or above. For simulating the non-visual 
effects of light, the Multispectral Lighting Simulation 
Grasshopper plugin (Lark v.3.0) [7, 8] was utilized. 
Lark specifically simulated the EML values (over the 
150 locations at 1.2 m high of 8 vertical view 
directions, totaling 1,200) exceeding 200 and 275 

EML, in more than 75% of floor area, in spaces that 
met the criteria for 4 points of LEED v.4 (sDA>75%, 
ASE>10%, and VF>3) around noon during the solstices 
(March, September) and equinoxes (June, December). 
 
3. RESULTS 

The outcomes from the parametric runs of LEED 
v.4 and WELL 2.0 metrics across the 12 locations are 
depicted in Fig. 2 and Table 2. A higher number of 
cases meeting the LEED v.4 criteria were observed in 
regions with lower latitudes, specifically between 0º 
and 30º. However, at latitudes above 30º, the number 
of iterations decreased due to the meticulous 
selection of windows and shading devices tailored to 
diverse sky conditions and solar geometry. Notably, 
Quito demonstrated the highest count of LEED v.4 
compliant cases among the locations studied, 
consistently maintaining partly cloudy sky conditions 
throughout the year. Surprisingly, despite Phoenix, 
receiving the highest annual incident daylight (138 
lux-hours x 106 [9], positioned at an intermediate 
latitude with more clear days annually, it only met 
1/9 and 1/5 of the LEED v.4 metrics criteria achieved 
by Quito and Caracas, respectively. 

 
Table 2: Iterations, LEED v.4, and EML>200 cases over 75% 
of floor area in June. 
Location Iterations LEED v.4 75% EML>200 
Quito 972 962 145 
Caracas 972 554 7 
Puerto Rico 972 285 35 
Miami 972 138 20 
Houston 972 104 90 
Phoenix 128 103 0 
San Francisco 128 81 0 
New York 128 56 0 
Boston 128 50 0 
Seattle 128 47 0 
Edmonton 128 29 0 
Anchorage 128 10 8 
 
3.1 sDA, ASE, UDI and sDG 

Table 3 presents a summary of four visual metrics 
for the 12 south-facing locations. Overall, all locations 
achieved high sDA values. The highest sDA300,50% of 
100% occurred in latitudes 30º and below, with a 
similar ASE of 7%. Higher latitudes achieved a slightly 
lower sDA (ranging from 91% to 99%), except for 
Anchorage, which achieved 85% (refer to Figure 2). 
Notably, at these latitudes, the sDA is lower at the 
rear of the space. This decrease in sDA is attributed to 
extensive shading used to control sunlight.  

The average autonomous UDI in low latitudes (0º 
to 33º) exceeds 80%. However, in higher latitudes 
(above 37º), UDI declines due to lux values dropping 
below 100 lux at the back and center of the space, 
coupled with excessive UDI exceeding 3,000 lux at the 
front. Overall, the percentage of sDG throughout the 
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floor area remains relatively consistent, ranging from 
19% to 28%. Nonetheless, Anchorage showed the 
highest sDG, reaching 33% of the floor area. This 
higher sDG in Anchorage is likely attributed to lower 
sun angles, causing shading devices to obstruct most 
of the year’s sunlight from entering the occupant’s 
eyes (at 1.2 m) and back wall without reaching the 
work plane. 

 
Table 3: Summary of visual metrics (%) of the 12 South-
facing locations. 

Location sDA ASE UDI sDG 

Quito 100 7 77 26 
Caracas 100 7 81 19 
Puerto Rico 100 7 82 28 
Miami 100 7 80 19 
Houston 100 7 80 20 
Phoenix 99 10 80 26 
San Francisco 100 5 77 21 
New York 98 5 71 21 
Boston 95 1 71 23 
Seattle 97 0 68 22 
Edmonton 91 7 64 25 
Anchorage 85 4 57 33 

 

 
Figure 2: sDA, ASE, UDI, and sDG of the South-facing room 
in Quito (top), Phoenix (center), and Anchorage (bottom). 
 
3.2 Circadian Lighting and Views 

The recommendations set forth by the 
International WELL Building Institute for office spaces 
require vertical light levels at the occupant eye level 
that surpass the horizontal task plane illuminance 
metrics established in LEED v.4 [10]. 

Table 4 provides a summary of the results derived 
from parametric simulations, focusing on EML values 
exceeding 200 and 275 during March, June, 
September, and December across the twelve 
locations. June consistently exhibits the lowest EMLs 
across all locations, while December records the 

highest. It is evident that none of the locations 
achieved EML values exceeding 275 over 100% of the 
floor area throughout the year. In this study, specific 
workstation locations, as defined by the WELL 2.0 
standard, were not determined. Instead, the aim was 
to attain EML values exceeding 275 (WELL 2023) and 
200 (WELL 2029) across 75% of the floor area during 
the solstices and equinoxes. Observations reveal that 
EML values exceeding 200 are consistently met 
throughout the year in lower latitudes (below 30º) 
from Quito to Houston. Even in Caracas, 
characterized by predominantly cloudy conditions, 
EML values exceeding 200 covers over 76% of the 
floor area in June. The exception among higher 
latitudes in Anchorage, where over 81% of the floor 
area meets EML values exceeding 200. In latitudes 
above 33º , however, EML values surpassing 200 
covers less than 72% of the floor areas in June. 

None of the 12 locations achieved EML values 
exceeding 275 across 75% of the floor area in June, 
with Quito reaching just over 72%. Yet, in other 
months like December, all locations successfully 
achieved EML values exceeding 275, ranging between 
82% and 100% of the floor area, as illustrated in Table 
4 and Fig. 3’s right column. 
 
Table 4: Percentage of the floor area of EML>200 (upper) 
and EML>275 (lower) at noon. 
Location Mar. Jun. Sep. Dec. 

Quito 
88 83 85 99 
76 72 69 83 

Caracas 
 

85 76 84 99 
75 66 74 90 

Puerto 
Rico 

88 80 91 100 
76 69 77 85 

Miami 
83 81 90 100 
72 70 77 85 

Houston 
95 81 90 100 
80 69 78 89 

Phoenix 
80 66 80 96 
66 57 69 82 

San 
Francisco 

76 68 78 89 
65 56 67 80 

New York 
75 70 77 100 
64 59 68 92 

Boston 81 71 75 100 
70 59 64 97 

Seattle 
87 72 89 100 
74 61 76 100 

Edmonton 
72 70 77 100 
61 58 65 99 

Anchorage 
97 81 99 97 
88 69 92 90 

 
Fig. 3 depicts the distribution of EML by vertical 

view directions across the space in Quito, Phoenix, 
and Anchorage. As expected, areas adjacent to the 
window plane consistently register the highest EML 
values across eight vertical view directions 
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throughout the year. These areas, covering 
approximately one-third to half of the floor area, 
consistently register high EMLs. Next to this region is 
an intermediate area, where view directions facing 
the windows achieve EML values exceeding 275, 
whereas those facing the back wall fall below 200 
EML. Moreover, areas closer to the back wall show 
EML values exceeding 200 but below 275 EML. The 
distribution of EML values heavily relies on daylight 
that reflects off the side and rear walls.  

Fig. 4 illustrates the illumination perceived by 
occupants in December in Quito, Phoenix, and 
Anchorage. The floating spheres in the space indicate 
potential workstation locations at the occupant’s eye 
level (1.2 m). In low latitudes, the brightest area 
(>2,500 lux) is concentrated around the front of the 
room, creating an overall bright space. However, in 
Anchorage, due to the low sun position, the side and 
back wall receive a substantial amount of light. 
Occupants facing the window also experience bright 
light, which results in EMLs above 90% of floor area, 
while the sDG in Fig. 3 confirms the prevalence of 
disturbing glare mainly in directions facing the 
window. 
 

   
 

Figure 3: EML>200 (top number) and EML>275 (bottom 
number) of Quito (top row), Phoenix (center row), and 
Anchorage (bottom row) in solstices and equinoxes. 
 
3.3 Views and Projection Factors 

The parametric simulations included the selection 
of shading devices intended to intercept direct 
sunlight while preserving occupants’ external views. 
The Projection factor (PF) denotes the degree to 
which daylight penetration through a window is 
obstructed by external shading. Consequently, higher 

PF values correspond to lower sDA, ASE, and EMLs. 
Fig. 5 illustrates the noticeable increase in PFs 
corresponding to latitudinal changes from 0º to 62º. 
Specifically, south-facing facades in low latitudes (0º–
20 º ) necessitate minimal shading devices (PF 
Horizontal, PFH 0.2 to 0.6; PF Vertical, PFV 0 to 0.1) to 
align with LEED and WELL metrics. In intermediate 
latitudes (25º–50º), extended shading is required 
(PFH 0.8-1.4; PFV 0-0.1), while higher latitudes (>50º) 
mandate extensive shading that substantially 
obstructs the window glass (PFH 1.3-2, PFV 0.2). 
 

 
Figure 4: Renderings and False Colors (illuminance) of Quito, 
Phoenix, and Anchorage in December.  
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Figure 5: Horizontal and Vertical Projection Factors. 
 

All EML cases met the LEED’s v.4 View Factor 
requirement of 3, allowing for vertical and horizontal 
view angles (hVAs and vVAs) exceeding 40º. Fig. 6 
showcases the view angles observed across the 
twelve locations. As anticipated, the trend lines of 
view angles contrast with those of the PFs (Fig. 5). 
The hVAs decreased from 81º to 29º from low to high 
latitudes, attributed to lower sun angles and the use 
of deeper shading devices. Conversely, vVAs 
consistently ranged between 90º and 80º. 
 

 
Figure 6: Horizontal and vertical view angles. 
 

Table 5 provides a summary of WWR, Tvis, and 
the overall area of shading devices. Low latitudes 
exhibited larger window areas, approximately 67% of 
wall area, with fewer shading devices. This trend was 
attributed to predominantly cloudy and partly cloudy 
skies from Quito to Houston. Intermediate latitudes 
showed a reduced WWR, approximately 30%, 
compared to low latitudes, with larger shading areas. 
Higher latitudes (above 47º) displayed a slightly large 
WWR in comparison to intermediate latitudes, along 
with extensive shading, such as in Edmonton (Table 
5). The Tvis of glass remained consistent across all 
locations. 
 
Table 5: WWR, Tvis, and Total Shading Area (m2). 

Location WWR Tvis Shading Area 
Quito 0.67 70% 3.1 
Caracas 0.67 70% 6.6 
Puerto Rico 0.67 70% 8.4 
Miami 0.67 70% 11.9 
Houston 0.67 70% 11.9 
Phoenix 0.48 70% 10 
San Francisco 0.48 70% 13 
New York 0.48 70% 13 
Boston 0.48 70% 13 
Seattle 0.54 70% 14.5 
Edmonton 0.51 70% 21.2 
Anchorage 0.56 70% 15.8 
 
4. DISCUSSION 
 Despite meeting current LEED v.4 requirements, 

none of the 12 locations achieved the existing 
EML>275 recommendations at 100% in all 

workstations. Achieving higher EML values at 
100% of workstations may require narrower or 
less deep spaces. Additionally, EML values were 
highest for view directions facing the windows 
and lowest for those facing the back wall, 
suggesting that sidelight windows alone may not 
be the most effective daylighting system. 
Employing other systems such as additional 
windows, top lighting (clerestory or skylights), 
horizontal solar light pipes, supplementary 
electric lighting, blue-tinted glass, or interior wall 
colors tinted in blue could augment daylighting. 
Solar light pipe studies [11] have shown that they 
can be effectively used in facades oriented 
toward the East, South, and West. Moreover, 
increasing window sizes with high thermal 
performance, like triple-pane low U-value (or 
high R-value) and low SHGC, could be beneficial. 
Otherwise, energy-efficient LED lighting can be 
designed for workstations to achieve the 
required 275 EML values. An evaluation by 
researchers at PNNL on an existing building in 
Chicago, IL revealed challenges in meeting the 
EML levels of WELL v2 2019 at 100% of 
workstations in an open office space, even with 
supplementary electric lighting. 

 The control of sunlight beyond ASE metrics is 
crucial to prevent direct glare in workstations 
facing southern directions, particularly in high 
latitudes. Maintaining at least a view factor of 3, 
in combination with LEED and WELL metrics, can 
ensure visually comfortable spaces, providing 
various health benefits to occupants. 

 Our parametric lighting simulation, including 
renderings and false-color images, effectively 
highlighted interior spaces' responses to glare 
and high EML values at occupants’ view 
directions. These visual representations provide 
valuable insights for designers to address lighting 
issues. However, there is currently a lack of 
metrics or parametric tools that report outcomes 
in three dimensions. 

 Studies have demonstrated the positive effects 
of visual connections to the outdoors on 
occupants’ health, well-being, cognitive 
performance, and stress recovery [12]. 
Combining LEED and WELL metrics with at least a 
view factor of 3 can ensure occupants' visual 
comfort and promote their health. All the cases 
of this study achieved a view factor of 3. 

 
5. CONCLUSION 

The results demonstrate the feasibility of meeting 
the LEED v.4 lighting and view requirements across all 
12 locations while managing thermal loads through 
relatively smaller Window-to-Wall Ratios (WWRs) and 
minimal shading. In most locations, the WELL 2.0 
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EML>200 values were consistently achieved 
throughout the year, except for five high-latitude 
areas. To improve EML values in these high-latitude 
regions, larger WWRs and shorter shading devices 
might be necessary. However, these modifications 
could potentially impact cooling and lighting loads 
[13]. It is notable that Spatial Disturbing Glare (sDG) 
tends to increase with larger WWRs and sun 
exposure. 

Designing for circadian lighting demands a 
meticulous approach to window system design, 
aiming to provide bright light, preferably from 
reflected sunlight bouncing off shading devices and 
interior reflectors towards the ceiling. Balancing the 
control of sunlight without compromising outdoor 
views poses a challenge for architects and lighting 
designers worldwide. Leveraging daylight has the 
potential to significantly enhance the quality of life 
and the overall health of building occupants. 
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ABSTRACT: This research paper addresses the urgent need for a methodological approach to develop energy-
independent transportation stations tailored for the climatic challenges anticipated by 2050 due to climate 
change. Highlighting the increasing implications of global warming, the study examines the potential of the 
building envelope to ensure thermal comfort within transit hubs, aiming to reduce dependence on high-energy 
mechanical cooling systems via passive options. 
Through a thorough analysis of current design shortcomings, this paper presents a novel framework that aligns 
with climate change standards and anticipates urban development needs in a warmer world. Using state-of-the-
art simulation tools and a practical case study—a bridge station in Southern Italy—the research evaluates the 
performance of various passive options for the projected summer conditions of 2050 involving the building 
envelope. The results emphasise the significance of enhanced natural ventilation in improving indoor thermal 
comfort. In conclusion, this study paves the way for informed, sustainable, and user-focused transportation 
station designs that are prepared for the challenges of a changing climate. 
 
KEYWORDS: Climate change, Passive cooling, Façade Design, Natural ventilation, Railway station, Grasshopper. 
 

1. INTRODUCTION 
One of the most tangible effects of climate change 

is the increased demand for building cooling, a 
concern underscored by the Intergovernmental Panel 
on Climate Change (IPCC) [1]. The primary global 
strategy to combat warming is to limit temperature 
rise to 2.0°C, ideally to 1.5°C above pre-industrial 
levels. This seemingly minor difference of 0.5°C leads 
to a roughly 13% increase in cooling degree days in 
Italy [2]. Consequently, it is imperative for nations to 
foster initiatives that curb greenhouse gas emissions 
and adapt their infrastructures, a point strongly 
highlighted by UNEP in 2022, noting the limited 
progress made by institutions in this direction to date 
[3]. 

In this scenario, a critical challenge is to balance 
energy efficiency with maintaining consistent summer 
thermal comfort. Infrastructure spaces, which must 
provide thermal comfort for numerous users while 
minimizing greenhouse gas outputs, present a 
particularly complex aspect of this challenge. With 
traditional energy-intensive systems becoming less 
viable due to their environmental impact, there is a 
pressing need for low-emission alternatives. 

 
This challenge brings railway stations into focus. 

Effective climate adaptation can significantly reduce 
reliance on energy-intensive systems [4], thereby 
playing a crucial role in mitigating the climate crisis. 
This leads to a crucial question:  

How can passive design, which leverages natural 
energy sources and reduces mechanical cooling, be the 
cornerstone for climate-adapted, resilient railway 
stations? 

However, conceptualizing these solutions alone is 
not enough. Their practical application and 
effectiveness depend on thorough, data-driven 
evaluations of climate change impacts [5, 6]. This 
introduces another vital question:  

Given our changing climate and the current 
shortcomings in our design approaches, how can we 
effectively utilize simulation tools in climate change 
scenarios? 

This study seeks to answer these questions by 
detailing a specific adaptation process for a railway 
station currently under construction, examining 
various options for its envelope, and establishing a 
methodological framework to evaluate its climate 
responsiveness. 

 
2. CASE STUDY 
This case study examines a project initiated by the 
Italian railway operating company aimed at 
implementing energy-saving and decarbonization 
technologies in its newly constructed stations, with a 
particular focus on climate change adaptation. The 
ultimate goal of this project is to achieve indoor 
comfort both for contemporary operations and for 
2050 without relying on HVAC systems, leveraging 
instead a building façade designed to moderate and 
interact dynamically with solar radiation and wind. 
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The railway station in Xirbi, Italy, coordinates 
37.536238, 14.057025, exemplifies this approach with 
its bridge-like structure over railway tracks, oriented 
north-south as shown in Figure 1. The design 
incorporates a floor made of reinforced concrete with 
a 40% open floor area, which significantly increases 
thermal interaction between the station’s interior and 
the external environment. The east and west facades, 
along with the roof, are equipped with a continuous 
skin of photovoltaic cells that optimize energy 
efficiency by harnessing solar energy. Continuous 
glazing at the north and south ends enhances natural 
light and contributes to passive solar gain, which 
further influences the building’s thermal dynamics. 
This results in a unique hybrid interior-exterior space 
that challenges conventional climate control solutions. 
The design challenge is to create a façade system that 
not only responds to solar radiation to maximize 
energy efficiency but also manipulates natural air 
flows to maintain comfort throughout the year, 
particularly during the peak summer months. This 
requires a sophisticated understanding of the 
interplay between climate, climate in 2050 and air 
openings. 
The study was conducted, using weather data 
projected for the year 2050, obtained from 
Meteonorm 8.0 software and adjusted according to 
the IPCC 8.5 scenario. Analysis centered around the 
hottest week of the year, from August 17 to August 2. 
Due to inconsistencies in cloudiness on August 19 
between the years 2022 and 2050, August 18 was 
selected for a detailed analysis as it presented 
consistent cloud coverage of zero tenths in both years. 
On this selected day, the peak temperature is 
expected to reach 34.8 °C in contemporary wearther 
and 37.9°C at 3:00 pm in 2050. Prevailing winds during 
August typically come from the northern quadrant.  

 
Figure 1. Reference building. Railway station of Xirbi, Italy. 

 
Figure 2. Air temperature (°C) in the hottest week of 2022 and 
2050 

 
Figure 3.Cloudiness index, measured in tenths, during the 
hottest thermal week of 2022 and 2050. 

 
Figure 4. The wind rose for August 2050. Notably, the 
northern quadrant is the primary origin of prevalent wind 
patterns, with a modal speed registered at 4 meters per 
second. 
 
3. ALIGNMENT TO CLIMATE CHANGE WITH PASSIVE 
OPTIONS  

The design of the façade was conceptualized to be 
adaptive to escalating temperatures and evolving 
climatic conditions, with projections extending to the 
year 2050. The thermodynamic interaction between 
the building's external and internal environments is 
facilitated by openings at north and southern facades, 
fostering a dynamically varied range of indoor 
conditions. As the project aims to assess thermal 
comfort in spaces devoid of HVAC cooling systems. 
This necessitates the exclusion of conventional 
comfort indices typically applied to air-conditioned 
interiors, directing the selection towards alternative 
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parameters such as the Universal Thermal Climate 
Index (UTCI), which is pertinent for evaluating open 
and semi-open spaces. 

The building was conceptualized as a wind tunnel 
to harness the prevailing northern summer breezes 
effectively. The building's longitudinal orientation is 
strategically aligned with these winds, forming the 
foundation of a passive ventilation strategy. This 
strategy utilizes the north and south façades as 
architectural conduits, serving as the inlet and outlet 
for wind flow, eaxh of which is characterized by 
varying degrees of façade porosity. These variations 
are the primary scope of this investigation as they are 
the modulator of the air flows and consequently they 
impact UTCI values. Table 1 underscores the variation 
in facade treatments, effectively grading the building's 
adaptive capacity to modulate internal air velocities 
through natural ventilation alone: 
 
Table 1. Variation of openings in north and south facades. 

Option Description Opening 

1 
 

The north and 
south facades 
are completely 
closed. 

0% 

2 
 

The upper part 
of the facades 
is completely 
opened 

31% 

3 
 

In both 
facades, one-
third is opened 
vertically 

31% 

4 
 

Vertical full-
height 
openings in 
both facades 

35% 

5 
 

Both facades 
are completely 
opened. 

100% 

Closed Facade (0% Open): This baseline scenario 
entails a non-porous envelope, precluding the ingress 
of natural ventilation, thereby simulating a controlled 
thermal environment. 

Upper Openings (31.1% Open): Introducing upper-
level openings capitalizes on the stack effect, 
facilitating warm air exhaust and inducing lower-level 
cooler air inflow. 

Vertical Side Openings (30.8% Open): This 
approach focuses on creating unidirectional wind 
ingress, thereby inducing a singular vector of airflow. 

Alternating Vertical Openings (35.2% Open): 
Alternating openings across the facade encourage a 
more distributed and turbulent airflow, potentially 
improving indoor air mixing. 

Fully Open Facade (100% Open): This maximizes 
natural ventilation, allowing for full wind penetration. 
 

4. OUTDOOR SCRIPTS FOR INDOOR SPACES 
The diagrammatic workflow in figure 5 and 6 

presents a sophisticated strategy to inform design for 
2050 through the integration of simulations for 
radiative transfer and airflow dynamics, employing 
tools like Radiance, Eddy 3D, and Ladybug Tools. 
Together, these tools facilitate a comprehensive 
assessment of thermal comfort within semi-exterior 
spaces as it relates to the Universal Thermal Climate 
Index (UTCI). 

Radiative Heat Transfer Modeling with Radiance: 
This component of the methodology harnesses 
Radiance for its nuanced modeling of radiative heat 
transfer, quantifying the percentages of solar radiation 
interacting with the building's envelope and materials. 
By capturing the specific wavelengths of solar energy, 
Radiance provides essential input on how radiant heat 
influences surface temperatures, directly impacting 
local microclimatic conditions and, by extension, the 
UTCI. 

Airflow Dynamics with Eddy 3D: In parallel, Eddy 3D 
simulations, empowered by OpenFoam technology, 
provide an analysis of airflow within and around the 
structure. This analysis informs the UTCI by modeling 
how air movement, induced by natural ventilation and 
the different facades porosities, can regulate thermal 
conditions through convective heat transfer. 

Ladybug Tools Integration: Ladybug Tools steps in 
as the critical integrator, enabling the synthesis of the 
radiative and airflow simulations. Ladybug Tools acts 
as a computational platform that interprets the output 
from Radiance and Eddy 3D to produce UTCI comfort 
maps. These maps are generated by placing virtual 
sensors within the 3D environment, capturing the 
interactive effects of radiation and airflow to predict 
thermal comfort levels across different areas and 
scenarios. 

By leveraging the synergistic potential of these 
advanced modeling tools, the methodology extends to 
evaluating five design options, each assessed through 
the UTCI lens provided by Ladybug Tools. This process 
ensures that each design proposal is scrutinized for its 
potential to sustain occupant comfort, given the 
anticipated climatic shifts by 2050. 
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 Figure 5. Combining Indoor Environmental Simulation with 
Outdoor Climate Data for Enhanced UTCI Comfort Mapping

 

 
Figure 6. GRASSHOPPER workflow. 1. CFD, simulation domain; 2. CFD, mesh & simulation; 3. CFD, visualization; 4. CFD, clean data; 
5. CFD + UTCI, sensor grid; 6 options; 7. UTCI, model; 8. UTCI, simulation; 9. UTCI, visualization. 
5. RESULTS 

This study presents a streamlined, data-driven 
analysis for future climate-adaptive design, yielding 
numerical and visual results to evaluate thermal 
comfort. The numerical results reveal a correlation 
between the façade openness and the average UTCI—
key in predicting thermal comfort levels for 2022 and 
2050. This is captured in Tab. 2, highlighting the 
resilience of Option 5, which significantly mitigates the 
rise in UTCI compared to the more sealed Option 1. 

Visual results, shown in Figures 8, 9, and 10, depict 
the spatial distribution of the Mean Radiant 
Temperature (MRT) and thus the internal surface 
temperatures that are crucial for comfort, ventilation, 
and UTCI, respectively. These figures demonstrate the 
effectiveness of facade options in distributing natural 
ventilation and controlling MRT, thereby influencing 
the UTCI values within the building. The comparative 
analysis of these options reveals how passive design 
considerations can significantly reduce thermal stress, 
showcasing the potential for architecture to adapt to 
the warming climate. Option 5, with open north and 
south façades, performs best in current conditions and 
emerges as the most effective in responding to the 
predicted climate change scenario, suggesting its 
viability as a long-term passive cooling strategy. This 
architectural decision, focusing solely on the passive 
manipulation of the built environment, could nearly 
nullify the impact of climate change on the station's 
thermal comfort by 2050, as per the worst-case 
scenario projected by the IPCC. 
 

Table 2. Average UTCI values (°C) inside the building on 8 
August at 3:00 pm. 

Option 2022 (°C) 2050 (°C) Delta (°C) 
1 34.72 36.65 1.93 

2 34.25 35.92 1.66 

3 34.18 36.26 2.08 
4 33.80 35.73 1.93 
5 33.34 35.27 1.93 

 

 
Figure 7 Comparison of the options. Option 5 is the most 
resilient, and it is on 8 August 2050 at 3:00 pm. 
 

The visual analyses further support the selection of 
Option 5, with the MRT results indicating cooler 
interior conditions and the ventilation maps showing 
enhanced airflow, essential for maintaining comfort 
without relying on mechanical systems. The UTCI 
mappings confirm that this option provides a 
consistent thermal environment conducive to 
passenger comfort in the face of rising future 
temperatures. 
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Reading the maps leads to assessing the spatial 
distribution of microclimate parameters and the 
influence of geometry on comfort factors. 

MRT (Fig. 8). Due to the varying levels of 
transparency of the roof and the east and west 
facades, there is an uneven distribution of MRT within 
the building. Among the three lifts, the central part is 
the one with the lowest MRT, about 35°C. This is due 
to a lower transparency of the infill panels in the roof. 
Along the perimeter of the building, the MRT is higher 
due to the increased penetration of the sun's rays from 
the west at 3:00 pm and the radiation reflected from 
the external floors to the north and south, with a 
variation contained in a range between 36.5°C and 
39°C. In the outdoor areas, the MRT reaches values 
above 41°C. 

Ventilation (Fig. 9). Option 1, where the two glazed 
walls to the north and south are all closed, is compared 
with option 5, which numerically gives the best results 
in UTCI. In option 1, weak air movements can be seen 
at the large central opening on the floor and the small 
openings on the west façade. Generally between 0 m/s 
and 1.8 m/s. The wind speed increases significantly in 
option 5, where the two glass walls to the north and 
south are completely open. There is a constant level of 
2.5 m/s, which is equivalent to a light breeze according 
to the Beaufort scale, with accelerations of up to 5 m/s 
in the part near the inlet, which corresponds to a 
gentle breeze according to the Beaufort scale, and a 
deceleration of up to 0.5 m/s in the central space 
between the ascents, equivalent to light air in the 
Beaufort scale. 

 

 

 
Figure 8. MRT in 2050. The lowest value of about 35°C is in 
the core of the building. 
 

 

 
Figure 9. Ventilation at 3:00 pm. Option 1 is on the left, and 
Option 5 is on the right. Opening the north and south facades  
leads to air velocity of up to 5 m/s on the northern side of the 
building. 
 

 

 
Figure 10. UTCI in 2050. Option 1 is on the left, and option 5 
is is on the right. The drop in UTCI in option 5 reaches 2.5°C 
almost uniformly in the building. 
 

UTCI (Fig. 10). Considering 8 August at 3:00 pm, we 
are in one of the absolute hottest hours of the year 
2050. It is therefore not surprising that the UTCI values 
are very high and always in the 'Strong Heat Stress' 
range of the UTCI scale, i.e. between 32°C and 38°C. 
However, when comparing option 1, where there is an 
almost constant UTCI of approximately 37 °C 
throughout the building, in option 5, significant 
temperature drops are noted with a consequent 
attenuation of thermal discomfort. In particular, the 
UTCI drops almost uniformly by about 2.5 °C to 34.5 
°C. In the areas where the wind speed is lower, there 
are higher UTCI values, up to 36.8 °C, which      indicates 
the role of wind as a carrier of thermal comfort in this 
geographical area. Furthermore, where wind speeds 
are higher, in option 5, the UTCI value is not the 
absolute lowest but is around 35.3 °C. 
 
6. ARGUMENTED CONCLUSIONS 
 
Addressing Passive Design in Climate-Adapted 
Railway Stations.  

How can passive design, which leverages natural 
energy sources and reduces mechanical cooling, be the 
cornerstone for climate-adapted, resilient railway 
stations? 

Passive design's potential as a foundational 
element for climate-adapted, resilient railway stations 
becomes evident when considering the necessity for 
indoor spaces that respond to outdoor climate 
variations. In the study spanning the present and 
projections for 2050, simulation tools such as outdoor 
modules have been paramount in assessing the impact 
of a porous and discontinuous building envelope on 
semi-indoor comfort levels. Such assessments 
demonstrate the critical role of passive design in 
balancing indoor comfort with minimized mechanical 
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cooling. However, our understanding of comfort levels 
and their external climatic influences has deepened, 
revealing that different design options perform 
variably across time. Option 1, which relies on closed 
facades, may suffice under current climatic conditions 
but falls short when considering the year 2050's 
scenarios. In contrast, Option 5, characterized by open 
facades, aligns with the future's expected increase in 
temperatures, emphasizing the need for designs that 
can maintain thermal comfort over time. Thus, passive 
design becomes not only a matter of energy efficiency 
but also of future-proofing buildings against the 
evolving demands of climate change. 

Utilization of Simulation Tools in Climate Change 
Scenarios 

Given our changing climate and the current 
shortcomings in our design approaches, how can we 
effectively utilize simulation tools in climate change 
scenarios? 

When harnessing simulation tools for climate 
change scenarios, it becomes apparent that relying 
solely on present-day weather data is inadequate. This 
research shows a clear divergence between design 
options when current and future climatic conditions 
are considered. While Option 1 might be suitable for 
today's climate, Option 5's open facade design 
emerges as the superior approach for 2050, 
highlighting the importance of incorporating long-
term climate projections into passive design 
strategies. The application of these tools provides a 
scientific basis for forecasting and validating 
architectural responses to future climate challenges, 
advocating for an anticipatory design ethos. This 
forward-thinking mindset allows designs to adapt to 
and evolve with the predicted changes in climate, 
ensuring long-term resilience and sustainability of 
infrastructures like railway stations. Thus, the role of 
simulation tools extends beyond simple prediction to 
become integral in informing an adaptive architectural 
strategy that proactively responds to the anticipated 
extremes of future climate conditions. 
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Chilean standard, the established value should be ≤0.6 
s. [9,11] for classrooms of smaller volume (≤283 m3). 
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ABSTRACT: The New European Bauhaus Compass emerges as a comprehensive framework aiming to combine 
aesthetics with sustainability and inclusivity. Across Europe, numerous decommissioned military barracks, 
reminiscent of past conflicts or strategies, lie under-utilized or abandoned. They present an opportunity for 
regeneration under this NEB Compass framework. These complexes, with their robust structures and vast 
landscapes, pose a significant opportunity for redevelopment benefitting historic cities they are a part of, in 
accordance with the current golden standards. With proper regeneration, they can serve a multitude of 
purposes, combining cultural centres, housing and green public spaces. This article explores the possibilities of 
integrating the principles of the New European Bauhaus into military barracks regeneration, drawing from 
relevant real life case studies. They emphasize the importance of considering environmental sustainability, 
community engagement and historical context in urban development. 
KEYWORDS: military barracks, sustainable regeneration, The New European Bauhaus Compass 
 
 

1. INTRODUCTION 
Historic military barracks across Europe stand as 

an embodiment of state’s policies, pride and 
ambitions of localities, and vestiges of past conflicts. 
They constitute a cultural capital in the cityscape of 
historic garrison towns [1]. Built in strategic locations, 
they often occupy prime urban or peri-urban land. As 
a result of developments in warfare, military barracks 
suffer obsolescence and become brownfields. 
Considering, that the societies transition towards 
sustainable and circular practices, the regeneration of 
military barracks presents a unique opportunity to 
repurpose underutilized spaces for the betterment of 
communities [2]. 

The New European Bauhaus (NEB) initiative 
represents the European Union's vision of combining 
aesthetics, sustainable development, functionality 
and inclusivity in architectural design and urban 
planning to foster harmonious urban living in 
accordance with the motto: “beautiful, sustainable, 
together” [3]. Military complexes comprise of 
buildings varying in scale and function. Most often 
constructed for maximum functionality, they now 
serve as excellent opportunities for regeneration 
projects that align with NEB's tenets. The 
regeneration of military barracks presents an 
opportunity to revitalize historic urban spaces while 
addressing the challenges of repurposing obsolete 
structures. 

This article explores the significance of military 
barracks regeneration in the context of achieving 
circular societies, focusing on environmental, social, 

and economic aspects. Through case studies and 
analysis, it demonstrates how adaptive reuse of 
barracks contributes to resource efficiency, 
community cohesion and economic revitalization. It 
demonstrates the synergies between NEB and 
barracks regeneration, drawing on real-life examples. 
Integrating these two areas offers the potential for 
innovative urban regeneration that assures aesthetic 
appeal, sustainability, and community well-being. 
This paper strives to prove, that by applying the 
principles of NEB, the challenges of military barracks 
transformation can be turned into opportunities, 
leading to a novel approach that could serve as a 
model for adaptive and holistic urban 
redevelopment. 
 
2. RESEARCH METHOD 

The New European Bauhaus Compass (NEB 
Compass) was adopted as a research activity scheme, 
and its guidelines were used as the basis for further 
analysis. The NEB Compass was chosen, taking into 
account that historic barracks complexes are part of a 
cultural heritage rooted in the local cultural 
landscape, most of them not being legally protected 
monuments. The use of this tool as a reference frame 
helped quantify the diagnosis of revitalization 
potential and indicate appropriate directions of 
adaptation. 

The Compass is a reference framework. For each 
value and for each working principle, it presents three 
levels of ambition. They may be used to guide the 
design of a project from its first stages. On the other 
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They constitute a cultural capital in the cityscape of 
historic garrison towns [1]. Built in strategic locations, 
they often occupy prime urban or peri-urban land. As 
a result of developments in warfare, military barracks 
suffer obsolescence and become brownfields. 
Considering, that the societies transition towards 
sustainable and circular practices, the regeneration of 
military barracks presents a unique opportunity to 
repurpose underutilized spaces for the betterment of 
communities [2]. 

The New European Bauhaus (NEB) initiative 
represents the European Union's vision of combining 
aesthetics, sustainable development, functionality 
and inclusivity in architectural design and urban 
planning to foster harmonious urban living in 
accordance with the motto: “beautiful, sustainable, 
together” [3]. Military complexes comprise of 
buildings varying in scale and function. Most often 
constructed for maximum functionality, they now 
serve as excellent opportunities for regeneration 
projects that align with NEB's tenets. The 
regeneration of military barracks presents an 
opportunity to revitalize historic urban spaces while 
addressing the challenges of repurposing obsolete 
structures. 

This article explores the significance of military 
barracks regeneration in the context of achieving 
circular societies, focusing on environmental, social, 

and economic aspects. Through case studies and 
analysis, it demonstrates how adaptive reuse of 
barracks contributes to resource efficiency, 
community cohesion and economic revitalization. It 
demonstrates the synergies between NEB and 
barracks regeneration, drawing on real-life examples. 
Integrating these two areas offers the potential for 
innovative urban regeneration that assures aesthetic 
appeal, sustainability, and community well-being. 
This paper strives to prove, that by applying the 
principles of NEB, the challenges of military barracks 
transformation can be turned into opportunities, 
leading to a novel approach that could serve as a 
model for adaptive and holistic urban 
redevelopment. 
 
2. RESEARCH METHOD 

The New European Bauhaus Compass (NEB 
Compass) was adopted as a research activity scheme, 
and its guidelines were used as the basis for further 
analysis. The NEB Compass was chosen, taking into 
account that historic barracks complexes are part of a 
cultural heritage rooted in the local cultural 
landscape, most of them not being legally protected 
monuments. The use of this tool as a reference frame 
helped quantify the diagnosis of revitalization 
potential and indicate appropriate directions of 
adaptation. 

The Compass is a reference framework. For each 
value and for each working principle, it presents three 
levels of ambition. They may be used to guide the 
design of a project from its first stages. On the other 

 

hand, it can be also used to verify the already 
completed designs for the accordance with the NEB 
principles. 

The method sets three levels of advancement for 
each competency. The first ambition level sets the 
boundary conditions. Only design fulfilling the 
requirements of these basic features can be analysed 
further. The second and third levels build on the 
starting definitions, expanding them with growing 
aspirations. The ambitions for a beautiful project are: 
to (re)activate (BI), to connect (BII) and to integrate 
(BIII). The goals in sustainability are: to repurpose (SI), 
to close the loop (SII) and to regenerate (SIII). The 
objectives in inclusivity are: to include (TI), to 
consolidate (TII) and to transform (TIII). 

The presented case studies were chosen based on 
a broader research, to present all the aspects of the 
discussed issue. The research method begins with a 
combination of literature review, visual analysis, and 
contextual studies to form a comprehensive 
understanding of the chosen case studies and verify 
their overall success. Then NEB framework is applied 
to identify if the regeneration fulfils all the 
requirements. Ultimate comparison of these two 
checks if they overlap. 
 
3. CASE STUDIES 
3.1 Tempelhof Airport in Berlin 

The Tempelhof Feld was originally a community 
meadow occasionally used as parade ground by the 
military, before becoming an airport in the 1920s. 
Expanded by new barracks buildings, in 1933 the 
airport was turned into concentration camp Columbia 
House [4], a fact commemorated in 1994 with a 
sculpture by Georg Seibert at the corner of 
Columbiadamm [5]. After the clearing of the camp, 
the airport served as one of the focal points in the 
plans of Albert Speer to create Germania. After the 
war the airport was used to overcome the Berlin 
Blockade imposed by the Soviets. The facility was 
closed in 2008 and a year later, the city held a limited 
competition for the redevelopment of the site. The 
results of the competition sparked a wide public 
debate and motivated bottom up initiatives for 
preservation of the historic shape of the area. In 2015 
the authorities established a refugee camp in the 
airport’s buildings. Today the facility evokes manifold 
associations. It simultaneously acts as an 
international symbol of totalitarianism, war trauma, 
cold war resistance and humanitarianism [6]. 

The tarmac strips at Tempelhof Field are used on 
a daily basis for social activities, including sports and 
leisure (BII), providing much needed relaxation space 
in the heart of the city. Since its decommissioning the 
site hosted numerous public events and artistic 
activities, like music festivals or fashion shows, 
sporting events (e.g. marathons) and community 

engaging undertakings like fairs (BI). All the 
development activities, e.g. concerning the refugee 
camp assume a reversible form due to the fact that 
the building is a protected historic monument (BIII). 

The project mainly repurposes historic structures 
and is based on existing urban plan (SI). The 2,5 by 2 
km space of the aerodrome remains an open 
meadow for outdoor activities, contributing to 
absorption of rainwater (SII). The meadow is lined 
with high elderly trees and in parts assigned to 
allotment gardens, contributing to bigger biodiversity 
in the area (SIII), as many shortlisted birds and insects 
dwell and use the area as their feeding grounds. 

The project grants widest possible public 
accessibility of Tempelhof Park’s green area (TI). Due 
to the area’s unchanged morphology, it remains the 
evidence of all the historic events that have 
transpired there (TIII) becoming a medium of social 
conscience. The area’s transformation is under 
constant social consultation and no activity or 
investment can be undertaken without grassroots 
participation (TII). 

The transformation of Tempelhof Airport in Berlin 
into a public park and community space 
demonstrates an urban renewal, which is sustainable 
and participatory. The airport's adaptive reuse aligns 
with NEB ideals, merging functional design with 
historical preservation influencing the beautification 
of the neighbourhood and the betterment of life. 

 
Figure 1: Chassé Military Compound in Breda after 
regeneration: we can see the co-dependency between 
buildings, kept historic edifices (red), the vistas (blue) and 
the unifying park. (elaborated by author on the basis of [8]) 
 
3.2 Chassé Military Compound in Breda 

Chassékazerne is the signature 19th-c. building in 
barracks complex occupying a site neighbouring the 
city centre in Breda with a military tradition dating 
back to the 17th-c. An elongated main building was 
built at the roll call square. Furthermore, an exercise 
hall, an officers' canteen and an infirmary were built 
in a similar, but simplified style along the access road 
to the roll call site [7]. The barracks went out of 
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service in 1993. Since then the Breda local authorities 
sought a function for the complex. The city decided to 
put out a closed design competition for the 
masterplan [8]. Several proposed projects were 
deemed unsatisfactory, before OMA were 
commissioned to prepare the masterplan, teaming up 
with West 8 for landscaping. 

The masterplan assumed the form of a “campus” 
with the prevalence of park space, providing a green 
enclave within the neighbourhood. On the site and in 
its vicinity were situated mostly solitary buildings: the 
1970s town hall, the 1980s Chassé Theater, the 
barracks themselves, Breda’s Museum in the 
renovated Kloosterkazerne (SI), the new Holland 
Casino and the Mezz Muziekcentrum. The 13 ha 
district was densified with 8 new build structures to 
host 700 housing units (luxury apartments, rental 
housing, subsidized housing, and residences for 
seniors and the disabled); 30,000 sq m. of office 
space; 2,000 sq m. of retail space; 1,500 sq m. 
underground parking spaces and 8 ha of public 
parkland. 

The new and old buildings were paired. The new 
build was developed in relation with its counterpart 
vis a vis to ascertain consistency (BI). To establish 
spatial relations with the city, special attention was 
given to a network of paths for pedestrians and 
cyclists and sightlines, such as the vista to the old 
town (BII) [7]. They determine the position and 
volume of several new-build forms. The campus 
model, unites buildings that are different from each 
other because of special architectural and typological 
characteristics. It allows for unification of different 
dwelling styles (BIII).  

In the Chassé regeneration project, the landscape 
is the element providing cohesion to the plan [7]. The 
site was designed as one large park-like space. Along 
with Wilhelmina Park the site constitutes a part of a 
green corridor wedged between the city centre and 
the southeast edge of the city. Multiple oak trees 
were planted, contributing to enhancing biodiversity 
and improving the amount of greenery in the city 
(SIII), at the same time enhancing rainwater retention 
(SII). Although the site provides much needed parking 
space for the nearby area, all parking takes place 
underground (SIII). 

With the regeneration design, the area once 
secluded and clandestine because of its military use 
was opened and included in the city. The area is 
designed as overtly accessible to diverse social groups 
given the varied accommodation it offers, including 
social housing and lodgings for the elderly (TI). Thus, 
the design aims to build a community where different 
groups can peacefully live alongside each other and 
interact (TIII). Moreover, in the case of Chasse Park 
the municipality is the owner of public space, and 
management is divided in “basis management” (by 

the municipality) and “additional management” 
(executed by residents and entrepreneurs) [9]. 

The regeneration embodies innovative ways of 
thinking about the city in the best NEB sense. Instead 
of a square or a street, it is the park, which organizes 
the space of the site. It sets the tone for spatial and 
social relations. Freeing the pedestrians from the 
constraints of the traffic it allows for parking 
underground, catering to the needs of all. As a result, 
the central city not only acquires a new mix-use area, 
but a park as well, additionally preserving its 
architectural heritage (Fig. 1). 
 
3.3 The Arsenal in Venice 

The goal of the regeneration of the Arsenal in 
Venice was the reintegration of the city’s largest and 
historically most significant military site. The Arsenal 
was a huge construction site for ships, developed 
between the 12th and the 20th -c. Since WWI it was 
being gradually abandoned. In 1980 the Arsenal 
became an exhibition site for the Biennale on the 
occasion of the 1st International Architecture 
Exhibition. Since 1999, consecutive parts of the site 
have been included in a program for the regeneration 
of the area. About 50.000 sq m. (25.000 sq m. indoor 
space) of the Southeast area of the Arsenal have 
become a permanent site of the Biennale activities. In 
addition to the central international exhibitions of the 
Art and the Architecture sections, select countries 
rent spaces in the complex for their national 
pavilions, in exchange for contributions to the 
building's renovation costs. The regeneration project 
was an attempt to interweave sustainable 
development with history and architectural value of 
this exceptional place (SI). The buildings were not 
altered but enhanced inside with modern 
construction trusses and refurbished, e.g. fitted with 
sustainable heating (SII). The process leaves the 
structure and the outer shell intact and is reversible 
[10]. 

Although part of the huge compound is still used 
as a military base by the Italian Navy, the complex is 
freely accessible during the Biennale or the rest of the 
year upon request. Visiting the site is a fascinating 
way to discover the secrets of the military power of 
the Venetian Republic, a bit of the recent history of 
the city, and a collection of world-famous 
contemporary art exhibitions (BI). 

The Arsenal of Venice complex was once the 
largest industrial establishment in Venice. Even after 
shedding its military function, it remained a symbol of 
a former economic, political and naval power of the 
city. It occupies an area of approximately 32 ha. 
Considering the size of Venice, which is 670 ha, the 
possibilities this compound may grant the city 
become apparent. It accommodates the largest open 
area in Venice - a potential site for public institutions 
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that Venice needs urgently. A grassroots organization, 
The Forum Futuro Arsenale, is protesting plans to 
expand the influence of the Biennale in the Arsenal. 
The activists argue that too much attention is paid to 
mass tourism and that the city depopulates due to 
the tourist monoculture supported by the 
municipality [11]. The association proposes nine 
projects for the site to benefit the local community 
and create a place for traditional crafts in the city, 
such as shipbuilding. Still, it seems the authorities 
support the plan to adapt a subsequent portion of the 
complex for the use by the Biennale and its inclusion 
in the tourist structure of the city [12]. 

The revitalization of the Arsenal complex in 
Venice displays the harmonious integration of 
historical heritage with contemporary design and 
function. This case demonstrates how historical 
structures can be transformed into modern, 
functional spaces while preserving their identity [13]. 
However, it does not reinforce a sense of belonging 
or include citizen participation and is not an inclusive 
space for social interaction. Thus, it fails to meet the 
NEB goals: BII, BIII, SIII, AII and AIII. 
 
3.4 The Royal Arsenal in London 

Regenerating military barracks invigorates local 
economies by generating employment opportunities 
and creating new neighbourhoods. The Royal Arsenal 
Riverside turned a 31-ha area of derelict industrial 
land into a successful, sustainable mixed-use 
development. This revitalization led to an influx of 
residents and businesses, propelling economic 
growth while preserving selected historical heritage. 

The Royal Arsenal’s importance is in the act that it 
was once the driving force of the neighborhoods’ 
economy – at its height employing more than 80,000 
people. It begun its history in 1671 when the site was 
purchased by the Crown and was used for the 
maintenance and storage of cannons. An industrial 
workshop was constructed on the site in the 17th-c. 
From this nucleus the Arsenal grew through the 18th-
c. to accommodate the barracks, a military academy, 
the Royal Brass Foundry, the New Carriage Square 
and the Officers’ Quarters. The decommissioning of 
the Arsenal begun in the 1930s. Because in the 1950 
military production was in decline, 40 ha of the site 
were sold for use as a trading estate. The final 
winding-down of the site commenced in 1964 and the 
ordnance factories were closed in 1967. 

A commercial competition led to the selection of a 
masterplanning, design and management team led by 
Llewelyn Davies Yeang. An underlying aim of the 
regeneration strategy was delivering economic and 
social regeneration while keeping unique 
architectural heritage. The masterplan set out the 
strategy to ensure a high degree of flexibility for 
economic viability. The commercial success of the 

regeneration was based on promoting a wider range 
of uses and ensuring active street frontages within 
the layout. Two strong axes run along cardinal 
direction’s through the masterplan, No. 1 Street (N-S) 
from the Thames towards town center is a grand 
pedestrian avenue with rows of trees. Wellington 
Avenue (E-S) distributes traffic across the complex. 

The site was arranged around five overlapping 
activity areas: housing on the waterfront and running 
back to Wellington Avenue; business and services in 
the eastern part, at the main road; museums and 
heritage attractions in the vicinity of No. 1 Street and 
the river pier; commercial leisure activity in the 
south-western part (BIII). The site also establishes 
strong links with the River Thames through the 
riverboat pier – a part of Blue Ribbon Network, which 
promotes the use of the waterways for leisure, 
passenger traffic and transport (SII). The masterplan 
strategy aimed to retain and bring back into use the 
maximum number of historic buildings, both 
statutory Listed Buildings and those of local historic 
interest (SI). New construction, encompassed ca. 
80,000 sq m., taking up the place of removed historic 
buildings and spaces. Other elements such as track 
plates have been re-sited in thresholds, and salvaged 
artefacts have been used as public art (BI). The 
masterplan included a series of linked civic spaces, to 
provide a sense of place for local people and 
employees, which could also be enjoyed by visitors 
(BII). The public-realm design also included public 
open space alongside the Thames and its riverside 
walkway, and a small local park in the center of the 
site (SIII).  

The public were consulted when the planning 
application was made and again in the second stage 
of the project (TII) [14]. The Royal Arsenal was an 
inaccessible military industrial site, hidden behind 
high walls. The regeneration opened it, granting the 
wider public access to the River Thames and historic 
monuments it encompassed. The regeneration 
strategy established community benefits, such as arts 
and culture facilities, equal opportunities promotion, 
public open space and social services, e.g. local 
employment training initiatives designed to help 
young people and the unemployed (TII). 

The regeneration aligns with NEB by: reconnecting 
a secluded site into the city; establishing wide public 
consultation and training programs; improving the 
amount of green sites in the city; improving green 
transport-related schemes, e.g. a connection to the 
Waterfront Transit system.  
 
4. DISCUSSION 

Cities are neither tabula rasa nor palimpsest. The 
many layers of development accumulated through 
time make each city unique and foster local identity. 
Even so, living, resilient cities must be susceptible to 
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change, to become fit for the 21st-c. An initiative to 
reconcile progressiveness with historical identity is 
the New European Bauhaus. The NEB emphasizes 
several core principles, including sustainability, 
circular economy, inclusivity and aesthetic quality. 
These principles lay the foundation for creating 
transformative urban spaces that resonate with both 
historical context and contemporary needs. This 
aligns with the goals of revitalizing decommissioned 
historic military barracks into vibrant, functional and 
sustainable urban spaces, which reflect local history 
and tradition. 

Military barracks, once focal points of local 
economy and development, symbols of local pride 
[15], should now find new purpose in a circular 
society. These expansive estates encompass multiple 
historic buildings and many open spaces, like the roll 
call areas and paddocks. The manifold benefits of 
military barracks regeneration include reduced 
environmental impact, enhanced social integration 
and economic and ecologic sustainability. Barracks 
repurposing also means retaining culturally viable 
spaces for the cohesion of cultural landscape [16] and 
the continuity of its narrative. 

The regeneration of military barracks poses 
multifaceted challenges, including structural 
adaptation, historical preservation and community 
integration, especially in places where they were 
linked to ethnic disputes. However, these challenges 
are accompanied by opportunities: to redevelop vast 
brownfields in centres of the cities in ways that 
address current urban growth, environmental 
concerns, and social well-being. Cities can reimagine 
military complexes in a way that reflect both their 
historical significance and contemporary needs. This 
synergistic approach has the potential to set a 
precedent for holistic and adaptive urban 
regeneration across Europe and beyond, fostering 
resilient, vibrant, and socially cohesive communities. 

Decommissioned military complexes pose a 
challenge in urban development. Many of these sites 
have faded from the public consciousness. The reason 
is that while people are familiar with the history and 
significance of the barracks site – and the history 
revolving around them - the sites were inaccessible to 
the public for decades or even centuries. Societies 
lived alongside them, but they remained unmarked 
spots on mental maps of the city. The core task of 
conversions is therefore to overcome the separation 
of these areas. However, it should be done not only 
to develop new uses and a new identity, but also in a 
way preserving all the key sentimental values and 
their material representations present at the site. The 
regeneration should preserve both the architectural 
fabric and the artefacts. 

While usually the architect is impatient with what 
he finds on the site that hampers him, these objet 

trouvé extend the architectural potential of both the 
architect and the site. They introduce complexity that 
would be artificial otherwise [17], as exemplified by 
the Chassé complex. The historic urban layout and 
the historic barracks architecture constitute these 
“found objects” – the ready made solution to two of 
the three boundary conditions of the NEB Compass – 
the beautiful and the together. 

Regenerating a large historic site for mixed-use is 
a complex process. Main challenge is posed by the 
need to find uses for multiple historic buildings. 
These new uses must be resilient to fluctuating 
economy and property market conditions. In 
particular, the new facilities have to be able to 
survive the challenging early stages of redevelopment 
when their expense will probably exceed income. A 
strategy has to ensure a high degree of flexibility for 
economic viability. The masterplan should provide 
the intent and respect for the heritage, while allowing 
the private-sector developers to advance the 
elements of the masterplan in their own way. A 
proper strategy should illustrate possibilities instead 
being a precise specification for every use in every 
building, and the experience of the Royal Arsenal 
proves that. For this to happen, all the actors in the 
regeneration process must be confident that the 
commitment to quality and respect for heritage 
would remain, even as plans change in detail over 
time. This can be ascertained by public-private 
partnership and social participation in the process. 
Without it, as illustrated by the Venetian Arsenal 
example, even potentially socially beneficial 
initiatives can be viewed as hostile. The key missing 
factor seems to be the greater involvement of non-
institutional initiatives. The planning phase of 
regeneration needs to include participation practices, 
e.g. surveys. Second approach should include 
reversible adaptation strategies for temporary use 
and greater flexibility. This can be illustrated by the 
2014 referendum when Berliners decided not to use 
the gigantic site of the former Tempelhof airport and 
barracks for increased density through new 
construction. The grassroots-fostered regeneration 
effort resulted in a reuse model in which the 
unchanged site serves modern society. On the other 
hand, concerns for its economic sustainability arise, 
while many of its historic structures remain unused, 
but need to be economically supported. 

A sustainable regeneration strategy is reached 
when the combined achievements start to outweigh 
the contribution of the individual stakeholders. The 
conditions for this to happen have to be engineered 
through masterplan. This will never be possible unless 
all the stakeholders involved in the project have a 
shared vision of the site’s potential and a clear idea of 
what makes it special and important to local people 
and investors alike. Its sustainability then becomes a 
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While usually the architect is impatient with what 
he finds on the site that hampers him, these objet 

trouvé extend the architectural potential of both the 
architect and the site. They introduce complexity that 
would be artificial otherwise [17], as exemplified by 
the Chassé complex. The historic urban layout and 
the historic barracks architecture constitute these 
“found objects” – the ready made solution to two of 
the three boundary conditions of the NEB Compass – 
the beautiful and the together. 

Regenerating a large historic site for mixed-use is 
a complex process. Main challenge is posed by the 
need to find uses for multiple historic buildings. 
These new uses must be resilient to fluctuating 
economy and property market conditions. In 
particular, the new facilities have to be able to 
survive the challenging early stages of redevelopment 
when their expense will probably exceed income. A 
strategy has to ensure a high degree of flexibility for 
economic viability. The masterplan should provide 
the intent and respect for the heritage, while allowing 
the private-sector developers to advance the 
elements of the masterplan in their own way. A 
proper strategy should illustrate possibilities instead 
being a precise specification for every use in every 
building, and the experience of the Royal Arsenal 
proves that. For this to happen, all the actors in the 
regeneration process must be confident that the 
commitment to quality and respect for heritage 
would remain, even as plans change in detail over 
time. This can be ascertained by public-private 
partnership and social participation in the process. 
Without it, as illustrated by the Venetian Arsenal 
example, even potentially socially beneficial 
initiatives can be viewed as hostile. The key missing 
factor seems to be the greater involvement of non-
institutional initiatives. The planning phase of 
regeneration needs to include participation practices, 
e.g. surveys. Second approach should include 
reversible adaptation strategies for temporary use 
and greater flexibility. This can be illustrated by the 
2014 referendum when Berliners decided not to use 
the gigantic site of the former Tempelhof airport and 
barracks for increased density through new 
construction. The grassroots-fostered regeneration 
effort resulted in a reuse model in which the 
unchanged site serves modern society. On the other 
hand, concerns for its economic sustainability arise, 
while many of its historic structures remain unused, 
but need to be economically supported. 

A sustainable regeneration strategy is reached 
when the combined achievements start to outweigh 
the contribution of the individual stakeholders. The 
conditions for this to happen have to be engineered 
through masterplan. This will never be possible unless 
all the stakeholders involved in the project have a 
shared vision of the site’s potential and a clear idea of 
what makes it special and important to local people 
and investors alike. Its sustainability then becomes a 

 

function of what the site can offer and the potential 
that stakeholders can see in it – not just for 
themselves but also as something that deserves to be 
passed on to the care of the next generation. 
 
5. CONCLUSION 

The research proves that there exist multiple 
common denominators between barracks 
regeneration and sustainable city development as 
envisioned by NEB. First is the beautification of city 
by integrating more historic and sentimentally 
charged architecture into the cityscape. Second is the 
concept of a circular economy, emphasizing inter alia 
the continuous use of resources through repurposing 
and regeneration of historic architecture. Moreover, 
the morphology of barracks allows, during their 
regeneration, for creating many new parks and green 
areas within the inner city. Third by opening to the 
public the historic areas of town, which were 
inaccessible due to their military function, granting 
the wider public more communal space for social 
interaction. 

The research also revealed issues hindering the 
regeneration potential of military sites. One of the 
most pressing problems is the monocultural approach 
to the regeneration masterplanning, with single-
function design or an inflexible approach, 
constraining the regeneration within only one 
strategy of regeneration. Such approach does not 
guarantee long term beneficial effects of 
regeneration. It may also lead to alienation of local 
populace, if a new neighborhood on a reclaimed post-
military land is dedicated solely to benefit its 
developers. Therefore, the biggest issue is the right 
amount and quality of social participation. Effective 
regeneration should be measured not only 
quantitatively, but mostly by taking into account the 
human experience and impact on the urban 
biodiversity. 

The research illustrates that even if NEB Compass 
was not the basis for the revalorization project, but 
the design was executed in such a way that the NEB 
Compass conditions are met, it will be a more 
successful endeavor than those not adhering to NEB. 
It also proves that the regeneration efforts executed 
with the greatest sensitivity to the barracks typology 
and their genius loci tend to check all the boxes with 
the NEB. Consequently, the method of choice for 
planning of extended program of barracks 
regeneration should be the NEB Compass. The NEB 
Compass is a multilevel framework suitable for not 
only design but also programming of regeneration 
efforts. It enables effective addressing of the formal, 
ecologic and societal challenges faced by the 
contemporary city. 
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1. INTRODUCTION  
Buildings account for 49% of the total United 

Kingdom (UK) greenhouse gas emissions, and the 
residential sector for circa 22%, primarily carbon 
dioxide emissions from energy use for heating [1]. 
The UK government has set a greenhouse gases net 
zero emissions target by 2050, and is debating 
whether to set a target to improve the energy 
efficiency of homes [2]. The UK has one of the oldest 
and least energy-efficient housing stock in Europe [3]. 
Approximately 80% of the buildings that will form the 
UK's housing stock in 2050 have already been built, 
with most built before 1990, when building energy 
standards were not yet established. This accounts for 
28 million residential buildings that will require 
retrofit, which poses a significant challenge to the 
housing sector [3]. 

In Nottingham, within the East Midlands region, 
62.2% of the residential buildings are houses, 29.9% 
are flats, 5.6% are bungalows and 2.3% are 
maisonettes [4]. As a proportion of Nottingham’s 
total housing stock, the most common house type is 
mid-terrace houses, which account for 22.4% of all 
residential buildings [5,6].  
The Energy Performance Certificate (EPC) assesses a 
building's energy efficiency and assigns an A to G 
band scale with band A, indicating the highest 
efficiency and lowest operating costs and band G, 

indicating the least efficient and highest operating 
costs [5]. The UK Government's EPC database 
contains EPC records for 164,460 residential buildings 
in Nottingham. Among these, 61.2% of the EPC's, 
comprising the majority of residential buildings built 
before or during the first half of the 20th Century, fall 
below band C. Furthermore, 75% of the mid-terrace 
houses are classified within EPC bands D to G [6]. 

In order to improve building energy performance 
and reduce carbon dependency, it is important to 
retrofit the fabric, adopt low carbon heating systems 
and integrate renewable energy technology [1]. 
In this paper, the authors adopted a representative 
case study of pre-1930s mid-terrace dwellings in 
Nottingham as a vehicle to examine retrofit measures 
through a sequential approach using dynamic 
building simulation. The main aim of the study was to 
understand the impact of each fabric measure 
alongside the integration of an air-source heat pump 
on the performance of the building. 
 
2.CASE STUDY 
      The case study selected was a 3-storey, 3-
bedroom, mid-terrace house with a total floor area of 
67m² (Figure 1). The house is part of the Nottingham 
City Homes tenancy scheme, within the umbrella of 
Nottingham City Council. The house was constructed 
out of 215mm solid brick walls, solid ground floor, 
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2.CASE STUDY 
      The case study selected was a 3-storey, 3-
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67m² (Figure 1). The house is part of the Nottingham 
City Homes tenancy scheme, within the umbrella of 
Nottingham City Council. The house was constructed 
out of 215mm solid brick walls, solid ground floor, 

 

and cold roof with reduced levels of insulation. 
Internal partitions were made out of lath and plaster 
internal studs and internal floors were assumed as a 
typical 19mm timber flooring on 100 mm joists and 
12.5 mm plasterboard ceiling based on Chartered 
Institution of Building Services Engineers (CIBSE) 
guidelines [7]. The existing windows were double-
glazed.  The air permeability of the building envelope 
was assumed as 15 m3/hm2 @ 50Pa based on the old 
Part L 2013 regulations, a typical value for a house of 
this age in the UK [8].  

 

 
Figure 1: Mid-terrace house (Top) from Google Map data 
(2023) and simulation model (Bottom) 
 
3. CLIMATE 

Nottingham is classified as a cool-temperate 
climate according to the Köppen-Geiger climate 
classification. The Climate Consultant 6.0 EPW format 
climatic data indicates a steady range of dry bulb 
temperatures from 2°C to 21°C throughout the year, 
with long winters, short summers, and abundant 
rainfall year-round. The relative humidity reaches its 
highest point at 87.5% between November and 
January, then decreases to approximately 74% in July 
and August. Nottingham typically experiences four 
distinct seasons: summer (June-August), winter 
(December-February), spring (March-May), and 
autumn (September-November). The climate analysis 
show that the energy demands for buildings in this 
region are mostly influenced by heating requirements 
due to the much longer heating period compared to 
cooling period. Design strategies must prioritise 
airtightness and efficient insulation to prevent heat 
loss from the building in colder seasons. 

The Committee on Climate Change 
(2019) indicated that the housing stock in the UK is 
inadequately prepared for both the present and 
future climate conditions. It has also been pointed 
out that the way existing homes are retrofitted often 
falls short of design standards and proposed that 
existing homes around the UK should be transformed 
to be low carbon, low-energy by adopting measures 
such as loft insulation, wall insulation, double or triple 
glazing, as well as utilising low-carbon heating 
sources like heat pumps and heat networks [9]. This 
climate study informed the overall investigations and 
decisions made.   

 
4. METHODOLOGY 

This study investigated housing retrofit through 
two different stages. Stage 1 considered building 
fabric optimisation using typical retrofit measures, 
while stage 2 adopted low-carbon heating systems 
and renewable energy generation. 
 

Retrofit stage 1: Fabric optimisation 
Building fabric as-built was first examined to 

establish current heating demand. Next, a series of 
simulations were carried out to measure the energy 
reduction achieved by adopting selected cumulative 
changes on the fabric up to Part L 2021 notional 
levels [10]. 

The sequential approach considered the likelihood 
of the measures and consisted of a method 
developed for evaluating retrofit fabric measures 
(Figure 2). This method was developed as part of a 
much larger study that looked at retrofit across 
different UK housing typologies of varied periods. For 
this case study, some of the retrofit measures were 
not considered (marked with X) as they would be 
costly and disruptive then, not deemed 
representative of a typical retrofit. Scenarios 3 and 5 
were not tested due to the fact that replacing solid 
ground floor would be an unlikely measure carried 
out and the windows were already double glazing.    

 
Figure 2: Typical retrofit stage 1 scenarios for simulation 
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The method considers a total of seven simulation 
scenarios (base model plus six levels of building fabric 
improvements) (Table 1). In this investigation, the key 
scenarios considered for simulation were:  

▪ Loft insulation, measured in W/m2K 
▪ Wall insulation, measured in W/m2K  
▪ Varied Airtightness levels (Draught Proofing), 

measured in m3/hm2 @ 50Pa 
 
Table 1: Building fabric optimisation simulation scenarios 
 
Scenario Retrofit measure  

1 (As-
built) 

Highly infiltrated (15 m3/m2h), poorly or non-
insulated building envelope. 

2 Added loft Insulation to scenario 1 (FHS 
target) 

3 Added loft insulation + floor insulation 
(considered as-built and not optimised) 

4 Added loft insulation + floor insulation + 
external insulation on the walls (FHS target) 

5 Added loft insulation + floor insulation + wall 
insulation + energy-efficient glazing and doors 

(considered as-built and not optimised) 
6 Added loft insulation + suspended floor 

insulation + wall insulation + energy-efficient 
glazing and doors + draught-proofing and 

airtight layer (8 m3/m2h) 
7 Additional draught-proofing and airtight layer 

to scenario 6 
 

Table 2 summarises the U-values for the as-built 
and optimised scenarios. Building fabric optimisation 
included 200mm of rock wool insulation applied to 
solid walls and replacement of 230mm existing roof 
insulation by 450mm of rock wool insulation. Existing 
double-glazing windows and solid floors were not 
altered.  

In scenario 6, the draught-proofing was upgraded 
to improve the airtightness of the building to 
8m3/m2h @50Pa as per Part L 2021 maximum 
permitted target [10]. In scenario 7, the fabric energy 
efficiency of the whole building envelope was 
optimised by further reducing the airtightness level to 
5m3/m2h @50Pa as per Part L 2021 notional levels 
[10]. 
 
Table 2: Summary of existing and proposed values for 
building envelope thermal transmittance (U-values) and air 
permeability 

Mid-terrace 
3-storey 3-
bedroom 

Existing  
U- value 

Proposed  
Target U- value: 

Part L 2021 
notional building 

External Wall  2.02 W/m2K ≤ 0.18W/m2K  
Roof 0.3W/m2K ≤ 0.10W/m2K  

Party walls 1.48 W/m2K      as existing 
Internal partitions 1.30 W/m2K as existing 

Ground floor 1.47W/m2K as existing 
Intermediate floors 1.57 W/m2K as existing 
Air permeability 15 m³/hm²@50 Pa 5 m³/hm²@50 Pa 

 
Retrofit stage 2: Consideration of Low-carbon 

heating systems & renewable energy generation  
The main aim was to comparatively evaluate the 

impact of passive measures when combined with 
low-carbon heating systems. An air source heat pump 
(ASHP) and solar photovoltaics panels (PV) were 
integrated in the model (Figure 3). The simulations 
were carried out to measure energy consumption and 
carbon emissions comparing ASHP and a typical gas 
boiler heating system. One of the main aims was to 
gain an insight into which stage of building fabric 
optimisation, ASHP is better installed, i.e. when its 
performance is not diminished by a leaky fabric. 

               
 
 

Typical gas boiler and ASHP heating systems were 
adopted for space heating and domestic hot water 
(DHW). Heating inputs were considered as mentioned 
in Table 3 and DHW mean consumption was adopted 
as 75 litres/day [11-12]. 

For the gas boiler, the seasonal efficiency was 
0.89; the seasonal coefficient of performance (SCOP), 
which identifies how many kW of heat a system can 
generate for every kW of electricity, was 0.8; there 
was no ventilation heat recovery effectiveness. The 
ASHP was considered as the central heating system 
working with radiators. The ASHP SCOP was varied 
from 1.8 to 2.8 for space heating and 1.5 to 2 for 
domestic hot water based on [13-15]. This means, for 
a well-insulated house with a well installed ASHP a 
typical SCOP for space heating would be 2.8 and SCOP 
for water heating would be 2. This is because water 
heating requires a higher temperature to be 
achieved, upwards of a 45°C gain, and the ASHP is 
less efficient when delivering these higher 
temperatures (works at maximum 50-55°C); whereas 
space heating can be operated with lower 
temperature gains, typically 30-35°C, ideal for under 
floor heating. 

For renewable energy generation, 8 solar PV 
panels were considered based on the usable roof 
area of a mid-terrace archetype. The panel type was 
monocrystalline silicon and the other specifications 
include panel size of 2m², with module nominal 
efficiency 0.20, Nominal cell temperature (NOCT) as 
42°C and temperature coefficient for module 
efficiency Pmax as -0.36%/°C [16]. The panels were 
inclined at 43° and oriented towards the West, as per 
case study orientation.  

Figure 3: Retrofit stage 2 scenarios for simulation 
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case study orientation.  

Figure 3: Retrofit stage 2 scenarios for simulation 

 

The total energy demand was calculated 
considering the energy needed to run the house over 
a period of a year. It considered space heating, 
electricity (lighting and appliances) and hot water 
inputs.  

Total carbon emissions of the heating were 
calculated using the Standard Assessment Procedure 
(SAP) 10.2. Natural gas and electricity were assumed 
to have carbon emission factors equivalent to 0.21 
(kgCO2e/kWh) and 0.136 (kgCO2e/kWh), respectively 
[17]. 
 

Simulation assumptions 
The assumptions adopted in the simulation model 

are described in Table 3. Heating setpoints were based 
on CIBSE guidelines [7]. No cooling systems and active 
design improvements were considered.  
 
Table 3: Assumptions adopted in the simulation model 
 
Parameter Description  Assumption Profile 
Weather  Nottingham Typical weather 

year 
Nottingham_
CIBSE-DSY 

Air 
permeability 

Base model 15 m3/hm2 @ 50Pa  
Test model 8 m3/hm2 @ 50Pa Part L 2021 

maximum 
permitted  

Improved 
model 

5 m3/hm2 @ 50Pa Part L 2021 
notional 

Heating 
profile  

Base model 
heating 
setpoint  

Lower thermal 
comfort 
temperature limits 
in dwellings 
according to CIBSE 
(2019b, p. 1-10):  
Bathrooms: 20°C 
Bedroom: 17°C 
Circulation: 19°C 
Kitchen: 17°C 
Living:22°C 

Extended 
from 
October to 
March 

Internal 
gains, based 
on TM59 
[18]  

Bedroom 
Occupancy  

Sensible 75 
W/person, Latent 
55 W/person, 
Density 2; 70% 
during sleep 
activity 

As per 
schedule 

Bedroom  
Lighting 

2 W/m2, Radiant 
Fraction 0.45,  

18-23 hour 

Bedroom 
Equipment 

Sensible 80 Watts, 
Radiant Fraction 
0.22 

As per 
schedule 

Living 
Room  
Occupancy 

Sensible 75 
W/person, Latent 
55 W/person, 
Density 2 

As per 
schedule 

Living 
Room  
Lighting 

2 W/m2, Radiant 
Fraction 0.45 

18-23 hour 

Living 
Room - 
Equipment 

Sensible 150 
Watts, Radiant 
Fraction 0.22 

As per 
schedule 

Kitchen - 
Occupancy 

Sensible 75 
W/person, Laten 
55 W/person, 
Density 2 

As per 
schedule 

Kitchen - 
Lighting 

2 W/m2, Radiant 
Fraction 0.45 

18-23 hour 

Kitchen - 
Equipment 

Sensible 300 
Watts, Radiant 
Fraction 0.22 

As per 
schedule 

Circulation 
area and 
bathroom - 
Lighting -  

2 W/m2, Radiant 
Fraction 0.45 

18-23 hour 

Bedroom 
Equipment 

Sensible 1.75 
W/m2, Radiant 
Fraction 0.22 

18-23 hour 

Heating 
system 

Base model 
/ Improved 
Model (gas 
boiler) 

Seasonal 
efficiency: 0.89. 
SCoP (kW/kW): 
0.8. 
No ventilation heat 
recovery 
No CH(C)P. 

Normal 
natural gas 
metre 

Test model 
for ASHP 

Central heating 
system through 
radiators.  
ASHP SCoP for 
Space heating – 
1.8 for base case 
and increased to 
2.8 at later 
scenarios 
ASHP SCoP for 
Domestic hot 
water - 1.5 for 
base case and 
increased to 2 at 
later scenarios 
 

Air source 
heat pump 
(Electricity)  

 
5. RESULTS AND DISCUSSION 

Results are shown in terms of heating energy 
demand for fabric optimisation. For low-carbon 
heating systems and renewable generation 
consideration, the results are analysed in terms of 
energy demand and carbon emissions.  

 
Retrofit stage 1: Fabric optimisation  
The results are shown in Figure 4 and indicated 

that loft insulation reduced the heating demand by 
3% in scenario 2, when compared to the base model 
(scenario 1). Floor was not optimised in scenario 3 
and remained same as scenario 2. External wall 
insulation showed to be the most significant 
optimisation measure thereby reducing the heating 
demand by 29% in scenario 4 in comparison to 
scenario 3. Windows and doors optimisation was not 
considered in scenario 5. Draught-proofing and 
airtight layer reduced heating demand by 20% in 
scenario 6. A further reduction in airtightness level in 
scenario 7 delivered 2% improvement in relation to 
scenario 6. 
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Figure 4: Typical retrofit fabric measures 
 
The mid-terrace house initial heating demand was 
estimated to be 130 kWh/m2. The combination of 
sequential retrofit measures allowed the heating 
demand to be reduced to 59 kWh/m2, this 
represented a reduction of 54% in the demand.  
       Roof insulation showed one of the least impacts 
in terms of reducing heating demand, but this is also 
one of the easiest strategies to be implemented. Roof 
insulation showed a reduction of 3% in the heating 
demand, equivalent to 4kWh/m2. The most impactful 
insulation measure to reduce heating demand was 
the consideration of wall insulation. It reduced the 
energy demand by 29%, equivalent to 41 kWh/m2.  

Airtightness improvement from 15 to 5 m3/m2h 
@50 Pa reduced the overall heating demand by 54%, 
resulting to 59 kWh/m2. 

 
Retrofit stage 2: Consideration of Low-carbon 

heating systems & renewable energy generation  
Figure 5 displays comparatively the simulation 

results in terms of energy consumption and carbon 
emissions for ASHP and a conventional gas heating 
system. 

 

 
Figure 5: Typical retrofit – heating systems annual energy 
consumption & carbon emissions 
 

The total energy consumption from using a gas 
boiler for heating was significantly higher in leaky, 
non-insulated buildings and was significantly reduced 
when fabric optimisation measures were considered. 
The total annual energy demand represented 9 MWh 
for the as-built scenario (including DHW) and with the 
addition of the fabric optimisation measures, the 
overall energy demand was reduced by 39%, which 

corresponded to 5.7 MWh. The contribution of 
renewable energy further reduced the energy 
demand to 4 MWh.  

The total energy consumption when adopting 
ASHP was slightly lower in comparison to the gas 
boiler heating system. This was due to the efficiency 
of the system and inputs adopted. For the 
simulations, ASHP Seasonal coefficient of 
performance (SCOP) value varied between 1.8 to 2.8 
across the scenarios for space heating and between 
1.5 to 2 for hot water. A noticeable reduction in the 
demand could be noticed by the sequential 
improvement in the fabric. The total annual energy 
demand was higher in the uninsulated, leaky 
envelope, which corresponded to 8MWh. Once the 
fabric optimisation measures were considered, the 
energy demand was reduced by 46%, reaching nearly 
4.5MWh. Renewable energy further reduced the total 
annual energy demand to 3 MWh.  

In terms of carbon emissions, a considerable 
difference was observed when considering a 
traditional gas boiler as heating system in comparison 
to ASHP. As expected, the carbon emissions with gas 
boiler system were higher in comparison to the low-
carbon heating system. For a mid-terrace house with 
a typical 1930 building fabric and a gas boiler system, 
the carbon emission levels nearly corresponded to 
1.7 tonnes CO2/yr in comparison to nearly 1 tonne 
CO2/yr when typical retrofit fabric measures were 
considered. Comparatively, when adopting ASHP as 
the heating system, the carbon emissions 
corresponded to 1 tonne CO2/yr and were reduced to 
half when the fabric optimisation measures were 
considered, respectively. Renewable energy further 
reduced the total carbon emissions to 0.4 tonnes 
CO2/yr, resulting in an overall reduction of carbon 
emissions by 64%. It is noteworthy that the external 
wall insulation of the fabric optimisation measures 
has contributed significantly to reducing energy 
consumption and carbon emissions. 

The energy and carbon simulation results 
indicated that implementing fabric optimisation 
strategies can lead to a 50% reduction in both energy 
consumption and carbon emissions. Furthermore, it 
was noted that implementing low-carbon heating 
system led to an additional 50% decrease in carbon 
emissions compared to the emissions produced by 
gas heating systems (Figure 5). 

However, it is important to note that the energy 
costs are dictated by the price of the kWh of energy 
source. In the UK, still gas has a lower price when 
compared to electricity, what might discourage the 
take on of low-carbon heating systems. More 
research is needed to understand which stage of 
building fabric optimisation, ASHP should be installed 
without negatively impacting on household energy 
bills. 
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annual energy demand to 3 MWh.  
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difference was observed when considering a 
traditional gas boiler as heating system in comparison 
to ASHP. As expected, the carbon emissions with gas 
boiler system were higher in comparison to the low-
carbon heating system. For a mid-terrace house with 
a typical 1930 building fabric and a gas boiler system, 
the carbon emission levels nearly corresponded to 
1.7 tonnes CO2/yr in comparison to nearly 1 tonne 
CO2/yr when typical retrofit fabric measures were 
considered. Comparatively, when adopting ASHP as 
the heating system, the carbon emissions 
corresponded to 1 tonne CO2/yr and were reduced to 
half when the fabric optimisation measures were 
considered, respectively. Renewable energy further 
reduced the total carbon emissions to 0.4 tonnes 
CO2/yr, resulting in an overall reduction of carbon 
emissions by 64%. It is noteworthy that the external 
wall insulation of the fabric optimisation measures 
has contributed significantly to reducing energy 
consumption and carbon emissions. 

The energy and carbon simulation results 
indicated that implementing fabric optimisation 
strategies can lead to a 50% reduction in both energy 
consumption and carbon emissions. Furthermore, it 
was noted that implementing low-carbon heating 
system led to an additional 50% decrease in carbon 
emissions compared to the emissions produced by 
gas heating systems (Figure 5). 

However, it is important to note that the energy 
costs are dictated by the price of the kWh of energy 
source. In the UK, still gas has a lower price when 
compared to electricity, what might discourage the 
take on of low-carbon heating systems. More 
research is needed to understand which stage of 
building fabric optimisation, ASHP should be installed 
without negatively impacting on household energy 
bills. 

 

 
6. CONCLUSION 

In this paper, the authors assessed at a typical 
retrofit of a pre-1930 mid-terrace house in 
Nottingham, UK, considering fabric measures, low-
carbon heating systems and renewable energy.  

The wall insulation was one of the most 
impactful fabric measures, resulting in a considerable 
29% reduction compared to the previous strategy. 
This is due to its larger exposed envelope area in 
comparison to the other fabric elements.  
The research also highlighted that the replacement of 
gas boilers by low-carbon heating systems should 
only be considered when a certain degree of 
improvement was carried out on the fabric. ASHP are 
most suited to installation in better insulated quality-
built homes that demand lower heat output due to 
the characteristic of its operation at lower 
temperatures. Its adoption in leaky homes means 
that ASHP runs continuously and are likely to impact 
negatively on the thermal comfort of the occupants, 
assuming radiators are kept at the typical sizes.  

Through this research, the authors have 
demonstrated that in order to retrofit an existing 
dwelling within the context of climate emergency, it 
is imperative to consider a holistic approach that 
considers building fabric improvements, the 
integration of renewables and the consideration of 
low-carbon heating systems.  
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ABSTRACT: UK housing decarbonisation through retrofit faces massive challenges to be consistent with 2050 
Zero Carbon targets, considering the large proportion of inefficient building stock. As the design for fabric-
energy-efficiency and the demand for energy consumption from modern lifestyle increases, its trade-off with the 
embodied carbon investment and the unintended consequences from a high-performance building envelope 
becomes increasingly important. We developed a model which considered both building performance metrics 
and existing UK Energy Performance Certificates (EPCs) metrics to investigate long-term quality and 
acceptability of retrofits, i.e., overheating mitigation and ventilation improvement, considering a 20- and 50-
year building lifespan. The model combines energy demand assessment, indoor environmental assessment, the 
Future Homes Standard and EPC’s cost-energy-carbon metric. A dynamic simulation study for seven 
predominant built forms in the South Yorkshire housing stock was designed to investigate deep retrofit results 
under predicted future climate conditions in the 2030s, 2050s and 2080s. The study focused on whole-life 
emissions from operational and embodied carbon over different timescales whilst considering a healthy indoor 
environment in buildings. The findings present an efficient way of combining building performance metrics and 
EPC metrics in a housing retrofit model that aids decision-making for homeowners, stakeholders and 
policymakers. 
KEYWORDS: Domestic retrofit; Housing stock; Energy Performance Certificate; Retrofit metrics; Energy efficiency.  

 
 

1. INTRODUCTION  
In the context of the UK government’s legally 

binding 2050 Zero Carbon targets, rapid mass retrofit 
is imperative, given the age and inefficiency of homes 
across the UK [1]. This mass retrofit is a significant 
multifaceted challenge to address fabric energy 
efficiency, fuel poverty, cold home-related health 
problems and associated embodied carbon from 
refurbishments.  

The Energy Performance Certificate (EPC) is a 
policy instrument aiming to improve the operational 
energy performance of buildings through its cost-
energy-carbon index from A to G in rating [2]. It acts 
as a primary source of data in reviewing potential 
domestic retrofits. The EPC’s cost-energy-carbon 
metric, however, may not be fit for the UK’s whole-
life-carbon roadmap due to assumptions in the way 
energy consumption is estimated and the lack of 
consideration for thermal comfort and indoor air 
quality [3]. Studies have suggested ways of combining 
the existing EPC cost-energy-carbon index with 
performance assessment metrics such as comfort and 
indoor air quality are worthwhile to extend 
assessments beyond immediate retrofit delivery to 
improve their fitness for purpose [3].  

The robustness of retrofit measures relies on how 
the various facets of building performance are 
balanced against one another. The Future Homes 
Standard (FHS) and Approved Document L (AD-L) 
recommend limiting the maximum U-values for the 

fabric energy efficiency of homes to avoid heat losses 
and air leakages [4]. However, increased insulation 
can increase overheating in poorly designed buildings 
with airtight buildings because they often rely on the 
careful use of natural and mechanical ventilation to 
achieve acceptable indoor air quality.  

Prior to a retrofit, if a household has an under-
consumption of energy services, or the pre-retrofit 
construction of a dwelling is better than its EPC 
record, the pre-bound effect occurs and the energy 
savings gap between pre- and post-retrofit could be 
smaller than the expected [5]. Post retrofit, if a 
household’s daily rhythm of heating and ventilation 
needs are changed or a technology failure is found in 
construction, the rebound effect occurs, and an 
energy efficiency increase may also lead to an 
increase in the final energy consumption [5]. These 
effects could lead to inaccuracies in calculating the 
retrofit payback period and the subsequent national 
retrofit and decarbonisation policy. 

Our exploratory case study investigates whole-life 
emissions from operational and embodied carbon 
whilst considering a healthy indoor environment in 
buildings. We present fabric retrofit measures for 
seven archetype-based models by incorporating the 
current SAP metrics, FHS and AD-L guidance, and 
additional lifetime metrics, e.g. overheating 
mitigation and indoor environmental conditions, over 
different timescales. This study aims to understand 
how these metrics affect the long-term quality and 

984



PLEA 2024 WROCŁAW 
(Re)thinking Resil ience.  

Fabric energy efficiency in housing retrofit:  
the role of whole-life operational and embodied carbon emissions  

 
MAY ZUNE,1 HADI ARBABI,1, DANIELLE DENSLEY TINGLEY,1  

 
1 Department of Civil and Structural Engineering, University of Sheffield, United Kingdom. 

 
 

ABSTRACT: UK housing decarbonisation through retrofit faces massive challenges to be consistent with 2050 
Zero Carbon targets, considering the large proportion of inefficient building stock. As the design for fabric-
energy-efficiency and the demand for energy consumption from modern lifestyle increases, its trade-off with the 
embodied carbon investment and the unintended consequences from a high-performance building envelope 
becomes increasingly important. We developed a model which considered both building performance metrics 
and existing UK Energy Performance Certificates (EPCs) metrics to investigate long-term quality and 
acceptability of retrofits, i.e., overheating mitigation and ventilation improvement, considering a 20- and 50-
year building lifespan. The model combines energy demand assessment, indoor environmental assessment, the 
Future Homes Standard and EPC’s cost-energy-carbon metric. A dynamic simulation study for seven 
predominant built forms in the South Yorkshire housing stock was designed to investigate deep retrofit results 
under predicted future climate conditions in the 2030s, 2050s and 2080s. The study focused on whole-life 
emissions from operational and embodied carbon over different timescales whilst considering a healthy indoor 
environment in buildings. The findings present an efficient way of combining building performance metrics and 
EPC metrics in a housing retrofit model that aids decision-making for homeowners, stakeholders and 
policymakers. 
KEYWORDS: Domestic retrofit; Housing stock; Energy Performance Certificate; Retrofit metrics; Energy efficiency.  

 
 

1. INTRODUCTION  
In the context of the UK government’s legally 

binding 2050 Zero Carbon targets, rapid mass retrofit 
is imperative, given the age and inefficiency of homes 
across the UK [1]. This mass retrofit is a significant 
multifaceted challenge to address fabric energy 
efficiency, fuel poverty, cold home-related health 
problems and associated embodied carbon from 
refurbishments.  

The Energy Performance Certificate (EPC) is a 
policy instrument aiming to improve the operational 
energy performance of buildings through its cost-
energy-carbon index from A to G in rating [2]. It acts 
as a primary source of data in reviewing potential 
domestic retrofits. The EPC’s cost-energy-carbon 
metric, however, may not be fit for the UK’s whole-
life-carbon roadmap due to assumptions in the way 
energy consumption is estimated and the lack of 
consideration for thermal comfort and indoor air 
quality [3]. Studies have suggested ways of combining 
the existing EPC cost-energy-carbon index with 
performance assessment metrics such as comfort and 
indoor air quality are worthwhile to extend 
assessments beyond immediate retrofit delivery to 
improve their fitness for purpose [3].  

The robustness of retrofit measures relies on how 
the various facets of building performance are 
balanced against one another. The Future Homes 
Standard (FHS) and Approved Document L (AD-L) 
recommend limiting the maximum U-values for the 

fabric energy efficiency of homes to avoid heat losses 
and air leakages [4]. However, increased insulation 
can increase overheating in poorly designed buildings 
with airtight buildings because they often rely on the 
careful use of natural and mechanical ventilation to 
achieve acceptable indoor air quality.  

Prior to a retrofit, if a household has an under-
consumption of energy services, or the pre-retrofit 
construction of a dwelling is better than its EPC 
record, the pre-bound effect occurs and the energy 
savings gap between pre- and post-retrofit could be 
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energy efficiency increase may also lead to an 
increase in the final energy consumption [5]. These 
effects could lead to inaccuracies in calculating the 
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Our exploratory case study investigates whole-life 
emissions from operational and embodied carbon 
whilst considering a healthy indoor environment in 
buildings. We present fabric retrofit measures for 
seven archetype-based models by incorporating the 
current SAP metrics, FHS and AD-L guidance, and 
additional lifetime metrics, e.g. overheating 
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acceptability of retrofits, and how the rebound and 
prebound effects influence pre- and post-retrofit 
comparisons. 

 
2. METHODOLOGY 

The South Yorkshire (SY) housing stock, which 
houses 1.8% of the UK’s residential stock, was 
selected for a case study. Most properties were 
constructed between the early 1900s to 1970, with 
semi-detached and terraced houses being the 
predominant built forms (Figure 1). Seven archetypes 
were selected for a deep retrofit investigation of the 
SY housing stock (Figure 3). Besides the 1930s semis, 
all other houses have heated attic rooms. The 
architectural drawings of the archetypes were traced 
from local property advertisements whilst their 
applicability and generalisability were further 
assessed. The relationship between the treated floor 
areas (TFA) to heat loss form factors (HLFF) and the 
window area (WA) to window-to-floor area (WWR) of 
the selected archetypes are shown in Figure 2. 

Cavity walls or solid brick walls, an uninsulated 
ground floor, an uninsulated suspended wooden 
floor, a pitched roof with insulation at joints, and 
double-glazing are found in most of the SY housing 
[2]. Solid brick walls were considered in Victorian 
houses whereas cavity walls were considered in other 
houses. The U-values of the building envelopes were 
derived from the RdSAP  2012, as shown in Table 1.  
The post-retrofit U-values were derived from 

 the FHS and the latest AD-L.  
For the pre-bound scenario (Table 4) with better 

insulation than the base model, the U-value of walls 
was considered as 0.8 W/m2K, and the U-value of 
windows was considered as 2.5 W/m2K. For the 
rebound scenario (Table 4) with technical failures in 
retrofit construction, the U-value of walls as 0.228 
W/m2K and air permeability 10m3/h.m2@50Pa were 
considered. 

To consider the impacts of future worst-case 
climatic conditions on retrofit scenarios, three 
scenarios, the medium emissions (RCP 6.0, A1B) for 
2030 and high emissions (RCP 8.5, A1FI) for 2050 and 
2080, were chosen for this work [6].  

 

 
Figure 1. Construction ages and built forms of the South 
Yorkshire housing stock. 

 
Figure 2. Archetype information used in the study. 

Figure 3. Overview of deep retrofit investigation using the archetype-based models for the South Yorkshire housing stock.

Table 2 presents the operational settings used in 
pre-retrofit and post-retrofit models. Table 3 presents 
the heating scenarios under both rebound (RB) and 
pre-bound (PB) effects.  

Electricity marginal greenhouse gas (GHG) 
emissions factors from 2023 to 2100 were taken from 
BEIS [7], which is an optimistic prediction for grid 
decarbonisation. For instance, the GHG emissions 
from the UK electricity generation in 2023 is 0.207 

kgCO2e per kWh whilst the BEIS prediction (published 
in November 2023) is 0.133 kgCO2e per kWh for 2023 
and 0.120 kgCO2e per kWh for 2025 and decreased 
down to 0.002 kgCO2e per kWh in 2050.  Emission 
factor changes from 2025 to 2080 were considered to 
calculate accumulated carbon emissions from heat 
pumps and gas boilers. Regarding the standard 
variable tariff for electricity and gas prices, the 
current energy price per unit from 1 October to 31 

985



 

December 2023 [8] was considered in this study to 
compare energy costs for pre-retrofit and post-
retrofit scenarios. These were £0.27 and £0.07 for 
electricity and gas respectively for 1kWh. 

The retrofit embodied carbon emissions were 
calculated from the cradle-to-gate (A1-A3) and 
construction (A4-A5) stages. This included (i) different 
insulation materials such as EPS, PIR, PUR, XPS, glass 
wool, stone wool and wood fibre, (ii) material 
finishes, vapour control membrane, airtight 
membrane and paints, (iii) window and door 
replacements, and (iv) upgrading service systems 
such as heat pumps and gas boilers. For this work, we 
chose the EPS insulation for comparison. Factors used 
for global warming potential (GWP) and embodied 
carbon calculation for individual houses were taken 
from [9].  
Table 1. U-values used in the study. 
U-value (W/m2K) Reference 

model (SAP) 
Deep retrofit 
model (AD-L) 

Roof  0.68 0.15 
External Wall (Solid) 2.10 0.18 
External Wall (Cavity) 1.60 0.18 
Ground Floor  1.60 0.18 
Internal Partition 2.25 (assumption) 
Window 3.10 1.4  
Door 3.00 1.4 
Air permeability 15  8 m3/hm2@50Pa 

Table 2. Operational settings used in the simulation models. 
Parameters Values Ref. 
Indoor operative temperature 
Heating (Category II) on if T > 20°C [10] 
Cooling (Category II) on if T > 26°C [10] 
Natural ventilation (windows) 22°C < T < 26°C  
Fresh air and (continuous) mechanical ventilation 
Min fresh air (other rooms) 0.49 l/s/m2 [10] 
Bathroom extract ventilation 8 L/s [11] 
Kitchen extract ventilation 13 L/s [11] 
CO2 generation rate 0.005 L/s [11] 
Building usage and schedules  
Occupancy (Bedroom) Single bedroom [12] 
Occupancy (Others) Follow rooms [12] 
Equipment and lighting  Follow rooms [12] 
HVAC Systems 
Boiler CoP 0.85 (assume) - 
Heat Pump CoP for heating 2.8 (assume) [13] 
Heat Pump CoP for cooling 3.5 (assume) [13] 
Heat recovery Enthalpy - 
Internal heat gain  2.1 W/m2 [14] 
Shading (assumption): Apply if solar radiation > 120 
W/m2 in the daytime and apply it during the night 
Orientation: South-facing rear garden, north-facing 
entrance, east and west sides for party walls. 
Suburbs terrains with no adjoining buildings. 

 
The operational carbon emissions from different 

archetypes were calculated from the results of 
physics-based dynamic simulation models. The 
energy cost and carbon emissions were calculated 

following EPC metric and grid decarbonisation 
scenarios based on modelled energy loads. Finally, 
the results of both metrics were reviewed for whole-
life operational and embodied carbon emissions to 
understand energy, cost and carbon emissions versus 
acceptable indoor conditions for thermal comfort and 
indoor air quality in different timescales. The 
simulation results were calculated using dynamic 
energy and thermal simulation programs (EnergyPlus 
/ Design Builder) considering variations in fabric-
energy efficiency, thermal models and weather files 
for the studied houses. 

 
Table 3. Pre-bound and rebound scenarios in heating. 
Case Heating scenarios  
Base The heating is on at all times if T < 20°C. 
PB-1 The heating is on if T < 20°C and is off during 

sleeping hours. 
PB-2 The heating is on if T < 20°C and is off during 

sleeping hours + daytime. 
PB-3 The heating is on if T < 20°and is off in some 

spare/unoccupied rooms. 
PB-4 If building insulation is slightly better than the 

based model while the heating is on if T < 20°C. 
PB-5 The heating is on if T < 18°C. 
RB-1 The heating is on if indoor T < 21°C. 
RB-2 If retrofit construction has technical failures; the 

heating is on if indoor T < 20°C. 
PB: Pre-bound effects. RB: Rebound effects 

 
3. RESULTS 
3.1 Operational carbon emission for heating 

The accumulated operational carbon emissions in 
seven studied archetypes from 2025 to 2080 are 
presented in Figure 4 and Figure 5. The operational 
carbon emissions could be reduced by a factor of 7.5 
by deep-retrofit construction while the same gas 
boilers were used in Figure 4. As the detached 
Victorian house has a larger floor area, its operational 
energy consumption was the highest among the 
seven houses whereas the rectangular plan mid-
terrace had the lowest demand. 

 
Figure 4. Accumulated operational carbon emissions for 
heating in seven houses from 2025 to 2080, considering the 
same consumption-based emission factor for natural gas. 

By switching the gas boiler to a heat pump, as 
shown in Figure 5, if the energy consumption for 
cooling and ventilation is also added, the operational 
carbon could be reduced by a factor of 10 using 
current national grid emission factors or reduced by a 
factor of 113 using grid decarbonisation scenarios. 
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By switching the gas boiler to a heat pump, as 
shown in Figure 5, if the energy consumption for 
cooling and ventilation is also added, the operational 
carbon could be reduced by a factor of 10 using 
current national grid emission factors or reduced by a 
factor of 113 using grid decarbonisation scenarios. 

 

3.2 Indoor environmental conditions 
The consequence of the deep-retrofit scenario, 

which intended to reduce heating energy 
consumption from highly insulated and airtight 
construction, was a higher median indoor air 
temperature and a greater summer overheating risk 
than in less insulated homes. Figure 6 presents a 
comparison of annual hourly indoor temperatures 
and indoor carbon dioxide (CO2) concentrations in 
three houses for five scenarios (a-e), considering 
3.5m2 differences in areas in the main bedrooms of 
the houses, with south-facing windows. Mechanical 
ventilation (MV) has an important role to play in 
removing indoor pollutants in retrofitted buildings. 
When the MV was applied in scenarios (d) and (e), 
the annual mean temperatures and indoor CO2 
concentrations were also reduced. The smaller the 
room the higher CO2 concentration. 

 
Figure 5. Accumulated operational carbon emissions for 
heating, cooling and mechanical ventilation in seven houses 
from 2025 to 2080, based on current national grid and 
future decarbonised grid for electricity. 

Figure 7 shows the annual distribution of indoor 
operative temperature and indoor air CO2 
concentration, yielding a total of 8760 hours a year, 
for a bedroom in a 1930s semi-detached house. As 
shading was applied in the rooms, summer 
overheating did not exceed 25°C for more than 10% 
(876 hours) of the year, as the Passivhaus suggested 
[14],  f the house is considered fully occupied. 
However, higher annual median temperatures were 
found if the post-retrofit construction had no MV. A 
high frequency of temperature distributions was 
found near ±2°C of the heating set point, and small 
distributions of temperatures above 25°C were found 
in Figure 7. If shading is excluded in the pre-defined 
scenarios, overheating could be expected as the 
unintended consequence of highly insulated, airtight 
buildings.  Variations in hourly occupancy patterns 
affect the indoor CO2 generation rate while 
temperature and air pressure differences between 
indoors and outdoors affect the air change rate of a 
room. If the room had no MV, high air CO2 
concentrations above 900ppm were observed as the 
windows were closed. One could argue that daily 
window opening could remove indoor pollutant 
concentrations, instead of following the pre-defined 
input from Table 2. When the MV was added in the 
post-retrofit model, the indoor air CO2 concentration 
was lower than 1000ppm, as [10] suggested, despite 
inconsistent distributions in its frequency. 

3.3 Cost saving 
A deep-retrofit could reduce annual heating 

demand up to 5 to 6.8 times whereas the coefficient 
of performance (COP) of the heat pump is 3.29 times 
more efficient than the gas boiler. However, the tariff 
for electricity is nearly 4 times higher than gas for 
1kWh. As a result, energy cost-saving was not directly 
proportional to reducing energy demand if a gas 
boiler was switched to a heat pump. Figure 8 
presents energy-cost savings from seven houses. 

 
Figure 6. Annual indoor temperature and air CO2 
concentration for south-facing bedrooms in three houses. 
[(a) Pre-retrofit in 2030 (b) post-retrofit in 2030 (c) post-
retrofit in 2050 (d) post-retrofit in 2050 and MV added (e) 
post-retrofit in 2080 and MV added.] 

 

 

 
Figure 7. The frequency of annual hour distribution in indoor 
temperature and indoor air CO2 concentration, an example 
of a bedroom room in a 1930s semi-detached house. 
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3.4 Pre-bound and rebound effects 
Figure 9 presents a comparison of pre-bound 

(PBE) and rebound (RBE) effects considering scenarios 
described in Table 3 that result in energy-saving 
before a pre-retrofit (-value) and overconsumption 
after a retrofit (+value).  

 
Figure 8. Annual energy cost saving in seven houses. 

Reducing heating hours (PB-1) could save 
more energy in a pre-retrofit model than in a post-
retrofit model. The length of heating hours is not a 
direct measure of heating energy-saving as the 
temperature differences between indoors and 
outdoors contribute to the variation of heating 
demand that causes different results of pre-bound 
scenarios. Reducing heating set points to 18°C (PB-5) 
could save more energy in a post-retrofit model than 
in a pre-retrofit model; however, this may not be 
realistic as energy efficiency in a post-retrofit 
condition can lead to an increase in the consumption 
of energy services due to the rebound effects [5]. 

Increasing heating set points to 21°C (RB-1) 
could bring more overconsumption in a post-retrofit 
model than in a pre-retrofit model; however, the 
personal preference of the individual could affect 
variation in heating set point temperatures. The most 
uncertain overconsumption for heating is unknown 
technical failures from a post-retrofit model. In this 
work, the RB-2 resulted in the highest 
overconsumption of heating. Due to differences in 
the number of rooms, TFA, HLFF and WWR between 
the DT-V and SD-V, their pre-bound and re-bound 
results were different. 

 
Figure 9. Pre-bound and rebound effects according to the 
scenarios shown in Table 3. 

 
3.5 Carbon reduction 

Figure 10 presents accumulated whole-life 
operational and embodied carbon emissions over 
different timescales for the SY housing stock. 

Significant carbon reduction was found by adding a 
deep retrofit construction to the current housing 
stock which has domestic heating from gas boilers. It 
needs to be highlighted that the results of whole-life 
carbon emissions from heat pump scenarios 
contained the energy demand for cooling and 
ventilation whereas the whole-life carbon emissions 
from gas boilers scenarios were considered for 
heating energy demand only. Nonetheless, switching 
to a heat pump from a gas boiler has benefits in 
carbon reduction and maintaining necessary indoor 
environmental conditions. The projected amount of 
CO2e emissions is indicative only, as it is based on 
average energy consumption requirements from 
seven archetypes. The approximate projections from 
operational and embodied CO2e emissions, however, 
showed evidence of a promising decarbonisation 
path from retrofit and electrification of heating 
systems using heat pumps. 

 
Figure 10. Operational carbon emissions and embodied 
carbon emissions over time, presented from 2025-2080. 

 
4. DISCUSSION 

This study aimed to address reducing domestic 
operational carbon emissions originating from gas 
boilers, and an inefficient building fabric. The method 
was structured to combine EPC metrics, FHS and AD-L 
guidance and carbon factors from a decarbonised 
electricity grid, considering the impacts of future 
weather years, lifespan of deep-retrofit construction, 
related embodied carbon emissions, maintenance 
and replacement of MEP over different timescales. 
Deep-retrofit fabric-first approach, heat pumps for 
heating, cooling and ventilation and current energy 
prices for pre-and-post-retrofit scenarios compared 
to seven archetypes. 

The thermal efficiency and airtightness of the 
building fabric influence the indoor air temperature 
and air CO2 concentration, which can be improved in 
the post-retrofit models; however, unintended 
consequences of an over-heating risk and a lack of 
fresh air demand a potential need for cooling in 
extreme summer temperatures and mechanical 
ventilation. In the results, a higher annual median 
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consequences of an over-heating risk and a lack of 
fresh air demand a potential need for cooling in 
extreme summer temperatures and mechanical 
ventilation. In the results, a higher annual median 

 

temperature in the post-retrofit scenario revealed 
that the end users need an adaption for changes in 
indoor thermal comfort. Overheating was not 
reported in the results shown in scenarios (d) and (e) 
of Figure 6 and Figure 7 due to the use of shading in 
the simulation models. Further studies on the effects 
of external and internal insulations together with 
thermal mass and the end user’s behaviour in using 
shading are needed to understand potential 
overheating in retrofitted homes to ensure they can 
adapt to changing climate conditions. Whilst the 
energy demand for cooling and ventilation is 
expected in a post-retrofit scenario to maintain 
necessary ventilation for indoor air quality, the 
annual energy cost-saving figure showed a promising 
result from deep retrofit and switching a gas boiler to 
a heat pump. The monetary payback time for an 
energy-saving retrofit can vary by several factors; 
therefore, further studies are necessary to 
understand how different archetypes affect retrofit 
ROI (return on investment). 

The use of static occupancy schedules and 
equipment schedules is common in building energy 
and thermal simulation models whereas the 
drawback of a “typical” schedule needs to be 
acknowledged as a problematic limitation in the 
results. Physiological, psychological and random 
factors of the end users are not "typical" while the 
energy usage behaviour of a household could be 
varied according to the environmental factors, time-
related factors, and contextual factors. Further 
studies are necessary to investigate how those 
factors found in the prebound and rebound effects of 
energy consumption as their consequences influence 
indoor environmental conditions and carbon 
reduction.  Further studies will explore the impact of 
these factors on energy use by conducting post-
occupancy evaluation surveys for a sample of the SY 
housing stock and integrating these findings into the 
modelling. 

 
5. CONCLUSION 

The exploratory case study focused on whole-life 
operational and embodied carbon emissions over 
different timescales for the SY housing stock whilst 
considering a healthy indoor environment in post-
retrofit scenarios.  Whilst the EPC database can be 
undoubtedly used as a primary source in reviewing 
potential domestic retrofits, additional performance-
related metrics and carbon emissions-related factors 
are necessary to consider ensuring the long-term 
quality and acceptability of retrofit project delivery, 
to tackle fuel poverty, health inequalities, and 
achieve wider societal benefits in cost-saving and 
decarbonisation. The findings present how the 
resilience of housing can be achieved by integrating 
careful ventilation mechanisms and necessary 

shading in housing retrofit, as well as adapting the 
transition between heat balance modes (the use of 
heating and cooling) to free-running modes for 
adaptive thermal comfort.  

The comparison of the projected amount of CO2e 
emissions could vary as the rebound effects arise 
from the improvement of energy efficiency while 
carbon factors for grid electricity and fuels change 
over time.  For policymakers, this work also can be 
used to understand deep retrofit of homes at scale, 
the need for an in-depth cost-benefit analysis for 
retrofit, the need for deployment in low-and-zero 
energy HVAC systems for UK homes and relevant 
solutions and to understand making mass retrofit a 
reality.  
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ABSTRACT: Facing the climate emergency from the building sector, it is necessary to apply climate change 
mitigation and adaptation measures in the built environment. Among the areas that can be worked on, the 
research focuses on energy retrofitting of existing buildings, addressing carbon dioxide emissions associated with 
energy consumption in the building operational phase (Operational Carbon, OC) and embodied energy in 
building materials (Embodied Carbon, EC). Currently the main focus is on reducing the OC of inefficient buildings 
and the EC of building materials is still rarely considered. The question is whether it makes sense to consider an 
energy retrofit that emits more carbon dioxide with the intervention materials than the carbon dioxide that can 
be saved at the operational level, during the lifecycle of the building. The research aims to explore if there is an 
optimal energy renovation, which reduces the maximum OC using the minimum EC for the intervention 
materials. The study attempts to define the environmental optimal retrofitting of existing buildings for a limited 
number of intervention options, applying a specific methodology and using the optimization tool integrated in 
the Design Builder software (Energy Plus). 
KEYWORDS: Housing retrofitting, embodied carbon, building life cycle, decarbonisation, Pareto Front. 
 

1. INTRODUCTION 
In the European Union (EU), the building sector is 

responsible for approximately 40% of the total energy 
consumption and 36% of the associated greenhouse 
gas emissions. [1]. In the Spanish level, the building 
sector consumes  30.1% of the total energy and  
emits 25.1% of the associated greenhouse gas 
emissions [2], a little less in proportion than the EU. 
Facing the climate emergency, mitigation and 
adaptation measures must be applied in the built 
environment, to move towards adequate, accessible 
habitability without exceeding the limit of resources 
that the planet can regenerate.  

Half of the current main dwellings in Spain were 
built before 1980 [3]. That year, energy efficiency 
criteria was starting to be applied in the regulation 
Normas Básicas de la Edificación (NBE-CT-79) [4]. This 
means that the Spanish building stock has become 
old and is energy inefficient.  

According to the EU objectives, the European 
countries must reduce energy consumption by 40% 
and the associated emissions by 55% by 2030 
compared to 1990, reaching climate neutrality by 
2050 [5]. In this context, building rehabilitation and 
urban regeneration can and must become the driving 
force in the building sector. The built environment 
faces three challenges that require a transformation 
process to meet society's demands: habitability, 
efficiency and equity [6].  

At EU level, a minimum annual rehabilitation rate 
of 3% is proposed for existing buildings [5], a measure 

that has been considered and extended in the 
Spanish strategy for energetic renovation [7]. 

Currently, the main focus of mitigation measures 
for existing buildings is on reducing the operational 
energy of inefficient buildings. An example is the 
Minimum Energy Performance Standards (MEPS), 
which will lead to progressively abandon the lowest 
energy qualifications until the “A” qualification is 
reached by 2050 [1], although it is not yet fully 
defined. The environmental impact of building 
materials, even though they are beginning to be 
taken into account [5], in practice they still are rarely 
considered. But the impact represents, on average, 
1/3 of the total emissions in a building’s life cycle [8].  

The aim of this paper is to determine the 
retrofitting option which represent the highest 
operational carbon (OC) reduction through the lowest 
embodied carbon (EC) in the intervention materials.  
This is applied for a limited number of possible 
interventions and in a case study. Based on the best 
options results, the question to be discussed is to 
analyse if the best resulting energy retrofits emit 
more carbon dioxide with the materials of the 
intervention than the carbon dioxide that can be 
saved during the building’s life cycle.  

 
2. METHODOLOGY 

The methodology relates the EC of the 
renovation’s materials and the OC associated to a 
building’s heating and cooling energy consumption.  

It is applied to an existing building case study, 
which current state data is collected. A limited 
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number of interventions is determined for each 
building element, according to the technical and 
physical possibilities that the current state offers and 
to the most common interventions applied in Spain.  

Using the optimisation tool (Genetic Algorithm 
NSGA2), which is integrated in the Design Builder 
program (Energy Plus) [9], two optimisation 
objectives are set: reducing total OC and reducing EC 
of the intervention. The optimisation combines all the 
intervention options and determines, although with 
some level of uncertainty, the least carbon-emitting 
combinations of interventions by drawing a Pareto 
Front curve [9].  

 
2.1 Calculation data 

The EC (kgCO2/m2, kgCO2/kg) data for the 
construction materials were obtained from the iTec – 
BEDEC database [10], which is applied in Catalonia 
(Spain). New materials were created in Design Builder 
with this EC information so that the software could 
calculate with the Catalan territory’s data, which is 
where the case study is located. 

The OC (kgCO2/year) data were obtained from 
simulations with Design Builder software and the 
calculation tool used by it, Energy Plus. The input data 
were obtained from the Spanish Código Técnico de la 
Edificación (CTE) [11] reference values. 

Therefore, the data affecting the OC calculation 
and results has been extracted from the CTE 
regulations, such as climatic data, occupancy 
standards and reference values for lighting, domestic 
hot water, appliances and systems, ventilation and 
infiltration. Conversion factors for calculating CO2 
emissions from each type of energy are obtained 
from Catalan territory data [12]. 

Note that the varying values due to the different 
renovations are the infiltrations and the physical 
characteristics of the building envelope. 

 
2.2 Constructive definition 

The construction systems of the building’s current 
state were defined according to the reference 
constructive characterization considered in the 
Spanish level [13], based on the building typology and 
the year of construction [14].  

Considering the current status (CS) characteristics, 
interventions for each building element are proposed 
and can be seen in section 3. The CS of each building 
element is also taken into account in input data and 
calculation, leaving the possibility of no-intervention. 

For each building element (building envelope: 
facades, windows, roof, ground floor; interior 
elements: interior partition walls, floor slabs), 
intervention options are determined, to test the 
following parameters: 

 
 

 Thermal insulation thicknesses. 
 Thermal insulation materials: expanded 

polystyrene, rock wool, cork. 
 Intervention positions: interior, within, 

replacement, exterior. 
 Addition of thermal inertia on the inside. 
 Window replacement. 

 
2.3 Results presentation 

The results are shown graphically as point clouds: 
the EC is placed on the vertical axis and the OC on the 
horizontal axis. Each point on the graph represents a 
different combination of interventions. The 
combinations that are closest to 0.0 and dominate 
over the others form the Pareto Front curve. 
Therefore, the graph shows the relationship between 
the rehabilitation EC and the OC reduction compared 
to the current state.  

To determine an environmental optimum, the 
building’s years life cycle variable (t) is added. It is 
represented in the graph as straight lines and 
determine which Pareto Front intervention will emit 
the least carbon at the end of a building’s useful life, 
by combining EC and OC. The straight lines are 
obtained using Equation (1): 

 
TC = EC + OC x t         (1) 

where  TC – Total carbon emitted (kgCO2) 
             EC – Embodied carbon intervention (kgCO2) 
             OC – Operational carbon (kgCO2/year)            

         t – Building’s life cycle (years) 
In a similar approach, one previous and relevant 

example [15] is the “embodied energy factor”, which 
was defined as the amount of embodied energy 
required to reduce one unit of operational energy for 
60 years of a new construction building’s life cycle, 
set by regulation. But in case of renovations, the 
starting point is a specific current state from which to 
work, in terms of OC and building characteristics.  

In order to facilitate the interpretation of results 
shown as  point clouds, other straight lines are added 
in the graphs indicating the EC amortization years 
according to OC reductions. 
 
3. CASE STUDY 

The methodology was applied to an existing multi-
family residential building (GF+4), with dominant 
orientation NNW (337,5º) - SSE (157,5º), in a 
Mediterranean coastal town (Catalonia), in the C2 
climate zone according to CTE. It was built in 1995 
and has a certain level of thermal insulation.  

In order to carry out a more complete analysis, 
the same 3D model (Figure 1) has been used to create 
a second case study applying the construction 
systems of 1970. That decade, energy regulations for 
buildings weren’t applied yet in Spain, so building 
envelopes didn’t have any thermal insulation. 
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Figure 1: 3D model created in Design Builder  

 
In summary, the method is tested on two case 

studies, different only at a constructive level in their 
current status (CS), as shown in Tables 1 and 2. 

 
Table 1: Current status enclosures case study 1, 1970 

Building 
element 

Composition ext - int  
(thickness in cm) 

U 
(W/m2·K) 

Façade 
Cement mortar (2) + hollow 

brick (14) + air gap (9) + brick 
(4) + gypsum (1) 

1.32 

Windows Aluminium frames (no thermal 
break) + double glazing 3.58 

Flat roof 

Ceramic tiles (1) + cement 
mortar (1) + impermeable 

layer (0.3) + concrete (10) + 
unidirectional concrete slab 

(25) + gypsum (2) 

1.44 

Ground floor 
Ceramic tiles (2.5) + cement 
mortar (2.5) + unidirectional 

concrete slab (25) 
2.07 

Interior 
partitions 

Gypsum (2) + hollow brick (4) 
+ gypsum (2) 2.60 

Interior slabs 

Ceramic tiles (2.5) + cement 
mortar (1) + unidirectional 

concrete slab (25) + cement 
mortar (2) 

2.06 

 
Table 2: Current status enclosures case study 2, 1995 

Building 
element 

Composition ext - int  
(thickness in cm) 

U 
(W/m2·K) 

Façade 
Hollow brick (14) + expanded 
polystyrene (3) + air gap (7) + 

brick (4) + gypsum (1) 
0.75 

Windows Aluminium frames (no thermal 
break) + double glazing 3.58 

Pitched 
roof 

Ceramic roof tiles (2) + 
partially ventilated air gap (25) 

+ extruded polystyrene (6) + 
unidirectional concrete slab 

(25) + gypsum (2) 

0.41 

Ground 
floor 

Ceramic tiles (2.5) + cement 
mortar (2.5) + unidirectional 

concrete slab (25) 
2.07 

Interior 
partitions 

Gypsum (2) + hollow brick (4) 
+ gypsum (2) 2.60 

Interior 
slabs 

Ceramic tiles (2.5) + cement 
mortar (2.5) + waffle slab (30) 

+ gypsum (2) 
2.06 

 
    Following the objectives and methodology 
explained, intervention possibilities for each building 
element are determined: 

1. Façade interventions (16 possibilities + CS): 
 Exterior thermal insulation polystyrene (6, 8, 

10 and 12 cm). 
 Exterior thermal insulation rock wool (6, 8, 

10 and 12 cm). 
 Exterior thermal insulation cork (6, 8, 10 and 

12 cm). 
 Cellulose fiber insufflation in air gap. 
 Cellulose fiber in air gap + 6 cm exterior 

thermal insulation (polystyrene, rock wool, 
cork). 
 

2. Openings (8 possibilities + CS): 
 Replacement to wood frames and double 

glazing (with no solar protection, with 50 cm 
wood overhang, with 100 cm wood 
overhang and with programmable blinds). 

 Replacement to aluminium with thermal 
break and double glazing (with no solar 
protection, with 50 cm wood overhang, with 
100 cm wood overhang and with 
programmable blinds). 
 

3. Flat roof (15 possibilities + CS): 
 Exterior thermal insulation polystyrene (10, 

12, 14 and 16 cm) + concrete pavement. 
 Exterior thermal insulation rock wool (10, 12, 

14 and 16 cm) + ceramic flooring. 
 Exterior thermal insulation cork (10, 12, 14 

and 16 cm) + concrete pavement. 
 Exterior thermal insulation 10 cm 

(polystyrene, rock wool, cork) + growth 
substrate and vegetation. 
 

4. Pitched roof (12 possibilities + CS): 
 Interior thermal insulation polystyrene (10, 

12, 14 and 16 cm). 
 Interior thermal insulation rock wool (10, 12, 

14 and 16 cm). 
 Interior thermal insulation cork (10, 12, 14 

and 16 cm). 
 

5. Ground floor (8 possibilities + CS): 
 Interior thermal insulation polystyrene (6 

and 8 cm) + concrete pavement. 
 Interior thermal insulation cork (6 and 8 cm) 

+ (wooden floor or ceramic flooring). 
 Addition of concrete pavement. 
 Addition of ceramic flooring. 

 
6. Interior partitions (2 possibilities + CS): 
 Addition of sand-lime brick (one and both 

sides). 
 

7. Interior slab (3 possibilities + CS): 
 Addition of new pavement (concrete, 

ceramic flooring, wooden floor). 
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The combination between all variables, for 1970 
case would be 264,384 possible combinations; for 
1995 case would be 214,812.  

Without optimization methods, as in this case is 
the algorithm, the calculation of each possibility and 
the subsequent comparison between them would be 
too time-consuming. 
 
4. RESULTS 

 Note that the OC reductions obtained for each 
combination of interventions have a partial effect on 
the total carbon dioxide emissions of the building, 
since only passive strategies affecting heating and 
cooling energy consumption are used and showed in 
the graphs (Figures 2 and 3). 

The different variables of years of building’s life 
cycle (t) draw the lines that can be seen in Figures 2 
and 3, identifying the optimal intervention for each 
case. Consequently, in case a point closer to (0, 0) is 
found in relation to any of these lines through new 
simulations with new variables, it would be a new 
optimal point. For example, the point (5, 300) in 
Figure 2 would be a new best option for 50 and 100 
years life cycle but not for 25 years life cycle. 

 
 

 
Figure 2: Optimisation for 1970 existing building. 

 
Table 3: Optimal renovation, 50 years life cycle, 1970 case. 

Enclosure Variable 
EC  

(kgCO2/ 
m2) 

Façade Exterior thermal insulation, 12 
cm cork 45 

Openings Wood frames and double 
glazing + 50 cm overhang 268 

Flat roof Exterior thermal insulation, 10 
cm cork 19 

Ground 
floor 

Interior thermal insulation, 8 
cm cork + ceramic flooring 15 

Interior 
partitions Current state (no intervention) 0 

Interior slab Current state (no intervention) 0 
 

On the other hand, the optimal choices found 
show that as the variable (t) is higher, the EC has less 
influence, because there is more time for 
amortisation. Instead, the lower the variable (t), the 
more weight the EC has in the total emissions, which 
is why the optimal intervention is located at lower 
values of EC in the Pareto Front. 

In absolute values, the 1970 building reduces 
more OC because it was, initially, more inefficient and 
has more improvement potential than the 1995 case. 

Tables 3 and 4 show the optimal combination of 
interventions for each case and 50-year life cycle. It 
has been prioritised to expose 50-year results 
because they are the years of a building’s useful life 
established by CTE regulations.  

They show how the algorithm has prioritised 
materials with low EC, such as cork or wood, 
compared to polystyrene or aluminium; the 
prioritization of wood frame windows replacement 
and 50 cm overhang placement is observed; higher 
thermal insulation thicknesses appear among the 
options introduced; for interior elements, a tendency 
towards non-intervention is observed, although in the 
case of 1995 a certain amount of thermal inertia is 
added. 

 

 
Figure 3: Optimisation for 1995 existing building. 

 
Table 4: Optimal renovation, 50 years life cycle, 1995 case. 

Enclosure Variable 
EC  

(kgCO2/ 
m2) 

Façade Exterior thermal insulation, 12 
cm cork 45 

Openings Wood frames and double 
glazing + 50 cm overhang 268 

Flat roof Exterior thermal insulation, 14 
cm cork 20 

Ground 
floor Current state (no intervention) 0 

Interior 
partitions 

Addition of sand-lime brick 
(one side) 20 

Interior slab Current state (no intervention) 0 
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Figure 4: Comparison between the case studies: 1970 and 1995. Current states, Pareto Front curves, optimal combinations for 
25, 50 and 100 years of useful life and EC amortisation years.

 
More extensive results indicate that there are certain 
variables that are better than others. For each 
building element, tendencies for intervention choices 
can be noticed. In the development of this research, 
the input data will be further refined to check the 
variation in results. Here follows a general 
observation in Pareto Front results: 

 Thermal insulation thicknesses: higher 
thermal insulation thicknesses predominate 
among the variables introduced 

 Thermal insulation materials: low EC 
materials such as cork or wood predominate. 

 Intervention positions: external 
interventions predominate when different 
options are available. 

 Addition of thermal inertia on the inside: a 
gradient from more inertia at the top of the 
graph to less inertia at the bottom is 
observed. Non-intervention predominates 
for interior slabs and inertia addition 
predominates for internal partitions. 

 Window replacement: wood frame and 
double glazing window replacement with 50 
cm overhang predominates. 

 
Overall, Figure 4 shows how the algorithm works 

by searching for the potential between the minimum 
EC and the minimum OC. Comparing the case studies’ 
Pareto Front curves, although with different starting 
points, it is observed how both reach similar post-
intervention OC values.  

 

 
On the other hand, also in Figure 4, the 

amortisation years of the EC are shown in relation to 
the OC savings obtained with each intervention. This 
is done to check whether the interventions prioritised 
in Pareto Front are counterproductive in relation to 
the years of buildings' lifespan or whether they 
quickly compensate the EC of the energy retrofit. 

Regarding this, Figure 4 shows graphically how the 
current state OC efficiency level directly influences 
the years of EC compensation. 

For example, the best option at 50 years life cycle, 
the intervention’s EC for 1970 building is amortised 
after 5,5 years, with its OC reduced by 71%; on the 
other hand, for 1995 building, the EC is amortised 
after 12,5 years, with its OC reduced by 58%. 
 
5. CONCLUSION 

In the Pareto front curve of the analysed cases, 
considering that the EC analysis has been taken into 
account, no counterproductive interventions have 
been found. Nonetheless, the EC has a significant 
impact on the total carbon emissions of the building’s 
life cycle.  

With the analysed buildings, it can be seen that 
the EC amortisation time is higher for the 1995 case 
than for the 1970 case, as the first one is more 
efficient than the second one in their current status.  

For newer, supposedly more efficient buildings, it 
becomes even more necessary to use decarbonised 
materials for their energy retrofitting, because the 
improvement potential is not as high as less efficient 
buildings. Consequently, it becomes more difficult to 
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amortise the intervention’s EC in the lifespan of the 
building. 

Therefore, the study shows that it is important to 
consider the EC of building materials and should be 
included in the calculations to reduce it, as occurs 
with OC. Depending on the design, the material 
choices and the current status of the building, just 
having the objective of an OC reduction for energetic 
renovations may be counterproductive in terms of 
environmental costs. 

For each specific building, this analysis could be 
very different considering that the physical 
characteristics, geometry, orientation, occupancy, 
environment and/or interventions considered are 
specific to local conditions. Therefore, it is 
recommended to study the specific cases in order to 
reach more realistic results. 

As it has been seen, both case studies reach 
similar OC values after the interventions. Firstly, it is 
considered that the reduction could be increased 
with the introduction of new, more refined variables 
based on the analysed results. For example, by 
introducing interventions with thicker thermal 
insulation. Secondly, note that the interventions are 
based on passive strategies, but it is considered that 
if the active systems (performance of air conditioning 
systems and energy sources) were changed, an 
improvement in OC would be observed. However, 
then the EC of the new appliances or systems 
replacing the old ones should be considered. 

It is emphasised that the methodology proposed 
is very time-consuming, considering the preparation 
of data for each specific case, the long duration of 
calculations and the subsequent data processing. 
Ways to automate the methodology and reduce the 
time involved in the study could be explored. 

On the other hand, it is also important to have 
accurate data available, both for embodied energy 
and emissions, and for case-specific characteristics of 
each case study. 
Finally, research possibilities in architectural and 
energetic fields derived from this study are listed: 
variation in results. Here follows a general 
observation in Pareto Front results: 

 The effect of adding thermal inertia. 
 Tests with a wider variety of materials. 
 Introduction of other types of interventions 

such as galleries or shading. 
 Tests with more future-oriented climate files 

when the climate is expected to be warmer. 
The climate files used come from the CTE 
data, based on the past. 

 “Business as usual” and/or real cases energy 
retrofitting EC and OC calculation to analyse 
whether they are counterproductive 
interventions.  

 

ACKNOWLEDGEMENTS 
This research is carried out within the context of 

an Industrial Doctorate (project code 2023 DI 00031), 
a collaboration between the company Cíclica 
Arquitectura, the PhD programme Architecture, 
Energy and Environment (AiEM), Universitat 
Politècnica de Catalunya (UPC), and the PhD student. 
We would like to thank the financial support of the 
Industrial Doctorates Plan, an initiative of the 
Research Department and Universities of Generalitat 
de Catalunya, managed by Agència de Gestió d'Ajuts 
Universitaris i de Recerca (AGAUR), Consorci de 
Serveis Universitaris de Catalunya (CSUC), and the 
collaboration of Fundació Catalana per a la Recerca i 
la Innovació (FCRI).  

 
REFERENCES  
1. European Parliament and Council (2018). Directive (EU) 
2018/844 on the energy performance of buildings (EPBD). 
2. Bellver, J., Cossent, R., Linares, P., Romero, J., Pérez, M., y 
Rodríguez Matas, A. (2020). Observatorio de Energía y 
Sostenibilidad en España. Universidad Pontificia de 
Comillas. 
3. Cíclica i GBCe, from Instituto Nacional de Estadística (INE) 
(2018). Enquesta Contínua de Llars ECH. 
4. Consejo General de la Arquitectura Técnica de España 
(CGATE) y Mutua de propietarios (2020). Informe 
rehabilitación energética en España: Una oportunidad de 
mejorar el parque edificado en España. Madrid. 
5. European Comission (2020). Renovation Wave: Aiming to 
improve energy efficiency, boost the economy and deliver 
better living-standards for Europeans. Brussels. 
6. Cíclica i GBCe, (2020). PAS-E, Passaporte del edificio, 
Instrument for staged deep rehabilitation. 
7. Secretaría de Estado de Transportes, Movilidad y Agenda 
Urbana, Secretaría General de Agenda Urbana y Vivienda 
(2020). Actualización 2020 de la Estrategia a Largo Plazo 
para la Rehabilitación Energética en el Sector de la 
Edificación en España (ERESEE). 
8. Aslanides, A., Kuczera, A., and Caffi, M. (2020). 
Built4People| People-centric sustainable built environment 
(Draft). European Commission. 
9. Design Builder Manual [Online] –   
http://designbuilder.co.uk/helpv7.0/ 
10. Database iTeC, Banc BEDEC Construcció (2021), [Online] 
- https://itec.cat/ 
11. Ministerio de Transportes, Movilidad y Agenda Urbana 
(MITMA) (2022), Código Técnico de la Edificación en 
España, Documento Básico HE Ahorro de energía (CTE-DB 
HE) 
12. Oficina Catalana del Canvi Climàtic (2019), Guia pràctica 
per al càlcul d’emissions de gasos amb efecte hivernacle 
(GEH). 
13. Ministerio de Transportes, Movilidad y Agenda Urbana 
(MITMA), from Instituto Nacional de Estadística (INE) 
(2018), Encuesta Contínua de Hogares (ECH). 
14. Ministerio de hacienda y función pública, secretaría de 
estado de hacienda y dirección general del catastro: Sede 
Electrónica del Catastro, Spain.  
https://www.sedecatastro.gob.es/  
15. Venkatraj, V., Kumar Dixit, M., Yan, W., Lavy, S. (2020): 
Evaluating the impact of operating energy reduction 
measures on embodied energy. 

995



PLEA 2024 WROCŁAW 
(Re)thinking Resil ience  

 

Exploring The Potential of Energy Savings Through Retrofitting 
Traditional Heritage Buildings 

A Case Study of Abu Jaber House in Al Salt, Jordan  
 

KAMAL HADDAD*,1 SIMON LANNON,1 ESHRAR LATIF,1 
 

1Welsh School of Architecture, Bute Building, Cardiff University, King Edward VII Ave, Cardiff CF10 3NB  
 

 
ABSTRACT: Reducing energy demands in buildings has become a key interest to achieve net-zero goals. Jordan, 
as a country, imports over 95% of its energy from neighbouring countries, initiating the need to find strategies to 
reduce energy consumption. This research investigates the feasibility of achieving energy savings by retrofitting 
heritage buildings with preservation conditions. Specifically, the study assesses the effects of building’s fabric 
interventions and systems interventions on heating, cooling, and lighting loads using Ladybug tools in 
Grasshopper3D as a modelling method. Retrofit measures encompass changes in glazing type, incorporation of 
shading devices for existing windows, reduction in infiltration rates, addition of thermal insulation, enhancement 
of sensible heat recovery efficiency, and interventions in the lighting system by lowering lighting power density 
and introducing a daylight control system. Additionally, the study explores the potential of integrating 
renewable energy sources, such as photovoltaic panels for sustainable energy production. Results indicate that 
fabric interventions, like adding a 30 mm aerogel layer for thermal insulation, yield over 10% energy savings. 
Similarly, introducing a daylight control system can reduce the demands by 11%. The study establishes a 
systematic framework for energy modelling applicable to buildings with similar conditions, providing valuable 
insights for sustainable retrofitting strategies. 
KEYWORDS: Energy consumption, heritage buildings, retrofit, daylight control, renewable energy. 
 
 

1. INTRODUCTION  
Significant efforts are being made globally to 

mitigate the environmental impacts resulted from the 
climate change crisis [1]. Various strategies are 
proposed to address this issue, including the debate 
between promoting energy efficiency in new builds or 
retrofitting existing buildings [2]. Energy retrofit is an 
effective method for reducing energy consumption 
[2], but it requires assessing the compatibility of the 
building fabric with the retrofit plan. 

In Jordan, to reach net zero targets, governmental 
and non-governmental initiatives have made great 
strides in decarbonising the built environment and 
lowering operational energy [3]. Such policies are 
being implemented since Jordan is a country that 
imports over 95% of its energy from neighbouring 
countries [3]. Therefore, conducting energy 
simulations to evaluate a building’s energy 
performance is a critical factor in resolving the energy 
crisis in the country.  

This research works on presenting an overview of 
the energy performance in one of the most significant 
buildings in the heart of the UNESCO protected city of 
Al-Salt, Jordan. The research is carried out a thorough 
simulation-based analysis of the original function of 
the building, in addition to its newly adopted 
function, which was changed recently, to compare 
the energy performance and the impact of the 
transformation. Additionally, several retrofit solutions 

that range from fabric adjustments to systems 
interventions are studied to understand the 
anticipated performance. 
 
2. RESEARCH BACKGROUND 

Jordan’s population has increased drastically in 
the past few decades, resulting in a huge impact on 
the residential sector, and increasing demand for 
energy [3, 4].  

This section presents the current energy 
circumstances in Jordan, shedding light on the 
importance of undertaking such research in the 
country. Additionally, the climatic conditions of Al-
Salt city are discussed to highlight the energy 
demands required for operating the building’s 
services.  Furthermore, the selected building for the 
study is introduced with an emphasis on its heritage 
significance in the city as well as its current fabric 
conditions which will be used as a base to model and 
simulate the overall loads. 

 
2.1 Energy in Jordan 

The residential sector in Jordan is thought to 
account for 43% of the country's overall power usage 
[3]. The heating and cooling of residential structures 
in Jordan account for almost 38% of total energy 
consumption, according to a 2016 assessment of 
rising zero-emission building sector objectives in the 
Middle East and North Africa (MENA) region [3].  
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Jordan faces two primary issues in its energy 
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Al Salt experiences long, warm, and dry summers, 
as well as cold and generally clear winters. The 
temperature typically ranges from 4°C to 31°C 
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2.3 Abu Jaber house 
One of the unique heritage buildings and currently 

most visited attraction in the city centre of Al Salt City 
is Abu Jaber House. The building was built in multiple 
phases between 1896 and 1905, which can be 
noticed from the colour of the stone which differs 
between floors and sections. The ground floor level 
has stone walls 60 – 100 cm thick and is currently 
used as shops in addition to including the entrance to 
the upper levels. The first floor, however, is arranged 
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Figure 1: A street view of Abu Jaber house. 

  
3. RESEARCH METHODS 

Due to its cultural and architectural significance, 
Abu Jaber house was selected as a case study aiming 
to communicate to the industry, the benefits of 
energy modelling and retrofitting similar buildings. 
The study works on building an energy model that is a 
simplified representation of the building’s geometry, 
considering the materials used and the adopted 
construction systems.  

The research uses Grasshopper3D [10] as a 
computational environment for modelling along with 
Ladybug tools [11] to simulate the energy 
performance with special focus on the building’s 
thermal loads and lighting loads as they have the 
largest contribution to overall demands. Initially, the 
energy model will be studied to understand the 
original state of the building as a residential building. 
However, currently the buildings functionality has 
been transformed into a museum and show case of 
the city and its culture. Hence, a simulation of the 
building with its new adopted program is required to 
understand the impact on the change of energy 
consumption and to build a baseline model to assess 
potential energy retrofit interventions.  

Nonetheless, this research explores different 
retrofit measures that can be adopted to mitigate the 
energy crises in the country. Even though some of the 
proposed measures can be difficult to implement due 
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to its listing and UNESCO protection status, the study 
of such scenarios can be potentially reflected on 
other similar buildings in the city or beyond that may 
not share the same listing status.  

In this study, the modelled floor area of the 
building is 632 m2. It is also critical to mention that 
the ground floor of the building was not considered in 
the energy model as its functionality remained the 
same as shops.  

The study works on simulating different shallow 
and deep retrofit solution to understand the impact 
of each case on the overall energy performance as 
follows; (i) examining the impact of the glazing 
system by testing various types of glazing; (ii) adding 
a horizontal shading device with different depths to 
the existing windows, (iii) improving the airtightness 
of the building by exploring reductions of the 
infiltration intensity rates by 5%, 10%, 25%, 40%, and 
60%; (iv) enhancing the fabric’s insulation by adding 
an internal layer of aerogel (u value = 2.1 W/m2 k) 
with thicknesses of 10mm, 20mm, 30mm, 40mm, 
50mm ; (v) enhancing the sensible heat efficiency 
factor of the used HVAC system (Ideal air) by testing a 
factor of 0.6, 0.7, 0.8, 0.9, and 1; (vi) Optimising the 
used lighting systems by exploring lighting power 
densities between 9 and 5. 

Additionally, this paper investigates the 
implications of introducing a daylight control sensor 
system that works on dimming the lights when 
natural daylighting is satisfied. For exploring the 
impact of applying such system, the sensors were 
defined at the centre of each room’s floor area. The 
illuminance setpoint was set to 300 lux while the 
lowest power and lowest lighting output the lighting 
system can dim to, are set to 0.3 and 0.2 respectively.  

Besides, this research works on performing a 
multi variant optimisation using Galapagos solver in 
Grasshopper3D, to find the most optimised values for 
the investigated parameters to reach the lowest EUI. 

Furthermore, a comparative analysis of the 
potential savings when installing photovoltaic (PV) 
panels using PVGIS-SARAH2 dataset within PVGIS tool 
[12] to estimate the electricity production of the PV 
panels, where the azimuth and slope of the panels 
was optimised to 16° and 27°. 

Table 1 below demonstrates the setup of the 
activity program for the residential case (intended 
use), and the museum case (current use). The used 
values for the used parameters were retrieved from 
archival documents [9] or from Ladybug Tool’s 
dataset [11] when not available. 

 
Table 1: The activity and HVAC programs for the residential 
and the museum cases [9.11] 
 

Parameter Residential  Museum  
Heating setpoint (°C) 21.7 21 
Cooling setpoint (°C) 24.4 24 

Occupancy density 
(people/m2) 0.0196 0.1497 

Equipment power density 
(W/m2) 0 3.5 

Lighting power density 
(W/m2) 6.4 10.7 

Air Changes per Hour (ach 
per hour) 2.88 5.76 

HVAC sensible heat recovery 
factor 0.6 0.5 

 
Currently, the fabric’s exact construction details 

are not fully documented, however, the researchers 
have worked on approximating the tectonics of the 
different fabric elements using available archives and 
site visits. As discussed, the external walls are 
primarily made of an average of 600 mm hard 
limestone, while the internal walls were made of soft 
limestone with an averaged thickness of 400mm. The 
floor of the first level is 650 mm of dense concrete, 
while the second level and the external floors are 300 
mm and 400 mm respectively made of concrete.  

For examining the impact of glazing type on the 
building’s performance, the specifications of the 
tested glazing types which includes the u value, SHGC 
factor, and the visible transmittance factor were 
retrieved from the standard assessment procedure 
(SAP 10.2) [13] as listed in table 2 below. 

 
Table 2: The activity and HVAC programs for the residential 
and the museum cases 
 

Scenario 
U-value 
(W/m2 

K) 
SHGC  Transmittance 

factor  

Single glazing 
(Original) 4.80 0.70 0.85 

Double glazing 
(Air filled) 2.20 0.77 0.76 

Double glazing 
(Low emissivity) 0.90 0.77 0.76 

Double glazing 
(Argon filled) 2.60 0.54 0.76 

Triple glazing 1.60 0.35 0.64 
 

4. RESULTS 
4.1 Exploring the impact of changing the building's 

activity on the energy performances  
As discussed, the original building design was 

residential, necessitating a simulation under those 
conditions. Results showed normalized annual 
heating and cooling loads of 103 kWh/m2 and 58.3 
kWh/m2, respectively, with an annual lighting load of 
3.4 kWh. Simulations of the current conditions, 
serving as a benchmark for retrofit measures, 
revealed changes due to the building's 
transformation into a gallery and showcase. New 
parameters, such as equipment loads, people's 
density, and lighting power density (see Table 1), 
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4. RESULTS 
4.1 Exploring the impact of changing the building's 

activity on the energy performances  
As discussed, the original building design was 

residential, necessitating a simulation under those 
conditions. Results showed normalized annual 
heating and cooling loads of 103 kWh/m2 and 58.3 
kWh/m2, respectively, with an annual lighting load of 
3.4 kWh. Simulations of the current conditions, 
serving as a benchmark for retrofit measures, 
revealed changes due to the building's 
transformation into a gallery and showcase. New 
parameters, such as equipment loads, people's 
density, and lighting power density (see Table 1), 

 

were considered. The simulation indicated a 6.7% 
increase in Energy Use Intensity (EUI) post-activity 
change. Internal heat gains led to reduced annual 
heating loads (78 kWh/m2) but increased cooling 
demand (80 kWh/m2), with lighting demands rising 
to 36 kWh/m2. 

Based on the simulation of the current conditions, 
it was demonstrated that the loads from, cooling, 
heating, infiltration, lighting, window conduction, and 
fabric conduction, have fluctuated throughout the 
year, therefore, the measures discussed in the 
upcoming sections were proposed in attempt to 
reduce the demands.  

 
4.2 Exploring the impact of glazing type  

The glazing percentage for Abu Jaber house is 
approximately 15%, therefore, studying the 
performance of different glazing types is crucial. 
Hence, five distinct types of glazing were explored; (a) 
the existing original single layered glazing as a 
benchmark (BM), (b) air filled double glazing, (c) low-
e air-filled double glazing, (d) argon-filled double 
glazing, and (e) air filled triple glazing. The results of 
the investigation are demonstrated in table 3 below. 
 
Table 3: The thermal loads and overall saving in 
implementing different glazing types. 
 

Scenario Heating 
(kWh/m2) 

Cooling 
Deman(kWh/m2) 

Potential 
savings  

a (BM) 78.45 79.53 - 
b 71.74 81.27 2.40% 
c 67.72 82.71 3.80% 
d 79.66 72.72 2.90% 
e 83.11 66.71 4.30% 

 
Based on the previous simulations, it is noticed 

that the change of glazing type helps in reducing the 
overall EUI of the building and therefore reducing the 
energy costs. 

 
4.3 Exploring the impact of using shading devices on 

the widows 
In this exploration, different depths of horizontal 

shading devices were tested that varied between 10 
cm and 50 cm. Adding a shading device contributed 
with an increase in the annual heating and lighting 
demands and a similar decrease in the cooling loads. 
Overall, this behaviour has maintained the building’s 
EUI at around 208 kWh/m2. Therefore, adding 
shading devices is proven to be an insufficient 
solution for this building which is contributed to 
having the largest area of glazing on the northern 
façade, therefore, the heating and lighting demands 
would increase. 
 

4.4 Exploring the impact of reducing infiltration 
rates 

According to the simulations of Abu Jaber house, 
it was noticed that airtightness of a building and the 
increase in infiltration heat losses through the 
building’s age can greatly increase the annual energy 
demands. Therefore, controlling the air tightness of 
the building can reduce both heating and cooling 
loads of the building as presented in figure 2. 
The infiltration intensity rates of the building relate to 
the fabric’s efficiency. Therefore, increasing the air 
tightness of the building can be performed by 
reducing the cracks and gaps in the fabric and any 
potential thermal bridging zones. In addition, 
replacing the old windows frames with newer ones 
would contribute to reducing the infiltration rates. 

 

 
Figure 2: Explored thermal demands at different air changes 
per hour. 
 
4.5 Exploring the impact of thermal insulation  

As no records imply the presence of any type of 
thermal insulation layers, it is critical to understand 
the impact of adding a single layer of thermal 
insulation to the internal faces of the walls. Due to 
the impracticality of adding the insulation within the 
fabric, the simulation was based on experimenting 
adding an insulation layer with different thicknesses 
that varied between 10 mm and 50 mm. Figure 3 
demonstrates that adding a 30 mm layer of aerogel 
had the largest difference in minimising the heating 
loads. However, adding thicker layers had smaller 
impact. The impact of adding insulation had 
insignificant impact on the cooling loads.  

 

 
Figure 3: The impact of adding aerogel insulation on 
thermal demands. 
 
4.6 Exploring the impact of enhancing HVAC system 

efficiency 
Currently, the building’s heating is primarily 

dependant on portable heating units. Therefore, an 
ideal air HVAC system (non-mechanical) was used in 
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the energy modelling of the building. To test the 
impact of improving the efficiency of the heat 
recovery and heat preservation within the building, 
the sensible heat recovery factor was changed 
between 0.6 and 1, where 1 represents a 100% heat 
recovery efficiency.  

Figure 4 illustrates that the increase of the heat 
recovery efficiency would have significant positive 
implications on reducing the heating and cooling 
loads. Such improvements can be assured by 
performing other measures like adjusting the glazing 
type as well as reducing the infiltration intensity 
rates. 

 

 
Figure 4: The normalised annual thermal demands with 
different HVAC system efficiency factors 

 
4.7 Exploring the impact of optimising installed 

lighting systems 
Based on initial comparative simulations between 

the building’s lighting loads, it is noticed that a 
massive increase in the lighting loads have occurred. 
Hence, studying the impact of optimising the lighting 
system is needed. The lighting power density (LPD) 
which is controlled by the lighting type and 
illuminance was used to test the implications on the 
thermal loads as well as the lighting loads. The graph 
in figure 5, presents the impact of the reduction of 
lighting power densities on the thermal loads. It is 
observed that lower LPD increases the heating 
demands since the lighting system emits less heat, 
which consecutively reduces the cooling loads. 

 

 
Figure 5: The impact of adjust lighting power densities on 
heating and cooling demands. 
 

Nonetheless, the simulation highlights the 
significant role of optimising the lighting system in 
reducing the lighting loads of the building which can 
be reduced up to 53% if LPD is reduced to 5 W/m2. 
This solution can be one of the most effective, where 
reducing LPD to 6 W/m2 can reduce the overall 
energy consumption by 9%. 

 
4.8 Exploring the impact of introducing a daylight 

control sensor system 
This measure introduces coupling the building 

with a daylight control system that involves dimming 
the lights and turning it off if the senor reading 
reaches the illuminance set point of 300 lux. Such 
measure was performed on all the individual 
measures discussed in this paper. All results have 
presented a significant reduction on the EUI in total 
and its breakdown of thermal loads and lighting 
loads. The EUI of the baseline model was reduced by 
10.58%. The highest reduction was noticed when 
changing the glazing type to low emissivity double 
glazing with total reduction of 11%.  
 
4.9 Performing Multi Variant optimisation to reduce 

EUI 
After running the optimisation using Galapagos 

solver in Grasshopper 3D, it was demonstrated that 
applying the suitable measures results in a drastic 
reduction of the energy use intensity and its 
breakdowns. EUI was reduced by 50.5% when 
compared to its current situation with a reduction in 
heating, colling and lighting demands of 48%, 16% 
and 69% respectively. The simulation was run for 
around 112 hours after it has been terminated due to 
reaching 50 stagnant without improving the 
optimisation objective as defined in the optimisation 
setup. Table 4 presents the measures and their 
associated values in addition to the reduction 
percentage in energy consumption compared to the 
current conditions. 

 
Table 4: The measures and values that were concluded 
based on the multi variant optimisation. 
 

Measure Value Reduction (%) 
Glazing type Low e  14.4 

Air changes per hour 2.7 ach 16.4 
Insulation thickness  3 cm 21.6 

Sensible heat efficiency  0.8 14.4 
Lighting power density 7 W/m2 13.5 

Shading Device 0.0 m - 
 
The simulation has demonstrated that applying 

the different measures results in a drastic reduction 
of the energy use intensity and its breakdowns. EUI 
was reduced by 50.5% when compared to its current 
situation with a reduction in heating, colling and 
lighting demands of 48%, 16% and 69% respectively.  
 
4.10  Exploring the impact of installing PVs 

 
Considering the total floor area of the building 

and its current EUI of 208 kWh/m2 and using 
Crystalline silicon PV panels with 19% efficiency, the 
PV peak capacity was approximated to 46 kWp. 
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The simulation has demonstrated that applying 

the different measures results in a drastic reduction 
of the energy use intensity and its breakdowns. EUI 
was reduced by 50.5% when compared to its current 
situation with a reduction in heating, colling and 
lighting demands of 48%, 16% and 69% respectively.  
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Considering the total floor area of the building 

and its current EUI of 208 kWh/m2 and using 
Crystalline silicon PV panels with 19% efficiency, the 
PV peak capacity was approximated to 46 kWp. 

 

According to the simulation, the normalised annual 
production of energy is estimated to reach 121 
kWh/m2. Furthermore, the calculations have taken 
into consideration that the total loss of production is 
around 23.16% considering 14% system loss, 2.28% 
losses caused by the angle of incidence, 0.6% loss due 
to spectral effects, and 8.02% of losses that may be 
caused by the temperature and low irradiance.  

Figure 6 illustrates the energy balance, comparing 
estimated PV production to the heating, cooling, and 
lighting loads of the most effective measures 
discussed in section 4.9 throughout the year. PV 
panel production peaks in July, with the lowest 
output occurring in January. Simultaneously, the 
highest energy demand coincides with hot months, 
causing a shortfall in PV energy to meet demands. 
However, considering the cumulative net production 
over the year, the system generates an export of 1.8 
kWh/m2 after satisfying heating, cooling, and lighting 
needs. These findings underscore the necessity of 
implementing an energy storage system to supply the 
building with renewable energy during periods of 
lower electricity production. 

 

 
Figure 6: Energy balance of fix-angle PV production 
compared to the thermal and lighting demands. 
 

It is critical to mention that this study was 
considering the thermal and lighting loads due to 
clear consequence on the energy consumption of the 
building. However, other loads in the building 
contribute to the overall energy consumption such as 
the infiltration loads, hot water supply and the 
electric equipment used in the building urging the 
need to apply such measures. 

 
5. CONCLUSION 

The study systematically analyses a UNESCO-
protected heritage building, assessing thermal and 
lighting loads, energy demands, and potential retrofit 
solutions. Accordingly, the developed system is 
encouraged to be used for buildings with similar 
conditions. This energy modelling approach is advised 
before any intervention to anticipate potential 
consequences, understand implications of changes on 
the building’s heritage value, and suggest precautions 
and measures to minimise negative results. 

The study demonstrated that interventions on the 
fabric had the highest impact on reducing the annual 
energy consumption. For instance, independent 
interventions such as adding 30 mm layer of aerogel 

as a thermal insulation can result in over 10% of 
energy savings, in parallel, reducing the infiltration 
intensity rates by 40 % can result in over 13.5% of 
energy savings. Additionally, interventions on the 
used lighting system have promising impact when 
reducing the lighting power density from 10.7 W/m2 
to 7 W/m2 can contribute to over 8% of savings. In 
parallel, implementing effective measures coupled 
with a daylight control sensor system can further 
reduce energy consumption by 50.5%. Based on the 
discussed results, the following points can be 
highlighted: 
• Changing a building's program and functionality 

without proper consideration can greatly 
increase energy demands. 

• Introducing daylight control sensors to high-
lighting-demand buildings like museums 
significantly reduces overall energy use and its 
breakdowns. 

• Integrating PV panels have proven to be 
sufficient in satisfying the building’s major 
demands after applying retrofit measures with a 
production of 121 kWh/m2 making an electricity 
export of 1.8 kWh/m2. 

• While implementing different can significantly 
reduce energy consumption, the heritage value 
of the building must be taken into consideration. 
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1. INTRODUCTION 
In order to tackle Climate Change, new net zero 
targets have been implemented by several countries. 
When considering the complete life of a building, the 
built environment is responsible for over 50% of the 
carbon emissions [1]. Many countries have started 
looking at the Passivhaus Standard to meet these 
commitments [2], for instance, Scotland. 
The UK has Europe's worst energy-efficient building 
stock, contributing over 30% of total greenhouse gas 
emissions [3]. In a determined push towards net zero, 
the UK government introduced the Future Homes 
Standard in England, while Scotland established the 
Domestic Building Environmental Standards (2025) 
Bill, akin to the renowned Passivhaus standard. These 
policies represent significant milestones, but at 
present, a substantial number of existing buildings 
still heavily rely on natural gas for heating, hot water, 
and cooking. Thus, retrofitting existing buildings 
emerges as the foremost challenge. While evidence 
of the performance of new builds to the Passivhaus in 
Scotland is available [4], little is available about 
retrofits. 
Approaches to retrofit pose different challenges; 
without holistic measures to ensure that both energy 
and environmental measures are improved, 
unintended consequences may occur. 
While the Passivhaus principles are still applicable for 
EnerPHit [5], there are some key differences in terms 

of heating and cooling demand, 25kWh/m2/year 
instead of the 15kWh/m2/year for Passivhaus Classic, 
as well as the airtightness level (n50) of 1.0 h-1 @ 50 
Pa compared to the 0.6 h-1 @ 50 Pa for new builds. 
These considerations recognise the changes 
associated with working with existing buildings. 
Beyond the operational carbon emissions, EnerPHit 
buildings have other benefits, such as adequate 
ventilation and indoor air quality (IAQ), improved 
thermal comfort and a low risk of internal 
condensation [6]. However, challenges related to 
limitations associated with the refurbishment of 
existing buildings still exist [7]. Some of these 
challenges are related to the building occupants’ 
behaviours; others may be related to the 
refurbishment process and skills in the construction 
sector. While the key driver for retrofitting is the 
reduction of carbon emissions, we should also 
consider other aspects of the indoor environment 
that can impact occupants’ health and energy use. 
Hence, the risk of overheating, mould and 
condensation, should be considered alongside IAQ 
and ventilation, particularly in Passivhaus dwellings 
[8]. 
This work presents the energy monitoring and indoor 
environmental conditions (thermal comfort and 
indoor air quality) of one of the largest deep energy 
residential retrofits to the EnerPHit Standard in a 
historic tenement building in Scotland. 
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1. INTRODUCTION 
In order to tackle Climate Change, new net zero 
targets have been implemented by several countries. 
When considering the complete life of a building, the 
built environment is responsible for over 50% of the 
carbon emissions [1]. Many countries have started 
looking at the Passivhaus Standard to meet these 
commitments [2], for instance, Scotland. 
The UK has Europe's worst energy-efficient building 
stock, contributing over 30% of total greenhouse gas 
emissions [3]. In a determined push towards net zero, 
the UK government introduced the Future Homes 
Standard in England, while Scotland established the 
Domestic Building Environmental Standards (2025) 
Bill, akin to the renowned Passivhaus standard. These 
policies represent significant milestones, but at 
present, a substantial number of existing buildings 
still heavily rely on natural gas for heating, hot water, 
and cooking. Thus, retrofitting existing buildings 
emerges as the foremost challenge. While evidence 
of the performance of new builds to the Passivhaus in 
Scotland is available [4], little is available about 
retrofits. 
Approaches to retrofit pose different challenges; 
without holistic measures to ensure that both energy 
and environmental measures are improved, 
unintended consequences may occur. 
While the Passivhaus principles are still applicable for 
EnerPHit [5], there are some key differences in terms 

of heating and cooling demand, 25kWh/m2/year 
instead of the 15kWh/m2/year for Passivhaus Classic, 
as well as the airtightness level (n50) of 1.0 h-1 @ 50 
Pa compared to the 0.6 h-1 @ 50 Pa for new builds. 
These considerations recognise the changes 
associated with working with existing buildings. 
Beyond the operational carbon emissions, EnerPHit 
buildings have other benefits, such as adequate 
ventilation and indoor air quality (IAQ), improved 
thermal comfort and a low risk of internal 
condensation [6]. However, challenges related to 
limitations associated with the refurbishment of 
existing buildings still exist [7]. Some of these 
challenges are related to the building occupants’ 
behaviours; others may be related to the 
refurbishment process and skills in the construction 
sector. While the key driver for retrofitting is the 
reduction of carbon emissions, we should also 
consider other aspects of the indoor environment 
that can impact occupants’ health and energy use. 
Hence, the risk of overheating, mould and 
condensation, should be considered alongside IAQ 
and ventilation, particularly in Passivhaus dwellings 
[8]. 
This work presents the energy monitoring and indoor 
environmental conditions (thermal comfort and 
indoor air quality) of one of the largest deep energy 
residential retrofits to the EnerPHit Standard in a 
historic tenement building in Scotland. 

2. METHOD
The building's energy retrofit design and 

construction happened between 2020 and 2022, with 
the first occupants moving in November 2022. This 
paper presents the indoor environmental 
(temperature, relative humidity and carbon dioxide) 
analysis between the 9th of February and the 26th of 
June 2023 of 6 of the 8 one-bedroom flats. Energy 
reading were taken directly from the electricity and 
gas meters during the installation of the sensors and 
a further visit was scheduled in August 2023 to collect 
the second readings. The retrofitted building is a 
traditional pre-1919  4-storey red sandstone 
tenement consisting of eight one-bedroom social 
housing flats and a communal close and backcourt 
(see Figure 1). 

Figure 1: Floor plan of the building. Source: John 
Gilberts Architects. 

The data was collected using a commercial 
monitoring kit (Gateway - AICO Ei1000G SmartLINK, 
sensors - AICO Ei1025 SmartLINK). The sensors were 
installed in each of the flats' living room, kitchen and 
bedroom. Data were collected at 15-minute intervals 
for each of the parameters [Temp -10 to 40; Relative 
humidity 15-95%RH; Carbon dioxide 0-5000ppm]. 
Energy consumption was collected through manual 
meter readings. 

Stone tenements have a unique structure and 
appearance that makes installing external wall 
insulation (EWI) on stone facades difficult. Although 
in this case EWI could be placed on the brick 
elevations on the sides and rear, improving U-values 
on the stone facade requires internal insulation. 
However, adding internal insulation may make the 
stonework colder and wetter, which can pose a risk 
to timber elements such as floor joists that protrude 

into the stonework. To investigate this interstitial 
moisture sensors were installed in beams during 
construction to assess this risk. These sensors use an 
OmniSense G-4-NBIOT-EU Gateway with 4G Cellular 
Data, which wirelessly connects with temperature 
and moisture sensors embedded in the construction. 
The wireless-powered gateway is located in the loft 
space, and the sensors for interstitial condensation 
were placed during construction at the bottom front 
side and top back of the building.  

Individual air source heat pumps (ASHP) are used 
to heat four of the flats (ground and first floor flats), 
extracting heat from the external air to provide hot 
water for radiators and domestic use. Modern and 
efficient combi gas boilers heat the remaining four 
upper flats. Each of the eight flats is equipped with a 
mechanical ventilation heat recovery unit (MVHR) 
located above the bathroom ceiling. These units 
remove moist and stale air from the kitchens and 
bathrooms while simultaneously bringing in fresh air 
from the outside. By utilising a heat exchanger, the 
MVHR system transfers heat from the stale air to the 
fresh air, minimising heat loss and reducing the 
overall heating demand. The six upper flats also have 
wastewater heat recovery units installed in the 
bath/shower systems. This allows the captured heat 
from the wastewater to be recirculated back into the 
hot water system, effectively reducing the demand 
for water heating. 

3. RESULTS
3.1 Energy use 

To date energy use has been collected through 
meter readings. During the periods – February 2023 
to August 2023. The readings collected were used to 
determine the annual electricity demand of each flat 
and the building as a whole. The annual estimation 
was based on a simple extrapolation between the 
days when meter readings were taken, the estimation 
of the space heating demand for the electric heating 
flats (second and third floors) was also extrapolated 
based on the heating demand for those using gas. 

 The average electricity demand for the six flats 
was 23.94 kWh/m². However, there was a variation in 
this figure when comparing the flats that used 
electricity as a source of heating via the heat pump 
versus those that used gas. For the flats that used 
electric heating, their electricity consumption 
between February and August 2023 was 29.62 
kWh/m², while for those that used gas for space and 
water heating, it was 18.26 kWh/m². Additionally, for 
the flats using gas heating, the average consumption 
during this period was 33.20 kWh/m². 

the average estimated annual electricity demand 
for all the flats is 39.81 kWh/m²year, which is lower 
than the average home in Scotland, estimated at 43.4 
kWh/m²year by Ofgem. By comparing the electricity 
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consumed by the gas and heat pump flats, we can 
estimate the energy required for space and water 
heating for flats that use electricity as a source of 
heating via the heat pump. This indicates an 
estimated annual demand of 19.89 kWh/m²year for 
heat pump flats. Assuming a figure of 15 kWh/m²year 
for water heating, this would indicate a space heating 
demand of 4.89 kWh/m²year, which is below the 
EnerPHit target of 25 kWh/m²year. 

However, the annual space and water heating 
consumption for flats with gas heating is estimated to 
be 51.91 kWh/m²year. Taking into account an 
assumed 15 kWh/m²year for water heating gives a 
space heating load of 36.91 kWh/m²year, which is 
higher than the EnerPHit target of 25 kWh/m²/year. 
Based on these numbers, the estimated average 
annual heating demand for the building is 20.90 
kWh/m²year. 

The readings collected were used to determine 
the annual electricity demand of each flat and the 
building as a whole. The estimation was based on a 
simple extrapolation from days when meter readings 
were taken. The average estimated annual electricity 
demand for all the flats is 39.81 kWh/m²year, which is 
lower than the average home in Scotland, estimated 
at 43.4 kWh/m²year by Ofgem. By comparing the 
electricity consumed by the gas and heat pump flats, 
we can estimate the energy required for space and 
water heating for flats that use electricity as a source 
of heating via the heat pump. This indicates an 
estimated annual demand of 19.89 kWh/m²year for 
heat pump flats. Assuming a figure of 15 kWh/m²year 
for water heating, this would indicate a space heating 
demand of 4.89 kWh/m²year, which is below the 
EnerPHit target of 25 kWh/m²year. 

However, the annual space and water heating 
consumption for flats with gas heating is estimated to 
be 51.91 kWh/m²year. Taking into account an 
assumed 15 kWh/m²year for water heating gives a 
space heating load of 36.91 kWh/m²year, which is 
higher than the EnerPHit target of 25 kWh/m²/year. 
Based on these numbers, the estimated average 
annual heating demand for the building is 20.90 
kWh/m²year (Figure 2). 

Based on the annual estimations, the flats that 
use electricity as a source of heating via the heat 
pump would meet the EnerPHit target. However, 
these figures do not include any measurement of the 
effectiveness of the WWHR system, so caution is 
required. If effective, it may reduce hot water energy 
consumption, which would then impact the space 
heating loads. Based on the data to date, this would 
appear to be less impactful on the heat pump flats. 

The EnerPHit standard for space heating in cold 
temperate climates, like the UK, is to be below 25 
kWh/m²year, and the total annual energy demand 
should not exceed 60 kWh/m²year. The former 

standard is being met, but the latter is at an 
aggregate figure of 65.77 kWh/m²year. However, this 
number appears to be inflated by gas consumption 
and higher electrical use in one of the heat pump 
flats. There are several possible explanations for 
these variances, including incomplete data, patterns 
of use and consumption, the ability of a gas system to 
oversupply, and a relatively cool spring that increased 
demand. Clearly, some flats are using significantly 
more energy than others, and further investigation is 
necessary to understand this. Several potential issues 
are raised later in the report, such as a lack of 
information about system usage, extended 
occupancy periods, varying expectations for thermal 
comfort, and control issues. Additionally, the two 
missing flats may affect averages once their figures 
are known. All these figures are estimated, and once 
complete data is available, there is a need for further 
verification. However, based on the evidence so far, 
the flats appear to be on target to meet the EnerPHit 
standards, suggesting a successful retrofit. 

 

 
Figure 2: Mean annual energy demand for different flats 
(estimated from consumption between 28/January to 23 of 
August 2023). Source Authors. 

 
3.2 Indoor temperatures 

During the monitoring period, the indoor 
temperature in all flats remained within the 
acceptable range according to the EnerPHit standard, 
which is between 20°C to 25°C. However, the H2 flat 
had indoor temperatures above 25°C for more than 
10% of the time. The rest of the flats had an 
acceptable level of overheating according to the 
Passivhaus standard, which allows for temperatures 
above 25°C for 10% of the time. The overheating 
temperatures, as defined by the Passivhaus standard, 
were mostly observed during the heat waves in June. 
The temperature ranges are shown in Table 1. 

The upper flats had lower indoor temperatures 
compared to the lower flats – a potential explanation 
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consumption, which would then impact the space 
heating loads. Based on the data to date, this would 
appear to be less impactful on the heat pump flats. 
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3.2 Indoor temperatures 

During the monitoring period, the indoor 
temperature in all flats remained within the 
acceptable range according to the EnerPHit standard, 
which is between 20°C to 25°C. However, the H2 flat 
had indoor temperatures above 25°C for more than 
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could be the type of heating. However, during the 
2022 heating season, the H2 flat experienced some 
temperature problems. Despite this, the occupant 
reported that the flat was easy to heat to a desired 
temperature and were comfortable with the warm 
temperatures.  

Typical daily average indoor temperature levels in 
the different rooms of the flats were [daily average 
mean (daily average min - daily average max)]: 

• Bedroom: 21.8°C (18.0 – 26.4°C) 
• Kitchen: 21.8°C (15.2 – 30.8°C) 
• Living room: 20.7°C (17.0 – 25.9°C) 

 
Table 1: Temperature ranges in the different households 
between 27/01/2023 and 26/06/2023. Source: Authors. 

Home <20°C 
(%) 

20°C-
25°C (%) 

>25°C 
(%) 

H1 
Bedroom 1% 96% 3% 
Kitchen Data lost 
Living  51% 48% 1% 

H2 
Bedroom 4% 67% 30% 
Kitchen 3% 53% 44% 
Living  2% 61% 37% 

H3 
Bedroom 0% 90% 10% 
Kitchen 5% 89% 6% 
Living  21% 74% 5% 

H4 
Bedroom 34% 66% 0% 
Kitchen 38% 62% 1% 
Living  38% 62% 1% 

H5 
Bedroom 22% 70% 9% 
Kitchen 13% 85% 2% 
Living  59% 38% 3% 

H6 
Bedroom 20% 78% 2% 
Kitchen 33% 60% 8% 
Living  62% 35% 3% 

 
3.3 Relative humidity 

The indoor relative humidity levels in the building 
were mostly within the recommended range of 
40%RH to 60%RH, which was confirmed by occupant 
satisfaction surveys. This indicates that the occupants 
were generally satisfied with the levels, and there 
were low levels of mould problems. However, it is 
worth noting that there were frequent occurrences of 
levels below 40%RH, particularly in March and April, 
with the H2 flat having significantly higher 
occurrences of humidity levels below 40%RH, driven 
by the higher temperatures. Extended periods of time 
with humidity levels below 40%RH can cause dry skin, 
itchy skin, and dry eyes. Despite this, the H2 
occupants reported feeling comfortable as they were 
used to these levels. 

The indoor relative humidity levels were lower in 
the lower flats compared to the upper flats. This 
could potentially be explained by the fact that 
temperature levels could mask the real humidity 
levels, as warmer air can hold a higher moisture level. 
Warmer temperatures were more frequent on the 
lower floors. 

Typical daily average indoor relative humidity 
levels in the different rooms of the flats were [daily 
average mean (daily average min - daily average 
max)]: 

• Bedroom: 43.61%RH (29.4 – 62.5%RH) 
• Kitchen: 44.4%RH (25.4 – 50.8%RH) 
• Living room: 46.5%RH (33.1 – 61.4%RH) 

 
3.3 Carbon dioxide 

Carbon dioxide (CO2) is a commonly used 
indicator of ventilation in environmental monitoring. 
CO2 levels are an effective indicator of occupancy 
and/or ventilation levels . Generally, keeping CO2 
levels below 1000 ppm is considered a good measure 
of ventilation, as it is broadly equivalent to a 
ventilation rate of 10 l/s/person. It is worth noting 
that there are significant associations between 
ventilation and health, and some energy efficiency 
measures in retrofitting may potentially reduce 
ventilation levels. 

However, it should be noted that the flats in 
question are relatively small and have low occupancy 
rates, so it is unlikely that CO2 levels would be 
excessive under normal conditions. The flats are 
equipped with a Mechanical Ventilation with Heat 
Recovery (MVHR) system, which mechanically 
extracts air from kitchens and bathrooms and 
supplies air with recovered heat into the occupied 
space. Therefore, if CO2 levels are elevated, it may 
indicate that the system is disabled or not functioning 
properly.  

The monitoring carried out showed that indoor 
carbon dioxide levels remained below 1,000 ppm 
most of the time. This indicates good ventilation and 
indoor air quality levels, which was corroborated by 
the occupant satisfaction surveys. 

Typical daily indoor carbon dioxide levels in the 
different rooms of the flats were [daily average mean 
(daily average min - daily average max)]: 

• Bedroom: 527 ppm (418 - 1,013 ppm) 
• Kitchen: 515 ppm (356 - 899 ppm) 
• Living room: 506 ppm (419 - 992 ppm) 

 
3.4 Interstitial condensation 

Moisture issues can arise when interstitial 
condensation occurs within an enclosed wall, roof or 
floor cavity structure. This type of condensation 
happens when moisture-laden air vapour permeates 
through a building's fabric elements, encountering 
temperature variations along the way, and condenses 
within the building rather than on the surface. Wood 
moisture equivalent (WME) is a measurement of the 
(theoretical) percentage of moisture content that 
would be attained by a piece of wood in contact with, 
or in close proximity to, a moisture equilibrium across 
a host of materials. We can use the %WME to 
determine how fast a wall is drying and the risk for 
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the occurrence of rot and fungus. Based on the WME 
levels, the wall was drying up between February and 
mid-March and then stayed relatively stable until 
June, when it started to get some moisture. However, 
the levels remain below recommended for dry rot, 
cellar fungus, white pore or mini fungus (>25 %WME). 
The recommended WME levels are below 15%WME. 
Measured WME levels are constantly below 
15%WME – the recommended levels to avoid any risk 
of rot, although common furniture beetle may 
proliferate above 12%WME. There was a high 
variability on one of the internal sensors, however it 
is likely that the variability here is due to proximity to 
central heating pipes. 

 
4. DISCUSSION 

It should be noted that these are early findings, 
without complete data, and with a number of 
estimations. While this energy and indoor 
environment monitoring demonstrate a good 
performance of the building, there were some issues 
with the operation and maintenance of the building 
which indicate that there are still lessons to be 
learned in retrofitting buildings. 

One of the main issues with the flats was related 
to the heat pumps. During winter, one of the 
occupants was left without heating for about 1.5 
weeks due to a broken heat pump. The engineers had 
to visit three times to diagnose the problem, and 
then once more to fix it. They searched for the 
problem next to the system or inside the building, but 
the outdoor pipes were frozen, causing further issues. 
This occurred on some of the coldest days in 
December, leaving the occupants very disappointed. 
It suggests that there may be a skills gap related to 
the proper maintenance and operation of heat 
pumps, which must be addressed as the uptake in the 
region develops. Unfortunately, there is no 
monitored data during this period to identify the 
effect on internal temperatures. 

Another issue was occupant behaviour. For 
example, some occupants did not turn off heating, 
possibly due to higher comfort expectations and low 
energy prices. One instance of this was when the 
heating was left on for a couple of days during winter, 
causing discomfort to the surrounding flats as it was 
too hot. Although this may be expected in such cases, 
and in other buildings, this ‘free’ heat may be 
beneficial, the external fabric is designed to keep the 
heat inside but there is little thermal barrier between 
adjacent flats. The occupants suggested that there 
should be a safety feature to prevent such mishaps in 
the future. The only solution they had was to reach 
the housing association to mediate. 
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EnerPHit standard carried in a sandstone tenement in 
Glasgow. The following are the key lessons learned 
from the monitoring of this building: 

Energy Consumption and targets. From an energy 
perspective, the dwellings appear to be performing 
well above the targeted levels of consumption, with 
an estimated annual consumption for space of 33.20 
kWh/m² year for the gas flats and 11.36 kWh/m² year 
for the heat pump flats. The estimated annual 
consumption for the whole block is 35.90 kWh/m² 
year. 

Good thermal environmental performance. During 
the monitored period, the low energy consumption 
did not seem to compromise the thermal comfort of 
the dwelling. The average indoor temperatures were 
within the Enerphit performance targets. 
Additionally, the house did not seem to be negatively 
affected by a period of hot weather during early 
summer. However, one dwelling was an exception, 
but it was confirmed that the occupant had a 
preference for a different level of comfort. 
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below 1,000 ppm CO2 throughout the monitoring 
period, and there was no evidence of the MVHR 
systems being switched off or failing. 
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Interstitial condensation risks in timber. There are 
no obvious concerns regarding the presence of 
interstitial moisture at this stage. However, ongoing 
monitoring is necessary due to changing conditions 
and potential adverse weather. 

Overall performance. From a technical 
perspective, based on the data available to date, the 
retrofit appeared to be very successful in providing 
very low energy, comfortable, healthy dwellings with 
high degrees of occupant satisfaction. 
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1. INTRODUCTION  
In August 2021, the first of three parts of the 

IPCC Sixth Assessment Report, on the physical basis of 
climate change, was published, which is a kind of 
summary of the current state, projected scenarios of 
its changes and the related adaptive possibilities of 
modern societies. According to the report, it is clear 
that "human activity has led to global warming at a 
rate not seen in at least the last 2,000 years." All 
signatories to the Paris Agreement [1] agree in 
principle that the observed increase in greenhouse 
gas concentrations since about 1750 is indisputably 
caused by human activity. Although published in 2011 
Fifth Report required each party to reduce emissions, 
these concentrations continued to rise, reaching an 
annual average of 410 ppm in 2019. Currently, the 
CO2 concentration at NOAA's Mauna Loa observatory 
is already around 422.14 ppm [2], which means that 
with the climate sensitivity currently established, the 
safe warming threshold of 1.5°C would be exceeded 
by mid-2029 [3]; It would have been, if it were not for 
the fact that the global distribution of temperatures is 
influenced by many factors, both natural and 
anthropogenic. The complexity of these processes 
and a number of climate couplings resulted in the 
warming level  of 1.5°C already being exceeded by 
the end of 2023 [4]. In the author's opinion, this is 
undoubtedly the greatest failure from the point of 
view of contemporary post-industrial civilization, 
which cannot be ignored without comment. 
Regardless of the state of climate imbalances and 

projected SSP [5] scenarios, it is necessary to expect 
the need for urgent action to slow down the 
discussed changes in every area of human activity, 
including construction. 

In addition to the climate change mitigation 
problems mentioned in the report, the urgent need 
for adaptation cannot be overlooked, which is a 
natural consequence of exceeding the target of a safe 
level of global warming a decade earlier than 
forecast. Not all negative elements of anthropogenic 
pressure will be eliminated soon. In such a 
complicated and complex matter as spatial planning, 
this is quite a challenge, as confirmed by The World 
Heritage Committee at its 29th session in 2005 [6].  It 
should be realized that due to the specificity of the 
construction industry, the architectural substance is 
usually implemented over many decades. In this 
context, it is important to note that the historical 
architecture that is of interest to the author was 
created at a time when climate change was out of the 
question [7] and in no way corresponds to the 
dynamically developing adaptation needs in this area. 
What is more, historical buildings are very often 
objects of high cultural and aesthetic value, bound by 
specific legal regulations and conservation protection. 
Such a situation narrows the repertoire of possible 
adaptation measures. 
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2. AGEING MODERNITY – ARCHITECTURE AS A 
FUNCTION OF TIME 

Historical architecture is valuable for many 
reasons, but it is also burdened with the rigor of 
heritage conservation, where it is often difficult to 
achieve adequacy in terms of adaptation 
requirements. According to the author, the current 
state of climate imbalance, which is a consequence of 
progressing climate change, shows that the problem 
of adaptation of traditional vernacular architecture to 
the "new, greenhouse" reality is an important topic, 
although it is rarely discussed in science in a 
comprehensive way [8,9]. In addition to the collection 
of "iconic" buildings that create a context in the 
historical substance of the city, whose cultural values 
are indisputable, there are still old buildings that are 
not under strict protection. Their modernization is 
not so strictly regulated by the conditions of 
conservation protection. These buildings also create a 
context, although the lack of strict legal protection 
means that the quality of the renovations carried out 
and the set of solutions used can leave much to be 
desired, thus reducing their cultural and aesthetic 
attractiveness. The author deliberately narrows down 
the issues to vernacular architecture, without dealing 
with the entire spectrum of adaptations of historical 
buildings. Regional and vernacular architecture 
protected only within the framework of the municipal 
(local) heritage register is a large part of protected 
objects, although their value is often underestimated, 
and the possibilities of increasing their value, 
including modernization activities, fall on the 
shoulders of private investors. This can result in the 
risk of losing authenticity and, so, cultural values. In 
the discussed area of Poland (West Pomeranian 
Voivodeship), rural buildings are often the legacy of 
many years of not investing in this region of the 
country, which builds the image of the voivodeship as 
a problem area in systemic terms. Underinvestment 
in local communities and a deep social and economic 
crisis of local communities in small West Pomeranian 
villages are among the main causes of the collapse in 
the context of spatial investment in the area. 

Adaptation to potential climate changes 
projected in the next few decades will therefore 
require not only the construction of a new 
(ecological) architectural substance, but also the 
largely renewal of existing, often historic architecture 
built with the use of traditional technology.  

Only architecture that is adequate to the 
expected functional parameters, aesthetic, but also 
energy-efficient and safe in terms of construction will 
be able to be considered socially attractive and will 
have a chance to exist in the structure of villages and 
cities. This, in turn, is a real tool for extending its life 
cycle, which is an important aspect from the point of 
view of reducing emissions of the construction 
industry. In the case of their modernization and 

adaptation to new conditions (including climatic 
conditions), it is natural that greenhouse gas 
emissions will appear because of investment 
activities. It`s also important to note that embodied 
carbon emissions are already neutralised after 100 
years; not demolishing that historical architecture 
means, in fact, the possibility of omitting a new 
investment and it`s new carbon footprint. 

In conclusion, according to the author, the 
aging of architecture is a complex function of many 
factors. Time as a variable in architecture and its 
impact on the environmental balance of a project is a 
well-known problem, but very rarely addressed in the 
context of traditional architecture. Historically, time 
was a "transparent" architectural element (its impact 
was not noticeable until the object was old enough to 
collapse). Nowadays, the time factor is consciously 
considered as a decisive element for the profitability 
of an investment. In order to properly carry out the 
revitalization of the historical architectural substance, 
it is necessary to realize that historical buildings were 
under the influence of the same laws of physics, this 
is due to their use, construction processes, previously 
completed renovations and reconstructions, and the 
specificity of the technologies used. Now they need 
an individual approach each time. After all, there are 
many examples where poorly applied modern 
technologies have led to the destruction of a historic 
building, and the matter is further complicated by 
two factors: the first is the passage of time, which can 
affect the durability of individual elements of the 
building, and the second is the modularity of "layers" 
expressed in their technical reliability [10].  
 
3. SUBJECT MATTER AND SCOPE OF RESEARCH 

The article is a case study of a historic, 
vernacular building, where the applied solutions to 
save the historic buildings could then be scaled up to 
other similar objects. In the area of the West 
Pomeranian Voivodeship and in areas with a similar 
construction tradition, there are a lot of analogous 
buildings that will be destroyed and replaced with a 
new architectural substance generating an added 
burden on the carbon dioxide budget, if they are not 
renovated. If their social attractiveness is increased, 
life cycle will be extended. The applied solutions are 
aimed at extending the life cycle of the building by 
giving it a new function, new technical and economic 
values, and thus making it an attractive object. This 
will mean cutting the demolition phase of life cycle 
and replacing the building with a new structure. In 
this way, the carbon footprint of the investment 
process is minimized while keeping the spatial 
context of the village and its aesthetic and cultural 
values. CO2 stays in the atmosphere for about 100 
years, so leaving a historic building minimizes the 
carbon footprint. 
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In addition, the solutions applied and described 
in this article are also aimed at adapting the facility to 
new threats caused by climate change, such as 
reduced snow cover in winter and the resulting 
increased risk of ground freezing and destruction of 
historical foundations. Some of the solutions are 
based on the "Natural Based Infrastructure" principle 
[11], promoted by UNEP as solutions with a high 
potential for mitigating climate change. The 
preservation of vernacular architecture and thus the 
preservation of its cultural values as an element of 
heritage is quite a challenge in the face of 
dynamically changing expectations in terms of 
adequacy of functions and utility values. The 
challenge will be to preserve historical values while 
optimizing the functional layout to contemporary 
expectations and additionally protecting the existing 
spatial structure against the potential impact of 
climate change, minimizing the carbon footprint of 
the investment. Taken together, all these challenges 
appear to be complex and fraught with a high risk of 
uncertainty. Szymanowska-Gwiżdż et al. rightly point 
out [12] that the modification of historic buildings 
must consider the postulates of preserving historical 
and cultural values. In the author's opinion, the 
changing reality due to the ongoing climate processes 
also requires considering these new aspects in 
architecture – including the revitalized one. 

The described building was built in the 
second half of the 19th century, around the years 
1850-1870. In this case, due to the period of 
construction and the fact that it has not been 
renovated practically since 1911. This gives grounds 
to assume that in the case of this investment, it will 
be necessary to modernize not only the basic 
elements of the installation equipment of the facility 
or the external structure (sheathing, window and 
door joinery, roof sheathing), but also to verify the 
condition of the main supporting structure [fig. 2].  

As mentioned earlier, in the author's 
opinion, each building should be considered in a time 
module corresponding to the usability of the 
individual layers of the building described below [13], 
while taking into account contemporary conditions 
(including climatic conditions). 

 
Figure 1: Diagram of time periods in architecture vs climate 
changes. 

 
Figure 2: Building before renovation, source: M. Okła 
 
To understand the extent of interference in the 
existing structure of featured building, it is necessary 
to look at the specifics of the frame structure and 
understand its operation. The mullion and transom 
structures (half- timbered) are one of the frame 
structures that use wood as a material for making 
load-bearing elements. The base here are vertical 
load-bearing columns always made of a single 
element, embedded in the sockets of the foundation 
laid horizontally on the foundation and fastened with 
a horizontal cap at the height of the ceiling with 
glazing. 1 Between the vertical elements there are 
horizontal transom elements, fixed in sockets made in 
wooden posts.2 In the corners of the walls, there are 
additionally braces stiffening the structure and 
protecting the entire structural system against 
horizontal forces, m.in. from the wind (gable 
facades).  
The loads from the roof, ceiling and walls were fully 
transferred to the foundation in half-timbered 
structure through a continuous ground beam.  

This is quite an important structural 
assumption, taking into account the fact that in many 
cases (including the one discussed) these foundations 
were made of stones, without the use of a cement-
based binder, and after such a long time of using the 
building, the wooden structure of the half-timbered 
wall is in poor technical condition [fig.3]. Two 
important conclusions can be drawn from the 
analyses of the existing structure of the building 
carried out in the years 2017-2021.   

                                                      
1 A slab is a ceiling filling consisting of a mixture of clay and 
ash, sometimes vegetable additives as an insulating 
material; Despite its original function, which was to fill and 
stiffen the ceiling, it is also worth mentioning the additional 
role of the glazing as a kind of heat accumulator, which 
stored the surplus heat from the unused attic in the 
summer and gave it back in the transitional period. The ash 
in the glaze had an antiseptic function. 
 

CURRENT: uncertainty of 
climatic conditions VS the 
need to preserve heritage 
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elements of the installation equipment of the facility 
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As mentioned earlier, in the author's 
opinion, each building should be considered in a time 
module corresponding to the usability of the 
individual layers of the building described below [13], 
while taking into account contemporary conditions 
(including climatic conditions). 

 
Figure 1: Diagram of time periods in architecture vs climate 
changes. 

 
Figure 2: Building before renovation, source: M. Okła 
 
To understand the extent of interference in the 
existing structure of featured building, it is necessary 
to look at the specifics of the frame structure and 
understand its operation. The mullion and transom 
structures (half- timbered) are one of the frame 
structures that use wood as a material for making 
load-bearing elements. The base here are vertical 
load-bearing columns always made of a single 
element, embedded in the sockets of the foundation 
laid horizontally on the foundation and fastened with 
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wooden posts.2 In the corners of the walls, there are 
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protecting the entire structural system against 
horizontal forces, m.in. from the wind (gable 
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The loads from the roof, ceiling and walls were fully 
transferred to the foundation in half-timbered 
structure through a continuous ground beam.  

This is quite an important structural 
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cases (including the one discussed) these foundations 
were made of stones, without the use of a cement-
based binder, and after such a long time of using the 
building, the wooden structure of the half-timbered 
wall is in poor technical condition [fig.3]. Two 
important conclusions can be drawn from the 
analyses of the existing structure of the building 
carried out in the years 2017-2021.   

                                                      
1 A slab is a ceiling filling consisting of a mixture of clay and 
ash, sometimes vegetable additives as an insulating 
material; Despite its original function, which was to fill and 
stiffen the ceiling, it is also worth mentioning the additional 
role of the glazing as a kind of heat accumulator, which 
stored the surplus heat from the unused attic in the 
summer and gave it back in the transitional period. The ash 
in the glaze had an antiseptic function. 
 

CURRENT: uncertainty of 
climatic conditions VS the 
need to preserve heritage 

 

 Figure 3: Building before renovation, source: author 
 
1. More than 150 years of use of the building 
led to damage (deformation) of the foundation [see 
fig.2]; In addition, a foundation that was too shallow 
caused it to undergo displacements related to soil 
comparison and freezing processes. After all, the 
technical knowledge of that time  did not focus on 
the depth of the foundation, but rather on 
counteracting the capillary rising of moisture through 
the walls [14], which, according to the currently 
available knowledge, was one of the biggest problems 
of the construction industry at that time [15]. 
2. The conclusion from the conducted 
analyses was the urgent need to carry out renovation 
works aimed at strengthening or possible 
replacement of the timber frame structure while 
protecting the foundation against freezing [fig.6]. In 
addition, these works should respond in advance to 
the projected climate changes while maximizing the 
authenticity of the building and minimizing the 
carbon footprint of the renovation phase. What is 
more, in order for these activities to be scalable to 
other investments in the future, the renovation must 
also be financially rational. The redevelopment 
process must therefore take all these guidelines into 
account and not be a mere compromise.                     
 
4. CHALLENGES 

As Colette pointed out [16] “Climate change 
is primarily a threat that has physical impacts. But, in 
turn, these effects have societal and cultural 
consequences. When it comes to cultural ‘dynamic’ 
heritage – i.e. buildings and landscapes where people 
live, work, worship, and socialize – it is important to 
underline the cultural consequences. These 
consequences can be derived from the degradation of 
the property under consideration.” 

When talking about contemporary climate 
challenges, we have in mind a whole set of potential 
threats [17], although in general we should pay 
attention to three basic aspects – adaptation to 
climate change, mitigation of climate change and 
development of the circular economy – all three 
elements have been regulated for several years by 
the European Union regulations [18]. In the context 

of historical buildings, the threat associated with 
changing climate parameters may undoubtedly be 
the inadequacy of the foundation level of the building 
to the changing specific properties of winter periods. 

 
4.1. FREEZING OF THE BASEMENT OF THE BUILDING 

The visible constant trend of climate change 
was the basis for the EU directive M/515 [19], which, 
as Godlewski points out [20], indicates the need to 
"build and maintain more climate-resilient 
infrastructure by changing and adapting the 
provisions of the standards used in the construction 
industry". Paradoxically, this is not due to a decrease 
in average temperatures, but to the progressing 
warming of the climate, i.e., an increase in global 
temperatures and the disappearance of snow cover. 
Ground covered by a layer of snow freezes to a much 
lower depth due to the insulating properties of snow. 
The values of the maximum position of the zero 
isotherm in the ground not covered by snow are 
more than twice as deep as in the case of the ground 
covered by snow cover, which is confirmed by 
research conducted over the years by Gródecki [21] 
and Ickiewicz [22]. This is quite significant, because 
with the warming of winters, the number of days with 
snow cover in  Poland is decreasing; according to 
IMGW data, in the period 1961-2020 the number of 
days with snow cover decreased on average from 
63.9 to 39.5 [23]. The negative impact of changing 
climate parameters during winter on architectural 
heritage has also been highlighted as an important 
aspect by UNESCO [24] and United Nations 
Environment Programme in Climate Leadership 
programme [25].  

In the analysed historical building, a decision 
was made to adapt to the changing reality in two 
ways: to protect the foundations against both 
freezing and heat energy losses, and to relieve the 
existing half-timbered structure of the walls. The first 
one is aimed at protecting the foundation against the 
destructive effects of frost and increasing the energy 
efficiency of the building, thus increasing the 
attractiveness of the building in the economic aspect. 
The second is to relieve the external wall and transfer 
the loads from the roof to the new wooden columns. 
The stone foundations are too shallow, and there is 
no rational way to sink them without losing the 
authenticity of the building; It is also impossible to 
pick up ground level around a building (covering 
foundations) without losing its aesthetic and 
historical value. For this reason, it was decided to use 
wooden columns and make them an added, 
independent structure inside the building to relieve 
the external walls. The columns were placed on new 
foundations inside the building (fig.6), at a depth that 
considers the increased impact of frost. These poles 
were made of wood obtained from the demolition of 
a barn from the same time, so that the newly created 
structure does not stand out from the original 
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substance. In addition, this measure significantly 
reduced the carbon footprint of direct emissions. The 
construction works were analysed following the ISO 
14064 standard, and obtaining material from the 
demolition of another facility is a conscious action in 
the field of circular economy [26], influencing the 
improvement of the MRP factor3. The problem of 
freezing foundations has not been noticed for years. 
In old buildings, heat losses were enormous, although 
the cost (financial and environmental) of heating was 
low at that time. Large heat losses through the lower 
part of the walls and through the stone strip footing 
caused the ground to heat up and move the frozen 
zone away from the structure (fig.4).  

The problem of freezing appeared at the time of 
making a concrete band "combined" with a stone 
bench, which was to stabilize the structure of the 
building (XXth century) and when the floor and 
external wall were insulated (fig.5). 

 
Figure 4: Diagram of the existing foundation – original 
layout from the 19th century, source: author 

 
Actions aimed at increasing energy efficiency resulted 
in a reduction in heat losses to the ground, and thus 
increased the risk of freezing of the foundations. 
Previously, excessive heat emission de facto moved 
the "cold" zone further away from the foundation. 
Bearing in mind the fact that the disappearing snow 
layer due to climate change may result in increased 
freezing, it was decided to intervene in the form of 
horizontal insulation of the concrete band. This will 
keep the frost away from the shallow stone bench 
(fig. 6). 

 
Figure 5: Diagram of the foundation after modernization;  
1960, source: author 

                                                      
3 MRP – Materials Reusability Potential indicator – one of 
the factors of circularity of architecture. 

 
Figure 6: Diagram of the foundation after modernization;  
2020, source: author 
 

The described activities were carried out 
after analysing various environmental scenarios of 
the renovation and assessing the CO2 budget. In 
addition, both the materials for the construction of 
the columns, the edge elements and the insulation of 
the foundations come from recycling (see MRP 
indicator), and the stone covering of the thermal 
insulation was made of local stones, minimizing ADP 
factor4 of the investment. 

 
5. CONCLUSION 

In the author's opinion, the activities in the 
field of renovation and reconstruction of historic 
nineteenth-century residential buildings described in 
the case study show that with precise and 
appropriate use of techniques and  knowledge of 
traditional methods of building construction, it is 
possible to carry out investments in a way that is 
sensitive to the issues of respect for cultural heritage 
and aspects of beauty in rural space. At the same 
time, in a manner adequate to the modern needs of 
adaptation to climate change, considering the entire 
life cycle of the building to minimize the carbon 
footprint of the investment. 

 
Figure 8, 9: Insulation of the foundation following the 
schemes (after/during work); Condition approx. 2020, 
source: author 

  
According to the author, such a comprehensive 
approach to the problem would allow to scale up 
that way of operation for future investments of a 
similar nature, so that the adaptation of traditional 

                                                      
4 ADP – Abiotic Depletion Potential. 
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architecture to new climatic conditions could 
become a specific tool for mitigating climate change.  

 
Figure 10: The building after rebuilding, source: author 
 
(Carbon footprint of article: 0,835kg CO2e) 
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heat and avoid air conditioning use is essential. Focusing on a residential building in northern Spain, this work 
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1. INTRODUCTION  
The year 2022 set unprecedented heat records in 

various areas, including the temperate climate region 
of the Basque Country in Spain. That year also 
registered the second warmest summer in the Basque 
region since the existence of records, only preceded by 
the summer of 2003 and followed by the summer of 
2023 [1,2]. Experts predict that this trend will continue 
as climate change will increase the frequency and 
intensity of heat waves [3]. According to scientific 
evidence, this threat is not limited to locations with 
warm climates. Researchers argue that extreme heat 
will be an increasing problem in temperate climates in 
the following years, where overheating in buildings 
and the associated energy consumption for cooling are 
expected to increase [4,5]. 

  Therefore, adapting dwellings to the new climatic 
trend is crucial to ensure people's wellbeing and 
safety, especially the most vulnerable individuals, such 
as the younger and older population. Building-level 
passive adaptation strategies, which do not need an 
active energy source to be effective, have been proven 
to reduce building overheating and cooling energy 
demand [6,7].  

These building-level adaptation strategies can be 
divided into soft and hard adaptation[8,9]. Soft 
adaptation strategies do not significantly alter building 
physical elements, such as natural ventilation, using 
existing sun protection or reducing interior heat gains. 
Natural ventilation has been identified as one of the 
most effective strategies to reduce indoor overheating 
[8,10,11]. Natural ventilation when the outdoor 

temperature is lower than the interior diffuses the 
heat accumulated indoors during the warmer hours of 
the day, and it is crucial to avoid heat accumulation 
during heat waves. Sun protection, especially using 
exterior elements [10], is crucial to avoid sun radiation 
indoors and its consecutive temperature rise. Shading 
could be understood as a hard adaptation when new 
shading elements are installed. However, existing 
curtains or blinds designed for sleep comfort can also 
be easily used as sun protection. Besides, reducing 
interior heat gains is also effective in reducing indoor 
temperatures, for instance, by replacing light bulbs 
emit heat [12].  

Hard adaptation includes those strategies that 
significantly alter building physical elements. Hard 
adaptation includes improving envelope insulation, 
adding shading elements or changing envelope 
coating. Adding insulation to the envelope is a 
controversial strategy, as several studies have 
highlighted that highly insulated dwellings are more 
prone to overheating than those less insulated [13]. 
However, other studies have argued that insulation is 
only linked to overheating when other factors are at 
play, such as lack of natural ventilation or sun 
protection [14]. Moreover, researchers have proved 
that increasing envelope insulation lowers cooling 
energy consumption [7,15].  

Adding external shading elements such as rollers, 
overhangs, or shutters is very effective when the 
existing building does not have shading elements 
[10,12]. Interior curtains can also be installed, but 
exterior shading is more effective than interior. Finally, 
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changing the envelope coating to a higher albedo 
material reduces overheating indoors [12], as it 
increases the percentage of sun radiation reflected, 
reducing heat transmitted through the envelope.  
 
2. METHOD AND OBJECTIVE 

This research implements and simulates different 
adaptation strategies to test their effectiveness in 
reducing overheating without active cooling. The 
study's objective is to evaluate the potential of passive 
adaptation strategies to avoid overheating in a 
residential building. This study applies the Spanish 
Building Code overheating assessment criteria to 
evaluate whether the case study building is within 
acceptable thermal comfort limits under different 
adaptation scenarios. 

 The strategies assessed include soft and hard 
adaptation strategies. As soft adaptation, natural 
ventilation and the use of existing sun protection are 
assessed. As hard adaptation, envelope insulation, 
window improvement, envelope albedo increase, and 
balcony installation are evaluated.  

The strategies are simulated using the building 
performance simulation Ladybug Tools package linked 
to the EnergyPlus simulation engine. For 3D modelling 
purposes, Rhinoceros software is used. Data analysis is 
conducted using MATLAB.  

 
2.1 Case Study 

The study focuses on a case study building in 
Bilbao, a city in the Basque Country (Spain),  which is 
characterised by a temperate oceanic climate. The 
building was constructed in 1960 and represents a 
typical example of Spanish social housing built 
between 1960 and 1970 [16]. This housing design is 
recognised for not having insulation in the envelope 
and therefor does not ensure indoor thermal comfort 
in winter; making it suitable for overheating 
assessment. The building is replicated several times 
along the neighbourhood in which it is located, 
presenting in 11 different orientations. Aiming to 
observe the impact of orientation on strategy 
effectiveness, simulations are done for the 
orientations north-south and east-west. The study 
presents the results for two locations (the living room 

and one bedroom) of the central apartment on the last 
floor of the building (see Figure 1), as they represent a 
favourable double sided room (the living room), and 
an unfavourable single sided room (the bedroom).  

 
2.2 Overheating assessment criteria 

The Spanish Building Code sets the regulatory 
standard that limits overheating in residential 
buildings in Spain [17]. According to this standard, 
during the summer months spanning June to 
September, only 4% of occupied hours can surpass a 
defined thermal comfort threshold [18]. This threshold 
varies depending on the time of day: between 15:00 
and 22:59, the limit is set at 25ºC, while from 23:00 to 
6:59, it is 27ºC. However, no specific temperature 
threshold is established between 7:00 and 15:00. To 
calculate the standard, the day-time threshold was 
applied for the living room operative temperature and 
the night-time threshold for the monitored bedroom 
operative temperature. Regarding the occupation 
hours, to represent a worst-case scenario, it was 
assumed that the dwelling is always occupied during 
the hours when a temperature threshold is 
established, from 3 pm to 7 am. To compare the 
results with a less unfavourable occupation schedule, 
an additional assessment is conducted for, assuming 
that occupants are out every day from 6 pm to 8 pm. 

In addition to this, to understand the performance 
of the building in case of an extreme event, the 
research examines the reduction of the maximum 
operative temperatures during a severe heatwave.  

 
2.3 Simulations 

The period chosen for the simulation is the 2022 
summer, from June 1st to September 31st. Special 
attention is drawn to the heat wave that occurred 
between July 12th and July 18th to monitor interior 
operative maximum temperatures during this extreme 
heat event. Spanning six days, the recorded maximum 
temperature during this heatwave reached 40.4ºC 
[19]. The primary meteorological data is obtained from 
Zorrotza weather station, situated in the heart of 
Bilbao city, and supplemented by additional 
information from the Bilbao airport station, providing 
data on insolation and atmospheric pressure. 

Figure 1: floorplan and photo of the building simulated. 
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 Adaptation strategies are combined to create 
different adaptation scenarios, and each is simulated 
for both building orientations. Every scenario 
simulated is summarised in Table 1.  First, soft 
adaptation strategies are combined to emulate two 
occupant behaviour patterns. The behaviour pattern 
Optimal (OP) represents an ideal occupant behaviour. 
In this behaviour pattern, existing sun protection is 
used during the daytime and windows are closed only 
when the outdoor temperature is 1ºC higher than the 
indoor temperature. The fraction of the window that 
is assumed to open is 0.9, representing a window with  
two mobile slides fully open. Interior doors are  
opened simultaneously with the windows to allow 
indirect cross-ventilation. The existing sun protection 
consists of external opaque roller blinds simulated as 
opaque planes covering the window area completely.  

A Suboptimal behaviour pattern (SUB) is created to 
represent a realistic occupant behaviour. In this 
behaviour pattern, existing sun protection is used as in 
the Optimal pattern and natural ventilation occurs 
only between 9 pm and 8 am. The fraction of the 
window that is assumed to open is 0.3, representing a 
semi-open window. This behaviour pattern is 
considered to be more realistic because natural 
ventilation does not require continued temperature 
motorisation and because the smaller window 
opening implies a more conservative behavioural 
assumption. As in the Optimal pattern, interior doors 
are opened simultaneously with the windows to allow 
indirect cross-ventilation.  

Hard adaptation strategies are organised according 
to the level of ambition of the strategy in relation to 
climate change adaptation goals and cost of 
intervention. First, a retrofit scenario is simulated, 
emulating a traditional energy-saving intervention. In 
this retrofit option (Retrofit 1), adjustments are made 
to the U-values of the façade, roof, and windows and 
the enclosure infiltration rate to align with the 
specifications outlined in the Spanish Building Code. 
External insulation is implemented in the exterior for 
both the roof and façades, a strategic choice 
supported by studies indicating its superior benefits 
compared to internal insulation [10,20]. 

In the second retrofit option (Retrofit 2), in 
addition to the changes of Retrofit 1, a coating with a 
higher albedo value is applied to the façade and roof. 
In the third retrofit scenario (Retrofit 3), in addition to 
strategies from Retrofit 1 and 2, a balcony with louvres 
that completely shades the original façade is added.  

Then, each retrofit option is combined with the 
two occupant behaviour patterns, the optimal and the 
suboptimal. Additionally, three baseline simulations 
are conducted without any retrofit intervention, two 
with the Optimal and Suboptimal patterns, and one 
with a worst-case occupant behaviour pattern where 
sun protection and natural ventilation are not used. 
The assessment with reduced occupancy is only 
conducted in the most favourable scenario, Retrofit 3 
Optimal. The rest will be assessed with full time 
occupancy.  
 

Table 1: scenarios with adaptation strategies 

Scenario Natural ventilation External roller 
blinds 

Insulation increase and 
infiltration reduction 

Albedo 
increase 

Balcony and 
louvres 

Baseline WORST ✘ ✘ ✘ ✘ ✘ 

Baseline SUB 9 pm to 8 am 
0.3 opening ✔ ✘ ✘ ✘ 

Baseline OP 1ºC difference 
0.9 opening ✔ ✘ ✘ ✘ 

Retrofit 1 SUB 9 pm to 8 am 
0.3 opening ✔ ✔ ✘ ✘ 

Retrofit 1 OP 1ºC difference 
0.9 opening ✔ ✔ ✘ ✘ 

Retrofit 2 SUB 9 pm to 8 am 
0.3 opening ✔ ✔ ✔ ✘ 

Retrofit 2 OP 1ºC difference 
0.9 opening ✔ ✔ ✔ ✘ 

Retrofit 3 SUB 9 pm to 8 am 
0.3 opening ✔ ✔ ✔ ✔ 

Retrofit 3 OP 1ºC difference 
0.9 opening ✔ ✔ ✔ ✔ 
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3. RESULTS 
The results of the Retrofit 1 scenario show that 

optimal ventilation is needed to ensure the insulation 
and infiltration rate reduction effectiveness. This is in 
line with previous studies on the topic [14,22,23]. 
When the Retrofit 1 scenario is simulated with the 
Suboptimal pattern, discomfort hours are higher than 
the same occupant pattern in the Baseline scenario, 
29.4 % (north-south) and 33.0% (east-west). When the 
Optimal pattern is introduced, discomfort hours are 
reduced compared to the Baseline scenario with the 
Optimal pattern, with discomfort hours of 8.0 % 
(north-south) and 9% (east-west). Regarding 
maximum temperatures, there is no worsening of the 
results in the Suboptimal combination. For instance, 
while the maximum temperature in the East-West 
living room during the Baseline Suboptimal scenario is 
32.9ºC, during the Retrofit 1 Suboptimal scenario, it is 
32.3ºC, 0.6ºC lower. This could indicate that the 
increase of thermal insulation and infiltration 
reduction is especially effective at reducing peak 
temperatures.  
Retrofit 2 Suboptimal scenario results show a 
worsening of discomfort hours compared to Baseline 
Suboptimal, highlighting again the importance of 
adequate ventilation. The percentage of discomfort 
hours at the Retrofit 2 Suboptimal scenarios are 27.5 
% (north-south) and 31.2% (east-west). When the 
Optimal occupant pattern is introduced, discomfort 
hours are slightly reduced compared to the Baseline 
Optimal scenario, with discomfort hours of 7.5 % 
(north-south) and 8.5% (east-west).  Regarding 
maximum temperatures, a slight improvement is 
observed from Retrofit 1 scenarios in both rooms and 
orientations. This tendency is also observed in the 
Retrofit 3 scenario.  

In Retrofit 3, where balconies and shading louvres 
are added in the perimeter of the building, a reduction 
of the discomfort hours for both Optimal and 
Suboptimal patterns is achieved. The discomfort hours 
in the Retrofit 3 Suboptimal scenario are 23.2 % 
(north-south) and 25.9% (east-west), and in the 
Retrofit 3 Optimal scenario, 7.1 % (north-south) and 
7.3% (east-west).  This reduction shows the benefits of 
blocking sun radiation not only in windows but also in 
the opaque areas of the façade.  

When occupation time is decreased at Retrofit 3 
Optimal scenario, assuming that the dwelling is not 
occupied from 6 pm to 8 pm, discomfort hours are 
reduced to 6.2 % (north-south) and 6.4 % (east-west). 
Compared to Retrofit 3 Optimal, the reduction is 
almost one point for both orientations, more 
significant than the reduction achieved from Retrofit 2 
Optimal to Retrofit 3 Optimal. This shows that the 
comfort standard is susceptible to occupation hours 
and raises the question of the suitability of assuming 
the occupation hours in this type of study.  

 
4. DISCUSSION 

In this study, nine different adaptation scenarios  
(table 1) are simulated for the 2022 summer in Bilbao. 
These scenarios are then assessed using the Spanish 
Building Code to determine the discomfort hours 
during summer and the maximum indoor temperature 
during a severe heatwave. 

The results of the different occupant behaviour 
patterns in the Baseline scenario show that indoor 
thermal comfort can be substantially improved with 

Figure 2: percentage of overheating hours for the different adaptation scenarios according to the Spanish Building Code standard
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the efficient use of sun protection and natural 
ventilation. This finding aligns with the results of 
previous studies on the topic [12,21,22]. When the 
Baseline Worst scenario is simulated, discomfort hours 
are 70.5% (north-south) and 69.8% (east-west). When 
combined with the Suboptimal pattern, discomfort 
hours are reduced to 26.2 % (north-south) and 30.8% 
(east-west). When the Optimal pattern is introduced, 
discomfort hours are reduced to 8.4 % (north-south) 
and 9.4% (east-west). 

Regarding maximum temperatures, a considerable 
gap is observed between the Baseline Worst and the 
Optimal and Suboptimal combinations (see Figure 3). 
The greatest gap is observed in the east-west 
apartment living room, with a difference of 11.7ºC 
between the Baseline Worst and Baseline Optimal 
scenarios. Interestingly, regarding maximum 
temperatures, the difference between Baseline 
Suboptimal and Baseline Optimal is less pronounced 
than the percentage of discomfort hours. This may 

indicate that natural ventilation, while helpful at 
improving overall summer thermal comfort, is less 
successful at keeping extreme temperatures at bay.    

 
5. CONCLUSION 

This study assesses the effectiveness of passive 
adaptation strategies in enhancing thermal comfort 
within a case study apartment located in a temperate 
region. The evaluation, based on the warm summer of 
2022, reveals the challenge of maintaining indoor 
temperature within an acceptable range. 

The study shows a notable impact of ventilation 
patterns on thermal comfort, even influencing the 
effectiveness of retrofitting measures like façade 
insulation and infiltration reduction. In Retrofit 1, 
where façade insulation and infiltration reduction 
were applied, the difference in the percentage of 
discomfort hours between optimal ventilation and 
suboptimal ventilation was up to 34 points. This 
underscores the significance of encouraging natural 

Figure 3: maximum operative temperature during July heat wave 
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ventilation, and finding means to promote these 
practices among occupants. The current 
understanding of summer habits among inhabitants of 
temperate cities, as well as the limits constraining the 
adoption of soft adaptation strategies, remains an 
area yet to be explored. 

On the other hand, hard adaptation strategies also 
proved effective, however, to a lesser extent than soft 
adaptation. The combination façade insulation, 
infiltration reduction, albedo increase and balcony 
installation reduced the percentage of discomfort 
hours up to 5 points. Nevertheless, the combination of 
the Optimal pattern and Retrofit 3, which included 
every hard adaptation strategy tested, could not keep 
overheating hours below 4 %, the maximum allowed 
by the Spanish Building Code. According to these 
results, more than the passive strategies tested in this 
study is needed to assure an acceptable thermal 
comfort range in a summer like 2022.  

Keeping houses comfortable and safe during future 
summers is likely to be done through more than just a 
single measure but by combining different 
approaches. This highlights the need to explore further 
the combination of different low-carbon adaptation 
strategies, such as low-energy mechanical ventilation 
or cooling, Urban Heat Island reduction strategies or 
other building-scale passive cooling strategies. 
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ABSTRACT: Freestanding bungalows proliferated in rural Ireland from the 1970s. Many were subsequently 
extended with the addition of conservatories, which often disappoint, being uncomfortably hot in summer and 
cold in winter. In the aftermath of World War 2, the availability of cheap oil stymied development of solar 
architecture [22]. The basic principles of passive solar design were largely forgotten or ignored. This paper 
hypothesizes that Irish conservatories from recent decades underperform for this reason. An attached 
conservatory can potentially provide heat to the adjoining rooms and protect those rooms from heat loss in winter 
and heat gain in summer as well as enhancing health and well-being of the homeowner. When this potential is 
not fulfilled, the attached conservatory represents a lost opportunity. In the context of the climate emergency and 
the housing shortage in Ireland, the attached conservatory merits study, as a part of the existing housing stock 
which must be retained and adapted where possible to achieve its potential.   
KEYWORDS: Attached conservatory, Bungalow, Sunspace, Passive solar  
 
 

1. INTRODUCTION  
The Irish countryside is dotted with thousands of 

one-off houses, many self-built with designs from a 
best-selling pattern book called ‘Bungalow Bliss’, first 
published in 1971 [1]. These homes were a ‘direct 
expression of the dreams and aspirations of their 
owners’ [2]. They combined aspects of the vernacular 
cottage with the classical forms of the Irish ‘Big 
House’ and, importantly, raised living standards [3].  

The proliferation of one-off houses in scenic 
locations radically altered the landscape and drew 
criticism from environmentalists and architects. The 
word ‘bungalow’, which originated in India [4], 
became tainted in Ireland. In India it had evolved to 
define a single storey dwelling on a raised plinth with 
pitched roof and protruding porch, surrounded by a 
veranda. The bungalow typology was popular with 
colonial communities who transported it worldwide 
[4], to places like Southern California where it has 
positive connotations [5]. In recent years the negative 
perception of the bungalow in Ireland has shifted, 
partly due to its reappraisal in exhibitions and books.   

‘Bungalow Bliss’ was the brainchild of Jack 
Fitzsimons, who designed the houses and conceived 
the books as manuals for those who had neither the 
culture nor the financial resources to hire an architect 
[1].  A front elevation and plan were provided for each 
design as well as key information such as floor area, 
room dimensions and estimated cost (Figs.1, 5). Advice 
about services focused on oil-fired central heating 
systems and provision of hot water with an electric 
immersion heater.   

Irish bungalows were improved and extended over 
time. The conservatory was a popular addition from 
the 1990s. The front cover of the tenth edition of 

‘Bungalow Bliss’, published in 1993 [6], illustrates the 
largest house in the book, Plan No. 225, and it boasts 
a conservatory in a prominent position, commanding 
a view to the front and back of the home (Fig. 1). Three 
other designs in Edition 10 also included 
conservatories. The conservatory, once the preserve 
of the rich, was now within reach of every 
homeowner.   

  
Figure 1: Bungalow Bliss, Edition 10, 1993.  
 

While enjoyed for their light and views, twentieth 
century Irish conservatories are often uncomfortably 
hot or cold. Their underperformance has given rise to 
an industry which specialises in replacing glass roofs 
with solid roof tiles. This paper hypothesizes that Irish 
conservatories from recent decades underperform 
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While enjoyed for their light and views, twentieth 
century Irish conservatories are often uncomfortably 
hot or cold. Their underperformance has given rise to 
an industry which specialises in replacing glass roofs 
with solid roof tiles. This paper hypothesizes that Irish 
conservatories from recent decades underperform 

 

because they ignore the fundamental requirements of 
passive solar design and thus represent a lost 
opportunity.   
 
2. SOLAR ARCHITECTURE  
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[8]. They changed the relationship between the 
house and garden and by extension between 
humans and nature. Many Irish country houses of 
the period feature attached conservatories. The 
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thought to be the first and was the largest in Europe 
when completed in 1793 [9].  

 
Figure 2: Bellevue, Co. Wicklow, Ireland.  
 
2.2 Sunspaces: how they work 
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rooms by simply opening doors or windows or via a 
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heat entering those rooms from outside in summer 
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3. ‘BUNGALOW BLISS’ ORIENTATION  

‘Bungalow Bliss’ houses were sited parallel to the 
road, and accordingly a ‘frontage’ dimension was 
provided for each design (Fig. 5). A drawing titled 
‘Aspect’ in Edition 5 shows a road that runs in a north-
south direction, giving the rooms a west or east-facing 
orientation (Fig. 3). Edition 10 was the first to dedicate 
a section to siting and location. The emphasis is on 
landscaping, prospect and how to avoid an ‘obtrusive 
siting’ [6]. Only two sentences are dedicated to 
orientation. The ‘front of the house facing south 
benefits from the sunshine’ while an east-facing 
window is recommended for the kitchen, the most 
important room ‘for the housewife’  (Fig. 4), [6].   
 

  
Figure 3: ‘Aspect’ Edition 5, 1975. Figure 4: Edition 10, 1993.  
 
If the front of the house shown in Plan 225 faces 
south, the conservatory then faces due west and risks 
overheating (Fig. 5). The conservatory forms a 
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symmetrical composition in elevation and plan, its 
orientation a function of the house layout rather than 
location of the sun. Whereas Irish vernacular buildings 
‘were carefully integrated into their environment’ 
[24], this innate knowledge of place and climate was 
ignored in the latter half of the twentieth century . 
The availability of cheap fossil fuels for heating 
allowed the homeowner to locate their house facing 
the road, ‘to emphasise the design’ [6], regardless of 
orientation.  
 

 
Figure 5: Plan 225, Bungalow Bliss, Tenth Edition.  
 
4. METHODOLOGY  
4.1 Case Studies 1 and 2  

A filtered search for ‘houses on sale with a 
conservatory’ was conducted on property website 
www.myhome.ie on 18 December 2023. Two 1970s 
bungalows with conservatories were selected, located 
within an hour’s drive of Dublin. Their orientation was 
obtained via aerial views on Google Maps. Building 
Energy Rating (BER) certificates were accessed online. 
Description of the bungalows is based primarily on 
visual observation.   

  
4.2 Case Study 3, Indoor Environmental Quality (IEQ)  

Case Study 3 is the home of co-author Shane 
Colclough. The author interviewed Shane and Yvonne 
Colclough on 8/3/2024.    

Five-minute IEQ data was collected, using the 
commercially available Netatmo monitoring 
equipment [15]. The data collected is presented in 
Figure 16.  

The two sensors were shaded from direct sunlight 
(Fig. 14). The Netatmo’s inbuilt optical CO2 sensor 

automatically calibrates once per week, baselining at 
400 ppm and has a stated accuracy of ±50 ppm or ± 5%. 
While the actual range was found to be wider in reality 
in some individual units (possibly up to ± 250ppm) the 
CO2 sensor here is being used as an indicator for 
occupancy and is sufficiently accurate in this regard.   
 
Table 1: Specifications of monitoring equipment  
 

Metric  Range  Accuracy  
indoor temp  0°C to 50°C  ± 0.3°C 

indoor RH  0 to 100%  ± 3 % 
indoor CO2 

conc. 
0 to 5000 
ppm  

± 50ppm / ± 5% 

noise level  35 to 120 dB  n/a 
outdoor temp  -40°C to 65°C   

outdoor RH  0 to 100%  ± 3 % 
 
5. ATTACHED CONSERVATORY CASE STUDIES 
5.1 Case Study 1   

This charming two-bedroom bungalow sits on a 
steeply sloping site in a village an hour’s drive south of 
Dublin. The bungalow is located parallel to the road 
with a front garden facing the public realm and a more 
private rear garden (Fig. 6). This location required 
substantial build-up at the southwest end of the 
bungalow to raise it above garden level (Fig. 7).   
 

  
Figure 6. Aerial view of Case Study 1, Google Maps.  

The conservatory protrudes beyond the compact 
form of the bungalow giving it a panoramic view over 
the garden and wooded landscape (Figs. 6, 7). Its form 
echoes that of a Victorian conservatory, the cast iron of 
old replaced with double-glazed, uPVC secjons.   
 

 
Figure 7. Back garden with steep slope  

The kitchen connects to the dining room 
conservatory through a wide opening framed by an 
exposed steel beam overhead, which suggests that the 
opening was enlarged and the conservatory added 
aker the house was originally built (Fig. 9). There is a 
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long, low radiator on the north wall and a bare light 
bulb hangs over a solid, wooden table with six chairs.   

 
Figure 8: Floor plan of Case Study 1. 

 

 
Figure 9: Kitchen & dining room conservatory, Case study 1.  
 

Although the photographs show a home that was 
well maintained, no care was taken with its orientajon. 
The conservatory faces northwest and will experience 
direct sunlight only from the west and southwest. The 
house itself blocks sunlight from the south (Fig. 6). In 
winter, there will be lille direct sunlight and 
inconsequenjal passive solar heat gain. In fact, heat 
from the bungalow may escape through the dining 
room conservatory because it is fully open to the 
kitchen. To work effecjvely as a thermal buffer would 
require thermal separajon between the two rooms. 
The ceramic floor jles will store a lille heat.   

This dining room must be delighoul on a sunny 
spring or summer’s evening. However, it must be very 
uncomfortable when it’s dark and cold outside and the 
surface temperature of the glass is lower than the air, 
causing the occupants to lose heat rapidly.   

It is possible to speculate, without measurements 
or simulajon, that this conservatory will not provide 
free heat from the sun for the adjoining kitchen. 
Rather, it is likely to be a significant contributor to the 
bungalow’s low Building Energy Rajng (BER) of F, given 
that the significant heat loss from the glazing is within 
the thermal envelope. BER rajngs, calculated by the 
najonal energy rajng sokware DEAP, range from a 
high of A to a low of G. Heajng this house will require 
considerable energy. 
 
5.2 Case Study 2  

This neat, rural bungalow, constructed in the late 
1970s, sits at the back of a mature garden (Fig. 10). The 
alached conservatory was added in 1998.   

 
Figure 10: Aerial view of Case Study 2, Google Maps. 

The conservatory is entered through sliding doors 
from the siqng room (Figs. 11, 12). Although it looks 
pleasant and is furnished for relaxajon, it faces north 
and is surrounded by trees, which will block sunlight 
from east and west when they are in leaf. A plug-in 
electric heater suggests that the room must be heated 
when in use (Fig. 12).   
 

 
Figure 11: Floor plan of Case Study 2.  
 

The conservatory is unlikely to gain passive solar 
heat at any jme of year. Doors separate the 
conservatory from the siqng room, thereby 
minimizing heat loss from the laler. While this home 
has a relajvely poor BER of D1, the conservatory is 
outside the thermal envelope, and the heat loss from 
the large areas of glazing are not further reducing the 
BER rajng.  
 

 
Figure 12: Si`ng room and conservatory,  Case Study 2. 
  

5.3 Case Study 3  
This two-storey, C1 rated house is located 37kms 

from Dublin. It was constructed in 1999, its alached 
conservatory a feature that set it apart. In 2023 the 
owners undertook a renovajon, adapjng their home 
to beler suit their needs aker their adult children had 
moved out. They considered replacing the 
conservatory with a larger extension but decided to 
retain it due to its frequent use year round.  

It was noted during the renovajon planning stage 
that the overall heat loss from the building would be 
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reduced by 12% by excluding the conservatory from 
the thermal envelope. 

 

  
Figure 13: Aerial view showing Case Study 3, Google Maps. 
 

The conservatory, which faces due south and west, 
is double-glazed with double doors to the kitchen and 
garden and a radiator against the kitchen wall (Fig. 
14).  Although small at 5.9m2, it accommodates a 
round table, two wicker chairs and an armchair. A 
beech hedge alongside is just high enough to afford 
privacy (Fig. 15).  

 
Figure 14: Ground floor plan, Case Study 3, with locabon of 
sensors shown in red 
 

  
Figure 15: The conservatory, Case Study 3. 
 

The owners work from home and like to meet in the 
conservatory for coffee breaks and lunch. It’s a place to 
escape when the house is busy. They love siqng in the 
conservatory on a Sunday morning, and when it’s 
raining outside. A folded clothes rack is oken used to 
dry clothes. Seedlings are grown and potatoes chiled. 
The conservatory is used most in the shoulder seasons. 
On sunny days the doors into the kitchen are opened 
to allow transfer of heat. The owners perceive it to be 
a ‘very useful and pleasant’ space, even on the coldest 
winter days.  

Between 27 January and 11 February, the 
temperature in the conservatory was consistently 

higher than the outdoor temperature and the owners 
sat in it on six occasions, as evidenced by peaks in CO2 
levels (Fig. 16). The conservatory was too cool on 30 
January, February 1 and 11 and on those days the 
temperature was raised with a 2kW fan heater.  

  
_KitchenoC_ConservatoryoC _Outdoor oC_Conservatory CO2  

Figure 16: Temperature {oC} & Conservatory CO2 
concentrabon {ppm}, 27 January - 11 February 2024.    
 

6. HEALTH AND HOME  
The glasshouse was invented to make an arjficial 

climate for exojc plants, and with its development ‘the 
triumph of science over nature was put on full display’ 
[16]. Health reformers soon made links between 
architecture, climate, and human health [16]. In 1860 
Florence Nighjngale wrote that darkened rooms were 
harmful, and that sunlight was necessary for speedy 
recovery from illness. This idea led to the design of 
hospital wards that were filled with sunlight. In the 
twenjeth-century tuberculosis sanatoria focussed on 
provision of fresh air and sunlight [17].   

The Covid-19 pandemic obliged people to stay at 
home for extended periods and has placed renewed 
alenjon on the connecjon between our homes and 
our health and well-being [18]. Many conjnue to work 
from home while those who are vulnerable in any way 
have always spent considerable jme at home.   

The conservatory can potenjally enhance the 
health and well-being of homeowners by providing 
plenjful daylight, sunlight and views to the outdoors 
and nature. The idea that nature promotes healing can 
be traced to ancient Greece and is confirmed by recent 
studies in neuroscience [17].   

  
7. CONCLUSION 

Adding a conservatory to an exisjng house is a 
relajvely straighoorward and affordable way to gain an 
extra room. There is no need to engage an architect or 
engineer or their fees. Instead, a conservatory supplier 
takes charge of the design and installajon. An 
extension under 40m2 can be added to the rear of an 
Irish house without securing planning permission, 
saving jme and money. This partly explains why so 
many were built in Ireland from the 1990s, divorced 
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from their original purpose as a glazed room heated by 
the sun. The absence of professionals may also explain 
why many are incorrectly oriented.   

The alached conservatories featured in ‘Bungalow 
Bliss’ Edijon 10 and case studies 1 & 2 exhibit 
fundamental shortcomings that adversely affect their 
performance. Case study 3 provides evidence that a 
well oriented conservatory improves thermal comfort 
and connects the homeowner to daylight and nature, 
even in the depths of winter, with all the associated 
health benefits. Perhaps the alached conservatory is 
more appropriate as flexible space for occasional use 
rather than for the intense daily use required of the 
dining room in Case Study 1.  

Housing in Ireland is amongst the most inefficient in 
Europe [19]. The Irish government has set itself the 
objecjve of retrofiqng 500,000 homes by 2030. 
Although the goal is deep retrofit with a target BER of 
B2 or beler, most retrofits do not reach B2 [23]. Grants 
are available for parjal or whole house upgrades but 
none cater for measures that would improve the 
performance of an exisjng conservatory. Is it jme to 
promote and fund smaller scale, shallow retrofiqng 
strategies, that would improve parts of the home and 
consume less embodied carbon than deep retrofits?    

According to historian and theorist, Daniel A. 
Barber, we must embrace discomfort to significantly 
reduce carbon consumpjon [20]. Experiencing a range 
of temperatures makes us feel more alive while a 
constant temperature is dull and forgelable [21]. The 
conservatory can play a role by providing inhabitable, 
in-between space whose temperature follows the 
seasons. Even when its passive solar performance is 
subopjmal, it benefits human health by providing 
natural light and views to nature.  

The question is whether it is possible to adapt and 
improve underperforming conservatories. The answer 
will differ in each case but it is clear that intelligent 
adapjve reuse must begin to take precedence over the 
tendency to demolish and replace exisjng 
conservatories and building stock, given the local 
housing shortage and global climate emergency. In 
some cases thermal separajon could be achieved by 
installing doors between the conservatory and 
adjoining house. Realigning the alached conservatory 
with its historical origins as an unheated, thermally 
separated sunspace would capitalise on its inherent 
advantages as a potenjal source of heat and thermal 
buffer, as well as reducing energy consumpjon and 
giving a higher BER rajng to a cohort of 
underperforming houses, in line with najonal 
objecjves. The alached conservatory merits further 
study and adaptajon to realise its potenjal.   
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ABSTRACT: Feeding a rising global population through the conventional agriculture paradigm is becoming a 
significant challenge under the pressure of noticeable climate change depleting valuable resources, and 
demands for high-quality food. Vertical farming (VF) combined with facades is able to improve the sustainability 
of urban food supply chains by shortening transportation distance and increasing food production while reducing 
land use, water consumption, and chemical inputs. However, there are very few tangible applications in practice, 
which means there is a need to comprehend the benefits and potential challenges in further exploring this 
technology. Therefore, this research aims to emphasise the benefits and challenges of the combination of VF and 
facades via case study analysis and literature research. The results show that combining farming systems and 
facades has positive impacts on the sustainability of environmental, social, and economic aspects. Food supply 
resilience improvement is the core of VF on façade projects. However, the potential adverse environmental 
impacts, user concerns, and high investment costs are the main challenges to its widespread adoption. Policy 
support and technological advancements can help address these difficulties, leading to realising the full benefits.  
KEYWORDS: Vertical Farming, Facades, Food, Energy 
 
 

1. INTRODUCTION 
With increasing population growth, it is projected 

that by 2050, an additional 2.5 billion residents will 
inhabit urban areas [1]. Combined with urban sprawl, 
climate change, and the occurrence of environmental 
and social disasters like the COVID-19 pandemic[2, 3], 
these situations present a huge challenge to 
increasing food yield in limited agricultural land for 
the rising food requirements.  

Recent research highlights that there would be a 
rise of nearly 1℃ to global mean surface air 
temperature by 2100 without revolutionary changes 
in food production and consumption [4]. In response 
to this challenge, there has been a growing focus on 
vertical farming (VF), which is the implementation of 
stacked food growing systems on rooftops, facades, 
and multi-story buildings’ interiors rather than on the 
ground to increase food production, reduce land 
requirements, and shorten the supply chain [5, 6]. 
Together with  technological developments, including 
soilless cultivation technologies, light-emitting diodes 
(LED), Internet of Things (IoT), robotics, artificial 
intelligence (AI), and smart devices, there is great 
potential for integrating food production systems 
within and on buildings [7, 8]. However, it is 
important to note that technologies driven by 
external energy, especially lighting systems, can 
result in high energy demands and increased 
greenhouse gas emissions when applied indoors [9]. 
Therefore, using natural light sources, especially 
those attached to or integrated into building 
envelopes, shows promise [10].  

With an increasing urban density since more high-
rise buildings were constructed, the proportion of 
vertical to horizontal surfaces is rising. Vertical 
greenery systems provide opportunities for growing 
plants on facades, but edible plants are still scarce. In 
this sense, understanding the benefits and challenges 
of VF in empirical practice is crucial to developing 
appropriate guidelines for the future implementation 
of VF on facades.
This study analyses eleven selected case studies 
worldwide with the following aims:  

▪ To gain a better understanding of the extent 
of VF on facades could benefit the resilience 
of urban areas. 

▪ To identify and discuss the challenges that 
hinder the uptake of VF on building facades.  

 
2. MATERIALS AND METHODS 

The methodology of this study is summarised into 
four steps, from the selection and identification of 
the case studies to the explanation of the data 
extracted and analysed.  
 
2.1 Case studies search 

Case studies were identified through searches of 
publications and online search engines like Google. 
Keywords including “vertical farming on facades”, 
“edible walls”, “farming walls”, “building-integrated 
agriculture”, and “food production on buildings” were 
used in the search for relevant case studies.  
 
2.2 Case studies selection 
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This research focuses on the realised projects that 
have been implemented and used and designed 
projects that are in the initial design stage. The 
following eligibility criteria were established for the 
selection and analysis of the developmental projects: 
(1) prototypes were not included, (2) projects mainly 
focusing on indoor plant factories or greenhouses 
with stacked growing systems were excluded, as their 
fundamental purpose is to develop indoor vertical 
farming, whereas the focus of this study is farming 
systems installed on building facades, and (3) projects 
with limited available information about farming 
systems and functions were excluded.  

 
2.3 Data collection 

The concept of VF has existed since 1915, when 
Gilbert Ellis Bailey invented the term “vertical 
farming” [5, 6]. However, there are relatively few 
projects that integrate agriculture with facades, and 
there is little research on applied case studies. The 
needed data were mainly collected via developers’ 
official websites, dedicated websites including 
archdaily.com and dezeen.com, and the relevant 
literature. Data for projects situated in Sydney—The 
Jungle House—were collected through on-site visits 
and email interaction with designers to gain an in-
depth understanding of the main purpose, the 
encountered challenges, and users’ attitudes during 
the residence. Figure 1, Figure 2, and Table 1 show 
the images and a total list of the selected case studies 
and references used for each case study. 

 
2.4 Data analysis 

The benefits focus on the function performance of 
VF on facades to identify and discuss its benefits and 
challenges for improving the sustainability of 
environmental, social, and economic. Considering 
that some selected projects are in the initial 
conceptualisation stage and the absence of direct site 
visits of built projects, these benefits were gathered 
from the information provided by projects, whereas 
the challenges were mainly inferred from existing 
research on VF on facades. Finally, future prospects 
related to policy support and technology 
advancements were discussed. 
The analysis of selected case studies mainly focuses 
on four key aspects (shown in Table 1 and Table 2):  

▪ Basic information (name, location, 
architects/designers, project status, building 
type). Project status refers to the current 
state of a project, like in the design stages 
and has been built and used in practice, and 
the building type means the primary 
application of projects, like residential 
(accommodation), commercial (office or/and 
market), pavilion (showcase), and research. 

▪ Farming information (crop location, crop 
species, and cultivation technologies used). 

▪ Main functions. These refer to the main 
purpose of projects, like promotional 
(concept presentation and publicising), 
commercial (trade activities), educational 
(learning knowledge), and research 
(exploring and developing knowledge). 

▪ Other major functions. 

 
Table 1: Basic information of the selected case studies. 
 

ID Name/Location Architects/Designers Dates Project 
Status 

Building 
Types Refs. 

D01 Jian Mu Tower - Shenzhen (CHIN) Carlo Ratti 2021 D Co [11, 12] 
D02 Vertically Integrated Greenhouse (VIG) - Abu Dhabi Kiss + Cathcart 2009 D Co [13, 14] 
D03 GreenBelly AVL Studio N/A D N/A [15, 16] 
D04 The Farmhouse Precht 2019 D Mix [17, 18] 
D05 Urban Vertical Farm of Brightfood - Shanghai (CHIN) Stefano Boeri Architetti 2021 D Co [19] 
D06 Homefarm - Singapore  Spark 2014 D R [20, 21] 
B01 The Jungle House - Sydney (AU) CplusC 2019 B R [22] 
B02 The USA Pavilion - Milan (IT) James Biber 2015 B P [23-25] 
B03 Urban Farming Office - Ho Chi Minh City (VNM) VTN 2022 B Co [26, 27] 
B04 Greenhost Boutique Hotel - Indonesia Paulus Mintarga N/A B Co [28-30] 
B05 Tampines Blk 146 Vertical Farm - Singapore Netatech Company 2021 B R [31, 32] 

* List of acronyms – D: Design Stage, B: Built; R: Residential, P: Pavilion, Co: Commercial, Mix: Mixed; N/A: Not Available 

 
Figure 1.Images of the selected case studies (D01-D05). 
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Table 2: Farming information and functions of the selected case studies.   
 

ID Farming Information Main Functions Other Major Functions 
CL CS CT IITC RBEC WC JO 

D01 BDS V, He, F H Promotional ✓ ✓ ✓ N/A 
D02 BDS V, F H Promotional ✓ ✓ ✓ N/A 
D03 BLF V, F S, H, Ae Commercial ✓ ✓ ✓ ✓ 
D04 BDS N/A N/A Promotional N/A N/A N/A N/A 
D05 EF, TF V, F N/A Promotional N/A N/A N/A N/A 
D06 CF V, He S, Aq Promotional N/A N/A ✓ ✓ 
B01 BDS SP FT Educational N/A N/A ✓ N/A 
B02 BLF V, He, G H Promotional N/A N/A ✓ ✓ 
B03 WF V, He, F N/A Promotional ✓ ✓ ✓ N/A 
B04 BF He H Promotional N/A N/A ✓ N/A 
B05 BLF V, R H Research N/A N/A ✓ ✓ 

* List of acronyms – CL: Crop Location, CS: Crop Species, CT: Cultivation Technologies; BDS: Between Double Skin, BLF: Blind 
Facades, WF: Window Facades, BF: Balcony Facades, TF: Terrace Facades, CF: Corridor Facades; SP: Silver Perch, V: Vegetables, 
He: Herbs, G: Grains, F: Fruits, R: Rice; H: Hydroponic, FT: Fish Tank, S: Soil, Ae: Aeroponic, Aq: Aquaponic; IITC: Improve Indoor 
Thermal Comfort, RBEC: Reduce Building Energy Consumption, WC: Water Conservation, JO: Job Opportunity; N/A: Not 
Available 

 
Figure 2. Images of the selected case studies (D06-B05). 
 
3. RESULTS AND DISCUSSION 
3.1 Environmental sustainability  
3.1.1 Food miles reduction 

The formation and expansion of cities rely highly 
on the large amount of food transported from distant 
regions worldwide [33], leading to adverse 
environmental effects. Shortening food production-
consumption distance can reduce greenhouse gas 
(GHG) emissions along urban food supply chains and 
minimize food waste caused by transport spoilage 
because of variance cooling practices and 
perturbation damage like rainfall [34]. Only B01 – The 
Jungle House did the life cycle assessment (LCA) and 
showed an obvious reduction in the total carbon 
dioxide equivalent of the project [22].  

However, existing research has proven that the 
carbon footprint of building-integrated agriculture is 
higher than that of conventional land farms due to 
artificial lighting requirements[9]. Sunlight 
accessibility for VF on facades and photovoltaic 
utilisation (e.g., D03 – GreenBelly [15, 16]) provide 
opportunities to reduce the net energy consumption 
for lighting. Hence, further assessment is needed to 
determine the effectiveness of short transport 
distances in reducing GHG emissions, as 
transportation in most food supply chains has a 
relatively limited effect on emissions. 
 
3.1.2 Water saving  

Hydroponic, aeroponic and aquaponic systems 
(e.g., D03 – GreenBelly [15, 16] and D06 – Homefarm 

[20, 21]), precipitation collection (e.g., D01 – Jian Mu 
Tower  [11, 12] and B05 – Tampines Blk 146 Vertical 
Farm [31, 32]), and wastewater filtrating and 
recycling (e.g., B01 – The Jungle House [22]) lead to 
the reduction of water usage for VF on facades. 
Integrating aeroponic methods displays a more 
significant opportunity for water consumption, plant 
growth rate and quality, fertiliser usage, and crop 
yield than hydroponics [7]. Recirculating aquaponics 
can reduce the frequency of water changes[36]. 
Water volume utilised for irrigation can be reduced 
through such water management and conservation, 
thereby withdrawing freshwater used by farming to 
satisfy the additional resident demands. 
 
3.1.3 Indoor and outdoor thermal comfort 

VF on facades can adjust indoor thermal comfort 
by providing solar shading and cooling through 
evaporation in summer and acting as solar capture 
devices to warm and insulate facades in winter, such 
as D02 – VIG [11, 12] and B03 – Urban Farming Office 
[26, 27], resulting in energy demand reduction for 
space conditioning in buildings. If VF on facades can 
be widely used around the cities, the urban heat 
island (UHI) effect will likely be mitigated [26, 27]. 

 
3.1.4 Biodiversity 

For vegetation, biodiversity refers to cultivated 
species by humans and developed species naturally 
[38]. It is not the primary purpose of the 
development of integrating farming into facades. B03 

1028



 

– Urban Farming Office [26, 27] generally pointed out 
that the increase of green ratio in site areas and 
growing various crop species benefit the region’s 
biodiversity without further explanations. In terms of 
planted crops, in B02 – The USA Pavilion, up to 42 
crops were successfully cultivated in unclosed 
environmental conditions [23-25]. If plants are grown 
in the gap between the double skin with managed 
growing conditions, the impacts of changing 
environmental conditions can be minimized, which 
contributes to introducing novel crops and re-
introducing forgotten crops [34]. Research exhibited 
that although people are interested in biodiversity in 
agricultural environments, the study of the hosted 
animals and plants in the following faming 
management remains scarce [38]. 
 
3.2 Social sustainability  
3.2.1 Food security improvement  

The unique feature of VF on facades is the 
capability to produce food by occupying minimal or 
no land compared to other types of agriculture like 
community agriculture, indoor farming, and rooftop 
farms. High-rise buildings in metropolises offer total 
available vertical surfaces that are significantly larger 
than horizontally vacant surfaces [35]. Hence, most 
cases aimed to promote combining farming and 
facades.  

The façades in D06 – Homefarm, including 
corridor facades, were expected to offer around 30 
tons of food per month [20, 21]. B04 – Greenhost 
Boutique Hotel (growing crops on balcony facades) 
and B05 – Tampines Blk 146 Vertical Farm (VF 
adjacent to the blind facades) aimed to provide food 
in Sleman and Singapore with limited arable lands in 
cities [28-32]. The designer of D04 – Farmhouse 
intended to strengthen the connection between 
residents living in urban towers and agriculture by 
growing food on the outside layer of facades to help 
them easily access food [17, 18]. 

In fact, the availability of light, water, nutrients, 
temperature, relative humidity, airflow, and carbon 
dioxide (CO2) concentration impacts crop growth rate 
and productivity [34]. D01 – Jian Mu Tower combined 
hydroponic systems and AI management on these 
environmental variables and was estimated to have 
the capacity to produce approximately 270,000 kg of 
food per year in a 218-meter-high building [11, 12].  
However, it should be noted that unclosed VF on 
facades is easily influenced by unpredictable and 
instantly changing climate conditions. In B01 – The 
Jungle House, the designer and the owner showed 
that the fish ready to harvest died since the fine ash 
settled on the pond’s water surface during the 
January 2020 bushfire disaster. Growing crops in 
enclosed environments, including between double 
skins (e.g. D02 – VIG [13, 14]) and using ETFE 

membrane materials for covering (e.g. D05 – Urban 
Vertical Farm of Brightfood [19]), is able to mitigate 
the effects of seasonal changes, animals and pest 
damage on yield. However, there will be non-uniform 
growth conditions in a fully enclosed environment 
because of inappropriate planning, environmental 
control measures, and maintenance  [34].  
 
3.2.2 Job opportunity 

B02 – The USA Pavilion had dedicated workers 
responsible for harvesting and managing crops during 
the Milan Expo 2015 [23-25]. D06 – Homefarm could 
offer full-time and part-time job opportunities for 
residents of retirement homes [20, 21]. Hiring staff 
becomes necessary when harvested food is sold at its 
place of production (e.g., D03 – GreenBelly [15, 16]). 
Apart from these jobs related to direct interaction 
with plants, VF on facades also provides indirect 
occupations such as constructing farm structures and 
developing advanced planting technologies [7].  
 
3.2.3 Education 

One of the projects is geared towards educational 
goals. B01 – The Jungle House highlighted that the 
primary aim is to educate the owners’ children, inner-
city individuals with no farming knowledge. Hence, 
this project allows children to directly access 
gardening to understand how to grow, maintain, and 
harvest food, rainwater collection, and solar power 
operation. In fact, lacking relevant gardening 
knowledge may not be limited to the next generation. 

 
3.2.4 User perceptions 

Existing research has shown that not only the lack 
of knowledge of gardening but also the accessibility 
of crops, the protection from human and biological 
damage, invested efforts, costs, and crop yield are 
users’ main concerns, and residents have various 
preferences [35]. Some consumers prefer personally 
involved cultivation management as enclosed crop 
production may increase the risk of pathogen 
development and negatively impact the nutritional 
value of food, whereas automatically controlled 
systems are preferred by others as needless to invest 
too much time [34, 39]. Hence, user mistrust and 
unmet preferences can both become barriers to the 
promotion of VF on facades. 
 
3.3 Economic sustainability  

Some of the chosen projects highlighted that 
bringing food production closer to consumers could 
reduce transportation costs and food prices (e.g., D03 
– GreenBelly [15, 16]), while others believed that the 
total building energy cost could be reduced by 
adjusting indoor thermal comfort (e.g., D02 – VIG [13, 
14]). However, there is scarcely credible literature on 
the economic feasibility from the start of investment 
and operating costs to disposal at the end of the life 
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cycle. After all, to successfully cultivate crops on 
facades, the plant light requirement, like suitable 
light quantity and spectrum, should be satisfied as a 
critical factor, which is very costly when plants need 
supplementary energy, especially in a fully controlled 
growing environment [9, 34]. Besides, the 
construction and maintenance may also incur 
significant costs. For instance, B02 – The USA Pavilion 
faced significant debts after the Milan Expo 2015, 
which may be partly because of the farming facades. 

Therefore, advancing novel, appropriate and 
optimised farming system designs and a circular 
systems approach can mitigate economic risks [34]. 
For example, optimising the natural inputs, including 
solar radiation, precipitation, and organic waste (see 
Section 3.1), may improve the economic feasibility of 
VF on facades.  

 
4. FUTURE PROSPECTS  
4.1 Policy support 

Currently, agricultural policymaking versus 
urban/building planning and construction are 
institutional separation, which hinders the 
acceptance and success of the novel farming 
paradigm [34, 37]. It is still challenging to find suitable 
farming places in city buildings, considering zoning 
laws, technical feasibility, and other potential social 
issues [37]. This may be one of the reasons why only 
a few projects were built. However, it is crucial to 
have a supportive policy environment to draw public 
attention and take action. Such support will facilitate 
the practical implementation of VF on facades.  

Simple initiatives are inefficient in helping VF on 
facades diffuse over a territory. The holistic circularity 
strategy, which connects cultivation systems and 
buildings to reduce waste and GHG emissions 
efficiently, has been proposed and emphasised to aid 
the future upscaling of VF on facades [37]. D’Ostuni 
et al. specified that this strategy includes three main 
aspects: renewable energies, sustainable water 
management in the cultivation systems, and waste 
recovery in treating buildings’ wastewater for 
nutrient extraction [37]. More than half of the 
selected projects claim rainwater collection as an 
alternative water source for irrigation in the 
production system. Besides, renewable energies, like 
solar (e.g., B05 – Tampines Blk 146 Vertical Farm [31, 
32] and D03 – GreenBelly [15, 16]), are used to power 
buildings and farms. 
 
4.2 Technology advancements 

The integration of advanced technologies, 
including cultivation and management systems in VF 
on facades, is crucial to improving vertical surface 
suitability for farming to achieve a higher yield and 
quality of food while minimising resource 
investments and environmental impacts. Only D01 – 

Jian Mu Tower used AI-supported management to 
monitor and automatically manage irrigation, 
nutrients, and other matters in the growing areas to 
take care of crops day by day  [11, 12]. The D01 
project featured moveable farming systems on its 
facades, allowing workers to customise their 
movement via a mobile app to adjust the indoor 
micro-climate conditions, positively affecting their 
productivity. 

In the future, it can be vital to explore how 
advancements in digital technologies, such as IoT, AI, 
drones, and blockchain, can support VF on facades 
market acceptance and uptake. 

 
5. CONCLUSION 

In conclusion, this paper has highlighted that VF 
on facades is a potential new solution to meet food 
requirements. It is crucial to understand the benefits 
and challenges of the development of this technology.  

In terms of environmental sustainability, the 
reduction of GHG emissions by shortening food miles 
is the main benefit of VF on facades, which is 
followed by saving water and improving indoor and 
outdoor thermal comfort. It still lacks a 
comprehensive analysis of the environmental impacts 
from food production to disposal stages. Meanwhile, 
a focus on the ability to shelter biodiversity within the 
façade farming is important since it benefits urban 
nature conservation as a supplementary form of 
green spaces. 

VF on facades also has the potential to benefit 
social sustainability by improving food security, 
offering job opportunities, and strengthening 
people's gardening knowledge, whereas people's 
concerns and their various preferences are obstacles 
to the new type of implementation. 

The biggest problem is cost. Although it is possible 
to reduce family food expenditures by reducing food 
transportation distances, the costs of constructing 
and maintaining farming facade systems may easily 
offset the savings from reduced transportation 
expenses.  

Policymaking and technological advancements in 
cultivation should be taken into account when 
approaching VF on facades since they might help 
overcome these challenges, thereby improving VF’s 
wide promotion and successful implementation on 
facades. Besides, the benefits and challenges are 
currently theoretical and will require further 
quantitative and qualitative research in the future. 
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case of catastrophe. The results show that, in normal operation, passive design strategies are not sufficient to 
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1. INTRODUCTION  

This article explores the academic experience of 
designing schools under a resilience approach, 
integrating criteria of sustainability and adaptability in 
the face of crises resulting from natural disasters. It 
focuses on integrating design guidelines into existing 
schools, which ensure comfortable educational 
spaces, and at the same time in a disaster situation, 
can function as safe havens in emergency situations.  

We focus on Chile, a country that is frequently 
subject to increasingly frequent natural disasters as a 
result of climate change.  Earthquakes, tsunamis, 
volcanic eruptions, and extreme variations in weather 
are constant challenges that significantly impact the 
infrastructure and safety of its inhabitants. 
Rehabilitation considering resilience criteria is 
proposed for a school located in the town of 
Concepción, which in recent years has faced severe 
natural disasters, including devastating earthquakes 
such as the one in 2010, and frequent forest fires, 
exacerbated by climate change. These events have 
challenged the community and its resilience.   

This reality makes the integration of resilience and 
sustainability criteria into school design not only a 
necessity, but an urgent priority. The increasing 
frequency and severity of these natural events 
demand an architectural response that not only 
mitigates the risks, but also ensures the continuity of 
education and the well-being of school communities in 
adverse situations. In this sense, the retrofitting of 

existing schools and the careful design of new 
constructions must contemplate not only educational 
needs, but also the ability to adapt and respond 
efficiently to these natural emergencies [1]. Capacity 
to manage disaster risks needs to be increased in order 
to reduce the vulnerability of the built environment. 
Several authors indicate that it is possible through the 
incorporation of resilience criteria [2–4]. 

Chilean schools serve as a refuge for the population 
in case of natural disasters to which the country is 
highly exposed: fires, volcanic eruptions, tsunamis, 
earthquakes and floods [1]. In Chile, the concept of 
resilience has often been applied to constructions 
because, backed by a strong regulatory framework, 
they have withstood various natural disasters. 
However, this interpretation of resilience focuses 
solely on the structural resilience of buildings and the 
moment in which disaster occurs, ignoring other 
temporal dimensions and the relationship with 
sustainability [3, 5]. During the 2010 earthquake in 
Chile, schools were used as crucial shelters for affected 
communities, providing safe space and essential 
resources for thousands of people displaced by the 
disaster.  That is why certain schools, in key 
geographical areas, need to have the technical 
capacity to withstand a disaster, in order to then house 
and provide assistance to communities [5]. 
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2. METHODOLOGY  
The methodology developed in this study focuses on 
the application of specifically selected design criteria 
to rehabilitate Chilean schools, with particular 
emphasis on adaptability to natural disasters and 
environmental sustainability. Apart from achieving the 
adaptation of educational spaces, the improvement of 
the indoor environment (IEQ) for students is proposed. 
It is recognized that in many Chilean schools, IEQ 
conditions are deficient due to what I do not consider 
important environmental criteria, such as adequate 
ventilation, natural lighting and thermal comfort.  

 Therefore, the criteria of resilience and 
sustainability were selected, based on the existing 
literature and adapted to local realities [5]. 
Subsequently, a massive Chilean school typologies 
were selected as a representative case study.  The 
specific location of the case study was determined, 
taking into account factors such as the prevalence of 
natural disasters and regional climatic particularities. 
A comprehensive study of the local climate and the 
most recurrent types of disasters was conducted, 
providing a framework for assessing the vulnerability 
and adaptive capacity of educational infrastructures. 
 The rehabilitation process was based on the 
previously defined criteria of resilience and 
sustainability, culminating in an architectural proposal 
that integrates these considerations. In addition, a 
detailed energy analysis was conducted, which 
included the evaluation of daylighting using VELUX 
Daylight Visualizer 2, indoor air quality based 
Sustainable Building Certification (CES) [6] and indoor 
thermal comfort through building modelling using 
TRNSYS softwar. The latter was carried out under two 
distinct operational scenarios: normal conditions and 
emergency conditions, thus providing a holistic 
approach to the understanding and design of resilient 
and sustainable schools in environments prone to 
natural disasters.  
 
2.1 Rehabilitation of typology of mass schools. 
 In our analysis of the Chilean education system, we 
highlight the typology of MC-401-F schools, born out 
of a massive government construction program 
between 1965 and 1985, a period in which more than 
2,500 of these schools were built. Despite their 
number, these schools, still operational, have become 
obsolete and do not meet the current expectations of 
the Ministry of Education in terms of educational 
quality and indoor environmental conditions [6]. 

The MC-401-F model, part of the Chilean System of 
Standard Schools (SCEE), is characterized by its 
technical design for rapid and participatory 
construction. It consists of steel frames and 
interconnected prefabricated elements, 
complemented by metal anchors, concrete 
foundations, and exterior brick and wood walls [6]. 

This study proposes a rehabilitation plan for these 
schools, highlighting their preformed steel structure 
and a 3-meter grid, brick exterior walls with casement 
upper windows and a wooden roof with a metal roof 
(Figure 1).  

This prefabricated method was crucial for the rapid 
expansion of education and represents an important 
cultural and social legacy in Chile, symbolizing the 
popular power and community autonomy of the 
1960s, reinforcing the importance of its rehabilitation. 
 

 
Figure 1 - 3D modeling of an MC School Typologie. 

 
3. DEVELOPMENT OF A RETROFITTING PLAN 
 In this study, the ten resilience and sustainability 
criteria for the construction of public buildings, 
developed in response to the natural hazards faced by 
different regions in Chile [1], have been reviewed. It is 
observed that these criteria do not consider 
anthropological risks due to their lower predictability. 
In the process of adapting these criteria to the 
rehabilitation of buildings, those that are not relevant 
have been discarded, particularly the first five that 
focus on site selection. 
 It has been established as a premise that schools 
must be able to maintain uninterrupted living 
conditions, even when disconnected from water and 
electricity networks, and must house first aid supplies 
for 90 days. 
 The focus will be on the thermal comfort aspects 
under two modes of operation: as an educational 
space and as an emergency shelter, through a dynamic 
thermal analysis. In addition, the guidelines for the 
design of new educational spaces established by the 
Chilean Ministry of Education have been consulted 
and applied [7], which are aimed at improving the 
quality of education through the improvement of 
living conditions and comfort in schools, aimed 
specifically at architects. To support integrated passive 
design, the manual "Passive Design and Energy 
Efficiency in Public Buildings" has been used [8], which 
provides constructive and architectural solutions 
adapted to each climate in Chile. In addition, certain 
resilience and sustainability criteria require 
compliance with CES standards. [9]. 

For the rehabilitation of schools in Concepción, a 
set of key criteria has been established, focused on 
improving both the resilience and sustainability of 
buildings. These criteria have been carefully selected 
to ensure that the structures not only comply with 
current regulations, but also align with the goals of a 
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more environmentally friendly architecture tailored to 
the needs of the community.  

The following are the specific criteria incorporated 
into the rehabilitation process: 

 Resilient Landscape: Sport ground as an 
evacuation zone for 850 people. 880 m² area 
as a natural retention basin for floods. Raised 
structure for protection and improved access. 

 Mixed Community Use: Outdoor areas and 
community garden. Facilities such as the 
infirmary and gym accessible to the 
community. 

 Building Shape Adaptation: Seismic design, 
regular structures, and uniform distribution 
of structural elements. Ductile metal 
structure for seismic load absorption. 

 Repairable and Adaptable: Use of wood to 
facilitate repairs and adaptations by 
occupants. 

 Low Impact Materials: Priority to responsible 
and local materials like wood. Reuse of 
existing materials. 

 Evolving Spaces: Design to accommodate 
refugees, emergency capacity for 327 people. 
Storage of emergency supplies and 
communications. 

 Provision Storage: Safe storage of flammable 
materials. Underground water tanks for 327 
people for 30 days. 

 Safety Zones and Escape Routes: Wide 
evacuation corridors and well-planned 
exterior accesses. Compliance with fire 
resistance regulations in construction 
materials. 

 Integration of Passive Design Strategies: 
Bioclimatic design for natural lighting and air 
renewal. Compliance with green building 
certification requirements. 

 Indoor Thermal Comfort: Ensuring that the 
indoor temperature is within a comfortable 
range during occupancy. 

 
3. DEVELOPMENT OF STRATEGIES  
 The preliminary analysis of the climate in 
Concepción was fundamental for architectural 
rehabilitation, particularly in schools. Concepción, 
Chile, is classified in the Köppen climate classification 
as Csb, warm temperate with winter rains and warm 
summer. Table 1 below summarizes the climatic 
characteristics.  
 It was chosen to orient the living spaces towards 
the north to maximize free solar gains during the 
winter. The heat captured is conserved by of a high-
performance envelope with suitable insulation and an 
air infiltration prevention. To protect the building 
against the risk of overheating, solar protections have 
been put in west and north side to block the sun's rays 
during the hottest months. Only the concrete floor 

slab provides inertia which generates beneficial direct 
heat return in winter (Figure 3). Since rainfall is 
frequent in Concepcion, rainwater collected from 
roofs is stored in underground tanks to be filtered for 
drinking. 
 
Table 1: Summary of the climate of Concepción. 

Aspect Characteristics 
General Climate Template 

Average Temperature 
in Warmest Months 17°C - 18°C 

Average Temperature 
in Coldest Months 9°C - 10°C 

Summer Description Comfortable, dry and mostly 
uncluttered 

Winter Description Long, cold, wet and partly 
cloudy 

Average Humidity Medium: 78%, Low: 67% in 
January, High: 86% in June 

Wind Direction 
(Summer/Spring) Southwest 

Wind Direction 
(Autumn/Winter) North 

Pp total annual  1.110 mm 
 

 
Figure 2: 3D Sketchup model of the Concepcion's prototype 

(own realization) 

 
Figure 3 - Concepcion's school retrofitted cross section (own 

realization). 
 It was assumed that the building can be easily 
dismantled to reuse the existing steel structure to 
build a new light envelope. Thus, the flood risk is 
managed by raising the building by 1m with a steel 
structure extension and the large open land acts as 
rainwater collection and infiltration. The central 
outdoor space is also elevated to be used as a safe 
evacuation place for the population and is sized to 
gather 850 people. Excepted the kitchen and the 
infirmary, all rooms should be able to be converted 
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into emergency accommodation for 330 refugees in 
total.  The whole construction system has been 
chosen to be simple, such as the initial MC-school was, 
to be easily repaired by the occupants (see Figure 2). 
 Given that the building has a ductile metallic 
structure, it is necessary to lower the center of gravity 
in case of seismic. That’s why the floor is a concrete 
slab that acts as a rigid diaphragm to distribute the 
lateral loads on the columns while higher building 
elements are lighter, made with wood frame. Finally, 
the volumes have been designing as regular as possible 
to avoid torsion in case of horizontal loads. 
 Against the risks of spreading forest fire flames, the 
buildings are surrounded by a safety zone free of 
vegetation, buildings or other flammable materials. 
 
4. RESULTS 
4.1 Daylight Analysis 
 The daylighting requirement from CES is that 75% 
of regularly occupied spaces must achieve at best a 
Daylight Factor between 5% and 10%, and otherwise 
between 2% and 5% [9]. We observe in Figure 4 a 
homogeneous distribution of natural light in the 
regularly occupied premises, with a daylight factor 
average higher than 3%, which is consistent.  
 

 
Figure 4:  Isolux diagram of the Daylight Factor (DF) 
calculation and cut-off with illuminance values (Lux). 
 
 

The lighting cross-section in Figure 4 confirms that 
the size and position of the windows, especially the 
high windows, allow for a more uniform distribution of 
natural light around a target illuminance value for 
classrooms of 300lux.  

In addition, a second requirement for visual 
comfort is to ensure visual access to the outdoors [9]. 
To comply with this, at least one window per room was 
introduced with a threshold 40 cm from the floor, thus 
ensuring that the view is allowed even in a seated 
position. 
 

4.2 Ventilation Analysis 
 The requirement of the air quality is that the 
hygienic ventilation rates must be provided by natural 
ventilation for at least 75% of the regularly occupied 
premises [9] Different calculation methods are 
systematically proposed by this guide to evaluate the 
performances of the envelope or the systems.  
 The one we have chosen for the calculation of the 
natural cross ventilation rate by opening the high 
windows is the following: 
  Qav= 1800∙ Av ∙ V0,5   with    
  V=Ct+ Cw∙ Vm2+ Cst∙Hv |(Ti-Te )|           (1) 
 
 Qav = Renewal air flow rate (m3/h) 
 Av = Window opening area (m2) 
 V = Wind velocity (m/h) 
 Ct = 0,01 coefficient that takes into account wind 
turbulence (-); 
 Cw = 0,001 coefficient that takes into account the 
wind speed (-); 
 Vm = Average meteorological wind speed at 10m 
altitude (-); 
 Cst = 0,0035 coefficient taking into account the 
chimney effect (-); 
 Hv = Window height (m) 
 Ti  = Average annual T° inside the facility (ºC); 
 Te = Average annual outdoor weather T° of the 
locality (ºC) 
 We used this formula to size the number of 
openings to be placed, given that for security and 
practical reasons, we wanted only the high windows 
60cm-height to be fully opened. As the windows are 
2.5m wide and the upper part is split in 3, we worked 
with opening units of 60cm by 80cm. We used the data 
available through the TRNSYS weather file for the 
locality of Concepcion to derive the average annual 
wind speed of 3.5m/s, the average annual outdoor 
temperature of 12,5°C although the indoor 
temperature is set at 20°C for all regularly occupied 
premises.  
 For both emergency and normal operation, we 
verified that the number of openings provided per 
room was sufficient to ensure the minimum renewal 
of air. In fact, these hygienic air change rates differ 
according to the use of the spaces so most of the 
rooms must ensure two different natural ventilation 
rates: one for the normal use as educational space and 
another for emergency accommodation in case of the 
premises are converted in emergency. The 
certification provides rates to be considered by use, 
which we used for the calculation of the air renewal of 
each space, in both modes of operation [9]. 
 
4.3 Dynamic Thermal Simulation  
 A dynamic thermal assessment was carried out to 
analyze the temperatures in each room from hour to 
hour, contrasting them with the pre-established 
comfort temperatures. In the normal mode of 
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operation, it was established that the indoor 
temperature should be maintained between 18 and 20 
°C in all facilities, and a minimum temperature of 18 °C 
and a maximum of 25 °C were set in the gymnasium.   
In emergency situations, a minimum temperature of 
15 °C and a maximum of 25 °C were defined. 
 The school was thermally zoned based on its 
orientation, capacity, and occupancy schedules, as 
illustrated in Figure 5. Sanitary blocks and storage 
areas, marked in gray on the plans, were not modeled. 
Since the building has two distinct modes of operation, 
normal and emergency, two different models were 
developed using the same envelope. Occupancy 
schedules and internal loads were based on both our 
own assumptions and the data required by the 
Certification [9]. 

 
Figure 5: School floor plan with thermal zoning (own 
calculations). 

 
During normal operation, it was determined that it 
was not possible to achieve comfort temperatures 
completely passively, due to insufficient solar gains 
and internal gains in the early hours and on colder 
days. This led to the installation of an active heating 
system to meet thermal needs. For cooling, natural 
cross ventilation proved sufficient, eliminating the 
need for an active air conditioning system. The 
number of operable windows was slightly increased to 
ensure proper air renewal and facilitate cooling during 
the hottest months. 
 After optimizing the building envelope and 
functional distribution, Table 2 shows the results of a 
year of normal operation of the main venues. 
 
Table 2: Discomfort rate in normal operation (own 
calculations) 

Room Cold discomfort 
(%) 

Hot discomfort 
(%) 

Classrooms 1 21.26 0.58 
Classrooms 2 19.76 - 
Classrooms 3 22.17 9.49 
Patio interior 

West 15.29 - 

Patio interior 
North 18.98 - 

Patio interior East 23.61 3.15 
Staff Room 32.61 - 

Library  24.47 3.09 
Gymnasium 16.58 - 

 
 Heat discomfort rates were low, thanks to passive 
cooling and effective sun protection. The rate of cold 
discomfort was higher, due to the limitation of heating 
to 18.2 °C to reduce consumption. However, the 
average seasonal temperatures in each area during 
the periods of occupation indicate that the envelope 
and regulation ensure adequate temperatures inside, 
limiting heating consumption to 11.5 kWh/year.m². 
 In our analysis of the emergency mode, it was 
assumed that, for practical reasons and due to the 
connection with the rainwater reserves, only the main 
sanitary block remains operational, and the wet rooms 
are out of use. We also consider that electronic 
appliances and kitchen equipment are not used 
regularly, reducing the corresponding internal loads to 
zero. 
 During an emergency, the building must be able to 
operate completely passively, ruling out active 
heating, ventilation, or air conditioning systems. 
Regulatory ventilation and passive cooling are ensured 
by natural cross ventilation, and air renewal is effected 
by opening the windows. We base our strategy on the 
fact that the opening surface of the window’s during 
occupancy is sufficient to ensure the necessary 
hygienic airflow. 
 The results of the rate of discomfort during the 
emergency operation, presented in Table 3, reveal 
that the classrooms experienced low rates of 
discomfort due to both cold and heat, with 
percentages ranging between 3.96% and 4.87% for 
cold, and between 1.64% and 1.95% for heat. Notably, 
the Staff Lounge and Library saw higher rates of heat 
discomfort, reaching as high as 5.07%. Only the gym 
presents a higher risk of overheating, reaching 12.17%, 
due to its large glass surfaces, which could be 
improved with the following optimization which would 
consist of considering the opening of the doors for 
overventilation. 
 
Table 3: Discomfort rate in emergency operation (own 
calculations) 

Room Cold discomfort 
(%) 

Hot discomfort 
(%) 

Classrooms 1 4.23 1.76 
Classrooms 2 - 1.95 
Classrooms 3 3.96 1.64 
Patio interior 

West - 3.17 

Patio interior 
North - 1.76 

Patio interior East - 2.0 
Staff Room 4.87 3.82 

Library - 5.07 
Gymnasium - 12.17 

 
5. CONCLUSION 
 The simulations and analyses carried out in this 
study on the rehabilitation of school buildings in 

1054



 

operation, it was established that the indoor 
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Certification [9]. 

 
Figure 5: School floor plan with thermal zoning (own 
calculations). 

 
During normal operation, it was determined that it 
was not possible to achieve comfort temperatures 
completely passively, due to insufficient solar gains 
and internal gains in the early hours and on colder 
days. This led to the installation of an active heating 
system to meet thermal needs. For cooling, natural 
cross ventilation proved sufficient, eliminating the 
need for an active air conditioning system. The 
number of operable windows was slightly increased to 
ensure proper air renewal and facilitate cooling during 
the hottest months. 
 After optimizing the building envelope and 
functional distribution, Table 2 shows the results of a 
year of normal operation of the main venues. 
 
Table 2: Discomfort rate in normal operation (own 
calculations) 

Room Cold discomfort 
(%) 

Hot discomfort 
(%) 

Classrooms 1 21.26 0.58 
Classrooms 2 19.76 - 
Classrooms 3 22.17 9.49 
Patio interior 

West 15.29 - 

Patio interior 
North 18.98 - 

Patio interior East 23.61 3.15 
Staff Room 32.61 - 

Library  24.47 3.09 
Gymnasium 16.58 - 

 
 Heat discomfort rates were low, thanks to passive 
cooling and effective sun protection. The rate of cold 
discomfort was higher, due to the limitation of heating 
to 18.2 °C to reduce consumption. However, the 
average seasonal temperatures in each area during 
the periods of occupation indicate that the envelope 
and regulation ensure adequate temperatures inside, 
limiting heating consumption to 11.5 kWh/year.m². 
 In our analysis of the emergency mode, it was 
assumed that, for practical reasons and due to the 
connection with the rainwater reserves, only the main 
sanitary block remains operational, and the wet rooms 
are out of use. We also consider that electronic 
appliances and kitchen equipment are not used 
regularly, reducing the corresponding internal loads to 
zero. 
 During an emergency, the building must be able to 
operate completely passively, ruling out active 
heating, ventilation, or air conditioning systems. 
Regulatory ventilation and passive cooling are ensured 
by natural cross ventilation, and air renewal is effected 
by opening the windows. We base our strategy on the 
fact that the opening surface of the window’s during 
occupancy is sufficient to ensure the necessary 
hygienic airflow. 
 The results of the rate of discomfort during the 
emergency operation, presented in Table 3, reveal 
that the classrooms experienced low rates of 
discomfort due to both cold and heat, with 
percentages ranging between 3.96% and 4.87% for 
cold, and between 1.64% and 1.95% for heat. Notably, 
the Staff Lounge and Library saw higher rates of heat 
discomfort, reaching as high as 5.07%. Only the gym 
presents a higher risk of overheating, reaching 12.17%, 
due to its large glass surfaces, which could be 
improved with the following optimization which would 
consist of considering the opening of the doors for 
overventilation. 
 
Table 3: Discomfort rate in emergency operation (own 
calculations) 

Room Cold discomfort 
(%) 

Hot discomfort 
(%) 

Classrooms 1 4.23 1.76 
Classrooms 2 - 1.95 
Classrooms 3 3.96 1.64 
Patio interior 

West - 3.17 

Patio interior 
North - 1.76 

Patio interior East - 2.0 
Staff Room 4.87 3.82 

Library - 5.07 
Gymnasium - 12.17 

 
5. CONCLUSION 
 The simulations and analyses carried out in this 
study on the rehabilitation of school buildings in 

 

Concepción, considering resilience criteria, have 
provided valuable insights. In terms of normal 
operation, it was evident that passive design strategies 
were not sufficient to achieve the desired comfort 
temperatures, especially in the morning hours and on 
the coldest days. The implementation of an active 
heating system proved crucial to maintain the right 
conditions, while passive cooling using natural cross 
ventilation was effective, eliminating the need for an 
active air conditioning system.  
 In the emergency scenario, the results indicate 
effective thermal control in most areas, with generally 
low rates of heat and cold discomfort in classrooms. 
However, certain areas, such as the Gymnasium and 
Library, showed higher rates of heat discomfort, 
suggesting the need to review and optimize the 
ventilation and shading strategy in these specific 
spaces. 
 The conclusions suggest that, although the 
resilience criteria have been widely met, there are 
opportunities for improvement, especially in the 
optimization of ventilation and solar management for 
spaces with greater thermal challenges. This highlights 
the importance of a comprehensive and tailored 
approach to the rehabilitation of school buildings, 
where energy efficiency and indoor comfort are 
balanced with the needs of resilience and 
sustainability. 
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ABSTRACT: This study analyses rural development in relation to the landscape in four villages in Yunnan, 
Southwest China. Three cases are in remote mountainous areas with unique natural environment and special 
fauna and flora species, and one case is adjacent to developed urban area. The research project demonstrates 
that farmland and natural environment features around rural and urban areas cannot be considered as separate 
areas, independent of design considerations for the built environment. The cultivation of the landscape, 
protection of biodiversity, energy saving measures and villagers’ daily activities are closely linked to each other. 
The design and planning policies suitable for each village should be discussed with the participation of local 
villagers through a process of research into its characteristics and identities. Furthermore, the relationships 
between the rural economy, lifestyles and the landscape have significantly changed. Boundaries of natural 
environment and farming land are constantly shifting. In Yunnan, development of the local economy goes hand 
in hand with protection of biodiversity, encouragement for energy efficiency and long-term heritage protection. 
To encourage the participation by local communities, associated local policies need to consider improving 
commercial services, promoting economic development, and building local capacity for employment. 
KEYWORDS: landscape, biodiversity, energy saving, rural development, Southwest China  

1. INTRODUCTION
This paper describes a project that explores 

innovative strategies for designing buildings and 
public spaces in rural areas in Southwest China. In 
particular, it emphasises use of landscape design in 
order to promote sustainable living and biodiversity. 
Landscape here refers to both natural and artificial 
landscape in and around surrounding villages. 
Southwest China is famous for the region’s diverse 
geographical features and natural environment which 
combines mountains and rivers. Historically the 
occupants of settlements in these contexts have 
developed various skills and methods for 
harmoniously co-existing with the landscape. 
However, rapid changes arising from urbanization, 
together with impacts of climate change have 
brought new problems; there are now needs to 
develop new methods to include the landscape 
within sustainable design of the built environment.   

Landscape changes have had influences on 
people’s lives, for example rapid urbanization in 
China has led to large areas of agricultural land being 
acquired for non-agricultural purposes such as 
commercial or residential [1]. Many rural populations 
have changed from agricultural or natural capital-
based livelihoods to those requiring a wider range of 
resources to sustain them. At the same time, “Grain 
for Green” government policies (for converting 
farmland that is susceptible to soil erosion back to 

natural vegetation since 1999) have also had impacts 
on the rural environment. Economic development 
such as the rapid expansion of road systems changed 
the landscape in rural areas which also saw rural 
areas integrated further within nearby urban areas. 
Therefore, farmland and natural environment 
features such as water bodies and green areas 
around rural and urban areas can no longer be 
considered as separate areas, independent of design 
considerations for the built environment. The 
landscape and settlements overlap. Carraneo and 
Lotto’s study [2] of projects in Europe proposed to 
use intensification as a strategy to create sustainable 
density of activities and spaces for citizens in which 
the natural environment and the rural-urban 
environment co-exist harmoniously. Yan et. al.’s 
study [3] examines how the Chinese concept of 
fengmao (wind and appearance, a term that has been 
developed to denote the local and context-specific 
features of a place including landscape). This has 
been widely used in evaluating, maintaining and 
preserving cultural heritage. UNESCO’s draft mid-
term strategy for 2022 to 2029 states as one of its 
aims “to raise awareness of climate change’s impact 
on biodiversity and on the diversity of the world’s 
natural, geological and cultural heritage” [4]. The 
assessments used in rural areas and many guidelines 
provides a broad framework to emphasise building of 
beautiful cities where humans and nature coexist in 
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natural, geological and cultural heritage” [4]. The 
assessments used in rural areas and many guidelines 
provides a broad framework to emphasise building of 
beautiful cities where humans and nature coexist in 

 

harmony, and in a beautiful countryside which is 
green, ecologically rich, and liveable. However, more 
detailed strategies for different areas that include 
landscape in design are needed. 

In this project, by analysing four case studies in 
Southwest China, the authors explore how landscape 
is closely related to local communities’ lifestyles and 
provides the design strategies impacting relationships 
between the landscape and settlements.  
 
2. STRATEGIES FOR CONSIDERING LANDSCAPE 

This study develops strategies for considering 
landscape in design interventions. The strategies are 
aimed to protect biodiversity of the area, develop 
sustainable living, improve the competitiveness of 
local agriculture and crafts, and develop local 
business capability and diversification. This includes 
the following key themes: 

 
2.1 Cultivation of the landscape: 

To protect biodiversity and improve the quality 
and the economic value of natural environment and 
valuable crops (such as local products from bamboo). 

To promote new uses of local agricultural and 
forestry products.  

To improve infrastructure facilities for sustainable 
use of water resources and soil protection.  
 
2.2 Energy saving activities: 

To encourage use of clean energy, for example: 
biomass, production of pellets, photovoltaic or solar 
panel systems, wind power etc.  

To support the creation of local micro-businesses 
and services in the field of environmental 
management.  

To upgrade existing rural buildings by converting 
them to be used for diverse services such as hostels 
or local community centres. 
 
2.3 Cultural, social life and daily activities: 

To recover aspects of architectural heritage, 
especially those of historical and cultural value, and 
to create places of culture and nature. 

To consider landscape as part of the local history 
and identity. 

To create commercial and tourist services, 
production and distribution of food products and 
local crafts, craft course, educational farm, biological 
research etc.  
 
3. CASE STUDIES IN YUNNAN PROVINCE 

The project explores design in Zhangjiaping, 
Yinshan, and Huodi, all villages in the Yuwan village 
administration area of Daguan town in Zhaotong 
county; and Damoyu village on the outskirts of 
Kunming city in Yunnan Province. Yunnan sits on a 
plateau that adjoins the Himalaya Mountain range, 
and is well known for its geographical diversity, 

biodiversity and number of ethnic groups living in the 
area. Historically those characteristics have played 
significant roles in the formation of human 
settlements in the region.  

The villages were chosen as case studies because 
of their shared characteristics. For example, in those 
villages, many young villagers now inhabit and work 
in cities in order to enhance income. This has led to 
an aging population remaining in the settlements. In 
some cases, remaining villagers have been relocated 
away from their original homes to different counties 
in the province.  

None of the villages studied in the project have 
been classified as a “Traditional Village”, a title 
awarded to villages with historical importance for 
their cultural heritage in rural China. Therefore, 
support funding from the local government does not 
help with the protection of traditional cultural 
heritage. Villagers’ incomes are therefore also less 
supported by tourism. 

Existing research conducted in the villages shows 
that there is a lack of formal procedures that can be 
used to provide guidelines or to assess results and 
promote three aspects listed above [5, 6]. This study 
therefore focuses on the means to include landscape 
in the design strategies for sustainable living. 

 
3.1 Villages in Yuwan Village District in Zhaotong 

The three villages studied in Yuwan Village District 
are located in the northeast of Yunnan Province in 
the transition zone from the Sichuan Basin to the 
Yunnan-Guizhou Plateau. As of 2022, the jurisdiction 
covers one district, nine counties, and one county-
level city, which include many ethnic groups all within 
a mountainous area. 

Daguan County in Zhaotong historically acted as 
the main transportation hub between Yunnan and 
Sichuan Provinces. The forest coverage rate of 
Daguan is 45.8%, including 22 varieties of trees for 
producing timber products, and 133 types of precious 
Chinese medicinal materials such as Gastrodia and 
Eucommia. Daguan County is also known as the Town 
of Qiongzhu (qiongzhuea tumidinoda), with 100,000 
mu (66.67km2) of production accounting for 43% of 
that in southwest China, and a major production area 
in the world. 

Yuwan Town is located in the south of Daguan 
County. There is a total of 20 village groups in the 
administration area, of which Huodi village group is 
located in cold highland climate zone, and the rest 
are within a combination climate of river valleys and 
alpine mountainous areas. The villagers mainly grow 
maize, potato, flue-cured tobacco, tea, bamboo etc. 
Three representative village groups within Yuwan 
Village, namely Zhangjiaping, Yinshan and Huodi were 
studied and are discussed below. 
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3.1.1 Zhangjiaping village in Yuwan District  
Zhangjiaping Village (Fig. 1) is situated in a 

mountainous area at an altitude of 1720m and covers 
an area of 2.41km2, (annual average temperature is 
11℃, and annual precipitation 1500mm). The 
farmland is suitable for planting corn and other crops; 
the area is also well known for its bamboo products. 
The village has 72 families and a rural population of 
313. Many local traditional houses were constructed 
using stone.  

 

 
 

Figure 1: Zhangjiaping village. (insource: authors 2023) 
 

Zhangjiaping is about 5 km away from the town 
centre. The road is well constructed with convenient 
transportation systems compared to other villages in 
the area. The overall architectural configuration and 
texture of the countryside are well preserved, and 
most of the architectural forms and materials have 
retained certain regional characteristics (Fig. 2). 
Young people from the village are now mainly 
migrant workers who have shifted to larger cities 
over many years. Village families who have improved 
their income level have built new houses closer to the 
town centre; and 4 households have moved to the 
Jingan New District (a new settlement which was 
constructed to accommodate families relocated from 
poverty-stricken and inhospitable areas). As a result, 
there are many empty houses in the village.  

 

 
 
Figure 2: Zhangjiaping village. (Source: authors 2023) 

 
Villagers’ houses are distributed in the 

mountainous area, where there is little flat farmland 
and most of what there is, is located on the hillside 
adjacent to villagers’ houses. 

 
3.1.2 Yinshan village in Yuwan District  
Yinshan is located about 15 km from the town 

centre. The concrete road to it was completed in 

2020, but road transport is still very difficult due to 
the steep slope on some hillsides. Before 2020, 
Yinshan's residential buildings were all of stone and 
the village had its own dedicated stone masons with 
the skills to build local houses. During the authors’ 
field study by in the village, the residents proudly 
introduced the place where they grew up, which they 
named a "Stone Forest". Due to the inconvenience of 
transportation, the village and the beautiful 
surrounding natural environment is little known to 
outsiders, although it is well-known locally. The 
Yinshan “Stone Forest” area has dense stone 
distributions, yet villagers graze cows and horses in 
the area and the "cow lane" is carved out among 
stones (Fig. 3). The area of Yinshan stone forest is rich 
in vegetation species. The survey team frequently 
found national second level protection plant species 
in the area. Yinshan with its remote location, and 
intact natural environment and landscape, provides 
an exemplary natural environment for human 
settlement. 

 

 
 

Figure 3: Roads for cows and horses. (insource: authors 
2023) 

 
3.1.3 Huodi village in Yuwan District  
Huodi village, about 40 km away from the town 

centre, is the most remote village in Yuwan Village 
district (Fig. 4). There are transportation difficulties 
and income generation is lower than other villages; as 
a result, most of Huodi’s villagers responded to the 
local government call and opted to move to Jingan 
New District. Huodi is the water source of Yuwan 
Town, and spring water passes through Yuwan Town, 
Daguan County and then Zhaotong City. The natural 
ecological environment of Huodi Village is considered 
to be excellent, and the largest local bamboo forest is 
nearby and is a source from which to earn income 
and produce food.  

At present, Huodi Village also plans to build a 
bamboo shoot processing factory and create certified 
organic bamboo shoot products (such as exquisite 
furniture and other crafts with “artistic appearance”) 
to be sold around the country. These each create 
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more opportunities for local villagers to enhance their 
income.  

 

 
 

Figure 4: Bamboo forest in Huodi village. (Source: authors 
2023) 
 

3.1.4 Discussions about three villages in Yuwan 
The unique natural environment in Yuwan has 

provided the means for many generations to make a 
living. It provided local people with many special 
natural products such as the bamboo and herbs that 
only grow in the high-altitude environment such as in 
Yuwan. On the other hand, the mountainous areas 
also restrict the development of local economy 
because of the difficulties in transportation. Due to 
the remote location with consequently less impact 
from the rapid urbanization processes that influenced 
other places in China, the local biodiversity is well 
protected. However, there is a need to promote new 
uses of local forestry products to raise local incomes 
and attract young villagers to return.  

Technical improvements in production and 
training in new systems are needed to achieve 
aspirations: currently bamboo products are hand 
made by complicated traditional methods which 
limits the number of products. The local government 
policy is to provide training programmes to improve 
and optimize the procedure and create new 
innovative design, which can potentially attract young 
people to engage with the creation of local micro-
business and services.  

There are many empty stone houses in all three 
villages built by masons using local materials. They 
are mostly terraced houses with narrow fronts and 
deep depths. The walls of the stone house are around 
60cm in thickness with small openings. Those 
features are adapted to the local climate 
characteristics of cold winter and hot summer. Empty 
properties are currently in danger of dereliction and 
being demolished. The locals converted some of them 
into drying rooms for agricultural products which also 
provided essential winter food for villagers when the 
transportation becomes much more difficult in 
certain seasons. The authors have been developing 
proposals following the field study to convert some 
empty houses into a community centre and canteen 
that will serve the remaining population (mostly 
children and aged villagers) and provide training on 
using computers and AV to encourage 

communication among villagers and with the outside 
world.  

Overall, Huodi as the water source for Yuwan 
town and Zhaotong district, together with the 
beautiful natural environment of the mountains 
provides good attractions for tourists. However, it is 
important to improve the infrastructure and to create 
commercial and tourist services, such as craft course, 
educational farms, and biological research for the 
plan to attract more visitors.  

The case studies in Yuwan district demonstrated 
that in the remote mountainous area in Yunnan, the 
protection of the natural environment, 
encouragement and maintenance for the use of clean 
energy, protection of the local heritage and the 
raising villagers’ living standards are closely linked to 
the landscape (which is important part of the local 
history and identity). The planning policy for each 
village needs to take into account the landscapes as 
an essential part of the local development.  
 
3.2 Damoyu village 

Damoyu Village (Fig. 5) on the outskirts of 
Kunming is different from the remote villages in 
Yuwan, in that it has benefited from the close 
relationships with the adjacent urban area. 
Historically it is a Yi ethnic village established in the 
18th century. Damoyu means "black bamboo forest" 
in Yi language. It sits adjacent to Qipanshan National 
Forest Park and a large reservoir. The village is 
located 15 km west of Kunming, at an altitude of 
2200m with an annual average temperature of 
13.2℃, and an annual precipitation of 920mm.  

Although agriculture is still an important source of 
income for villagers, in Damoyu it only accounts for 
18% of income. The main product are vegetables, and 
in the past many villagers’ incomes were generated 
from mining and transportation. The town is rich in 
mineral resources; its quartz sand reserves ranked 
first in China. Many villagers who had good income 
from the mining industry constructed buildings of 
four to five stories height along the entrance road; 
many with courtyard for cars and vans (Fig. 6). Since 
2015, hotels and restaurants have become 
increasingly popular because increasing visitors from 
Kunming, some even rented houses to stay. The 
village has thus undergone a radical change with one-
fifth of its inhabitants coming from nearby cities and 
renting houses in the village. 

 
3.2.1 Agricultural impacts on the landscape 
While mining development has brought huge 

economic value, the original vegetation has been 
severely damaged; years of mineral mining have left 
the mountains full of caves with safety risks such as 
landslides; village roads have also been damaged by 
transport vehicles. After meetings between 
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government management departments, village 
committee members and villager representatives, it 
was decided to close mining, restore the ecology and 
explore new ecological industries at the same time. 
Since 2018, the local government has closed all the 
private mining in the area in order to protect the 
natural environment. Villagers who were engaged in 
mining and transportation generally returned to 
agriculture. Many empty land areas have been 
reclaimed for agriculture again. However, the 
agricultural products have changed fundamentally. 
Previously, villagers primarily grew rice, wheat and 
corn. During the field study in 2023, the authors 
found that those crops did not grow well due to long 
periods of frost and other local climate problems. 
Therefore, villagers have shifted to grow vegetables 
and fruits which are easier to cultivate and can also 
be sold to tourists coming to the village (Fig. 7).  

 

 
 

Figure 5: Damoyu Village (Source: authors 2018) 
 

 
 

Figure 6: Damoyu Village (Source: authors 2023) 
 

The local government has set up policies to 
support and encourage villagers to move to 
agriculture mechanization. However, the authors field 
study showed that the majority villagers are still using 
traditional farming methods. The reasons could be 
that the governmental support focused on the 
subsidy for purchasing machinery rather than training 
on the knowledge and skills for using machinery. 
Therefore, the movement to improve the new 
technology adaptation need further consideration.  

Although many tourists visit the village because of 
its reputation for producing good apples, trading of 
the fruits only occurred between villagers and 
tourists. The number of visitors can be affected by 
weather and other factors, which in turn will 
influence the sale and a long-term plan and multiple 
system of diverse types of fruits are needed. 

 

 
 
Figure 7. Market in Damoyu (Source: authors 2023) 

 
The authors’ research projects propose to 

consider the following aspects to protect the 
biodiversity and raise the living standards: 

1) Develop distinctive brands of agricultural and 
forestry products. For example, the success of the 
apple production and trading in villages can be used 
for other products. 

2）Promote new ways of using local agricultural 
and forestry products. For example, training sessions 
for promoting knowledge of planting fruit trees, 
sustainable ways for controlling insects, and for 
retaining product freshness after picking. 

3）Introduce new technologies and equipment, 
which are linked to necessary training programmes.  

4 ） Introduce sustainable agriculture such as 
organic agriculture, green agriculture etc. This will 
improve the sustainable use of water resources and 
soil protection.   

5）Design and plan the landscape and road 
system to shorten the distance between the farm and 
consumers. Allow public space for apple trading in 
the village and set up space for resting, washing and 
storing fresh fruits and vegetables before they are 
transported to trading centres. 

 
3.2.2 Human impacts on the landscape 
The living activities of the villagers have affected 

two aspects significantly. The first concerns problems 
related to toilets, waste disposal, and sewage 
treatment. The villagers use particular kinds of “dry 
toilets” which do not use water flush, which is 
common in rural areas where water resources are 
scarce. Some toilets are well equipped with designs 
to solve the smell and hygiene issues, such as using 
chemicals or to cover excreta after use with materials 
such as wood, sawdust or lime. Some toilets are very 
basic with open sewage, and the period to empty the 
dry toilet also affect the smell and hygienic problems, 
especially in summertime. Based on the authors’ 
survey of the visitors’ views about the village, the 
cleanliness of the toilets had a significant impact on 
the overall environment of the village and the 
perception of tourists. Due to local beliefs and 
customs, villagers in Damoyu Village use dry toilets 
detached from their houses. Similar to some other 
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rural areas of Yunnan, villagers rarely allow toilets to 
be built inside the buildings. According to the villagers 
of Damoyu Village, they believe that the toilet is an 
unclean place and placing it inside the house will 
violate the areas for gods in the house. Therefore, 
most people's toilets can only be placed in the 
courtyard outside the house. Some even built those 
on the side of the streets outside the courtyards. 
Therefore, dry toilets located in various locations in 
the village are an urgent problem that needs to be 
solved in the environmental sanitation improvement 
of Damoyu Village. 

Secondly, other human activities that may affect 
environment relate to energy use. These include: 
installing solar water heaters; promoting the use of 
firewood-saving stoves to replace traditional old 
stoves; promoting clean energy and energy-saving 
and environmentally friendly technologies in rural 
areas; and use of biogas digesters for village 
households. Those aspects also need to be successful 
in their implementation.  

 
4. CONCLUSION 

The case study locations discussed in this paper 
are not those ‘Traditional Villages’ listed by 
government which would include high levels of 
traditional heritages and thus have funding support 
to protect tradition and promote development. The 
case studies are similar to many other ‘normal 
villages’ and still have various opportunities for 
developments. The case studies discussed in the 
paper demonstrate that the relationships between 
the rural economy, lifestyles and the landscape are 
closely related in particular regions and locations. In 
the Yuwan villages, the movement of people 
following the local government policies, and the 
mixture of the function for rural and urban 
population in Damoyu village shows that new 
strategies are needed for such multi-function villages 
and their more mobile populations. In this 
increasingly changing context, the identified issues to 
be addressed are: the cultivation of the landscape, 
such as to protect biodiversity and improve the 
quality and the economic value of natural 
environment and valuable crops (such as local 
products from bamboo); and the promotion of new 
uses of local agricultural and forestry products, which 
have to be considered together with economy 
development.  

Various evaluation and identification index 
systems for traditional villages in China generally 
emphasise the protection of traditional buildings, 
revitalization, development of economy, tourism, 
transportation and resource management. There are 
fewer policies on rural development that include 
“landscape” as a special catalogue for consideration. 
This is important due to changed lifestyles and the 

opportunities for income enhancement as elements 
in evaluation and planning.  

The relationships between the rural economy and 
lifestyles with the landscape have changed 
significantly in recent years. Boundaries of natural 
environment and farming land are constantly shifting. 
Sustainable design and planning principles suitable 
for each village should be discussed with the 
participation of local villagers through a process of 
research of its characteristics and identities with the 
consideration of long-term benefits. 

In summary, this study analyses rural 
development in relation to the landscape in two 
village areas in Yunnan, Southwest China. It is argued 
that historical heritage and geographical features in 
the region are important factors affecting rural 
development. The case studies demonstrate that to 
promote sustainable living and protect the 
biodiversity in rural areas in Southwest China, it is 
important to combine the measures with those that 
can protect biodiversity, promote economic 
development and build local capacity for 
employment. It is also beneficial to promote tourist 
flows into the area by developing relationship with 
the outside world and to raise the architectural 
quality and environmental sustainability.  
 
ACKNOWLEDGEMENTS 

Special thanks due to villagers in the studied 
villages that helped us in the field works. This 
research was funded by the research fund from the 
Sustainable living Research Centre at the University of 
Huddersfield 

 
REFERENCES  
1. Liu, Y. F. Fang, and Y. Li, (2014) Key issues of land use in 
China and implications for policy making. Land Use Policy. 
40: p.6-12. 
2. Cattaneo, T. and R.D, Lotto, (2014). Rural-Urbanism-
Architecture: Design strategies for small towns 
development, Alinea Editrice s.r.i. 
3. Yan, Y., D. Lossifova, and Y. Ren, (2021). More than 
‘urban character’: an introduction to the concept of 
fengmao and fengmao-led planning and design in China. 
Uran Design International, 26:p. 211–9 
4. UNESCO. (2021). Draft medium-term plan, 2022–2029: 
Paris: UNESCO, [Online]. Available: 
https://unesdoc.unesco.org/ark:/48223/pf0000375755_en
g  [12 October 2023] 
5. Gao, Y., A. Pitts, and W. Jiang, 2023. Peri-urban villages in 
Kunming, Southwest China: history of change with dual 
urban–rural characteristics. The Journal of Architecture. 27, 
p. 7-8. 
6. Pitts, A., Y. Gao, Q. Wen., LL. Dong (eds.), (2020). 
Collection of Design Projects from Southwest China Rural 
Innovation and Sustainable Development Research Alliance, 
Huazhong University of Science and Technology Press, 
Wuhan, China. 

1067



PLEA 2024 WROCŁAW 
(Re)thinking Resil ience 

 

Evaluation of Retrofit Design Impacts on Carbon Emissions:  
A Case Study of Cullinan Studio’s Foundry Project 

 
NOEMIE LANG1, ELSA MENDOZA1, JIHO OH1,  

LUCELIA RODRIGUES1, RENATA TUBELO1, LORNA KIAMBA1 
 

1Department of Architecture and Built Environment, University of Nottingham, United Kingdom 
 
ABSTRACT: Around 80% of 2050’s building stock already exists. To achieve UK’s net zero target, the energy 
performance of this stock needs to be addressed. In this paper, the authors looked at a retrofit project of an office 
building in London. The aim of the research was to assess the impact of the retrofit by looking at the Whole Life 
Carbon (WLC) emissions. The WLC was evaluated by calculating the operational and embodied carbon for 60 years’ 
lifetime, using LETI methodology. Simulations were carried out to compare the previous office performance, the 
current performance and additional design improvements for increasing energy efficiency. These iterations 
considered double insulation, changing windows’ properties and adopting Mechanical Ventilation with Heat 
Recovery system (MVHR). The results indicated that the retrofit measures reduced more than 50% of the embodied 
carbon when compared to a new construction. In terms of operational carbon, the retrofitted project reduced 
emissions by 34% from the previous office. The MVHR had the greatest benefits of the tested strategies, reducing 
heat demand by 39% and only increasing embodied carbon by less than 3% compared to the retrofitted scenario. 
Retrofitting the building stock was found to be crucial for meeting the 2050 Net Zero target. 
KEYWORDS: Retrofit, Embodied Carbon, Operational Carbon, Whole Life Carbon Assessment, Energy Efficiency 
 

 
1. INTRODUCTION  

The UK’s built environment is currently responsible 
for 25% of total UK greenhouse gas emissions [1]. 
Around 80% of the buildings that will form the 2050 
housing stock already exists and these are inefficient 
and underperform [2]. To achieve UK’s net zero target 
by 2050, the energy performance of this stock needs 
to be addressed.  

Existing buildings provide a unique opportunity to 
positively exploit the potential use of these spaces 
while allowing adaptation, resiliency and reducing 
embodied carbon emissions from demolition and new 
buildings. With this in mind, the Foundry by Cullinan 
Studio was explored to determine the impact of the 
retrofit strategies on the Whole Life Carbon (WLC) 
emissions. The building was evaluated at three 
different stages: before retrofit, retrofitted and with 
the consideration of additional design strategies for 
improved energy efficiency.  

 
2. CLIMATE  

The case study is situated in Greater London. 
According to Atkinson’s Climate Classification from 
1953 [3], London is classified under temperate climate, 
and experiences warm mild summers and mild to cool 
winters with abundant precipitation throughout the 
year.  

In accordance with these climate conditions, the 
main comfort strategies for buildings should consider 
increasing the heat gains in winter. Passive design 
strategies are relevant to design for solar heating. 
Some  

of these main strategies are 1) orienting the majority 
of the glass area south to maximize winter sun 
exposure, and designing overhangs to fully shade in 
summer, 2) providing double or triple pane high 
performance glazing (Low-E) on west, north, and cast, 
but clear on south for maximum passive solar gain, 3) 
reducing heating needs through heat gain from lights, 
occupants and equipment, 4) using High Efficiency 
heaters or boilers, 5) keeping the building right sized 
to reduce excessive floor area and excessive heating, 
cooling and lightning energy and 6) using extra 
insulation that will improve indoor temperature and 
be cost effective [4].  

 
3. CASE STUDY 

The Foundry is a retrofit project on a Victorian 19th 

century warehouse building, in which the south-east 
facade and roof’s wooden truss are listed [5]. The 
retrofit proposal by Cullinan Studio aimed for design 
studio spaces to have the daylight and the views to the 
canal enhanced while retaining as much as possible of 
the existing building to reduce the embodied carbon 
emissions and the project cost. The only demolished 
element was a 45m2 brick wall from the north-west 
facade towards the street entrance. A fabric-first 
approach was used for the rest of the walls by adding 
more insulation inside as well as on the floors and roof.   
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Figure 1: North façade of Cullinan Studio’s Foundry Project.  

 
4. METHODOLOGY 

London Energy Transformation Initiative (LETI) is a 
network of professionals established in 2017 that aims 
to support the transition of the built environment to 
net zero carbon, through a series of guidelines [6]. LETI 
developed a methodology for assessing the carbon 
emissions of buildings throughout their lifecycle and 
published it in the Opinion Piece on Operational 
Carbon in Whole Life Carbon (WLC) Assessments [7]. 
They proposed a methodology for the conversion of 
operational energy into operational carbon, to be 
added to the embodied carbon and to get the WLC 
impact of the building.  

It consists of a split carbon factor calculation to 
separate the emissions between decarbonised 
electricity and the non-decarbonised sources [7]. The 
carbon factor takes into consideration an estimate of 
the UK’s amount of renewable energy production and 
the future possible projection of its decarbonisation 
[7]. The limit for decarbonised factor is the LETI Energy 
Use Intensity (EUI) target, depending on the building 
use. The EUI target for offices was 55 kWh/yr/m2. 
When a building consumption surpasses this target, 
the carbonised factor is applied to the additional 
energy used (Equation 1). 

 
Equation 1: LETI Whole Life Carbon. 

 The methodology to calculate the current operational 
energy use was by performance simulations using 
Passive House Planning Package (PHPP) [8]. PHPP is a 
design tool that runs in Excel and considers steady 
state. Two different scenarios were considered in the 
investigation: the building before and after retrofit.  

As per fabric first approach, only external building 
components were considered during the simulations 
and calculations and these were the external walls, the 
roof, and the floors. The assumptions considered for 
the original building were based on existing drawings, 
which consisted of brick walls of 500mm with a U-
value of 1.24 W/m2K and single-glazed windows. For 
the retrofit simulation, the additional layers were 
considered with final U-values of 0.11 W/m2K for the 
south-east facade and 0.21 W/m2K for the north-west 
facade, as well as the windows improvement to 
double-glazing (0.44 W/m2K). 

For embodied carbon (EC) emission calculations, 
EC factors were assigned to each different material 
depending on the source, density and transportation 
distances using OneClick Life Cycle Assessment (LCA) 
tool [8]. OneClick is a software with a large 
construction LCA database for automated life-cycle 
assessments. The materials chosen from the OneClick 
database were assumptions as close as possible to the 
building components described in the available plans.  

To improve the current heating demand 
(retrofitted building) from 45 to 25 kWh/yr/m2 
(Passive House EnerPHit target for retrofit projects) 
[9], four iterations were tested. The first iteration was 
to add more insulation to the fabric, although limited 
by the possibilities of the internal space. The second 
was to change the windows to reduce the heat losses 
and the third one was to adopt the Mechanical 
Ventilation with Heat Recovery (MHRV) system’s use 
to the whole building. The last proposal considered the 
three iterations together to comprehend the whole 
potential. The operational carbon (OC) and embodied 
carbon (EC) for these iterations were calculated by the 
same methodology using PHPP and OneClick LCA. As 
for the EC, the criteria assessed was the total carbon 
emissions of the materials of the retrofit added to the 
estimated emissions from each of the proposed 
iterations.  
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5. RETROFIT RESULTS 
The results of the retrofit here are presented and 
discussed in terms of operational energy, embodied 
carbon and whole life carbon. 
 
5.1 Operational Energy 

Based on the real consumption, Cullinan Studio 
had a previous energy use intensity of 133 kWh/yr/m2 
in its former office (Cullinan Studio, 2023). The retrofit 
design performance simulation had a 55 kWh/yr/m2 
target in Max Fordham’s Energy Strategy Assessment 
design retrofit proposal (information given by Cullinan 
Studio), but the current resultant energy use 
corresponds to 88 kWh/yr/m2 (Cullinan Studio, 2023). 
The performance gap between the design simulation 
and the real building performance is 33 kWh/yr/m2 
(Figure 2). The retrofit achieved a 34% reduction of the 
operational energy. The analysis using PHPP tool 
showed a 199 kWh/yr/m2 heating demand before the 
retrofit and a 45 kWh/yr/m2 for a retrofit scenario. This 
indicates a 77% improvement through fabric first 
approach for heating demand. As the Passive House 
heating demand target was 25 kWh/yr/m2, the 
proposal iterations aim to improve the heating 
demand further than 55% in comparison a to a non-
retrofitted scenario.  
 

 
Figure 2: Operational Energy Comparison. 
 
5.2 Embodied Carbon and Whole Life Carbon 

Compared to the EC impact of new built offices 
with average emissions equivalent to 1200 kgCO2e/m2, 
the Foundry retrofit approach demonstrated how the 
emissions could be highly reduced by reusing the 
existing building (261 kgCO2e/m2). The retrofit 
materials and transportation stages EC represented 
65% of the lifecycle of the upfront carbon. The total EC 
represented 17% of the WLC of the building. For one 
year, the total predicted emissions were 23,050 
kgCO2e. The total WLC assessment for 60 years added 
up to 1,383 tonnes of carbon emissions (Figure 3).   

 

 

 
Figure 3: WLC 60 years of Cullinan retrofit,  
1383 tonnesCO2e projection. 

 
5.3 Discussion 

The retrofit demonstrated to have improved the 
building’s operational performance by 34% in 
comparison to a non-retrofitted scenario, with a 
performance gap of 33% from the retrofit simulation. 
This implies the effect of assumptions and limitations 
of performance simulations, supporting the 
importance of a Post-Occupancy Evaluation (POE) to 
understand the impacts of decision making.  

In terms of EC, the superstructure represented the 
highest impact with 72% of the total EC emissions, 
mostly because of the attributed high emissions of the 
use of steel and glass materials. Concrete’s emissions 
are generally high, but in the project, concrete was 
used only in the foundation reinforcement and so, 
equivalent to 18% of the total EC emissions. There was 
an expected significant increase on EC for the 
components that were not included, as internal 
partitions, PV panels and MEP systems. Nevertheless, 
the EC represents a small percentage on the WLC 
compared to operational carbon (OC) from stage B6, 
hence, reducing energy use was the focus in the 
improvements proposed. The retrofit being limited by 
the buildings conditions and orientation could not use 
many sustainable passive strategies and could only be 
improved by insulating the fabric, improving the 
glazing quality, and improving the natural ventilation 
strategies. 

 
6. FURTHER IMPROVEMENT RESULTS 

The analyses of potential improvements were 
carried out using PHPP tool and consisted of improving 
fabric insulation, glazing efficiency and mechanical 
ventilation strategies. The heating demand of the 
retrofit was calculated to be 45 kWh/yr/m2, and the 
improvement aimed for the Passive House EnerPHit 
target of 25 kWh/yr/m2.  
6.1 Operational Carbon 

In the first iteration, insulation was increased from 
145mm to 290mm for the north wall, from 80mm to 
160mm for the east wall, from 150mm to 300mm for 
the west wall and from 100mm to 200mm for the roof. 
As the south wall was already highly insulated, adding 
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5. RETROFIT RESULTS 
The results of the retrofit here are presented and 
discussed in terms of operational energy, embodied 
carbon and whole life carbon. 
 
5.1 Operational Energy 
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Figure 2: Operational Energy Comparison. 
 
5.2 Embodied Carbon and Whole Life Carbon 

Compared to the EC impact of new built offices 
with average emissions equivalent to 1200 kgCO2e/m2, 
the Foundry retrofit approach demonstrated how the 
emissions could be highly reduced by reusing the 
existing building (261 kgCO2e/m2). The retrofit 
materials and transportation stages EC represented 
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Figure 3: WLC 60 years of Cullinan retrofit,  
1383 tonnesCO2e projection. 
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double insulation was not feasible. These changes led 
to a 15% reduction with a resultant heating demand of 
38.4 kWh/yr/m2. It is noted that the implications of 
these interventions might be too disruptive for the 
building’s daily use. Also, the additional work needed 
to achieve this (removal of plasterboard, frames and 
finishes) would increase the cost of the iteration.  

 

 
Figure 4: Proposal 1 double insulation PH heat demand 
balance 

 
The second proposal consisted of replacing the 

double-glazed windows by a more energy efficient 
windows. The specifications for the existing windows 
were assumed to be a double glazing 4/16/4mm 
(argon filled, g-value=0.62, g-value, U-
value=1.26W/m2K). The proposed windows were 
considered to be triple glazing 4/12/4/12/4 (Krypton 
filled, g-value=0.42, U-value = 0.44 W/m2K and 0.74 
W/m2K for the frames). Improving the window quality 
made a 16% reduction with a resultant heating 
demand of 37.8 kWh/yr/m2. Whereas this strategy 
might be the most expensive, there is the least 
complicated change in comparison to the addition of 
insulation.  

 
Figure 5: Proposal 2 windows quality PH heat demand 
balance 

 
The third iteration considered was implementing 

Mechanical Ventilation with Heat Recovery for the 
whole building. A standard MHRV unit was considered 
with a 75% heat recovery efficiency inside the thermal 
envelope during the working hours. The air 
requirements were estimated for 75 occupants with a 
supply air 30 m3/p*h. This results indicated that this 
was the most effective improvement. It represented a 
39% reduction of heating demand, equivalent to 27.3 
kWh/yr/m2, almost achieving the Passive House 
EnerPHit target. The implication of this change 
requires change in equipment and ducting for the 
operation of the system. 

 

 
Figure 6: Proposal 2 MHRV, PH heat demand balance 

 
The last iteration considered the three iterations 

combined. Whereas it is the most expensive and 
disruptive solution, it goes beyond the EnerPHit target 
and achieves the Passive House standards for new 
built with a 12.6 kWh/yr/m2 heating demand, which 
represents a 72% reduction from the current 
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retrofitted scenario (Figure 8). Considering 60 years of 
building lifetime, this proposal’s OC results in 682 
kgCO2e/m2, which represents 40% of the whole life 
projection of the building as it is now (1138 
kgCO2e/m2). 

 

 
Figure 7: Proposal 4 all iterations, PH heat demand balance. 

 

 

Figure 8: Operational Carbon Proposal Impact. 
 

6.2 Embodied Carbon 
As adding more insulation, replacing windows, 

implementing the ventilation system’s pipes, all 
represent increasing the amount of new materials, 
construction processes and waste management, all 
the iterations will have a negative impact on the EC. 
Considering the last proposal with all the strategies 
together, the emissions’ impact through OneClick tool, 
was an increment of 24 kgCO2e/m2 corresponding to a 
9% increase from the current retrofit EC. Nevertheless, 
the assumptions made for the EC calculations did not 
include the emissions from the interior components 
and the Mechanical, Electrical and Plumbing (MEP) 
systems because of the lack of data available. 
Therefore, emissions would be greater in reality. Even 
so, these percentages still prove a low impact on EC 

emissions in contrast to the benefits of reducing the 
operational carbon. 

 
6.3 Whole Life Carbon 

The total carbon emissions in a 60-year assessment 
showed the importance of focusing on reducing 
energy use. Considering the current building’s 
operational and embodied carbon, the WLC emissions 
would represent 1383 tonnes of CO2. In comparison, 
the modifications to achieve Passive House standard 
sums up to a total of 947 tonnes of CO2 emissions, 
representing a 31% reduction when compared to the 
retrofitted scenario. This reduction only considered 
the heating demand, if new occupancy patterns or 
equipment’s efficiency are improved in the future, 
then this reduction of emissions could be greater.  

With the LETI split carbon factors methodology and 
considering a 1200 kgCO2e/m2 for EC and 120 
kWh/yr/m2 for operational energy for an average new 
office building (Cullinan Studio), we can surmise that 
the WLC emissions might be approximately 2920 
tonnes of CO2. This proves that the retrofit as it is, has 
already reduced its emissions by more than half. For 
the proposed second stage retrofit (including the 
increased insulation, optimised glazing and MVHR 
combined), the projected emissions are three times 
less than the new usual building scenario and 31% less 
than the current Foundry retrofit design (Figure 9). 

 

   
 

Figure 9: WLC Retrofit and Proposal Comparison. 
 
7. CONCLUSION  

The LETI methodology allowed for an integral 
framework to assess the research of WLC emissions. 
Although the retrofit project of Cullinan Studio was 
designed to achieve the energy use intensity LETI 
target of 55 kWh/yr/m2, they attained an energy use 
of 88 kWh/yr/m2 which still corresponds to a great 
reduction of 34% from their previous office (prior to 
retrofit).  

Considering the pros and cons of each proposed 
iterations, the most efficient was the third proposal, 
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7. CONCLUSION  

The LETI methodology allowed for an integral 
framework to assess the research of WLC emissions. 
Although the retrofit project of Cullinan Studio was 
designed to achieve the energy use intensity LETI 
target of 55 kWh/yr/m2, they attained an energy use 
of 88 kWh/yr/m2 which still corresponds to a great 
reduction of 34% from their previous office (prior to 
retrofit).  

Considering the pros and cons of each proposed 
iterations, the most efficient was the third proposal, 

 

MVHR system, reducing the most heating demand. 
Additionally, compared to the embodied carbon 
impact of new built offices average emissions of 1200 
kgCO2e/m2 (Cullinan Studio), the Foundry retrofit 
approach demonstrated how the emissions could be 
highly reduced by reusing the existing building (261 
kgCO2e/m2).  

It is noted that although this research provided a 
wider picture of the impact of retrofit on carbon 
emissions, the assumptions made during the various 
calculations because of the missing data, for both OC 
and EC reduced the reliability of the results. To 
understand the impact of each material choice, it is 
important to consider the carbon factor through all the 
design process. The WLC assessment proved the 
importance of a retrofit approach for the built 
environment. The most important design strategy 
must be to reduce the energy consumption as it had 
the greatest impact on the long term. Although the 
reuse approach reduced the carbon footprint by half, 
the percentage it represents is only 17% of the WLC 
emissions (Figure 10). 

 

 
Figure 10: Embodied Carbon and WLC One Click. 

 
If built environment professionals understand the 

impact of reusing and retrofitting the current available 
building stock, a great positive effect on the Net Zero 
roadmap would be possible. As a start, benchmarks, 
policies and regulations should be considering LETI 
targets as a reference for enhancing the built 
environment footprint. 
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ABSTRACT: Hollow Concrete Blocks (HCB) greatly under-perform, from an acoustical point of view, due to loss of 
solid mass negatively impacting the wall’s acoustic and thermal performance. An innovative Double C-Block 
(DCB) aims to offer a competitive technology able to replace the HCB, with a design that inhibits noise 
transmission, by virtue of its unique geometry and embedded triple layered, S-shaped polyurethane foam. 
Acoustic performance of the two blocks was compared by in-situ testing of two identical test cells, as well as a 
laboratory testing of two comparative elements in a hermetically insulated ‘hot-box’, and calculating their 
respective sound reduction indices (SRI), all in line with established ISO standards. For the DCB, a maximum value 
of 30dB was estimated using the Mass Law theory. Although there is scope for improvement, the results are 
highly promising, with the DCB already exceeding in acoustic (and thermal) performance over the HCB. This 
should augur well for the use of the DCB in facades to mitigating traffic noise as well as domestic noise between 
third party walls. The purpose of this article is to disseminate scientific evidence in favour of the DCB's acoustic 
performance, with a potential upgrade from technology readiness level TRL4, as laboratory-grade prototype 
testing, to TRL6, lined up ready for full-scale production. 
KEYWORDS: Acoustic comfort, Well-Being, Sound Reduction Index (SRI), building acoustics. 
 
 

1. INTRODUCTION  
A steady increase in urbanization worldwide [1] is 

obliging more people to live in densely populated 
areas, predominantly apartments. Malta is no 
exception to urban sprawl. In addition, the built 
environment has increased levels of airborne sound 
such as traffic, construction noise, and internally, 
private conversations, loud music, all transmitted 
through slender party walls. All this contributes to the 
depletion of occupant’s overall wellbeing. Noise can 
impact the quality of life of inhabitants of any age. 
Studies have shown that daily exposure to a 
persistently high noise level is harmful to a person’s 
mental health and wellbeing because this can cause 
loss of hearing, sleep disturbances, and accentuate 
other mental or physical illnesses [2].  

In Malta and elsewhere, both façades and internal 
third-party walls have become slenderer, for want of 
indoor space and speed of construction, replacing the 
double leaf globigerina 460mm limestone by the 
mass produced 230mm HCB (hollow concrete block). 
It is an established fact that loss of mass means loss 
of acoustic isolation.  

The DCB as an innovative building element, is a 
major improvement over the HCB, in that it is a fully 
insulated, with enhanced thermal and sound 
insulation, yet still a load-bearing block. Moreover, it 
is even more a space saver, as it is now reduced to 
190mm wide. This paper delves into its noise 
reduction properties, chiefly its sound reduction 
index (SRI). 

 
2. LITERATURE REVIEW 

Sound is a mechanical progression of particles 
that occurs in a medium, such as air, after which the 
eardrum then interprets as sound. When sound 
exceeds safe threshold can become a nuisance to 
people’s wellbeing. Through the scientific study of 
acoustics, the expert is able to understand what are 
the characteristics that inhibit transmission of sound 
waves and exploit it to its advantage to create an 
engineered soundproof building block. Such 
characteristics include namely, bending stiffness, wall 
resonance, damping control, coincidence regions 
(resonance), and ultimately wall thickness (mass). All 
of these influence the sound transmission loss in 
relation to each frequency band perceived by the 
human beings [3]. 

Noise can be considered a nuisance when the 
levels are above 30dBA [4]. A typical load-bearing 
single leaf masonry wall is constructed from blocks 
(or bricks) of various material with a thin layer of 
mortar in-filling the area of contact to affectively 
transfer the loads of the structure onto the ground. 
The use of HCB blocks is not always ideal for specific 
purposes such as high-performing building facades 
because the internal void creates a lower solid-void 
ratio, and according to Mass Law, results in a 
decreased sound absorption capacity. Thus, its ability 
to reduce sound waves passing through it is highly 
dependent on the material characteristics that 
govern its bending stiffness control and damping 
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coefficients [5]. Subsequently, the location of its 
critical frequency is an important parameter which is 
controlled by the thickness of the element, as stated 
by Mass Law. However, when looking at the 
relationship for the transmission loss, frequency and 
thickness, the critical frequency is also influenced by 
the choice of material because it is dependent on the 
ratio of the materials density to the Young’s Modulus 
[6]. This highlights the importance of material 
characteristics and wall thickness used.  

The Double C Block (DCB) was designed with the 
intention of increasing the sound reduction index 
(SRI) of a single leaf sandwich wall. A DCB unit has a 
total thickness of 200mm with the concrete layer of 
40 mm each and with an embedded 8 mm ’S-shaped’ 
Polyurethane (PUR) industry-grade spray-on foam 
insulation, as shown in Fig. 1. The aim is to create a 
prefabricated insulated masonry block with sound 
absorbing materials so as to achieve a boundary wall 
that is also readily soundproof as soon as it is 
installed, that reduces time and labour costs, while 
ensuring higher quality production control [7]. 

 
 
Figure 1: Illustration of DCB unit and dimensions. 
 

It is important to note that recent literature shows 
several options to build single-leaf load-bearing 
masonry blocks achieving a theoretical transmission 
loss rating from 42 [8] to 53 dB [9] (the latter 
obtained in field tests). This range will be taken as the 
goal to reach for the innovative DCB block.  

 
3. METHODOLOGY 

In this research paper, ISO 10140-2 [10] was used 
as a reliable methodology to obtain the laboratory 
measurement of sound insulation of the block. The 
said methodology allows to calculate the 
standardised sound reduction index (Rw), also known 
as sound transmission loss (TL). This Rw rating 
represents the highest performance of the block in 
ideal conditions and controlled variables and it can 
only be measured under laboratory investigations. 
The measurement is standardised to allow for 
comparison with other competing masonry blocks 
earlier discussed in literature review.  

ISO 16283-3 [12], on the other hand, discusses the 
procedures to carry out field experiments of sound 
insulation of building facades and façade elements.  
From this standard the Dnt,w is obtained and it takes  
into consideration the combination with other 
structural elements in a building that may cause 
flanking pathways and sound leakages. Whilst Rw 
denotes the highest, and often theoretical, acoustic 
rating of an assembly, Dnt,w reveals the performance 
that may be experience in an urban context.  

 
3.1 Laboratory experiment of the DCB wall 

An un-plastered single leaf wall made up of DCB 
block was built inside an hot box apparatus with 
particular care in minimizing the defects due to 
labour that may influence the results [11]. IN 
accordance with ISO 10140-2 it is assumed that 
ideally all of the sound energy travels directly through 
the test specimen only and the containment of sound 
within the room would render it to be highly 
reverberant. The left side of the wall was designated 
as the source room and the right side of the wall was 
the receiving room, as in Fig. 2 a and b.  

 

 
 

a) b) 
Figure 2: Laboratory set-up of DCB wall in room. a) 
dimensions b) experimental set up with white noise 
generator. 

A sound level meter (SLM) was placed in each 
room to record the average sound pressure levels in 
order to measure the changes in sound levels across 
the DCB wall. White noise was generated by a 
loudspeaker which was positioned inside the source 
room, i.e. the left side of the wall. All readings were 
recorded and uploaded to the computer to calculate 
the sound reduction index (R). 

 
3.2 Field experiment of DCB and HCB rooms 

The field experiment was then carried out to 
study both the innovative DCB block and commonly 
used HCB block, in the outdoors unpredictable 
environment. This test consisted of constructing two 
identical single leaf rooms at University of Malta 
campus that is highly exposed to traffic and 
construction noise. The SLMs were installed to test 
both mock up rooms, one built with the DCB as load 
bearing wall and the other with HCB, and another 
SLM placed 2m away from both facades. 
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Figure 3: The full-scale test cell adapted from [7].  
 

An overview of the construction of the test cell is 
available in Fig. 3 and 4. 
 

 
 

a) b) 
Figure 4: The full-scale test cell reproduced from [7]. a) DCB 
and b) the wall to roof junction showing the evident 
absence of homogenous mortar joint in vertical and 
horizontal directions. 
 

The experimental set up consisting of the SLM is 
show in Fig, 5. 

a) b) 
Figure 5: The ISO 10140-2:2021 Element Method.  
a) SLM measuring the outdoor noise. b) SLM on the wall. 

 
Figure 6: The ISO 10140-2:2021 Global Method with the 
equipment and furniture present inside the mock up room. 

 
It is important to note that both test cells were 

built including two200x100mm bare ventilation 
openings that were not sealed during the experiment 
(as typical in local construction practice). According to 
ISO 16283-3 [12], two methods can be performed to 
test the external noise insulation of a facade: the 
element building method and the global facade 
method. Both use traffic and construction noise as 
the outdoor source sound. They measure the sound 
levels originating from the nearby traffic and 
construction noise over a specified period of time and 
is expressed in decibels (dB) to obtain the average 
sound pressure level (L2) as per equation below. 

 
L2 = 10 log (1/n x Σi 10 ^(Lp,i/10)) 

 
Once all the necessary data was collected they 

were then retrieved and analysed. The equivalent 
sound levels per one-third octave were extracted 
from the files and inputted into the sound level 
difference equations to find the standardised level 
difference (Dtr,2m). Since it is dependent on frequency, 
ISO 717-1 [13] was then consulted to calculate the 
weighted standardised sound level difference in 
traffic (D2m,nt,w) 

 Dn,e = L1 - L2 + 10 log (A0/A) for laboratory 
rating 

 Dtr,2m = -10 log (1/n x Σ10^(-D2m,i/10)) for field 
rating 

 weighted apparent sound reduction index 
(R’w)  

 R = L1 - L2 + 10 log (S/A) for laboratory rating 
 R,tr,s = L1,s - L2 + 10 log (S/A) – 3 for field 

rating 
Where L1,s and L2 are the average outdoor and 

indoor sound pressure level on the test surface 
respectively. 

Also, the adsorption factors to consider the 
presence of furniture and other bulky elements inside 
the room. 
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4. RESULTS 
The three results mentioned in the methodology 
were obtained and plotted in the graph as 
shown in Fig. 7 below: 
 

 
 
Figure 7: Laboratory acoustic results of DCB wall. 

 
When it comes to in-situ tests the results were then 
listed in Table 1 : 
 
Table 1: Tabulated results for HCB and DCB acoustic 
performance in laboratory and field conditions. 

Metric DCB (lab) DCB (field) HCB (field) 
Rw (C;Ctr) 

dB 24 (0,-2)   
Dw (C;Ctr) 

dB 31 (-1,-3)   
R’tr,s,w (C;Ctr) 

dB  17 (-1,-2) 15 (0,-1) 
Dtr,2m,w 

(C;Ctr) dB  26 (-2’-3) 21 (0,-2) 

 
           It was immediately observed that the 
measurements obtained are less than those found in 
literature with an average of 48dB.  
 
5. DISCUSSION 

The results obtained allow for a comparison 
between the laboratory and field results of the DCB 
walls as well as the field results of the DCB and HCB 
walls, both of which are discussed in detail below. 

 
5.1 Laboratory and field results of the DCB wall 

The obtained results indicate that the DCB wall 
has a good acoustic performance when assessed 
under ideal laboratory conditions as opposed to its in-
situ measurements. The comparisons between these 
two types of experiments highlighted a measured 
difference that was found to be greater by an 
increase of 7 dB and 5 dB for the sound reduction 
index and sound level difference ratings respectively. 
In fact, the literature studied denotes that these 
variations are within a tolerable range because ‘It is 
generally accepted that even with ideal site conditions 
the minimum loss of performance between dB (Rw) 
and dB (Dtr,2m,w) will be between 4 and 6 dB’ [14]. 

Since the measured difference of the results of the 
field and in-situ experiments satisfy what was 
expected in theory, it suggests that both practical 
experiments were conducted properly. 

To further understand what causes these different 
ratings between both experiments and the reasons 
for them, an assessment based on the differences 
was carried out. This investigation clearly highlighted 
that the variations are mostly the result of the 
different environments and construction techniques 
used. Even though the same masonry block was 
tested, its change in environment caused an increase 
in several uncontrollable variables that were 
responsible for the increase in pathways for the 
sound waves to travel through. Such uncontrollable 
variables that were encountered in the field 
experiments include, but are not limited to, the 
following: 

• Flanking sound transmission pathways  
• Direct sound leakages;  
• Unsteady/unpredictable source sound levels; 
• Inadequate diffusion of sound. 
 
All of these variables were eliminated in order to 

obtain the best possible outcome in the controlled 
laboratory experiment, whereby the indirect sound 
passageways were minimised by enclosing the entire 
envelope of the laboratory set-up with insulating 
material. Ideally, the laboratory results represent the 
ideal and perfect performance of the wall. However, 
the dimension of the insulated box may have had an 
influence for reflection of sound. Having this 
threshold in mind allows for a reliable comparison of 
the wall acoustic rating in an outdoor setting.  

One of the noticeable differences in the field 
experiments occurred due to the different 
experimental set up that was required on site and in 
the laboratory. While the laboratory method only 
required a single leaf wall sample to be installed, the 
field method required that the size of room typically 
found in an apartment had to be constructed. All of 
the additional structural elements combined to erect 
the testing rooms may have contributed to transmit 
vibration with the result that a higher-than-expected 
sound intensity was measured in the receiving room. 
This means that the overall structure did not 
sufficiently abate the sound waves and hence the 
hypothesis of sound travelling directly through the 
wall specimen only is not valid. Consequently, the 
measured transmission loss of the wall in question, 
was way less than the theoretical Rw.  

Since the testing rooms were also used to carry 
out other types of experiments, such as the in-situ 
measurement of the U-value, some perforation had 
to be done on the walls of both the HCB and DCB 
rooms alike. Another macroscopic difference with 
laboratory set up was the presence of air vents on the 
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facade, which allowed for sound energy to enter 
directly, although this is deemed to be of marginal 
influence. However, the advantage of these ‘flaws’ 
being identical in both rooms was that in the 
comparison between the two rooms cancels out. In 
future, to achieve optimum results, it is imperative 
that the construction of such test cells avoids thes 
passive vents (yet they are typical of habitable 
rooms). Otherwise, unnecessary holes and cracks and 
in the walls should be properly sealed to ensure that 
an airtight envelope is attained.  Other preferential 
sound leakage paths could be associated to the local 
practice of not putting enough mortar along the 
horizontal and vertical masonry joints, typically 
relying only on the finishes (pointing and render 
layers). Thus, the acoustic performance of the wall is 
diminished not due to the type of masonry block 
used, but due to bad workmanship. 

 
5.2 Field results of DCB and HCB rooms 

The equivalent sound level for outdoor road 
traffic was measured as having an average value of 60 
dB. This sound level is so high that the surrounding 
noise would cause annoyance to the inhabitant, 
according to [14]. The wall’s single unit rating was 
then subtracted from the outdoor sound level to 
calculate the amount of sound that was expected to 
be experienced inside a dwelling. A value between 
29-34 dB was calculated for the DCB wall and 40 dB 
for the HCB wall. This conveyed that the transmitted 
background noise in the DCB structure reached sound 
levels that were very faint, which is comfortable for 
the average person. 

Compared to other ratings of different types of 
masonry walls that were found in the literature 
earlier mentioned, the airborne sound insulation of 
the DCB block as well as the HCB block greatly 
underperformed. The average ratings from the 
literature compared to the DCB results are as follows;  

 
• Single leaf wall; Rw = 49 dB > DCB; Rw = 24 dB 
• Double leaf wall; Dnt,w + Ctr = 50 dB > DCB; 

Dtr,nt,w + Ctr = 23 dB 
 
The weighted sound reduction index (Rw) and 

weighted standardised level difference (Dnt,w + Ctr) 
values of the DCB unit are also lower than the 
required minimum values, in accordance with legal 
notice introducing the Italian standard UNI 11367 ( 
residential buildings) [15].   

  Rw = 40 dB > DCB; Rw = 24 dB 
 Dnt,w + Ctr = 45 dB > DCB; Dtr,nt,w + Ctr = 23 dB 

One explanation for such low results is that during 
the laboratory experiments, even though the 
apparatus and layout were positioned and installed in 
accordance to the ISO standards, the heavily 
insulated door panel did not completely seal the 

opening well enough, and so sound waves may have 
penetrated through. This could have increased the 
sound levels inside the receiving room which would 
have been picked by the SLM, thus giving higher  
sound transmission values. A similar effect was also 
noticeable during the field experiments. Small holes 
were made through the façade and openings were 
not sealed properly. Evidently, even the slightest void 
reduces the sound transmission loss through the wall 
in question. Even though such defects impaired the 
true results of the wall’s performance, they were 
apparent in both experiments, rendering the 
comparison and contrasts of the experiments to be 
relatable to the other, since effects were cancelled.  

 
6. CONCLUSION 

Overall, the results prove that the innovative DCB 
wall performs better than the typical HCB wall when 
measured under the field experiments. The 
comparison between the two types of masonry 
blocks studied achieved a difference of 2 dB and 5 dB 
for the apparent sound reduction index and the 
traffic sound level difference ratings respectively. 
Therefore, the innovative DCB, can effectively replace 
it because it is specifically developed to provide a 
more resource-efficient design that inhibits noise 
transmission, by virtue of its unique geometry and S-
shaped acoustic insulation polyurethane foam 
embedded within the prefabricated unit. This design 
also does not compromise the load bearing capacity 
that a structural wall requires. The DCB aims to utilise 
sound absorbing materials within the production of 
the building block so as to achieve a boundary wall 
that is also readily soundproof instantly, as soon as it 
is installed. This demonstrates that by deploying 
technically advanced masonry block, the user can 
achieve both an improved acoustic and thermal 
performance, and possibly inhibit moisture transfer.  

However, the absence of mandatory building 
codes (in Malta) prescribing sound-proof building 
elements is certainly not promoting the 
implementation of such innovations. Also, 
professionals must make more informed decisions in 
every step of the design process. Continuous 
professional development is a paramount in this 
respect because all professionals involved in the 
design of today’s buildings should have the necessary 
knowledge of acoustics and materials science to 
better understand the immediate and long-term 
consequences of design decisions made at the 
planning stage so as to opt for better quality ones.  

Ultimately the aim is to design resilient buildings 
that will withstand the unfavourable outdoor 
environment, while necessarily consider all the safety 
and well-being parameters of their occupants.  

Promising case studies like the DCB, 
notwithstanding the limitations of the methodologies 
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that will withstand the unfavourable outdoor 
environment, while necessarily consider all the safety 
and well-being parameters of their occupants.  

Promising case studies like the DCB, 
notwithstanding the limitations of the methodologies 

 

and further research needed, have the advantage of 
providing evidence to the professional, researcher 
and end-user to strive for better performing 
alternative and competitive construction technology 
that are necessary to make this leap towards a higher 
quality in design in the built built environment.  
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ABSTRACT: Historic industrial buildings provide a unique typology, characterized by high thermal mass and large 
internal volumes. Despite industrial retrofit projects gaining popularity in recent years, few structures are 
repurposed for residential use. A rectifier plant Gleichrichtwerk Tegel in Berlin, Germany, was selected as an 
example of an industrial building to be adapted for apartments. A site visit and computer simulations were 
conducted to better understand thermal and daylighting performance of the structure. Manipulation of key factors 
such as external wall insulation, window size, glazing type and room volume allowed to explore strengths and 
weaknesses of the building. The study aimed at providing a framework to inform future retrofit projects.  
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1. INTRODUCTION 
Between the 1880s and 1945 multiple complexes 

dedicated to electrical energy production and 
distribution were constructed in Berlin, Germany, 
earning the city the title of European ‘Electropolis’ [5]. 
According to the VDE (Verband der Elektrotechnik 
Elektronik und Informationstechnik e.V) database, 
there are still more than 200 hundred buildings of this 
type remaining in Berlin [7]. Despite retrofit projects 
drawing a lot of attention in the recent years, only a 
small percent of post-industrial objects in Berlin are 
converted for residential use. Considering their unique 
characteristics and potential for sustainable retrofit, 
this is a missed opportunity. 

This paper is based on a broader dissertation 
project aimed at investigating the adaptation of 
historic industrial building for residential purposes 
[10]. Environmental simulations conducted at a 1920s 
rectifier plant Gleichrichtwerk Tegel in Berlin, 
Germany, aimed at examining the impact of the 
envelope characteristics on the building’s thermal and 
daylighting performance. Key factors such as 
insulation levels, window proportions and room 
volumes were assessed. Results of the study aim at 
providing guidelines for further conversion for 
residential use. 
 
2. CLIMATE CONSIDERATIONS 

Germany is split into two distinct climates under 
the Köppen-Geiger classification: the temperate, no 
dry season, warm summer (Cfb) and the cold, no dry 
season, warm summer (Dfb) [1]. The data from the 
Berlin Tegel weather station (52˚31’ N, 13˚17’ E), 
shows the coldest month of the year is January, with 
the minimum/maximum daily average dry bulb 

temperature of -7.2˚C/9.4˚C, and an average relative 
humidity of 80%. The warmest month is August, with 
the minimum/maximum daily average dry bulb 
temperature of 14.8˚C/27.6˚C, and an average relative 
humidity of 66% [2]. The climate is strongly heating-
oriented and experiences four distinct seasons with 
large temperature variations. For this reason, dealing 
with the heating demand is the primary issue in 
converting an uninsulated industrial building for a 
residential use. 
 
3. CASE STUDY: RECTIFIER PLANT 

Rectifier plant Gleichrichtwerk Tegel (Fig.1) was 
chosen as a typical example of an industrial building 
for a proposed adaptation project for residential 
purposes. It was designed between 1925 and 1927 by 
Richard Brademann as a part of electrical 
infrastructure supplying power to Berlin’s S-Bahn rail 
and continues to serve its purpose today.  

 

 
 
Figure 1: Gleichrichtwerk Tegel in spring 2023. 
 

The building is oriented along the northwest-
southeast axis. The ground floor is divided into smaller 
rooms storing electrical equipment, while the upper 
floor serves as two large open volumes with auxiliary 
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The building is oriented along the northwest-
southeast axis. The ground floor is divided into smaller 
rooms storing electrical equipment, while the upper 
floor serves as two large open volumes with auxiliary 

 

rooms on the northwest and southeast sides of the 
building (Fig. 2, Fig. 3). The structure is 38 m long and 
14.6 m deep, with its two stories having floor-to-
ceiling heights of 4.7 and 5.8 m respectively (Fig. 4). 
Walls are uniformly constructed with brick: external 
ones are approximately 50 cm thick and partitions are 
between 15 to 25 cm thick. Ceiling structure is made 
of cast concrete with supporting steel beams. 
Similarly, the roof structure is made of two 
uninsulated concrete layers 10 to 15 cm thick, with a 
30 cm airspace in between and a bituminous layer on 
top. The building has original single-glazed windows 
with steel frames. It has been equipped with a system 
of vents running along the main elevation which allows 
for natural stack ventilation. The building is listed by 
the Berlin State Monuments Office 
(Landesdenkmalamt Berlin) and protected [8]. 

 

 
Figure 2: Existing ground floor.  

 
Figure 3: Existing first floor. 
 

 
Figure 4: Existing section. 
 

A site visit conducted in July 2023 allowed to 
confirm the layout of the building was mostly 
preserved as compared to the original 1920s 
construction documentation. Additional assumptions 
regarding the properties of the building fabric were 
made based on existing literature. 
 

4. ANALYTIC STUDIES OF THE RECTIFIER PLANT 
4.1 Methodology 

The goal of this research paper was to examine 
how the building’s fabric, window proportions, and 
room volumes impact the internal conditions as well 
as the potential for residential retrofit. One of the key 
questions was to find out the performance difference 
between a single-aspect unit and a double-aspect one. 
Another investigation was to find out the effect of 
adding new floors on top of the original structure. To 
do so, the thermal performance of a unit on a 
theoretical intermittent floor was compared with a 
unit on a an existing first (top) floor. The study 
recognizes that the existing German regulations 
regarding the retrofit of protected buildings would 
significantly limit the number and scale of changes 
which could be introduced in a real-life retrofit project. 
However, striving to arrive at most environmentally 
sound and well-performing solutions, it suggests 
exploring changes to the existing fabric, limited to the 
northeast (back) elevation. 

Computer simulations were carried out to assess 
the thermal performance of the structure and 
daylighting levels inside. A simplified model of the 
building was created in Rhino 7, and Grasshopper. 
Daylighting studies of Daylight Autonomy were 
conducted using Ladybug, Honeybee, and Radiance. 
Thermal simulations were conducted using Energy 
Plus. The weather file for Berlin for the period 1991-
2010 was extracted from Meteonorm 7.3. 

 
4.2 General assumptions 

Based on the original design of the façade, window 
spacing, and building depth, a 13.6 m by 4.6 m unit was 
laid out as a basis for all simulations. The model unit 
was placed on the first floor, which has good 
adaptability potential due to its open layout. The 
heating setpoint was set at 18˚C for the winter period, 
and the cooling setpoint was set at 28˚C for the 
summer period, based on the EN16798 adaptive 
comfort standard [4]. Due to the building being 
retrofitted for residential use, lighting loads of 4 W/m2 
and electrical equipment loads of 15 W/m2 were 
assumed, and the occupancy pattern was set as two 
people occupying the space between 0:00 to 8:00 and 
17:00 to 23:00 on a weekday, and all day on a 
weekend. In addition to supplying 30 m3 of fresh air 
required for each occupant, the model allowed natural 
ventilation following the occupancy schedule. The 
natural ventilation was limited to times when the 
outside temperature fell between 21 and 28˚C. 
4.3 Base case 

In the base case scenario of environmental 
simulations, the original building envelope parameters 
were input into the software. The u-values and 
boundary conditions for each component can be seen 
in Table 1. An infiltration rate of 0.5 ACH was assumed. 
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 U-value 
[W/m2*K] 

Boundary 
condition 

Roof 0.80 Exposed 
External wall 1.20 Exposed 

Partition 
wall 

2.32 Adiabatic 

Floor 0.88 Adiabatic 
Windows 5.00 - 

 
Table 1: Envelope properties – base case scenario. 
 

Three simulations were carried out to compare the 
performance of a northeast facing unit, a southwest 
facing unit, and a dual-aspect one (Fig. 5). The internal 
loads used are outlined in section 4.2. Simulations 
assumed the original height of the first floor (5.8 m) 
and existing spacing and size of the windows. As a 
result, the glazing-to-floor ratio was 13.5% for the NE 
single-aspect unit, 21.6% for the SW single-aspect unit, 
and 13.5% for the double-aspect unit. 

 

 
Figure 5: Single-and-dual aspect unit orientation. 

 
Results show a big discrepancy in heating loads 

between the three cases (Figure 6). For the single-
aspect northeast unit, the heating and cooling loads 
were 229 and 0.5 kWh/m2, respectively. For the 
single-aspect southwest unit, the heating and cooling 
loads were 214 and 1 kWh/m2. The dual -aspect unit 
performed the best, with a heating load of 176 
kWh/m2 and a cooling load of 0.5 kWh/m2. 

The same round of simulations was repeated 
assuming the units to be on an intermittent floor 
instead of the top one. The single-aspect northeast 
unit had the simulated heating load of 137 kWh/m2 
and the cooling load of 0.5 kWh/m2. The single-aspect 
southwest unit had a simulated heating load of 124 
kWh/m2 and a cooling load of 1 kWh/m2. The dual-
aspect unit had a simulated heating load of 83 
kWh/m2 and a cooling load of 0.5 kWh/m2. The 
improvement in the thermal performance of each unit 
is not surprising, and can be attributed to the changed 
boundary condition of the roof plane. However, 
results indicate a potential benefit of adding floors 
constructed with materials with better insulating 
properties, on the top of the existing structure. 
Materials such as CLT could be considered in the 
further design phases. 

 

 
Figure 6: Comparison of the heating loads between single 
and double-aspect units depending on unit placement and 
orientation, under base case fabric scenario. 
 
4.4 Improved fabric properties 

Based on preliminary simulations, the dual-aspect 
unit on an intermittent floor was selected for further 
experimentation. The infiltration rate was changed to 
0.25 ACH, more appropriate for a retrofitted building. 
The U-values of the external wall and windows were 
improved, while all other parameters assumed in the 
base case were preserved. In this round of simulations, 
two scenarios were considered: one adhering to the u-
values recommended by the German regulation [5], 
and the one assuming the best-case scenario. In the 
German regulations’ scenario, u-values of 0.28 
W/m2*K for the external wall, and 1.3 W/m2*K for 
windows were assumed. For the best case, the u-
values were improved up to 0.16 W/m2*K for the 
external wall, and 0.9 W/m2*K for the window. 

Adhering to the existing German regulation 
allowed lowering the heating load of the unit to 20 
kWh/m2, as compared to 83 kWh/m2 simulated in 
section 4.3 (base case), resulting in a 76% decrease. 
The best case simulated resulted in a heating load of 
13 kWh/m2, a 84% decrease from the base case. The 
cooling loads in both scenarios remained unaffected, 
with values below 0.5 kWh/m2. 
 
4.5 Proposed floor plan 

Simulations described in sections 4.3 and 4.4 show 
the dual-aspect unit to have a great environmental 
potential. Due to its thermal performance and design 
allowing for cross-ventilation, it was chosen as a key 
model guiding the design of a residential floor plan. A 
floor layout was created, including seven units of 
varying sizes. The existing staircases were preserved, 
and an additional core was added in the middle of the 
structure. The resulting design features four double-
aspect units with floor areas ranging from 62 to 70 m2, 
and three single-aspect southwest facing units, 
ranging from 36 to 48 m2 (Fig 7).  
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Figure 7: Proposed residential floor layout. 
 

Due to the unique character of the front 
(southwest) elevation, its windows sizes and spacing 
were kept as original. The back (northeast) elevation 
had to be redesigned with more windows, in order to 
make the layout viable. In the double-aspect 
apartments, the bedrooms are oriented southwest, 
and the living rooms are oriented northeast. While this 
setup contradicts typical room placement in a 
residential building, it creates a possibility for opening 
the back (northeast) elevation and adding balconies to 
the communal spaces. Bathrooms and corridors were 
placed in the middle of the structure because they 
have lower daylighting requirements than other 
rooms.  

This proposed space layout was used as a basis for 
further simulations which manipulated window size 
and height of the rooms inside a unit. While 
simulations conducted in sections 4.3 and 4.4 assumed 
the unit to be a one large volume, the significant 
height of the first floor of the building (5.8 m) opens 
possibilities for breaking up the space into two floors 
with lower ceilings. Four different volumetric layouts 
were considered and are illustrated in Figure 8. They 
are arranged as separate one bedroom and living room 
apartments (layouts A and B), or two-level apartments 
with two or three bedrooms (layouts C and D). 
Subsequent simulations assumed a simplified layout of 
apartment units and omitted bathrooms and corridor 
spaces. 
 

 
 
Figure 8: Different room layouts tested. 
 
4.6 Daylighting performance 

Due to the residential character of the retrofit, the 
Daylight Autonomy (DA) was selected as the 
performance metric to assess the daylighting inside 
the units. It is often considered more accurate than 

other metrics as it factors in the actual geographical 
location of the building, as well as the changeable sky 
conditions throughout the year. It calculates the 
percentage of occupied hours over the year, during 
which a task can be performed while relying solely on 
daylighting [9]. The subsequent metric, Spatial 
Daylight Autonomy calculates the percentage of the 
area which achieves the assumed Daylight Autonomy 
goal. A threshold of 50% of area reaching the DA 50% 
of the occupied time is usually considered as sufficient 
for the space to be considered daylit [6]. According to 
the CIBSE Guide A, the recommended lighting levels 
for occupant comfort are 100 lux in bedrooms, 50-300 
lux in living rooms, and 150-300 lux in kitchens [4]. In 
the four proposed floor layouts, kitchens and living 
rooms are joined into one space. For this reason, 100 
lux for bedrooms and 150 lux for living rooms were 
used as thresholds in the DA simulations.  

The DA simulations were carried out in order to 
compare the performance of the four layouts 
proposed in section 4.5. The rooms in the middle of 
the double-aspect units receive no direct daylight, and 
thus rely solely on artificial lighting. For the first round 
of simulations, the original size and spacing of 
windows were preserved. In this case, the layout 
scenario C would not be viable due to the lack of 
clerestory windows on the northeast elevation. 

In the layout scenarios A and B, the entire areas of 
the southwest facing bedrooms reached the 100 lux 
threshold during at least 90% of the occupied hours. 
The northeast facing living rooms performed slightly 
worse, although both would still be considered daylit. 
In layout scenario A, about 60% of the area reached 
the 150 lux threshold for more than 70% of the 
occupied hours. In layout scenario B, the entire area 
reached the threshold for at least 60% of the occupied 
hours, with most of the area reaching the threshold for 
at least 70% of the occupied hours. In layout scenario 
D, the entire area of the lower level bedroom reached 
the threshold for 90% of the occupied hours, while the 
entire area of the upper level bedroom reached the 
threshold for 70% of the occupied hours. The living 
room reached the threshold for at least 50% of the 
occupied hours. 

Changes to the northeastern (back) elevation were 
suggested in order to improve the daylighting levels in 
northeast facing rooms, making layout scenario C 
viable. The first step was to add clerestory windows, 
matching those on the front elevation. Next, one 
balcony door was added per unit. The window spacing 
was altered to fit the suggested floor layout. Newly 
added windows followed the proportions of the 
original windows in the building. The comparison 
between the original and proposed back elevation can 
be seen in Figures 9 and 10. 
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Figure 9: Existing back elevation with simulated unit outlined. 

 
Figure 10: Proposed back elevation with simulated unit 
outlined. 

As a result of increasing the window-to-floor ratio, 
the results of daylight autonomy simulations in the 
northeast facing rooms were significantly higher. In 
layout scenarios A, B, and D all of the living rooms area 
reached the 150 lux threshold at least 70% of the time. 
Introduction of the clerestory windows allowed for 
exploring layout scenario C, and placing a bedroom on 
the upper level of the unit, on the northeast side. The 
DA results for this scenario showed the living room 
area reached the 150 lux threshold for over 70% of the 
occupied hours, however about 60% of the bedroom 
area reached the 100 lux threshold for only 40-50% of 
the occupied hours. Based on the results, layout 
scenario D (Fig. 11, Fig. 12) was deemed particularly 
promising for further development. 

 
Figure 11: DA simulation results for layout D: lower level (left) 
and upper level (right) under original window placement. 

 
Figure 12: DA simulation results for layout D: lower level (left) 
and upper level (right) under suggested window placement. 

 
4.7 Combined effects of key factors manipulation 

Based on the proposed floor plan and four unit 
layout scenarios, another series of thermal simulations 
were carried out. This time, the unit was simulated in 
a multi-zone system, with heating loads of individual 
rooms combined. The changes to window number 
introduced in section 4.6 were factored in the model. 
The occupancy was increased, depending on the 
number of bedrooms, and the schedule was adjusted 
to reflect different room use throughout the day. The 
rest of simulation parameters remained unchanged. 
Two fabric versions were tested: one following the 
German regulations (external wall u-value = 0.28 
W/m2*K, window u-value = 1.30 W/m2*K), and one 
considered the best case (external wall u-value = 0.16 
W/m2*K, window u-value = 0.90 W/m2*K). The results 
of the simulations can be seen in Table 2 below. 

 
Layout 

scenario 
Regulation 

heating load 
[kWh/m2] 

Best case heating 
load [kWh/m2] 

A 24 15 
B 10 8 
C 19 12 
D 20 13 

Table 2: Simulated heating load for the four layout scenarios, 
under two different envelope specifications. 

 
In all thermal simulations conducted on the 4.6m 

by 13.6m sample unit, the cooling load did not exceed 
0.5 kWh/m2. Nonetheless, in this round of simulations 
the summer period was analysed in addition to the 
winter period, to assess the severity of a potential 
overheating issue. The smallest proposed apartment 
was modelled, under the assumption it would perform 
the worst due to its size (36 m2) and single-aspect 
southwest orientation. Results indicate the heating 
loads to be 0.15 kWh/m2 and the cooling loads to be 1 
kWh/m2, for both envelope scenarios. With improved 
nighttime ventilation, application of external 
horizontal shading, and application of blinds, the 
cooling load can be decreased to 0.57 kWh/m2. A 
detailed analysis revealed the internal operative 
temperature only exceeds the upper threshold of the 
comfort band (28˚C) for 32 hours in a year, all of them 
during a heat wave week in July. As per the assumed 
occupancy schedule, 13 of the 32 overheating hours 
would occur during the unoccupied time. The highest 
simulated hourly temperature reached just above 
30˚C. While undesirably high, the temperature could 
be mitigated by adaptive occupant measures, such as 
the use of a table fan. Simulations show air movement 
of 0.6 m/s to be enough to make the internal 
conditions comfortable for the occupant.  
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6. CONCLUSIONS 
The purpose of this research paper was to explore 

possible layouts for residential adaptation of a 
historical building and study how changes to the 
building envelope could impact the thermal and 
daylighting performance of planned residential units. 
A site visit confirmed few changes were introduced to 
the building and its fabric and original materials were 
preserved. Due to its large open volumes, especially in 
the first floor, the structure offers good flexibility for 
different residential layouts. 

In order to study the difference between single- 
and dual-aspect units, three layouts were tested: a 
single-aspect NE facing unit, a single-aspect SW facing 
unit, and a double-aspect (SW-NE) unit. Simulations 
showed the double-aspect unit to have 23% lower 
heating loads than the single-aspect northeast facing 
unit, and 18% lower heating loads than the single-
aspect southwest facing unit. Additionally, units 
placed on an intermittent floor had 40-50% lower 
heating loads than units placed on a top floor. This 
shows a potential benefit in adding new floors on top 
of the original structure. 

Improving the insulation levels and windows had 
the biggest impact on thermal performance. 
Complying with u-values of 0.28 W/m2*K for external 
wall and 1.30 W/m2*K for windows, as regulated by 
the German building code, decreased the heating load 
of the double-aspect unit to 20 kWh/m2 (76% 
improvement as compared to the uninsulated base 
case). With application of more stringent and costly 
measures, with u-values of 0.16 W/m2*K for external 
wall and 0.90 W/m2*K for windows, it was possible to 
lower the heating loads to 13 kWh/m2 (84% 
improvement).  

Daylight autonomy simulations revealed the 
current window sizes and placement result in 
suboptimal daylight levels, especially once unit is 
divided into individual rooms. Adding windows to the 
northeast (back) elevation leads to improved 
daylighting performance in all rooms in the four layout 
scenarios tested. The 100/150 lux threshold was 
reached at least 60% of the time. However, increasing 
the window sizes has an adverse effect on both 
heating and cooling loads. Under the u-values required 
by the German regulations, the heating loads ranged 
between 10 and 24 kWh/m2, depending on the room 
layout. For the best-case envelope scenario, the 
heating loads ranged from 8 to 15 kWh/m2. 

The rectifier plant Gleichrichtwerk Tegel shows a 
great potential for residential retrofit. The dual-aspect 
unit arrangement is the preferred layout version for 
residential adaptation due to its thermal performance 
and a potential for cross-ventilation. The original 
height of the first floor of the building allows for 
introduction of two-level units and rooms with varying 
heights. As a next step, additional insulating devices, 
such as nighttime shutters, can be considered to 

further decrease the heating loads. External shading 
devices can also be applied to tackle the potential 
issue of overheating during the summer period. 
Finally, transom windows can be applied to improve 
daylighting levels in rooms in the middle of the units. 
All in all, strategies outlined here are applicable to 
other historic industrial buildings of a similar size and 
could be useful in other retrofits for a residential use. 
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ABSTRACT: This study introduces a systematic framework to facilitate decision-making in selecting renovation 
options for preparing existing Dutch dwellings for utilising lower temperature heat (LTH) supplied by district 
heating (DH) systems. The framework was applied to an archetype terraced intermediate house built between 
1945 and 1975 to identify the renovation options required for transitioning from existing High-Temperature 
(90/70℃) supply from gas-boilers to Medium Temperature (70/50℃) supply from DH systems. The framework's 
effectiveness was demonstrated by systematically assessing the readiness of the archetype dwelling for LTH use, 
reducing the number of viable renovation options, evaluating the financial feasibility using a life cycle costing 
approach and generating decision support insights through comparative analysis. The framework identified an 
optimised solution involving cavity wall insulation, exhaust ventilation and switching to low-temperature 
radiators. This solution incurs low initial investment and global costs while significantly reducing space heating 
and underheated hours. As a result, the framework provides tangible solutions for the specific use case and can 
serve as a valuable tool for dialogue among stakeholders during the decision-making process. 
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1. INTRODUCTION  
Lower temperature district heating systems offer a 

natural gas-free alternative for heating our dwellings. 
Compared to traditional district heating (DH), these 
systems supply heat at temperature below 75℃ [1]. 
This allows for integrating sustainable heating sources 
[2], reduces network heat losses and improves 
distribution efficiencies [2]. For dwellings, heating with 
lower temperature heat (LTH) can improve thermal 
comfort and indoor air quality [3,4]. 

Currently, only 6.4% of households in the 
Netherlands are connected to a DH system, although 
by 2050, it is expected that 50% of the sustainable heat 
will be supplied through them [5]. Consequently, the 
DH system with a lower temperature supply will be 
crucial in decarbonising the residential heating sector. 
However, with LTH, existing dwellings with higher 
heating demands may encounter thermal discomfort 
due to the reduced heating capacity of original heat 
distribution systems (e.g., radiators) and high heat 
losses [6,7]. Moreover, higher peak loads from these 
dwellings can create bottlenecks for reducing the 
supply temperature at the district level and designing 
future networks with sustainable heating sources [8]. 
As a result, existing dwellings might require energy 
renovations before connecting them to a DH system 
with a lower temperature supply. 

In this study, energy renovations refer to 
modifications at the building level to decrease heating 
needs, making it suitable for LTH with sustainable heat 
sources [9,10]. However, stakeholders, including 

municipalities, private individuals and professional 
parties such as developers or housing associations, 
encounter decision-making challenges in selecting the 
appropriate renovation options specific to their 
context [10]. The heterogeneity of the existing 
dwelling stock, with variations in types and 
characteristics [11], makes it difficult for stakeholders 
with extensive portfolios to identify and prioritise 
dwellings that require renovations to enable using 
LTH. Additionally, the availability of numerous 
renovation options [11–13] and limited decision 
support further hinder the selection of suitable 
renovation options [10], impeding the renovation 
rates in the Netherlands. Therefore, a systematic 
approach is needed to support the stakeholders in 
preparing the existing dwellings for LTH from DH 
systems.  

This paper introduces a comprehensive framework 
that aids decision-making in selecting renovation 
options for existing dwellings in the Netherlands to 
enable using LTH from DH systems. Through its 
application to archetype dwelling, the study aims to 
illustrate its advantage in 1) assessing the readiness of 
the dwelling for LTH use, 2) reducing the number of 
viable renovation options, 3) evaluating the financial 
feasibility of these options using a life cycle costing 
approach, and 4) preparing decision support insights 
through comparative analysis. The findings from the 
framework’s application have the potential to impact 
the decision-making process and mitigate challenges 
for the stakeholders involved.
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2. MATERIALS AND METHODS 
A systematic framework is crucial when choosing 
appropriate renovation options for LTH supplied by DH 
systems. Figure 1 presents a concise six-stage decision 
support framework that can be adapted to various 
dwelling types. It addresses both the preliminary 
investigation and actual decision-making aspects. 
 
2.1 Identification and Diagnosis  

The initial stage of the framework focuses on 
identifying the target dwellings and establishing the 
benchmark performance metrics to assess their 
readiness for LTH. For this study, an archetype 
representing a terraced intermediate house built 
between 1946-1975 is selected. The terraced house 
constitutes around 42% of the entire dwelling stock of 
the Netherlands. Of these, 40-50% were constructed 
between 1945-1985 [14]. A calibrated parametric 
model developed in Rhino Grasshopper, with Ladybug 
and Honeybee plugins for energy analysis, is employed 
to establish the benchmark performance of the 
archetype in the existing high-temperature (HT) 
supply. 

2.2 Evaluate suitability for LTH  
In this study, a dwelling case is deemed ready for 

LTH if it either maintains or improves the space heating 
demand and reduces underheated hours in lower 
temperatures compared to the benchmark 
performance in HT supply [15]. Key performance 
indicators (KPIs) encompass annual space heating 
demand (kWh/m2) and occupied hours below the 
threshold of 20% PPD or percentage of people 
dissatisfied [16].  

This stage first involves establishing the transition 
goals for lowering the supply temperature, such as 
reducing the existing supply temperature from  
HT(90/70℃) to medium temperature (MT) level of 
70/50℃ as accepted in the Netherlands [15] but may 
vary internationally. Once defined, the dwelling’s 
performance at lower temperatures is compared to HT 
benchmark performance through KPIs to evaluate its 
LTH readiness. If the dwelling is not ready, the next 
step involves developing a solution space of potential 
renovation options to prepare the dwelling for the 
lower supply temperature transition goal defined 
earlier.  

 

 
Figure 1: Proposed framework to support decision-making in selecting renovation solutions for using LTH from DH systems.

2.3 Develop Renovation Alternatives  
Given the availability of various renovation options 

often leading to decision paralysis, this stage utilises a 
sub-framework designed to systematically identify and 
organise the available renovation options into 
scenarios, strategies and measures. Scenarios 
represent the diverse situations to achieve the 
renovation objectives. In this study, the renovation 
objective is to prepare the dwelling for heating with 
lower supply temperature transition goals set in stage 
2 of the framework. Three different levels of 
renovation interventions—basic, moderate and 
deep—are considered to achieve the objective. Once 
scenarios are established, various strategies, or 
application-level alternatives, are identified to address 
each renovation scenario. Finally, product-level 
measures are outlined for implementing the 
renovation strategies. For a detailed explanation of 
the sub-framework, readers are referred to the study 
by Wahi et al., 2023 [15].  
 

2.4 Filter LTH-ready solutions 
 The renovation options identified in Stage 3 

undergo an evaluation to filter out the solutions that 
can prepare the dwelling for the transition goals 
identified in Stage 2. For the same, the solutions are 
dynamically simulated using the parametric model, 
and their performance is compared against the 
benchmark performance of the dwelling in the HT 
supply. Solutions that fail to improve space heating 
demand or reduce underheated hours are excluded. 
This results in a filtered set of desirable solutions that 
can prepare the dwelling for LTH.  
 
2.5 Cost-Benefit Analysis 

 Assessing costs and benefits is paramount for 
stakeholders in decision-making. Given the 
importance of evaluating the trade-offs between 
initial renovation investments and the ensuing 
benefits, such as operational cost savings or improved 
thermal comfort, this stage focuses on conducting a 
cost-benefit analysis for the desirable LTH-ready 
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solutions. A life cycle costing methodology is adopted 
for calculating global costs over a 30-year time frame. 
The global costs (GC) are calculated as the sum of 
initial investment costs for renovation and the net 
future costs of operation, maintenance and 
replacement discounted to present value or Net 
present value (NPV). This study uses a real interest rate 
of 2.8% and an inflation rate of 2 % for calculating NPV.  
 
2.6 Decision-support insights 

 The purpose of the framework is to provide 
support for decision-making and facilitate the 
selection of appropriate solutions. Consequently, it 
becomes imperative to consolidate and communicate 
the results clearly and insightfully. As a result, a 
graphical representation is generated to depict the 
performance evaluation outcomes of LTH-ready 
solutions and their cost-benefit analyses. This graph 
serves as a vital tool for communicating the 
performance of various solutions, enabling 
stakeholders to navigate trade-offs effectively and 
gain insights into selecting the appropriate solutions 
tailored to their specific contexts.  

 
3. RESULTS 

The study aims to demonstrate the application of 
the framework on existing dwellings in the 
Netherlands. It showcases its utilisation in addressing 
decision-making challenges associated with 
transitioning from HT supply to LTH. The framework is 
applied to an archetype terraced intermediate 
dwelling constructed between 1945-1975 to 
demonstrate the same. Table 1 outlines the typical 
characteristics of the archetype dwelling.  

These characteristics were used to establish the 
benchmark performance of the archetype dwelling 
under the existing HT supply. Annual simulations, 
following the Test reference year (TRY) specified by 
NEN 5060 [17], were conducted to determine the KPIs, 
including space heating demand (kWh/m2) and 
underheated hours, acting as benchmarks in the HT 
supply context. The underheated hours were only 
evaluated for the living room, as it can be used as a 
proxy for evaluating the thermal comfort of the entire 
dwelling [15].  

Subsequently, the readiness of the archetype 
dwelling for a lower temperature supply goal was 
evaluated, focusing on the transition towards MT 
supply (70/50 ℃). Table 2 illustrates the performance 
of the dwelling in HT and MT supply. The space heating 
demand in MT decreases as the radiator capacity also 
decreases with the reduction in supply temperature. 
Consequently, the space heating system's reduced 
capacity (radiators) is insufficient to compensate for 
the heat losses, thus resulting in a higher number of 
underheated hours. Therefore, the archetype dwelling 
in its existing condition is not ready to be heated with 

an MT supply and requires renovation before being 
connected to the DH system with an MT supply. 

 
Table 1: Typical characteristics and assumptions of selected 
archetype terraced house from 1945-1975 [18] 
 

 Properties Units 
Compactness Ratio 1.22 - 
Usable floor area 142 m2 

Window-Wall Ratio 
of facades 

0.38 - 

Ground floor, U 1.75 W/m2K 
External Wall, U 1.19 W/m2K 
Roof, U 0.82 W/m2K 
Windows, U 2.73 W/m2K 
Doors, U 3.31 W/m2K 
Infiltration rate 3 dm3/s.m2 
Ventilation System System A: Natural 

supply and exhaust 
- 

Temperature 
Setpoint 

Living Room and 
Kitchen: 20 
Other spaces: 16 

℃ 

Number of 
occupants 

3 - 

Lighting and 
Equipment density 

4 W/m2 

 
Table 2: Benchmark performance of the archetype dwelling 
in HT supply compared to the MT supply. 
 

Supply Temperature 
Annual space 
heating demand 
[kWh/m2] 

Occupied 
underheated 
hours1  

HT Supply (90/70) 163 1630 
MT supply (70/50) 130  2123 

1Out of 5840 occupied hours in a year.  
 

Three scenarios based on the level of renovation 
intervention—basic, moderate, and deep—were 
employed to achieve the renovation objective of 
preparing the dwelling for MT supply. The basic 
intervention level, entailing no changes to the building 
envelope, involves strategies such as increasing the 
capacity of the heating system to compensate for 
increased underheated hours or lowering the setpoint 
temperature to reduce the space heating demand. The 
moderate intervention level focuses on selected 
improvements to the building envelope, such as 
changing windows, cavity insulation or improving the 
ventilation system. In contrast, deep renovation 
encompasses holistic changes to the dwelling to 
exploit the combined effect of improvements at the 
building envelope, system, and control levels. Table 3 
provides an overview of the renovation scenarios 
indicating the intervention level required for MT 
supply along with corresponding strategies. The 
measures aligned with each strategy are derived from 
the RVO platform, indicating energy-efficient 
renovation measures at the product level, including 
investment costs [19]. 
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Table 3: Organisation of the solution space in the form of renovation scenarios, strategies and measures [15,19]. 
 

Scenario Strategy Measure 
Basic Increasing heating capacity Existing HT Radiators1,  
  Radiators with extra convectors 
 Reducing setpoint temperature 201, 19 [℃] 
Moderate Improving ventilation system System A: Natural Ventilation1,  
  System C: Mechanical exhaust ventilation 
 Cavity wall insulation (U) + infiltration rate 1.191, 0.63, 0.56, 0.48 [W/m2K] 
 Improving window insulation (U) + infiltration rate 2.731, 1.6, 1.5, 1.2 [W/m2K] 
 Infiltration rate due to improvement in envelope 31, 2 [dm3/s.m2] 
 Basic + Moderate combinations - 
Deep  Replacing existing radiators Radiators with extra convectors 
 Reducing setpoint temperature 201, 19 [℃] 
 Replacing ventilation system  System D: Balanced mechanical ventilation with heat 

recovery (MVHR) 
 Airtight envelope 0.4 dm3/s.m2 

 External Wall insulation (U) 0.26, 0.21, 0.17 [W/m2K] 
 Replacing windows (U) 1 [W/m2K] 
 Internal roof insulation (U) 0.27, 0.15, 0.14 [W/m2K] 
 Underneath  ground floor insulation (U) 0.48, 0.27, 0.24 [W/m2K] 
 Replacing external door (U) 1.4 [W/m2K] 

1 Existing condition of the dwelling. 
 

As indicated in Table 3, the basic intervention level 
leads to three measures, excluding the base case 
involving the existing radiators and setpoint 
temperature. On the other hand, the moderate 
intervention level includes individual as well as 
combinations of strategies, leading to 124 
combinations of measures. The deep intervention 
level involves 54 measures combining explicitly fixed 
measures while varying four strategies. Consequently, 
these 182 measures are simulated parametrically in 
MT supply, and their performances were assessed 
against the benchmark performance of the dwelling in 
HT supply to identify solutions suitable for MT supply.  

In addition, Figure 2 illustrates the solutions that 
do not meet the LTH-ready criteria for improving space 
heating demand and reducing the underheated hours 
compared to benchmark performance in HT supply. 
Notably, it is observed that the basic intervention level 
cannot prepare the dwelling, whereas only 46 
moderate measures prove effective in preparing the 
dwelling for MT supply. In contrast, all the deep 
renovation solutions demonstrate the capability of 
preparing the dwelling for MT supply.  

The subsequent step involves a comprehensive 
cost-benefit analysis of the filtered solutions. As 
outlined in section 2.5, GC was calculated using the 
NPV for each measure combination over a 30-year 
timeframe. The investment costs were sourced from 
the RVO platform [19], including components, labour, 
and installation costs for the filtered measures. 
Operating costs were based on the fixed and variable 
rates for gas, electricity and DH as of 2022. A baseline 
for comparison of GC was established using a base 
case scenario with no renovation while only 

considering gas boiler maintenance and replacement 
through its lifetime. Once the GC was calculated for all 
desirable LTH-ready options, it was plotted against the 
thermal comfort benefits of LTH-ready solutions, 
forming the graphical representation to support 
decision-making.  

 
Figure 2 Filtered solutions for LTH-readiness. Out of 182 
measures, only 100 can prepare the dwelling for MT supply. 

 
Figure 3 shows the life cycle costs, as GC (includes 
investments, maintenance, and operation costs) and 
the associated benefits stemming from the reduction 
of underheated hours (thermal discomfort) due to the 
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renovations. The graph visually depicts the range of 
space heating demand for each measure, with the 
base case (no renovation, existing condition with HT 
supply with gas-boiler) serving as the benchmark for 
visual comparison of the performance of LTH-ready 
measures. 

 
Figure 3 Decision Support Insights: Evaluating the cost-
benefits of the LTH-ready solutions.   

Upon observing Figure 3, the measures can be 
categorised into three clusters. Cluster 1 comprises 14 
renovation measures that are on the cusp concerning 
the LTH-ready criteria compared to the base case 
scenario. These solutions can improve the space 
heating demand by 20-60% and reduce GC by 22-38% 
from the base case. However, thermal comfort 
improvements are marginal, with an average 
reduction in discomfort hours of only 1%. As a result, 
it can be argued that the measures within cluster 1 can 
correspond to the minimum renovation intervention 
required for heating the dwelling with MT supply. 
Given the limited impact of these measures on 
improving thermal comfort, it is imperative to analyse 
the trade-offs only between initial investment and 
global costs.  

The options with the lowest investment costs are 
the measures with cavity wall insulation of 0.56, 0.48, 
or 0.63 W/m2K with LT radiators (refer to Table 3). 
These solutions incur initial investment costs ranging 
from 2.3k to 2.8k euros, with an average 24% 
reduction in space heating demand and a 31% 
reduction in global costs. In contrast, the solution with 
a cavity wall insulation of 0.48 W/m2K, glazing 

insulation of 1.2 W/m2K, mechanical exhaust 
ventilation (type C) and a temperature setpoint of 
19℃ achieves a 38% reduction in the GC. Even though 
this measure can reduce the space heating demand by 
63%, it entails a higher initial cost of 26k euros. 
Consequently, if the preference is to minimise 
renovation intervention and changes to the dwelling, 
thus reducing overall hassle, the option for cavity wall 
insulation with a switch to LT radiators can be 
considered the minimal renovation solution required 
by the archetype dwelling for heating with MT supply 
from DH systems.   

Cluster 2 encompasses 32 moderate-level 
measures that can reduce the space heating demand 
and the number of underheated hours by 40-60% and 
40-85%, respectively, compared to the base case. 
Simultaneously, these measures can reduce GC within 
the 35-45 % range. Among these, the solution with 
minimal investment costs (3k euros) involves only 
replacing the ventilation system with type C 
(mechanical exhaust , natural supply), which leads to a 
42%, 41% and 37% reduction in the space heating 
demand, the number of discomfort hours, and GC, 
respectively. Moreover, the solution with the lowest 
GC at 140k euros achieves a 44% reduction in GC from 
the base case. This is attained by replacing the 
ventilation system with type C and adding cavity wall 
insulation of 0.48 W/m2K. With an investment of only 
3.5k euros, this solution reduces the space heating by 
56% and the number of discomfort hours by 64%. 
Finally, the solution with the highest thermal comfort, 
providing an 85% reduction in discomfort hours, 
integrates a ventilation system type C with cavity wall 
insulation of 0.48 W/m2K, glazing with a U-value of 1.2 
W/m2K and LT radiators. While this measure results in 
a 60% reduction in space heating demand and a 36% 
reduction in global costs, it does require a higher initial 
investment of 28k euros.  

Finally, the third cluster comprises deep 
renovation solutions that can reduce the number of 
discomfort hours with considerable energy savings by 
around 90%. Furthermore, these solutions exhibit a 
reduction in global costs by around 44%. Even though 
these measures can have the highest benefits, they 
also account for the highest initial investment, 
between 40-55k euros.  

Examining Figure 3 and the insights it provides, the 
measure incorporating the cavity wall insulation of 
0.48 W/m2K for the archetype dwelling, paired with 
exhaust ventilation system type C and a switch to LT 
radiators, emerges as the optimised solution for 
preparing the dwelling for MT supply. This measure 
requires a comparatively lower investment of 3.5k 
euros, just a thousand euros more than the minimum 
suggested in cluster 1, and substantially reduces 
discomfort hours and space heating demand. 
However, an additional factor of future readiness 
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reduction in space heating demand and a 31% 
reduction in global costs. In contrast, the solution with 
a cavity wall insulation of 0.48 W/m2K, glazing 

insulation of 1.2 W/m2K, mechanical exhaust 
ventilation (type C) and a temperature setpoint of 
19℃ achieves a 38% reduction in the GC. Even though 
this measure can reduce the space heating demand by 
63%, it entails a higher initial cost of 26k euros. 
Consequently, if the preference is to minimise 
renovation intervention and changes to the dwelling, 
thus reducing overall hassle, the option for cavity wall 
insulation with a switch to LT radiators can be 
considered the minimal renovation solution required 
by the archetype dwelling for heating with MT supply 
from DH systems.   

Cluster 2 encompasses 32 moderate-level 
measures that can reduce the space heating demand 
and the number of underheated hours by 40-60% and 
40-85%, respectively, compared to the base case. 
Simultaneously, these measures can reduce GC within 
the 35-45 % range. Among these, the solution with 
minimal investment costs (3k euros) involves only 
replacing the ventilation system with type C 
(mechanical exhaust , natural supply), which leads to a 
42%, 41% and 37% reduction in the space heating 
demand, the number of discomfort hours, and GC, 
respectively. Moreover, the solution with the lowest 
GC at 140k euros achieves a 44% reduction in GC from 
the base case. This is attained by replacing the 
ventilation system with type C and adding cavity wall 
insulation of 0.48 W/m2K. With an investment of only 
3.5k euros, this solution reduces the space heating by 
56% and the number of discomfort hours by 64%. 
Finally, the solution with the highest thermal comfort, 
providing an 85% reduction in discomfort hours, 
integrates a ventilation system type C with cavity wall 
insulation of 0.48 W/m2K, glazing with a U-value of 1.2 
W/m2K and LT radiators. While this measure results in 
a 60% reduction in space heating demand and a 36% 
reduction in global costs, it does require a higher initial 
investment of 28k euros.  

Finally, the third cluster comprises deep 
renovation solutions that can reduce the number of 
discomfort hours with considerable energy savings by 
around 90%. Furthermore, these solutions exhibit a 
reduction in global costs by around 44%. Even though 
these measures can have the highest benefits, they 
also account for the highest initial investment, 
between 40-55k euros.  

Examining Figure 3 and the insights it provides, the 
measure incorporating the cavity wall insulation of 
0.48 W/m2K for the archetype dwelling, paired with 
exhaust ventilation system type C and a switch to LT 
radiators, emerges as the optimised solution for 
preparing the dwelling for MT supply. This measure 
requires a comparatively lower investment of 3.5k 
euros, just a thousand euros more than the minimum 
suggested in cluster 1, and substantially reduces 
discomfort hours and space heating demand. 
However, an additional factor of future readiness 

 

 

could be considered: whether the solution remains 
effective in satisfying LTH-ready criteria if the supply 
temperature is further reduced to a Low-Temperature 
(LT) supply of 55/35℃ while contributing to the lowest 
GC.  

 
4. CONCLUSION 

This study presents a systematic framework to 
facilitate decision-making in selecting renovation 
options to prepare existing Dutch dwellings for heating 
with LTH supplied through DH systems. By applying the 
framework to a typical terraced intermediate dwelling 
from 1945-1975, the study showcases its effectiveness 
in evaluating its readiness for LTH in its existing 
condition and identifying necessary renovations for a 
transition to MT supply. The framework organises the 
available renovation options and aids in effectively 
filtering out the solutions that cannot prepare the 
dwelling for LTH. Thus, it offers a curated solution 
space tailored to the specific context of the dwelling. 
Moreover, the study employs a life cycle costing 
approach and conducts a cost-benefit analysis to 
assess the financial feasibility of the filtered solutions. 
The results are presented graphically to provide 
insights on prioritising measures based on their impact 
on LTH readiness and global costs. Through the 
framework’s application, an optimised solution with a 
cavity wall insulation of 0.48 W/m2K, mechanical 
exhaust ventilation type C and a switch to LT radiators 
is identified for MT supply. This solution leads to the 
lowest investment and global costs while substantially 
reducing space heating demand and underheating 
hours. However, due to space limitations, this study 
only describes renovations required for transitioning 
to MT supply. Future studies will explore Low-
Temperature (LT) supply scenarios, particularly at 
55/35℃, to identify solutions satisfying LTH-ready 
criteria while contributing to the lowest GC. In 
conclusion, the framework provides tangible solutions 
for a specific use case and serves as a valuable tool for 
dialogue among stakeholders in the decision-making 
process. Nevertheless, validating the framework 
through real cases and associated stakeholders is vital 
to refining its utilisation in the decision-making 
process.   
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and building domain experts, to answer two research questions: First, what are the accessibility limitations of 
the currently installed HVAC systems in social housing, using the example of the demo apartment? Second, in 
what way can we enable stakeholders aiming to commission a renovation to make decisions that improve 
accessibility? We argue based on interviews and remote observations that PBLV face many issues. For example, 
home control interfaces commonly lack features such as a voice control option or tactile buttons, making them 
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1. INTRODUCTION 
Currently, many older buildings are being 

transformed into more sustainable zero-energy 
housing. However, while these buildings may be 
equipped with technology needed for zero-energy 
operation, there are still many challenges preventing 
them from achieving that. One such challenge is the 
mismatch between residents’ abilities, habits and 
knowledge and the home systems’ functioning. A 
common example of such a mismatch is that 
residents do not know about or do not trust 
ventilation systems and maintain habits of long 
duration window-opening, reducing the energetic 
performance of the building [1]. Another example is 
that residents may struggle to understand and 
interact with the set of new interfaces they 
encounter in newly renovated homes. Such interfaces 
may be part of home energy management systems, 
system controls or home-control apps [e.g., 2, 3]. 
Often, these are new designs associated with new 
sustainable technologies. Usability issues with them 
can affect building’s energy performance too. 
Usability issues can also have cross effects with 
residents’ well-being in their daily home life [4, 5]. 

This paper addresses designing for accessibility of 
renovated housing. While accessibility encompasses a 
wide range of people and issues, in this paper we 
particularly focus on people who are blind or have 
low vision (PBLV). Based on interviews and remote 
observations in a newly realised demonstration 
apartment, we argue that PBLV face many issues, for 

example with dealing with home control interfaces. 
The demonstration apartment serves as a case for us 
to enquire: how could the decision-makers who 
commissioned this apartment be supported in 
commissioning technology that works better for 
PBLV?  

To this end, we addressed the needs of the 
professional stakeholders/decision-makers in fulfilling 
the needs of PBLV. We produced a document that 
synthesises accessibility advice and evaluated it with 
two decision makers and four experts in accessibility 
for visually impaired. Based on this evaluation, we 
argue that guidelines support stakeholders in 
assessing and implementing accessibility in 
renovation projects of social housing.    

The paper gives an overview of the context 
studied and explains the relevance and challenge of 
designing for PBLV. We then present two studies: 
first, a brief evaluation study of the demo apartment 
supported by interviews with a group of PBLV. A 
‘PBLV home energy guidebook’ is developed based on 
this evaluation study. The second study is an 
evaluation of the guidebook with professional 
stakeholders. The paper concludes with a discussion 
of the implications of the intervention for PBLV and 
other possible target groups. 

 
1.2 Accessibility in social housing  

In 2023, WHO stated that ‘at least 2.2 
billion people have near or distance vision 
impairment’ [6]. Anyone wearing glasses experiences 
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interact with the set of new interfaces they 
encounter in newly renovated homes. Such interfaces 
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Often, these are new designs associated with new 
sustainable technologies. Usability issues with them 
can affect building’s energy performance too. 
Usability issues can also have cross effects with 
residents’ well-being in their daily home life [4, 5]. 

This paper addresses designing for accessibility of 
renovated housing. While accessibility encompasses a 
wide range of people and issues, in this paper we 
particularly focus on people who are blind or have 
low vision (PBLV). Based on interviews and remote 
observations in a newly realised demonstration 
apartment, we argue that PBLV face many issues, for 

example with dealing with home control interfaces. 
The demonstration apartment serves as a case for us 
to enquire: how could the decision-makers who 
commissioned this apartment be supported in 
commissioning technology that works better for 
PBLV?  

To this end, we addressed the needs of the 
professional stakeholders/decision-makers in fulfilling 
the needs of PBLV. We produced a document that 
synthesises accessibility advice and evaluated it with 
two decision makers and four experts in accessibility 
for visually impaired. Based on this evaluation, we 
argue that guidelines support stakeholders in 
assessing and implementing accessibility in 
renovation projects of social housing.    

The paper gives an overview of the context 
studied and explains the relevance and challenge of 
designing for PBLV. We then present two studies: 
first, a brief evaluation study of the demo apartment 
supported by interviews with a group of PBLV. A 
‘PBLV home energy guidebook’ is developed based on 
this evaluation study. The second study is an 
evaluation of the guidebook with professional 
stakeholders. The paper concludes with a discussion 
of the implications of the intervention for PBLV and 
other possible target groups. 

 
1.2 Accessibility in social housing  

In 2023, WHO stated that ‘at least 2.2 
billion people have near or distance vision 
impairment’ [6]. Anyone wearing glasses experiences 

 

the effects of visual impairment when being without 
them. While visual impairment itself is already 
associated with reduced sense of well-being, being or 
feeling excluded from the use of one’s own home 
environment is likely to exacerbate this further. Since 
an important goal of a renovation is to improve 
residents’ comfort and well-being, especially while in 
the safe space of their home, such exclusion should 
be avoided [7, 8].  

Hence, the decision-making process in housing 
renovations should be driven also by the aspect of 
accessibility. In one of the European standards ‘NEN 
17210: Accessibility and usability of the built 
environment – Functional requirements’ it is explicitly 
stated that it must be ensured that ‘ventilation and 
heating equipment are operational’ for all kinds of 
diverse users [9]. That makes designing inclusively not 
just an option but a requirement. While we have 
chosen to focus on residents with visual impairments 
here due to limited scope, overlapping or contrasting 
needs of other user groups, for example older people, 
or ones unfamiliar with such technology, should also 
be considered in the design process. A recent study 
argues that even though modern home appliances 
bring benefits to our everyday lives, ‘due to the lack 
of accessibility support from the manufacturers and 
designers, a considerable number of people in need of 
accessibility support have been ignored’. [8] 
 
1.3 Issues for PBLV  

While the experience of each person with a 
disability is very specific and a one-size-fits-all 
approach is implausible [10], we identified some 
common problems that PBLV face on a daily basis and 
the ways they tackle them. For example, products 
that provide only one control option might be limiting 
access. From user testimonials that PBLV have 
published on the internet, it can be gleaned that: 
among the most essential features in an accessible 
product for users with low or no vision are high 
contrast colours, buttons with high tactility, loud 
enough speakers, audio feedback, offline voice 
dictation, high compatibility with visual aids, add-ons 
and customizability [11]. Affordability and sturdiness 
were found to be as important [12]. 
 
1.4 Context 

This paper takes as its case the evaluation of 
interfaces of heating and ventilation systems in a 
demonstration apartment (demo apartment) (Figure 
1) for an intended renovation of high-rise social 
housing in the Netherlands. The demo apartment was 
realised as a fully functioning full-scale prototype of 
the intended technology within a housing block 
planned for renovation. It was made available to the 
residents and the housing association to decide on 

the renovation. We were given the opportunity to 
engage this context in our research. 
 

Figure 1: Floorplan of the demo apartment 
 
1.5 Research questions 
We defined two main research questions: 

1. What are the accessibility limitations of 
currently installed sustainable HVAC systems 
in social housing, using the example of the 
demo apartment? 

2. In what way can we enable stakeholders 
aiming to commission a renovation to make 
decisions that improve accessibility? 

 
1.6 Method 

We conducted two user studies. The first study 
addressed the first research question through 
gathering testimonials and conducting user 
interviews and observation (section 2) with PBLV 
including experts in visual impairment. We used this 
data to define the design space and propose an 
intervention (section 3) that contributes to answering 
the second research question. This intervention was 
qualitatively evaluated both with the initially 
interviewed users and an additional number of 
professional decision makers (section 4).  
 
2. INTERVIEWS AND OBSERVATIONS WITH PBLV 
2.1 Method   

To expand and evaluate the findings from the 
desk research, we conducted six qualitative open-
ended interviews with users with visual impairments. 
To obtain more diverse insights, the recruited 
participants had different nationalities and cultural 
backgrounds. Three were Bulgarian and three were 
Dutch.  Expert user 1 was completely blind as a result 
of losing his vision 20 years ago. He was an expert in 
accessibility and coaches other visually impaired 
people how to use digital applications. Expert users 2 
and 3 had a similar occupation but still had low 
remaining vision. The other three participants were 
regular users, one of which was fully blind (Regular 
user 2), one able to slightly distinguish light and 
bright colours (Regular user 3) and one with overall 
blurred vision and night blindness (Regular user 1). 
Each interview lasted approximately an hour and was 
semi-structured. Three of the interviews took place in 
real life and three were led online because of the 
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corona virus restrictions. One of the real-life 
interviews was combined with a field study where 
various accessibility products were evaluated in the 
context of use at a centre equipped with smart 
technologies, supporting PBLV in The Netherlands. 
To assess the accessibility during the interviews, we 
sought to understand to what extent ‘agents can 
convert a resource ... into a functioning’ [13]. This 
means, we studied whether the participants were 
able use the resources provided – the sustainable 
technologies – for something of benefit to them. We 
used storytelling to elicit responses from the 
participants. We explained the systems in the demo 
apartment, including their interfaces in terms of 
functionalities and controls. We then asked the 
participants to talk us through how they would 
perform specific tasks such as changing the 
temperature setting. That approach helped identify 
the possible accessibility limitations of the systems 
while also uncovering additional accessibility 
requirements. To discover the latent needs of the 
users, we asked them to talk about their habits, the 
products they liked using in their everyday life and 
the obstacles they meet. The focus of the discussion 
was on indoor climate and interaction controls.  
 
2.2 Results  

Some of the main usability and accessibility issues 
identified within the demo-apartment are similar to 
other zero-energy housing, for example the slow 
response to big changes in temperature of the low-
temperature heating system [14]. Another example is 
the uncomfortable location of some controllers [15]. 
All the interviewed PBLV said that they will be unable 
to use them because of the lack of voice control 
option or truly tactile buttons. While the bathroom 
radiator and the ventilation units were equipped with 
buttons, the fact that they were not embossed, were 
too small and did not provide any kind of audio 
feedback made them not accessible. The position of 
the controller of the bathroom radiator increased the 
complexity of interaction further: it was positioned 
low behind the bathroom sink (Figure 2). There was 
an app to control those systems, but it was not 
accessible.  Another problem was that a part of the 
system (the bathroom radiator) was not 
communicating with its other parts, which caused 
both confusion and inefficiency and as a result, also 
lack of trust.  
 
 

 
Figure 2: Video still of access to the heating control. Link to 
video: 
https://openresearch.amsterdam/media/attachment/2022/
9/5/video1_alina_boyuklieva_master_thesis-
471954357.mp4  
 

We discovered that the systems were missing 
basic accessibility controls, such as voice control 
option, tactile control option such as clear buttons, 
vibration, or quick temperature feedback. The visual 
accessibility, meaning possibility to zoom in, good 
contrast, etc. was also very low.  

In discussions with the client stakeholders of the 
demo apartment, we sought to define what would be 
the most useful result from this research for them. In 
a complex context such as this one, various kinds of 
interventions could help stakeholders [16]. In this 
case, it was agreed that a useful result would be to 
not just present an evaluation of the existing solution, 
but to provide advice for the clients of the renovation 
solution (a housing association). This advice should 
support their decision process on the next iteration of 
the renovation solution. Clients could then use the 
advice to decide on and ask for more accessible 
products and solutions, some of which are available 
on the market.  

Such products were discussed during the 
interviews. Two of the interviewees who were 
coaching PBLV (Expert users 1 and 2) shared valuable 
insights about common user behaviours observed in 
their practice. Expert user 2 mentioned that most 
people with whom he works prefer a combination of 
automated and regular devices. He also notices that 
youngsters pick up smart technology faster while the 
older generations still prefer physical interactions 
when available.  

Overall, the systems that these people use in their 
everyday life to control their homes are mostly smart 
systems like Apple Home Kit, Google Home, and other 
similar devices that they control mostly by voice [14].  

We categorised the main advantages and 
disadvantages of smart systems. App support seemed 
to serve as a great means of interaction and control 
when designed with accessibility in mind. 
Nonetheless, some users mentioned that they do not 
completely trust the privacy policies and would rather 
not use it. Voice control was another functionality, 
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systems like Apple Home Kit, Google Home, and other 
similar devices that they control mostly by voice [14].  

We categorised the main advantages and 
disadvantages of smart systems. App support seemed 
to serve as a great means of interaction and control 
when designed with accessibility in mind. 
Nonetheless, some users mentioned that they do not 
completely trust the privacy policies and would rather 
not use it. Voice control was another functionality, 

 

which was met with mixed opinions. While adding an 
accessibility layer to each device, it could be 
frustrating and confusing when the user cannot guess 
the exact command. That suggests that combining 
several control options (audible, tactile, and visual) 
will result in higher accessibility.  

While some smart devices are misleadingly 
considered accessible, others positively contribute to 
the users’ well-being by bringing them independence 
and empowerment. The interviewees, as well as the 
literature review, confirmed that the one-size-fits-all 
approach is implausible for users with disabilities 
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group.  
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scenario in terms of the accessibility of applied 
devices would be of use for the stakeholders 
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3. INTERVENTION 

In the consultation with the experts on the 
renovation client stakeholder side, the most desirable 
intervention turned out to be to develop clear and 
concrete guidelines, requirements, and 
recommendations. We produced a set of guidelines 
for the clients of the renovation on how to look for 
accessibility of proposed solutions. The clients should 
be able to apply them fast, leading to immediate 
results. The guidelines needed to be simple, straight-
forward, easily comprehensible, and accessible. This 
way, the barrier to using them would be lower and 
the likelihood of people applying them would in-
crease. The guidelines also needed to be motivating 
and reveal their value. As Expert user 2 mentioned: ‘I 
am stunned that such information exists but is not 
being spread and applied.’ The set of guidelines was 
built in the form of a booklet with design guidelines 
(guidebook) (Figure 3) that provides concise, 
actionable steps towards accessibility in the easiest 
and least time-consuming way possible.  

 

 
Figure 3: The cover of the guidebook, available for 
download under the title ‘Booklet’ at: 
https://repository.tudelft.nl/islandora/object/uuid%3A4f72
08fa-1a46-44d6-947f-d80b6b0a266c   
 

An AR app connected to the guidebook provides 
access to interactive models and videos introduced 
earlier (Figure 1) that show a first-person view.  

For transferability, the set of guidelines took the 
specific apartment as a starting point, but it was 
designed to be as independent as possible of the 
conditions of a specific refurbishment project. The 
content of the guidebook is tailored so that non-
designers can follow it.  It is based on European 
standards such as EN 17210:2021 [9]. While those 
standards provide rules, the guidebook provides 
steps such as how to perform basic user studies and 
evaluations to fulfil the rules.  Furthermore, it 
summarises the basic accessibility requirements in a 
comprehensible manner and supports this with visual 
material underlining their importance.  

In addition, the guidebook provides a tool which 
could further improve the product selection process, 
namely the ‘Design Fundamentals’ evaluation matrix. 
It incorporates six general requirements – 
accessibility, trust, simplicity, adaptability, low-
maintenance, and robustness that a product should 
fulfil to be likely to succeed in the context.  
 
4. INTERVENTION EVALUATION 
4.1 Method   

The guidebook was evaluated through six open-
ended interviews. However, it could not be assessed 
in the projected use scenario, again due to covid 
restrictions. Four of the interviews were with the 
PBLV who also participated in the first study 
described in section 2 – they evaluated the content in 
terms of completeness, quality, and clarity. The other 
two interviews were with decision-makers on the 
client stakeholder side: a project manager for the 
renovation project to which the demo apartment 
belonged and an ICT specialist from a Dutch 
Sustainability Hub – they evaluated the tool in terms 
of usability, accessibility, and impact. 

To provide the information to the PBLV, we 
created an accessible format of the guidebook by 
transferring only the text into Word so that they 
could access it through screen readers. We sent the 
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document a few days before our meeting so that they 
could take as much time as they need to explore it.  
 
4.2 Results 

Both PBLV expert user interviewees were pleased 
with the guidelines and recommendation sections 
which they described as ‘practical, implementable, 
understandable, good quality and elaborate’. Expert 
user 2 even mentioned: ‘Such guidelines are very 
much needed. I hope that they will use them!’ Expert 
user 2 and Expert user 3 suggested some ways to 
motivate people to use the guidelines by evoking 
empathy [17]. For example, by adding a link to an app 
that simulates different types and stages of visual 
impairments in real time. This approach could help 
project managers to take on a new perspective and 
make better informed decisions when it comes to 
selecting systems.   

During the guidebook interview with Regular 
users 2 and 3, we summarised the information orally 
at our real-life meeting as the guidebook was only in 
English. They thought that it covered the basic 
principles of accessibility and did not have any other 
remarks.  

The evaluation with the client-side decision 
makers was conducted in a combined interview.  The 
project manager said that the guidebook is ‘very 
needed’ and valuable. He gave some advice on how 
to improve it in terms of comprehensiveness. For 
example, he advised us to add a clear explanation 
about the target reader. He also proposed a flowchart 
on the steps that the user is expected to undertake so 
they do not get lost in the process. The ICT expert 
confirmed that the AR app makes it more appealing 
to read. He added that it complements the current 
form of the guidebook and opens room for future 
development. In the short term, he suggested that 
the interactions with the systems installed in the 
demo-apartment could be integrated in the app so 
that some tests could be performed remotely. Then, 
those could turn into a VR version allowing more 
thorough experience, more accurate conclusions, and 
boost inclusivity. Current rendering software such as 
Enscape already provide the opportunity to 
experience a 3D model in VR. 
 
5. DISCUSSION 

This paper addresses a significant gap in the 
current discourse on sustainable housing, particularly 
in the context of accessibility for PBLV. The 
transformation of older housing to zero-energy is a 
necessary goal. However, it brings to light the crucial 
issue of the interface between residents and home 
systems, in terms of accessibility —a gap that if not 
addressed, can undermine the energy-saving 
objectives and the quality of life of residents, 
especially those with visual impairments. 

This study’s findings illuminate the importance of 
integrating accessibility into the sustainable 
renovation of social housing, in this case with a focus 
on the experiences of PBLV. The development of a 
guidebook from these insights serves as a 
cornerstone for stakeholders, outlining essential 
steps to embed inclusive design principles in line with 
European standards such as EN 17210:2021 [9]. The 
research underlines the potential of smart home 
technologies to significantly improve the living 
environments for PBLV conditional on a design 
process that is deeply rooted in user feedback and 
iterative development. Our findings align with 
previous research [15] suggesting that more, easy to 
adopt, tools are needed for the planning and then 
decision-making phase. Only doing an evaluation 
post-occupancy is too late. 

Feedback from PBLV and professional 
stakeholders during the guidebook evaluation 
underscores its usefulness and points towards a 
critical gap in current renovation practices. One of 
the most important takeaways is that when striving 
to develop an accessible product, the best strategy is 
to apply a participatory approach where you involve 
PBLV in the process. Yet, despite its advantages, the 
adoption of the guidebook is not without challenges. 
It is possible that the introduction of tools like these 
will meet systemic barriers such as resistance to costs 
and to changes in established practices. 

Based on the study, we argue that the broader 
usability benefits of accessible design extend to all 
residents, not just PBLV, thereby enhancing the 
overall living experience. While the guidebook 
originated from a single case study, the principles it 
champions are scalable and adaptable, suggesting a 
model for inclusive design that could be replicated in 
diverse housing renovation projects. 

Limitations of this research are the small sample 
size and the specific socio-cultural and building 
context of the case study. They may limit the 
generalizability of the results. Future research should 
include a more extensive and varied demographic. It 
should also cover different building projects to 
validate the guidebook’s applicability across different 
contexts. Additionally, the long-term efficacy and 
impact of the implemented guidelines on energy 
consumption and resident well-being remain to be 
empirically tested. 
 
6. CONCLUSION 

In conclusion, the study contributes a practical, 
evidence-based resource aimed at reconciling the 
objectives of energy efficiency and accessibility. 
These are often perceived as disparate but may also 
often align. Our study calls for a shift in renovation 
practices towards an inclusive paradigm where 
sustainability is not at odds with accessibility, and 
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environments for PBLV conditional on a design 
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critical gap in current renovation practices. One of 
the most important takeaways is that when striving 
to develop an accessible product, the best strategy is 
to apply a participatory approach where you involve 
PBLV in the process. Yet, despite its advantages, the 
adoption of the guidebook is not without challenges. 
It is possible that the introduction of tools like these 
will meet systemic barriers such as resistance to costs 
and to changes in established practices. 

Based on the study, we argue that the broader 
usability benefits of accessible design extend to all 
residents, not just PBLV, thereby enhancing the 
overall living experience. While the guidebook 
originated from a single case study, the principles it 
champions are scalable and adaptable, suggesting a 
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should also cover different building projects to 
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impact of the implemented guidelines on energy 
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6. CONCLUSION 

In conclusion, the study contributes a practical, 
evidence-based resource aimed at reconciling the 
objectives of energy efficiency and accessibility. 
These are often perceived as disparate but may also 
often align. Our study calls for a shift in renovation 
practices towards an inclusive paradigm where 
sustainability is not at odds with accessibility, and 

 

where the living needs of all residents, especially 
those with visual impairments, are met with dignity 
and foresight. 
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ABSTRACT: Enhancing resilience in construction practices necessitates a thoughtful consideration of repurposing 
existing structures to meet contemporary needs. Traditional buildings, however, pose challenges in acquiring 
construction and thermal data due to variables beyond technicians' control. This study underscores the 
significance of obtaining such data for advancing the adaptation and reuse of traditional buildings over their 
demolition. The research compares two spaces of similar dimensions constructed with different systems by 
monitoring air temperatures and employing thermography. Analysing temperature distribution in both a 
traditional and a contemporary house during a winter and a summer week reveals noteworthy findings. In 
winter, the traditional house exhibits more consistent temperatures across surfaces and air, with generally 
cooler surfaces compared to the contemporary one. In summer, the traditional house maintains a cooler profile 
in both air and radiant temperatures. These results contribute valuable insights for furthering research on 
preserving and repurposing traditional buildings, enhancing our understanding of their thermal responses. Such 
knowledge can serve as a strategic approach for adapting buildings to climate change and future scenarios. 
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1. INTRODUCTION 
The renovation and reuse of existing buildings is 

an important issue from the perspective of urban 
resilience, especially in Europe [1]. Historical and old 
buildings are scattered in small towns, villages, and 
the countryside, as most of them were built before 
the exodus of the population to cities in the mid-
twentieth century. Historical buildings and traditional 
housing configure many European old city centres 
since they were originated much before urban 
expansion. 

Lacking heritage value, many of these housing are 
demolished rather than adapted and reused. Its 
preservation is important to maintain historical 
memory [2-4], to manage resources rationally, and to 
avoid abandonment and depopulation of the territory 
and historical city centres. Traditional housing 
buildings could extend their lifespan if they were in 
good condition and the necessary changes were 
made through retrofit actions. 

The construction typology of historical buildings is 
traditional, with heavy load-bearing walls and small 
openings. In the Mediterranean climate, with mild 
winters and hot summers, this configuration has 
worked quite well for years [5]. This architecture, 
combined with passive strategies such as the 
management of ventilation and sun exposition by 
occupants, has proven to be sufficient to achieve 
thermal satisfaction. However, their thermal 
performance today is often considered poor because 
buildings can take a long time to heat up or cool 
down, and because they are considered non-

sufficiently insulated [6-8]. For this reason, many 
retrofit actions consist of increasing thermal 
insulation through the addition of an insulation layer 
or other similar solutions [9,10]. This layer has an 
impact on air temperature, but also on radiant 
temperature, which plays an important role in 
thermal sensation. This behaviour is expected to be 
different in traditional buildings compared to 
contemporary ones because of their different 
construction typology, especially what refers to mass 
and insulation. Many studies analyse the thermal 
performance of traditional buildings with prototypes 
and simulations that replicate reality. However, 
historical constructions are difficult to parametrize 
and simulate because they were built without 
accurate control of materials and techniques. For this 
reason, it is important to advance in their thermal 
performance by collecting feasible data from the 
functioning of existing buildings [11-15]. 

In this work, we compare two spaces in two 
houses placed side-by-side by monitoring their 
thermal performance. One of them (House 1) is a 
traditional house and the other one (House 2) is a 
contemporary one. In a previous work [16], we 
evaluated the effect of mass and insulation on air 
temperature in the same case of study, in a winter 
and a summer week under free-running thermal 
operation. We concluded that the air temperature 
alone does not justify the addition of a layer of 
thermal insulation. In this study, we incorporate one 
variable, the temperature of the interior surfaces 
(walls, ceiling, and floor). The objective is to have a 
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better approximation of the thermal functioning of 
the space by approximating the temperature of 
sensation in existing buildings so as to contribute to 
their adaptation and reuse in a building resilience 
scenario. 
 
2. METHODOLOGY 
2.1 Case of study 

The spaces subject of this study are two living 
rooms in two terraced houses (Fig. 1). They are in a 
small Spanish village in the Catalan pre-coastal 
mountain range (40°17’N), 750 m above sea level. 
This area has a warm-summer Mediterranean climate 
(Csb), according to Köppen’s climate classification. 
The average annual temperature is 13,3°C with a 
fluctuation of 17,9°C. The daily oscillation is 10°C. The 
average humidity is 70,3% and the annual 
precipitation is 535 mm/year. 

 

 
Figure 1: House 1 (left) and House 2 (right), west façade. 
 

Both houses have a ground floor with the living 
room preceded by an entrance hall (Fig. 2). They have 
three floors above ground and two semi-basement 
floors. They have a heating system with an oil boiling 
and radiators, and no cooling. The orientation of the 
façades is east and west, with the living room facing 
west. Their composition, window area, surface area 
and volume are equivalent. The traditional house 
(House 1) was built about 100 years ago. The façade 
walls are 60 cm thick in one sheet of stone masonry. 
The windows have single glazing and wooden frames. 
The contemporary house (House 2) was built in 2015 
under thermal regulations. It has a façade composed 
of two ceramic sheets (14+7 cm) and 5 cm of 
polystyrene thermal insulation (U=0,45 W/m2K). The 

windows are high-performance, with thermal breaks 
and double glazing. 

The study spaces have an area of 36,4 m2 
(House 1) and 34,5 m2 (House 2). Their volume is 
92,2 m3 and 91,7 m3, respectively. The characteristics 
of the building envelope in the study spaces are 
detailed in Table 1 and Table 2. For each element, 
there are four defining parameters: surface S (m2), U-
value (W/m2K), total mass of the element M (kg), and 
effective mass M’ (kg). M’ refers to the mass from the 
insulation inwards or half of the width if there is no 
thermal insulation. The listed elements are façades 
(F), windows (W), partition walls (PW), partitions (P), 
doors (D), floors (FL), and ceilings (C), identified in 
Figure 3. The U-value of partition walls, partitions, 
doors, floors, and ceilings are not listed since they are 
considered adiabatic surfaces. 

 

 
 

 
Figure 2: Floor plan and section of the houses (in grey, the 
studied area, the living room). 
 
 
Table 1: Characteristics of the building envelope, House 1. 
 

Code S (m2) U-value 
(W/m2K) M (kg) M’ (kg) 

F1 10,5 1,91 13192 6596 
W1 3,1 4,30 77 77 

PW1 7,2 - 6057 3028 
PW2 14,8 - 14322 12454 
P1 11,2 - 558 279 
D1 2,8 - - - 
FL1 8,3 - 2543 1271 
FL2 28,1 - 8605 1652 
C1 36,4 - 11148 5574 

TOTAL 122,4 - 56500 33581 
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Table 2: Characteristics of the building envelope, House 2. 
 

Code S (m2) U-value 
(W/m2K) M (kg) M’ (kg) 

F2 13,0 0,45 2493 849 
W2 8,2 2,70 286 286 

PW2 10,2 - 9830 1282 
PW3 12,8 - 6438 1609 
P2 14,2 - 926 463 
D1 6,8 - - - 
FL3 34,6 - 10585 5292 
C2 34,6 - 10585 5292 

TOTAL 134,4 - 41142 15075 
 

 
Figure 3: Floor plan with identification codes of the building 
elements. 
 
2.2 Materials and methods 

The houses were monitored for more than three 
years (2019-2023), during which they were in 
operation as a second residence. This document 
shows the results of one winter weekend (10-12 
February 2023) and one summer weekend (30 June – 
2 July 2023). The houses were unoccupied on the 
previous days and had normal activity during the 
weekend. In winter, the heating system was turned 
on when arriving home (at 10:20 on 10 February in 
House 1 and 13:00 on 11 February in House 2) and 
turned off just before leaving. 

A TESTO 175 H1 data logger was placed in each 
living room to measure air temperature and relative 
humidity every 20 minutes, starting at the o’clock. 
Sensors T_H1 (House 1) and T_H2 (House 2), were 
placed in an equivalent position at the northwest 
corner of the living room at 1,5 m height (Fig. 4). 
Infrared pictures were taken during the weekend 
with a FLIR TG267 thermal imaging camera at five 
points in the interior (Fig. 4): on the walls (TS1_N, 

TS1_W, TS1_S / TS2_N, TS2_W, TS2_W’), on the 
ceiling (TS1_ce / TS2_ce) and on the floor (TS1_fl / 
TS2_fl). 

Weather data were gathered from a station 
located 50 m away from the houses, managed by 
meteoprades.net (764 m altitude, UTM coordinates 
E 334739, N 4573418). Data obtained from this 
source were air temperature (°C), relative humidity 
(%), and solar radiation (W/m2). The timing of 
weather data registers was synchronized with the 
sensors. 

 

 
Figure 4: Floor plan with identification codes of the 
measurement points. 
 
3. RESULTS AND DISCUSSION 

The results show the air and radiant temperatures 
in each living room, together with the outdoor 
temperature (Figs. 5 and 6). The data for the winter 
period were influenced by occupancy and the start of 
heating, while the summer data were influenced only 
by occupancy. 

The winter results show that House 1 needs more 
time than House 2 to raise its air temperature when 
turning on the heating (Fig. 5). This result is 
influenced by the time when people arrived in each 
house. In House 1 it was on Friday evening while in 
House 2 it started on Saturday early afternoon. The 
preferred operating temperature is higher in House 2 
than in House 1, as shown in the graph. 

Focusing on radiant temperatures (Figs. 5 and 7), 
all surfaces in House 1 keep cooler than the air until 
Saturday 11 in the afternoon. After this moment, 
some temperatures reach higher values than the air 
temperature, especially on the ceiling. The lowest 
values in the traditional house correspond to vertical 
surfaces, especially the west façade (TS1_W) and the 
north façade (TS1_N). 

In House 2, the results show a different trend. 
Before turning on the heating, the air and radiant 
temperatures are similar. After a few hours after 
turning on the heating, the façade and the ceiling 
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surfaces, especially the west façade (TS1_W) and the 
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In House 2, the results show a different trend. 
Before turning on the heating, the air and radiant 
temperatures are similar. After a few hours after 
turning on the heating, the façade and the ceiling 

 

reach higher temperatures than the air in the interior. 
The day after, the results are similar. The façade and 
the ceiling are the warmer surfaces, with values over 
the air temperature. 

If we compare the radiant temperature of both 
spaces, House 2 reach higher values than House 1, 
especially the west façade and the ceiling. Just before 
and after noon, the difference between the façades is 
around 7°C. The ceiling shows a lower difference, 
around 4°C. Consequently, the façade of the old 
house remains much cooler than the façade of the 
contemporary one. 

The graph also shows that the radiant 
temperatures in the contemporary house have a 
greater amplitude compared to the traditional one. 
The temperature difference between walls, floor and 
ceiling measured in House 1 (∆T) ranges from 1,5 to 
5,1°C. In House 2, ∆T ranged from 0,5 to 9,4°C (Fig. 9). 
Consequently, the distribution of radiant 
temperatures in winter is more balanced in the 
traditional house than in the contemporary one. 

In general terms, House 1 shows more thermal 
inertia than House 2 if we consider all the 
temperatures involved. 

The summer results show less amplitude in air 
temperature and radiant temperature in both houses 
(Fig. 6). As for air temperature, House 1 air 
temperature is 1°C below House 2. The evolution of 
temperatures is very similar along the weekend in 
both cases. The thermal oscillation is low, around 2°C 
and 3°C between day and night in Houses 1 and 2, 
respectively. 

The radiant temperatures in House 1 and House 2 
are very similar to air temperature (Fig. 8). Looking 
more in detail, radiant temperatures remain slightly 
above the air temperature in both cases. The lowest 
value of radiant temperature in House 1 corresponds 
to the west façade, which remains under the air 
temperature much of the time. On the opposite, the 
highest value is the ceiling. In House 2, the trend is 
similar. The temperature of the ceiling remains 
always over the air temperature, while the façade is 
cooler than the air much of the time and sometimes 
warmer, but next to the air temperature value. As for 
the difference in temperature between walls, floor 
and ceiling, the radiant temperature is similar in both 
cases. In House 1 it ranged (∆T) from 0,3 to 1,6°C and 
in House 2, it ranged from 0,7 to 2,2°C (Fig. 10). 

Consequently, the air and the radiant 
temperatures in the traditional house are lower than 
in the contemporary one, which means that in this 
summer period, the traditional house remained 
cooler than the contemporary one. 

 
Figure 5: Air and radiant temperature in House 1 and 
House 2 (10/02/2023 to 12/02/2023). 

 

 
Figure 6: Air and radiant temperature in House 1 and 
House 2 (30/06/2023 to 02/07/2023). 
 

 Figure 7a: Infrared pictures with radiant temperature 
(10/02/2023 - 23:30 UTC+1). 

 
Figure 7b: Infrared pictures with radiant temperature 
(11/02/2023 – 15:30 UTC+1). 
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Figure 7c: Infrared pictures with radiant temperature 
(12/02/2023 – 16:00 UTC+1). 
 

 
Figure 8a: Infrared pictures with radiant temperature 
(30/06/2023 – 21:00 UTC+2). 

 
Figure 8b: Infrared pictures with radiant temperature 
(01/07/2023 – 20:30 UTC+2). 

 
Figure 8c: Infrared pictures with radiant temperature 
(02/07/2023 – 19:20 UTC+2). 
 

Figure 5 and Figure 6 show an asymmetry and a 
large amplitude of radiant temperatures with respect 
to air temperature in House 2, which is not the case 
of House 1. However, this difference is not noticeable 
in summer. Another visible result is the temperature 
difference between horizontal and vertical surfaces. 

In general terms, the ceiling and floor reached higher 
temperatures than the walls, so the temperature 
distribution was not homogeneous in the space in the 
studied periods. 

 
 

 
Figure 9: temperature difference (∆T) of interior surfaces in 
winter (10/02/2023 to 12/02/2023). 

 
Figure 10: temperature difference (∆T) of interior surfaces in 
summer (30/06/2023 to 02/07/2023). 

 
4. CONCLUSION 

The thermal performance in summer and winter 
leads to different conclusions. In winter, the radiant 
temperature of the walls remains the lowest of all 
temperatures in the traditional house, even though 
this house shows a more balanced distribution of 
radiant temperatures than the contemporary one. It 
can be interpreted as a higher thermal inertia in the 
house built with a traditional system. The 
contemporary one is less balanced in terms of radiant 
temperature distribution, but the ceiling and the 
façade reach higher temperatures than the air. The 
situation in winter indicates that more emphasis 
should be placed on vertical surfaces than on 
horizontal ones if a balanced distribution of 
temperatures and thermal sensation is the objective. 
This situation is especially important in winter and 
less so in summer, according to the results obtained. 

In summer, the traditional house remains cooler 
than the contemporary one. The lower air 
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In summer, the traditional house remains cooler 
than the contemporary one. The lower air 

 

temperature together with lower radiant 
temperatures suggest that this typology may be more 
adapted than a contemporary house to heatwaves, 
which will become increasingly frequent in a future 
climate change scenario. 

One of the main contributions of this work is the 
assessment of real buildings under real conditions 
based on more than three years of data recording. 
The case study represents two existing typologies of 
buildings which bring us the opportunity to compare 
opposite construction systems. Studying the thermal 
performance of buildings under laboratory conditions 
has precious value, but it represents a reality 
somewhat far from what happens in buildings with 
occupants, building imperfections and other 
uncertainties. The results obtained here contribute to 
further research on the reuse of traditional buildings 
to make them resilient to future scenarios of various 
kinds. 
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ABSTRACT: This research delves into the refurbishment of 'Mirza Bari,' a century-old building tailored to 
accommodate second generations of the owner's three children's families, preserving its historical essence while 
nurturing familial bonds within shared living spaces. The study explores the social resilience instilled through this 
unique approach, emphasizing sustainability and low-energy aspects. Instead of demolishing the house into a 
multi-storeyed building, the old house has been refurbished and extended while preserving its originality. A social 
participatory framework has been adopted, incorporating interviews, focus groups, and observations to assess 
their shared living experiences and refurbishment impacts. Also, the refurbishment process has evaluated the 
design parameters that help address low energy use and better indoor environment quality (IEQ) within the 
building. The design has harmoniously integrated the extended part with its existing part in such a way that it was 
able to reconnect and share common spaces, also ensuring the distinct privacy of three households, meeting 
modern needs. Findings revealed that the refurbishment process balanced architectural preservation with 
contemporary enhancements, fostering modern functionality. This study underscores the significance of shared 
spaces in revitalizing communal connections, designing solutions that help sustainability, and evolving family 
dynamics into shared living environments like 'Mirza Bari.'  
KEYWORDS: Refurbishment, Adaptive reuse, Social Resilience, Cultural Heritage. 
 
 

1. INTRODUCTION  
Rapid urbanization and housing development are 

posing a threat to various social and cultural issues, 
including the loss of cultural heritage, social isolation, 
fragmentation, and the disappearance of green spaces 
[1]. The conflict between heritage preservation and 
redevelopment is a constant unresolved matter, and 
this has prompted reevaluating the need to preserve 
heritage, culture, social engagement, and connectivity 
through Architectural semiotics. 

Narayanganj, a part of Dhaka and established as a 
municipality in 1876, has become the country's 6th 
largest city [2]. However, it is facing challenges due to 
rapid industrialization and urbanization. Like many 
other cities, Narayanganj has seen the unrestrained 
rise of industries, commercial centres, and residences 
without adequate urban planning, resulting in a 
heavily crowded and disordered urban environment 
[3]. The construction of megastructures destroyed the 
city's cultural urban fabric and heritage, leading to an 
imbalance between density and liveability, which 
appeals to the need for revitalizing old traditions and 
culture.  However, the impact and significance of 
refurbishing old heritage buildings amid this urban 
chaos still lack an evaluation framework. Hence, this 
study aims to identify the social impact of refurbishing 

a residential building on community well-being. A 
residential renovation project has been chosen as an 
example of how maintaining cultural heritage through 
design can promote social resilience in this urban 
instability. The research focuses on "Mirza Bari," a 
128-year-old abandoned abode. Instead of 
demolishing it to construct a multi-storied building, 
the old house was renovated and extended while 
maintaining its originality. 

Through this project, the significance of 
architecture and adaptive reuse in promoting social 
resilience by preserving cultural heritage and 
traditions has been studied. By retaining the essence 
of the past, the case study building successfully 
captured the essence of bringing the family together 
through refurbishment, contributing to social 
cohesion and resilience.  
 
2.  LITERATURE REVIEW 

The 'heritage building' concept encompasses 
structures listed as monuments of national or 
international importance and includes buildings 
intertwined with cherished local landscapes within the 
community [4]. Heritage building' can connect to the 
entire society's meaningful social values and protect 
social connections and a sense of identity [5].  The 
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buildings not only have architectural value, but they 
also embrace many collective memories and stories. 
Therefore, heritage buildings are pivotal in passing 
down the cultural identity to further generations. 
Where they can no longer serve their original function, 
proposing new functions and purposes is inevitable to 
ensure the perseverance of the value of the heritage 
buildings [6]. Also, architectural refurbishment 
projects have the ability to bring economic, 
environmental, and social advantages to urban 
communities and address the low energy consumption 
aspects [7].  

However, refurbishment is an intricate undertaking 
that requires participants in the process to have a clear 
understanding of how to perceive the most suitable 
prospects for a building's future at a given location and 
time [8] and its Influence on societal aspects. Thus, this 
research aims to compile a list of key aspects that must 
be considered while evaluating the social implications 
of restoring a building with historic value in the urban 
context. To illustrate this, the study examines a 
residential dwelling in Dhaka, chosen as a 
representative case of a densely populated urban area 
struggling with substantial redevelopment pressures. 

Therefore, this research aims to understand the 
design and renovation process, evaluating the design 
parameters undertaken for the renovation of the case 
study, which contributes to retaining the cultural 
spatial organization and enhancing functional 
connectivity. It also depicts how refurbishing an old 
building rather than demolishing it can promote social 
resiliency and preserve heritage. 
 
3. RESEARCH OBJECTIVES 

The main objectives of this research are,  
a) To evaluate the design parameters of the 

refurbishment process and its impact on 
sustainability, energy efficiency, and social 
resiliency within 'Mirza Bari.' 

b) To analyse how integrating historical preservation 
and modern functionality through refurbishment 
can retain cultural heritage and tradition. 

 
4. METHODOLOGY  

Step 1: A literature review of existing literature on 
social resilience, sustainable refurbishment, 
community engagement, and participatory 
approaches in architectural projects. 

Step 2: Identifying and studying the chosen 128-
year-old residential building that has been refurbished 
with its original form, analysing its history, spatial 
characteristics, and significance. 

Step 3: Review the refurbishment process and how 
it retained the old essence of the structure. 

Step 4: Social participatory framework.  
• Conducting interviews and surveys with the focus 

group (members of the family) to gather 

experiences and preferences related to shared 
living, 

• refurbishment involvement 
• the impact of shared spaces on family bonds. 
• observing interactions within shared spaces and 

participating in communal activities. 
Step 5: Analysing the social impact of the building 

on family relationships and how the refurbishment 
process has influenced social resilience, considering 
both tangible (physical changes to the building) and 
intangible outcomes (community perceptions and 
interactions). 

Step 6: Evaluating the building's energy efficiency 
and IEQ (indoor environment quality). 
 
5. DESIGN APPROACH 

The design concept aimed to reunify the entire 
family within a single household, reminiscent of its 
previous arrangement. Its core objective was to 
restore family unity within shared living space and 
transmit the culture to future generations while 
conserving the intrinsic structure and essence of the 
residence, as delineated in Figure 1. 

Expanding the original dwelling while conserving its 
authentic characteristics catered to housing three 
separate households for the three children. 
Consequently, the design harmoniously articulated 
and integrated the extended portion with the existing 
structure. This integration facilitated the sharing of 
communal spaces, such as a courtyard and shared 
terrace, enabling collaboration while preserving 
privacy for the three distinct families concurrently. 

The design approach encompassed two primary 
facets: the refurbishment of the original residence and 
the construction of an extension to accommodate new 
functionalities, all while ensuring the preservation of 
the cultural courtyard. 

 
Figure 1: Concept of collaborating three separate dwellings. 
 

The extension on the upper floor was connected 
with an 'L' shaped staircase, creating a double-height 
space with enhanced light, ventilation, and 
connectivity to the courtyard. Figure 2 shows the 
spatial connectivity and transformation of the 
functional zoning within the refurbished design. 
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Figure 2: Functional placement of the refurbished design. 
 
6. REFURBISHMENT PROCESS  

The refurbishment process starts with 
strengthening the old masonry structure and retaining 
the walls. A mixed masonry and steel frame was 
adopted to strengthen the old structure, framing the 
main masonry structure with steel beams and columns 
for added rigidity. The spatial distribution of new and 
old functions was adjusted to improve living 
conditions for the occupants. 

 
Figure 3: Existing (left) and proposed (right) ground floor 
plan. 
 

Perforated screen façades built of concrete brick 
blocks have been constructed to separate distinct 
zones, providing private space while maintaining 
ventilation, which is necessary for this tropical 
environment. 
 

 
Figure 4: Existing (left) and proposed (right) first-floor plan. 
 

Wooden textured floor finish and furniture reflect 
the character of vernacular culture. The ceiling 
adorned with 'sitalpati' (a mat made from murta 
plants) enhances the space decoratively. 

 
Figure 5: Existing (above) and proposed (below) east 
elevation. 

The double-height space at the staircase, enclosed 
with exposed brick and glass windows, exudes 
grandness. The connected corridor between existing 
and extended parts features an iron cast railing and 
pivoted screen windows, echoing the atmosphere of 
an old loggia space. 
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Figure 6: Proposed section AA’ 
 

Figures 6 and 7 showcase the refurbished project, 
highlighting its emphasis on visual aesthetics and 
connectivity.

 
Figure 7: Proposed south elevation 
 
7. SOCIAL PARTICIPATION AND FINDINGS 

The data analysis obtained from social 
participation with a focus group comprising 6 family 
members (2 from each child’s family) revealed 
multifaceted insights into the experiences and 
perceptions concerning shared living spaces and the 
refurbishment process. 
 
7.1 Shared Living Experiences 

The data revealed diverse feelings towards shared 
living experiences after the refurbishment. Most 
participants sincerely appreciated the heightened 
social connections facilitated by communal areas like 
the cultural courtyard and terrace. Their enthusiasm 
was evident in statements such as "Our time in the 
courtyard has truly strengthened our family bond; we 
cherish it." Within this positive sentiment, a few 
individuals highlighted occasional challenges in 
ensuring personal space in these shared zones. 
Despite this, their feedback emphasized the overall 
success of the shared spaces in fostering family 
togetherness. 

 
7.2 Refurbishment Involvement: 

Insights into refurbishment involvement 
highlighted varying levels of engagement among 
family members. Approximately two individuals 
actively participated in the design decisions, while 
others assumed more passive roles but expressed 
contentment with the outcome. The children shared 
their nostalgic connections to the house, courtyard, 
and terraces, expressing a desire to revitalize these 
spaces to recapture cherished memories. Their input 

significantly influenced the refurbishment process, 
contributing to the elegant recreation of these 
memory-laden areas. Furthermore, their remarkable 
assistance and cooperation provided invaluable 
support to designers and workers, enhancing the 
overall project execution. 
 
7.3 Impact of Shared Spaces on Family Bonds: 

The unanimous appreciation for shared spaces like 
the courtyard and terrace in strengthening family 
bonds was remarkable. Some members expressed an 
interest in boosting family togetherness through 
increased organized activities. Statements such as 
"Our family reunion in the courtyard was fantastic" 
were coupled with a desire for more activities on the 
terrace, showcasing the positive impact of shared 
spaces on family connections. 
 
7.4 Perceptions of Privacy and Connectivity: 

The analysis highlighted the collective recognition 
of the need for privacy and connectivity within shared 
spaces. Family members acknowledged and 
appreciated features that balanced the two aspects. 
Illustratively, remarks such as "We have partitions in 
shared spaces for privacy, but it still feels connected" 
and "We've adjusted seating in the terrace without 
isolating anyone" showcased the desire to harmonize 
privacy with communal connections. 

 
7.5 Importance of the preservation of the building to 
the community: 

The building embodies traditional values within the 
community. As the esteemed owner, Dr. Mirza was a 
highly respected figure, and the building served as a 
symbol of honour, prestige, and a trustworthy place 
within the community. Therefore, restoring the 
building to its former state brings joy and satisfaction 
to the community, particularly among the elderly 
population.  

Collected data from interviews and observations 
underscored the building's significant influence in 
fostering stronger family relationships within the 
shared living environment that can help social 
resiliency. The findings also accentuated the need for 
a delicate balance between privacy and connectivity 
within communal areas. Additionally, insights into 
family expectations highlighted opportunities and 
significance of refurbishment and adaptive reuse for 
retaining culture and tradition. The entire process also 
conveys a message from the designers and investors 
that this refurbished project reflects a contrast within 
urban development and demonstrates the possibility 
of integrating old traditions with new necessities, 
fostering social harmony and resilience. 
 
8. EVALUATING SUSTAINABILITY 

A meticulous evaluation encompassing material 
choices, preservation techniques, and structural 
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adaptations has been done aiming to understand 
sustainability while preserving the historical 
significance of ‘Mirza Bari.’ The refurbishment focused 
on maintaining the building's original form and 
structure, respecting heritage conservation. There was 
a deliberate effort to retain historical elements to 
uphold the building's cultural identity and 
architectural legacy. A purposeful selection of 
sustainable materials aligned with environmental 
objectives. Through strategic choices emphasizing 
durability, environmental friendliness, and resource 
efficiency, the refurbishment aimed to minimize 
environmental impacts.  

Integrating intricate 'jali' work into the screen walls 
improved air circulation in the tropical climate and 
showcased a fusion of tradition and sustainability in 
the design. Extending and enlarging windows also 
maximized natural light penetration, reducing reliance 
on artificial lighting. This transformation significantly 
enhanced daylight quality, air circulation, ventilation, 
and spatial quality, thereby augmenting the Indoor 
Environment Quality (IEQ). These adaptations 
enhanced the building's environmental performance 
and notably improved occupants' well-being by 
providing a more comfortable and healthier indoor 
environment. Table 1 outlines the design elements 
and work process that contributed to enhancing 
sustainability and reducing energy consumption.  

 

Table 1: Sustainability and energy evaluation through 
Preservation, transformation, and evaluation. 

Architect
ural Style 

Work process Work 
style 
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ng
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Previous Style: Hybrid colonial style, 
semicircular arch with keystone, 
elevated crown [5][6]. Preserved in 
original form. 
Enlarged windows for increased 
daylight and better cross ventilation. 
Incorporated new semi-circular arch 
windows in the extension, aligned with 
the original style.  

Pr
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n,
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Sc
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Transformed existing facades using 
screen walls to improve air circulation. 
Integrated traditional 'Jali work' into the 
screen walls, establishing semi-private 
spaces that ensure adequate light and 
ventilation. Tr
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Considering the old expression, new 
materials have been chosen, creating a 
raw, amiable, and homey environment. 
Enhanced space aesthetics by 
integrating locally sourced 'sitalpati' 
(also known as 'nakshipati') as 
decorative elements on the ceiling, 
utilizing traditional materials skilfully. Tr
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Using con-mix and concrete finish 
outside creates a raw texture, while 
indoors, refined colored textures foster 
a cozy atmosphere. 
Neutral exterior colors embody 
traditional style, while vibrant interior 
hues balance the rawness and signify 
family unity. Tr
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Architect
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Style: Rafter-purlin structural system. 
Preserved and reinforced with 
additional steel frames to strengthen 
the old structure. Pr
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Steel columns and beams have been 
introduced to reinforce the old 
structure.   
Steel columns and beams have been 
used in the extended part to gain 
structural flexibility and lightweight 
construction. 
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Preserved the linear corridor linking the 
outdoor courtyard to the indoor terrace 
and spaces. 
Efficiently designed circulation flow 
connects the three households while 
ensuring separation when required. The 
extended linear corridor maintains 
spatial connectivity. 
A new staircase has been added for easy 
access and a playful connection 
between the extension and existing 
parts. 

Pr
es

er
va

tio
n,

 T
ra

ns
fo

rm
at

io
n,

 
an

d 
ad

ap
ta

tio
n 

O
pe

n 
sp

ac
es

 

Co
ur

ty
ar

d 
&

 T
er

ra
ce

s 

The old Mahogany tree within the 
courtyard has been preserved. 
The easy flow of movement within the 
space has been created by connecting 
the courtyard and the new double-
height staircase zone. 
The transformed railing has preserved 
and reconnected the old memory 
terrace with other spaces. 
The terraces have been transformed by 
improving connectivity and have been 
adapted for family gatherings and 
celebrations. 
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resemble the traditional ornamented 
iron cast railing. Tr
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n Initially, the old plaster was removed to 
address poor wall conditions. Chemical 
treatment strengthened the walls, 
followed by replastering and painting to 
restore their integrity. Pr
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The building now enjoys increased 
natural daylight through considerate 
updates to the old openings, 
significantly improving the indoor 
environment. The refurbishment 
process remarkably enhanced daylight 
quality, ventilation, and circulation, 
improving the Indoor Environment 
Quality (IEQ) through additional 
openings, screen walls, and functional 
organization. 
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Revitalizing traditional spaces evokes 
cherished family memories, enhancing 
spatial experience. 
Careful adjustments to space quality 
and functional flow greatly enhance the 
overall spatial experience. The 
preserved old staircase, adorned with 
warm, bright colors, creates an ambient 
environment. 
Maintaining the architectural style, 
both in the extended part and new 
elements, ensures the preservation of 
the original aesthetic. Pr

es
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tio

n,
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n,
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Therefore, the refurbishment's strategic blend of 
preservation, transformation, and adaptation 
strategies reflects a holistic approach toward 
sustainability. By retaining historical elements, 
utilizing sustainable materials, and integrating 
innovative adaptations, 'Mirza Bari' achieves a 
harmonious balance between heritage preservation 
and enhancement of environmental performance, 
contributing to its longevity and relevance in a modern 
context. 
 
9. RESULT AND DISCUSSION 

The project's refurbishment effectively integrated 
the old and new sections, seamlessly linking 
communal areas like hallways, staircases, a courtyard, 
and shared terraces. This thoughtful architectural 
design now accommodates the families of the owners' 
three children together, providing each with private 
space and offering shared areas such as the courtyard 
for communal gatherings. The design allows for 
controlled separations when necessary but 
encourages reconnection, fostering a strong sense of 
communal living. Every detail of the original structure 
has been meticulously preserved and enhanced 
through retrofitting, ensuring functional connectivity 
and accessibility to the extended portions. Figure 1 
illustrates the condition of the building before and 
after the refurbishment, offering insight into the 
transformation process. 

 
Figure 8: Existing (left) and proposed (right) conditions. 
 

The case study's refurbishment process has 
successfully helped preserve heritage, reduce energy 
consumption, and retain tradition and social 
resilience. Retaining the building's originality upheld 
its historical significance, nurturing a shared sense of 
heritage, tradition, and culture. Sustainable materials 
and design integration, like 'jali' work, bridged 
tradition and sustainability, enhancing community 
identity. 
Strategic alterations like window modifications 
enhanced indoor environmental quality and 
occupants' well-being. Findings from the social 
participatory model confirmed occupants' 
appreciation for communal areas, enhancing familial 
ties and community engagement. This initiative 
showcases refurbishment design solutions that 
rejuvenate heritage, reinforce family bonds, and foster 
social resilience within architectural settings. 

10. CONCLUSION 
Successful adaptive reuse and refurbished projects 

can introduce a modern dimension that provides value 
for the future and also respects and retains a building’s 
heritage significance [11]. In summary, Mirza Bari 
exemplifies the harmonious union of heritage and 
modernity, showcasing that architecture can breathe 
life back into cultural treasures while adapting to the 
ever-changing demands of a dynamic city through 
design. This transformative project not only retained 
cultural identity but also fostered community 
connectivity. Therefore, the refurbishment of 'Mirza 
Bari' serves as a model showcasing the potential of 
architectural endeavours to preserve heritage, 
promote sustainability, and strengthen social 
resilience. 
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1. INTRODUCTION  
As the final stage of food production, grain 

storage has garnered significant attention across 
history. In the pre-industrial era, confronted with 
adverse regional climate factors encompassing solar 
radiation, wind, and precipitation, humans 
predominantly employed passive strategies to 
regulate the temperature and humidity within grain 
storage facilities. These factors, combined with 
regional resources and culture, have led to the 
development of various types of granaries, each with 
distinct form characteristics. While the climate 
adaptability of vernacular dwellings has been 
extensively discussed and developed over the past 
century, the bioclimatic strategies of productive 
buildings, such as granaries, have received little 
attention [1]. Some studies have been conducted to 
address this gap, encompassing research objects from 
Spain [2-6], Turkey [7], India [8], Mexico [9], and 
China [10], and primarily focusing on the typical form 
[9,10] of granaries and their construction strategies 
[7,11] to meet the grain storage requirements. This 
study takes the stilted granary of Tujia ethnic group 
as the research object. It aims to investigate the 
impact of environmental requirements for grain 
storage and regional construction traditions on the 
formation of vernacular granaries and to assess the 
performance of passive strategies subjected to 
external energies such as wind and solar radiation.  
 
2. MATERIALS AND METHODS 
2.1 Regional characteristics  

Enshi Tujia and Miao Autonomous Prefecture 
(Enshi Prefecture) is located in the mountainous 
southwestern corner of Hubei province, China. 
According to the Köppen climate classification, this 
region is categorized as Cfa. Due to the complex 
topography and significant elevation differences, the 
area exhibits a pronounced vertical climatic variation, 
characterized by the phenomenon that 'one 
mountain can display all four seasons and the 
weather changes every ten miles'.  

 
Figure 1: Climate and average weather year round in Enshi, 
(a) enthalpy diagram, (b) wind frequency.  
 

Figure 1 illustrates the region's climate, showing 
both the enthalpy diagram and wind frequency data, 
highlighting the environmental conditions for grain 
storage. The region's dry bulb temperature varies 
from a minimum of -1°C to a maximum of 37.7°C 
annually, with an average of 17°C. The region is 
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Figure 1 illustrates the region's climate, showing 
both the enthalpy diagram and wind frequency data, 
highlighting the environmental conditions for grain 
storage. The region's dry bulb temperature varies 
from a minimum of -1°C to a maximum of 37.7°C 
annually, with an average of 17°C. The region is 

 

characterized by consistently high humidity year-
round, reflected in an average relative humidity of 
77.4%. Regarding the wind environment, the 
prevailing direction is from the southwest, with the 
windy season lasting from March to June. Despite the 
obstruction posed by mountainous terrain, the area 
maintains an annual average wind speed of 2.2 m/s. 
Overall, the primary challenges for grain storage in 
the Tujia agglomeration area arise from the region's 
sultry summer climate and persistent high humidity 
throughout the year. Conversely, the region's 
favourable wind conditions present a valuable 
opportunity to enhance granary ventilation, cooling, 
and dehumidification strategies. 

Under the factors with mountainous terrain, 
dense forests, a hot and humid climate, the most 
apparent feature of vernacular architecture of this 
region is the stilt housing form [12]. The stilt housing 
approach (Figure 2) involves elevating the living floor 
on the rugged topography, which not only facilitates 
the creation of vertically layered living spaces, but 
also effectively avoids ground-level insects, animals, 
and humidity. The wooden wall enclosures and roofs 
of these stilt houses are designed with vents to 
enhance natural convection, effectively facilitating 
the removal of indoor heat and humid air. The sloping 
roof of the stilt house features extended eaves, which 
provide effective shading. The attic, situated beneath 
the roof, serves a dual purpose: it is utilized for grain 
storage and also acts as an air layer above the living 
space, significantly diminishing heat radiation during 
summer. Additionally, the region's frequent 
precipitation has influenced the roof's design, which 
includes upward-curved eaves to facilitate far-
reaching rainwater drainage, thereby minimizing 
moisture accumulation.  

 
Figure 2: The exterior view and schematic diagram of Tujia 
stilt house.  
 
2.2 Studied case and methods 

In typical Tujia villages, houses exclusively used as 
granaries for grain storage are uncommon. The Tujia 

people, whose agricultural production is primarily 
family-based, usually store grain in the upper semi-
open storey or hang them on the external corridors of 
their Qianzi homes. Following the establishment of 
the People's Republic of China, the traditional 
methods of grain storage proved no longer 
inadequate to meet the capacity and technical 
requirements demanded by the new collective grain 
storage policy. 

Confronted with the challenges of preserving 
grain in the local hot and humid climate, the Tujia 
people drew inspiration from the stilt house, and 
created the unique type of stilted granary that 
embodied the context of climate adaptation and 
regional construction techniques. The stilted granary 
adopts the "stilted on flat ground" construction 
technique characteristic of Tujia stilt houses, with the 
column-and-tie framework, known as Paishan, 
forming the core of its construction system. The 
interior space is partitioned into distinct storage 
compartments (called Ao) using wooden partitions 
situated between the columns. Supporting these 
timber columns are half-meter-high stone pillars. This 
tectonic design elevates the grain storage plane 
above the ground, efficiently mitigating issues related 
to regional humidity and rodent infestation. 

 
Figure 3: The exterior view of Xuanen No. 1 granary.  
 

The field investigations in Enshi Prefecture have 
identified three primary sites remaining stilted 
granaries. This paper focuses on the Xuanen No. 1 
granary, notable for its early construction date (1951) 
and its current state of preservation (Figure 3).  

 
Figure 4: The interior views of Xuanen No. 1 granary.  
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This granary features an external stone wall 
enclosing interior wooden silos, which are organized 
into three groups, each comprising four units known 
as 'Ao'. Uniquely, the silos' bases are elevated from 
the ground by an overhead floor, facilitating grain 
storage and maintenance. The silos are topped with a 
platform designed for the efficient loading and 
unloading of grain (Figure 4). Additionally, the 
granary's roof incorporates a "clerestory," a 
distinctive architectural feature prevalent in 
traditional "palace-style" granaries. 

Through on-site surveying and mapping, 
architectural drawings such as plans and sections, 
along with photographs highlighting construction 
details, were obtained. The research then delves into 
a qualitative exploration of the bioclimatic 
characteristics of the building form, including layout, 
shape, space, interface, and material, to discern their 
impact on the granary's passive environmental 
performance. 

To supplement this qualitative analysis with 
quantitative data, the research team conducted an 
extensive three-day environmental data 
measurement at the Xuanen No. 1 granary from 
August 20 to August 22, 2022. Utilizing low-power 
sensors and IoT technology [13], the team gathered 
critical data under hot and humid conditions to 
evaluate the thermal and ventilation performance of 
the granary (Figure 5). Given the limitations in sensor 
coverage and the variable nature of the wind 
environment, the study also employed CFD 
simulations. These CFD simulations helped predict 
how air moves through the granary under various 
conditions, providing a clear picture of its ability to 
ventilate naturally without using energy. 

 
Figure 5: The environment measurement scheme based on 
low-power sensors and IoT technology. 
 
3. THE BIOCLIMATIC CHARACTERISTICS OF BUILDING 
FORM 
3.1 Layout and morphology 

Reasonable layout and morphology facilitate the 
initial selection of external climatic conditions, 
thereby enabling the acquisition of appropriate 
external energy. The granary, characterized by a 

regular rectangular volume encompassed by towering 
walls, employs a small shape coefficient to effectively 
hinder the intrusion of external heat. Additionally, 
the pitch of the granary's roof and the depth of its 
eaves are key morphology features that further 
demonstrate the building's resistance to solar 
radiation. 

 
Figure 6: The Layout of granary in relation to wind direction 
and sun path. 
 

In terms of orientation, the structure's longer side 
is strategically oriented to align with prevailing winds, 
enhancing ventilation through the majority of its 
openings, as illustrated in Figure 6. Moreover, the 
granary's long side at a 64.6° angle perpendicular to 
the south is a deliberate design decision aimed at 
optimizing radiative heat gain in the summer. This 
approach is based on the principle that south-facing 
walls generally receive more solar heat gain 
compared to east- and west-facing walls. However, 
for grain silos, excessive solar heat gain in the 
summer is not desirable. 
 
3.2 Space and interface 

The granary employs a space gradient strategy 
tailored to the distinct requirements of wind, light, 
thermal, and humidity conditions in varying spaces, a 
concept akin to "Thermal Onion". In this framework, 
the grain storage space is situated at the innermost 
part, while the surrounding corridors and foyer serve 
not only as circulation routes but also as buffer zones 
to mitigate the impact of unfavourable climatic 
conditions (Figure 7).  
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This granary features an external stone wall 
enclosing interior wooden silos, which are organized 
into three groups, each comprising four units known 
as 'Ao'. Uniquely, the silos' bases are elevated from 
the ground by an overhead floor, facilitating grain 
storage and maintenance. The silos are topped with a 
platform designed for the efficient loading and 
unloading of grain (Figure 4). Additionally, the 
granary's roof incorporates a "clerestory," a 
distinctive architectural feature prevalent in 
traditional "palace-style" granaries. 

Through on-site surveying and mapping, 
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along with photographs highlighting construction 
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a qualitative exploration of the bioclimatic 
characteristics of the building form, including layout, 
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simulations. These CFD simulations helped predict 
how air moves through the granary under various 
conditions, providing a clear picture of its ability to 
ventilate naturally without using energy. 

 
Figure 5: The environment measurement scheme based on 
low-power sensors and IoT technology. 
 
3. THE BIOCLIMATIC CHARACTERISTICS OF BUILDING 
FORM 
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demonstrate the building's resistance to solar 
radiation. 

 
Figure 6: The Layout of granary in relation to wind direction 
and sun path. 
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Figure 8: The section 1 perspective view. 
 

The granary's multistage roof design, in 
conjunction with the vertical void, function as an 
atrium in regulating the indoor environment. The 
openings on the granary's envelope act as channels 
for the exchange of energy between the interior and 
exterior environments; the dimensions, location, and 
angle of these openings are strategically designed to 
direct the building's energy exchange process via 
convection and radiation. From the sectional view 
(Figure 8), it's observable that the circular openings 
located at the bottom of the granary's exterior walls 
act as air inlets within the buoyancy-driven 
ventilation system. The alignment of these openings 
with the stilted space, combined with the vertical 
distance between them and the top "clerestory" 
outlet, is strategically positioned to maximize the 
ventilation effect under this mechanism. 
 
3.3 Material and construction 

Approaches to lower summer grain storage 
temperature and humidity through material choices 
and construction techniques can generally be divided 
into two main categories: the reduction of heat 
conduction and the improvement of heat convection. 
These strategies are primarily focused on the three 
key enclosing elements of the structure: the walls, 
floors, and roofs. 

In the Xuanen No. 1 granary, masonry, a material 
characterized by high density and thermal mass, is 
utilized in the outermost enclosure wall to create a 
barrier and buffer for heat and moisture transmission 
between the interior and exterior. The enclosure of 
the storage space (Ao) consists of horizontally spliced 
planks, each measuring 30mm in thickness. These 
planks harness not only the tensile and compressive 
strength of timber but also the low thermal 
conductivity of wood fibers, thus effectively 
mitigating external periodic temperature fluctuations. 
At the floor level, the Ao are raised above the ground 
on stone pillars, more than one meter high, providing 
a safeguard against heat and moisture transfer from 
the ground. Additionally, the airflow channels 
beneath the Ao facilitate natural ventilation within 
the indoor spaces. The granary's composite roof, 
which includes tiles, felt, sarking, and rafters, further 

contributes to an efficient thermal envelope, ensuring 
a stable internal climate suitable for grain storage. 

 
4. THE MONITORING AND SIMULATION OF PASSIVE 
PERFORMANCE 
4.1 Monitoring of thermal performance 

Figure 9 presents a box plot illustrating the 
temperature measurements at various points within 
section 1-1 of the granary, recorded from August 20 
to August 22. This data clearly demonstrates the 
gradient mechanism in the spatial organization of the 
granary, which plays a crucial role in thermal 
environment conditioning. In this setup, the 
surrounding corridors and atrium act as regulating 
spaces, providing a climate buffer for the storage 
space (Ao). The granary's temperature gradients are 
characterized by distinct variations, both vertically 
(top to bottom) and horizontally (from exterior to 
interior). Moreover, the Ao displays exceptional 
temperature stability, maintaining daily temperature 
fluctuations within a 3℃ range. Remarkably, during 
periods of peak summer heat, the temperature 
differential between the Ao and the external 
environment remains consistently within 6-8℃. The 
synergistic nature of temperature and relative 
humidity makes the wet environment of the granary 
shows similar gradient differences as well. 

 
Figure 9: Spatial temperature difference of Section1. 

 
Figure 10 illustrates the spatial temperature 

variations among different test points in Section 2-2 
of the granary. During high temperature periods, 
indoor test points on the granary's south side register 
higher temperatures compared to those on the north 
side. This observation corroborates the effectiveness 
of the office space on the south side acting as a heat 
flow barrier. When integrated with the data 
presented in Figure 9, it becomes evident that the 
northern Ao exhibits superior thermal performance 
compared to the southern Ao. This is indicated by a 
temperature difference of 0.7°C during high-
temperature periods, along with greater thermal 
stability characterized by smaller daily temperature 
fluctuations. Additionally, Figure 10 highlights the 
atrium space's potential in fostering a comfortable 
thermal environment under hot climatic conditions. 
The atrium not only functions as a climatic buffer 
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zone, but also provides a conducive operational 
environment for grain handling activities. 

 
Figure 10: Spatial temperature difference of Section2. 
 
4.2 Simulation of ventilation performance 

Figure 11 illustrates the air flow paths within the 
granary under two distinct scenarios: wind-driven and 
buoyancy-driven ventilation. In the buoyancy-driven 
scenario, prevalent when outdoor wind speeds are 
low, the vertical temperature gradient in the atrium 
space drives the inflow of outdoor air through a 
circular opening at the bottom of the façade, exiting 
through the skylight at the top. Conversely, in the 
wind-driven scenario, which occurs when outdoor 
wind speeds are high, the granary's numerous 
openings facilitate this ventilation pattern. The 
openings on the windward and leeward sides of the 
structure are aligned directly opposite each other, 
thereby effectively minimizing the resistance and 
deviation in the airflow path. 

 
Figure 11: Diagram of airflow organization under buoyancy-
driven and wind-driven ventilation pattern. 
 

Figure 12 displays the variation curves of wind 
speed data collected from each test point in Section 
1-1 of the granary during the field measurement 
period. These curves reveal that, even under 

conditions of low outdoor wind speed, a considerable 
airflow is still present within the granary.  

 
Figure 12: Statistics of wind speed at each test point of 
section 1-1. 
 

Figure 13 presents the simulated wind 
environment of the granary under meteorological 
conditions analogous to those during the field 
measurement period (an outdoor air temperature of 
32°C and a wind speed of 1 m/s), assuming an 
unstacked interior within the granary. The CFD 
software PHOENICS, with its advantage of obtaining 
enough resolution to assess the flow field of air, is 
used to simulate natural ventilation in the granary. 
The simulation results exhibit a high correlation with 
the measured data, particularly in the gradient of 
wind speed observed from the outdoor environment 
to the outer side window, and then sequentially to 
the lower and upper atrium. 

 
Figure 13: Simulation result of wind environment in the 
state of buoyancy-driven ventilation pattern. 
 

Figure 14 displays the simulation results for the 
granary's wind environment under conditions of high 
outdoor wind speed (3m/s). In this wind-driven 
ventilation scenario, natural wind enters through the 
opening on the windward side, moves across the 
elevated floor and upper space of the granary, and 
exits through the opening on the leeward side. 
Notably, the air velocity in the upper space of the 
granary is higher, even leading to the formation of a 
minor vortex. Within the granary, a hierarchy of wind 
speeds is observed, with the sequence being 
windward side aisle > leeward side aisle > overhead 
floor > atrium. The overall wind speed within these 
areas is generally maintained at about 1.5m/s. 
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Figure 14: Simulation result of wind environment in the 
state of wind-driven ventilation pattern. 
 
5. CONCLUSION 

This study delves into the relationship between 
"building form" and "passive performance" in Tujia 
stilted granaries, encompassing a comprehensive 
approach that merges qualitative strategic 
considerations with quantitative analysis based on 
collected and simulated data. The analysis 
investigates multiple aspects such as layout, shape, 
space, interface, and material, aiming to discern how 
these architectural features impact the passive 
environmental performance of the granaries. The 
finds demonstrate efficient passive strategies of 
stilted granaries for temperature regulation and 
ventilation, adapted to local climatic conditions. Our 
findings highlight the crucial role of traditional 
construction methods in achieving sustainable 
architecture. The bioclimatic design principles evident 
in Tujia stilted granaries offer valuable insights for 
developing environmentally responsive buildings in 
similar climates. Future research could extend this 
analysis to other vernacular productive architectures, 
further enriching our understanding of sustainable 
building practices. 
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ABSTRACT: In order to reduce the carbon emissions from the built environment, retrofitting the existing building 
stock is crucial. Circa 25% of UK buildings were built before 1950 and are considerably over the average building 
60-years lifespan. Retrofitting to reduce energy use and operational emissions, would also provide an opportunity 
for increased building longevity. Historic buildings are particularly hard to treat as any applied strategies need to 
work around the need to preserve their historically significant features. In the UK, structures of particular 
architectural and/or historic interest are placed on statutory lists that indicates the need for special protection, 
and are subject to stringent regulations, which mean they cannot be demolished, extended, or altered without 
special permission. The aim of this work was to identify strategies for energy efficient retrofit of a selected case 
study: a former listed Victorian school currently occupied as a community centre with a number of functions. The 
methodology included a comparative analysis of existing approaches, in-situ assessment with data monitoring 
and assessment of operational carbon. The results demonstrated the benefits of retrofitting listed buildings with 
a fabric first approach, that resulted in 83% reduction of operational carbon emissions, even though ideal retrofit 
heating demand targets were not met.  
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1. INTRODUCTION  

The increasing greenhouse gas (GHG) emissions 
caused by people are the fundamental contributors to 
climate change [1]. The built environment sector is 
accountable for 25% of these emissions [2]. In the UK, 
around 80% of the building stock that will be occupied 
in 2050 already exists today [4]. From this existing 
building stock, over 25% was built before 1950 [5].  

In order to preserve the historic building stock, in 
the UK, structures of particular architectural and/or 
historic interest are placed on statutory lists that 
indicates the need for special protection, and are 
subject to stringent regulations, which mean they 
cannot be demolished, extended, or altered without 
special permission. The National Heritage List for 
England, originated in 1882, consist of over 400,000 
entries and over 10,000 conservation areas [7] with 
heritage value. The values assessed for determining 
the significance of a building are the aesthetic value, 
communal value (i.e. the meaning of a place for the 
people related to it), evidential value (i.e. the potential 
of a place to demonstrate an historic aspect of the 
past) and the historical value [8]. However, specific 
characteristics and construction components of these 
buildings imply specific performance challenges and 
retrofit limitations, in addition to the listed restrictions 
they may have.  

 
2. METHODOLOGY 

The aim of this work was to explore retrofit 
strategies on a listed Victorian non-domestic building, 
while understanding its constraints and limitations, for 
improving the performance efficiency.  

The selected case study was the former Douglas 
Primary School, a grade II listed building from 1885 in 
Nottingham, UK, in a cool temperate climate zone, 
with a Treated Floor Area (TFA) of 1,343.50 m2 (Figure 
1). Afterwards, its use changed to a mixed-used 
building, as it was purchased and adapted by Primary, 
an arts organisation with a large community 
involvement, providing studio spaces for artists, two 
galleries, a book shop, a bakery and a courtyard for 
community participation. 

 

 
Figure 1: Primary from Ilkeston Rd. Source: Author 
20.06.2023 

 
The building had two storeys plus a basement, 

traditional Victorian red brick facades with terracotta 
dressings and hipped plain tile roofs. The significance 
value of the building relied on its aesthetic exterior 
Victorian features and communal values, as it was 
considered an educational landmark outside the city 
centre. The intense use of the former school left few 
interior historic features, some of them rescued by the 
artists in their private studios, nevertheless, damp, 
finishes in poor condition and previous not-sensible 
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interventions were detected. Hence, interior 
interventions were more feasible to consider for the 
retrofit approach, as no conservation limitations were 
found, on the contrary, some Victorian features were 
considered for potential restoration. 

The methodology proposed for this research was 
divided in three stages: (1) the comparative analysis of 
strategies and approaches, (2) the case study analysis 
and baseline through an in-situ assessment and (3) the 
operational carbon modelling. Initially, a critical 
assessment of existing literature on traditional historic 
buildings provided a qualitative approach of their 
architectural value, function and construction. 
Moreover, two best-practice precedent studies were 
compared to understand the benchmarks and former 
used designed strategies that were proved to have a 
good operational performance. 

Then, for the quantitative assessment, the in-situ 
assessment included gathered performance data from 
four different rooms, representing the different 
occupancy uses around the building. The baseline 
operational carbon and heat demand were assessed 
by Passive House Planning Package (PHPP). The 
resulted energy use per year was used for operational 
Whole Life Carbon (WLC) calculation, i.e. the projected 
calculation of carbon emissions for all the building 
lifespan, in this case considered for 60 years. 
Operational WLC was calculated following LETI (London 
Energy Transformation Initiative) methodology of a split 
carbon factor that takes into consideration an 
estimate of the UK’s amount of renewable energy 
production and the future possible projection of its 
decarbonisation [10]. 

Once the areas of improvement for the fixed 
geometry were identified, in line with the significance 
assessment, a series of design iterations were tested 
in PHPP, to improve performance towards the studied 
targets and standards. The research limitations were 
the time availability for data gathering and the 
weather conditions of the summer period when the 
research was developed. Moreover, a limitation of the 
research scope was the lack of information available 
about the construction materials to develop a 
trustable embodied carbon assessment to 
complement the operational energy Whole Life 
Carbon (WLC) calculation. 

 
3. COMPARATIVE ANALYSIS OF STRATEGIES AND 
APPROACHES 

The comparative analysis included the available 
retrofit standards and regulations, mostly focused on 
housing, as it has the highest impact on carbon 
emissions (69% of the operational emissions from 
buildings) [11], the analysis of the main Victorian 
buildings’ envelope characteristics, and two best-
practice precedent studies.  

 
 

3.1 Victorian Buildings 
The most common traditional construction system 

for historic building’s fabric was the solid wall. 
Construction could vary from single-skin brickwork to 
stone walls, as narrow as 100 mm thick up to rubble-
filled walls of a metre or more thickness [12]. Each 
material would have a different thermal conductivity 
and moisture permeability, although most of them 
were breathable, i.e the moisture was able to be 
absorbed in the exterior and then evaporate when the 
wall dries, resulting in moisture equilibrium. Materials 
used in retrofit, repair and maintenance must be 
selected with care to preserve this permeability and 
moreover, its historic character.  

Furthermore, the first experimentations with 
cavity wall constructions were from early Victorian 
Period, with the aim of providing a better protection 
from driving rain, preventing damp from passing 
through, enhancing stability and economy of the 
materials [13]. It consisted of two brickwork layers tied 
together, but separated at least by a 2” cavity. By the 
end of the 19th century, there was a consensus 
between builders that the cavity walls required a small 
amount of ventilation [13].  Construction details 
showed that they provided bottom ventilation 
through airbricks or grilles [14]. 
 
3.2 Precedent Studies: Foundry Project Cullinan 
Studio 

The Foundry was the retrofit project of Cullinan 
Studio’s headquarters office in London in 2012. 
Originally, the building was a Victorian 19th century 
foundry warehouse with the southeast facade and 
roof timber truss locally listed. The building had a gross 
internal area of 785 m2 distributed in three storeys. 

The construction was of solid brick wall with an 
early use of steel structure, timber flooring and a 
timber truss roof. The retrofit approach implemented 
was a fabric-first approach with internal and external 
insulation. The chosen material to keep wall 
breathability was natural recycled newspaper 
cellulose insulation, blown-applied in a timber battens 
frame, finished with a plasterboard. The roof was kept 
and insulated under the existing battens. The building 
was certified with BREEAM ‘Excellent’ rating. The total 
retained elements of the building represented 80% of 
the fabric that reduced the embodied carbon impact 
by 50% when compared to a new construction. The 
retrofit achieved a 34% improvement in operational 
energy use with 88 kWh/m2/yr. 

 
3.3 Precedent Studies: Zetland Houses 

A pair of semi-detached housing retrofit project in 
Zetland Road was developed by Ecospheric and Guy 
Taylor in Chorlton, Manchester in 2018. Originally, the 
houses were built in 1894, but underwent several 
modifications through the years. Each house had 187 
m2 for a total gross internal area of 374 m2 distributed 
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in three storeys and a cellar floor. The project was the 
first Passive House EnerPHit Plus certification in the UK 
[15]. They aimed to retain the most of the existing 
fabric, avoided the use of any petrochemicals and 
implemented a fabric first approach with high levels of 
internal natural recycled newspaper cellulose 
insulation for the front facade and external insulation 
for the rest. The interior details as plaster cornices and 
ceiling roses, some lost through time, were reinstated 
to recover the Victorian character.  

The project simulated a heating demand of 
12kWh/m2/yr. To offset the houses’ orientation, the 
designers implemented a passive strategy for the rear 
northwest facade, of rotating the window towards the 
south to increase 15% the solar gains and have the 
windows staged from the bottom to the upper floor to 
reduce stratification from the natural rising of heat 
within the envelope. The retrofit was very successful, 
as it reduced 95% the operational energy demand, and 
estimated a 7-fold carbon emissions reduction [16]. 
 
3.4 Retrofit Strategies, Approaches and Limitations 

The different strategies and targets were compiled 
and compared with five scenarios (i) target value for 
constrained domestic buildings, (ii) the average semi-
detached house in Nottingham, (iii) Zetland Houses, 
(iv) Foundry Office, and (v) the Primary baseline 
(current use) (Table 1).  

All the approaches aimed for deep retrofitting, 
with at least 70% energy consumption reduction. The 
heating demand target for cool temperate climates of 
Passive House EnerPHit was 25 kWh/m2/yr, 
nevertheless, LETI suggested 60 kWh/m2/yr for 
constrained (hard-to-treat) buildings. Although it was 
a target value for domestic buildings per m2, non-
domestic uses, areas and space volume differ in 
occupancy patterns, internal gains and scale. This was 
shown in the baseline Primary building (v) that had a 
10 times higher heating demand. The EnerPHit 
certification of case (iii) achieved the highest energy 
reduction. The feasibility strategies for breathability, 
moisture balance and condensation risk (i.e. water 
vapour condensation when warm, humid internal air 
meets a sufficiently cold surface within the wall 
construction [7] are crucial when assessing traditional 
constructions. The U-value to reduce condensation 
risk on traditional solid walls was 0.32 W/m2.K [7]. 
However, best-practice precedent studies 
demonstrated potential to surpass those and aimed 
for new building Passive House standards by adopting 
complementary strategies.  

The baseline analysis through the in-situ 
assessment would provide information of the current 
performance, repair and maintenance issues and 
improvement potential.  

 
Table 1: Retrofitting Approaches for Constrained Buildings (abstract version).  

Strategies Energy 
Reduction 

Heating 
Demand 

Overheating 
Risk 

Wall U-
Val 

Roof U-
Val 

Floor U-
Val 

Airtightness 
 

 % kWh/m2/yr % W/m2.K ach @50Pa 
(i) LETI Target 70% 60 10% 0.32 0.22 0.20 3.0 

(ii) Av. House - 168 *a 1.35 0.25 1.04 11.50 
(iii) Zetland 98% 12 0% 0.17 0.14 0.16 0.9 
(iv) Foundry 40% 45 8.6% 0.20 0.19 0.45 5.0 
(v) Primary - 512 0% 1.35 2.94 2.70 12.0 

*a: 20% of homes in the UK are in overheating risk [7]. 
 
4. IN-SITU ASSESSMENT 

The site visits provided the baseline information 
about the building construction typology and 
condition. The fabric characteristics were analysed and 
there were two possible scenarios following Victorian 
construction typologies: (a) traditional breathable 
brick and a half thick solid masonry wall, in an English 
Bond for 338mm (Figure 2); and (b) early cavity wall, 
breathable and ventilated, with bonding bricks, for 
374mm, which justifies the use of air grilles in the 
facades, although their location did not correspond 
with bottom wall traditional air bricks (Figure 3). Both 
walls presented a similar U-value, (a) 1.35 W/(m2K) 
and (b) 1.51 W/(m2K), respectively. Therefore, the 
following dynamic performance simulations were 
assessed assuming solid wall fabric, as it was the most 
common construction type for the period and would 
broaden the scope of the research impact. 

 
Figure 2: English or old English Bond Façade, solid wall. 

Author, based on Adams, 1907, Fig. 127, p.59 

 
Figure 3: Dearne’s Hollow Wall Façade.  Author, based on 

Adams, 1907, Fig. 205-206, p.74 
 
Four rooms were analysed to represent the main 

different uses of the building: (a) studio, (b) bakery, (c) 
book shop and (d) office (Figure 4).  
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Figure 4: Primary Building, Ground Floor. Plans provided by 
Primary, Edited by Author 

 
Data monitoring for air temperature was gathered 

by Tinytag Ultra2 data loggers, one in each assessed 
room, for three summer weeks. A parallel register of 
Nottingham’s weather temperature at 13:00 was 
gathered throughout the period for comparison. 
Results were compiled and extrapolated to current 
Design Summer Year (DSY) climate data for 2020 with 
a medium high emissions scenario.  

The thermal assessment showed a delay of one day 
between the Weather Channel peak temperatures and 
the Tinytag room air temperature highest 
measurement, both for the lowest and highest peaks 
(Figure 5), demonstrated the thermal storage capacity 
of the walls’ thermal mass. If the walls would be 
insulated on the inside, the thermal mass capacity 
would be significantly reduced. The external insulation 
could help increase the building’s weather resistance 
and the effect of thermal mass, but it goes against 
conservation of the building. Therefore, interior 
insulation may be the more feasible if the breathability 
of the wall is kept and if it’s performance surpasses the 
thermal mass benefits of the previous wall. 

 
 
 

 
Figure 5: Room (a) Studio thermal measurements compared 

to exterior temperature 
 
The indication of a general low interior 

temperatures was proved in the PHPP assessment 
with a high heating demand, where the highest energy 
losses were through the roof, unintentional 
ventilation, external walls, and windows. Based on the 
simulated electricity use of 36 kWh/m2/yr and heat 
demand of 512.8 kWh/m2/yr, the Whole Life Carbon 
for the resulting operational energy of 736,865 kWh/yr 
was calculated following LETI methodology of split 
carbon calculation (Equation 1). 

 
Equation 1: Split Carbon Calculation [17] 

𝑊𝑊𝑊𝑊𝑊𝑊�� = (𝐸𝐸𝐸𝐸𝐸𝐸 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑥𝑥 𝑑𝑑𝑑𝑑𝑑𝑑) + (𝑅𝑅𝑇𝑇 𝑥𝑥 𝑑𝑑𝑑𝑑) 𝑥𝑥 60𝑦𝑦 
𝑊𝑊𝑊𝑊𝑊𝑊�� = (4,586.45) + (173,014.29) 𝑥𝑥 60

= 𝟏𝟏𝟏𝟏, 𝟔𝟔𝟔𝟔𝟔𝟔, 𝟏𝟏𝟎𝟎𝟎𝟎 𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝟐𝟐 
Where: 
𝑊𝑊𝑊𝑊𝑊𝑊��  = Whole Life Carbon for Operational Carbon 
𝐸𝐸𝐸𝐸𝐸𝐸 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇= LETI Energy Use Intensity for Office 
typology 55 kWh/m2/yr x 1,345 m2 = 73,975 kWh [18] 
as the closest available for the occupancy typology. 
𝑑𝑑𝑑𝑑𝑑𝑑 = decarbonised factor 0.062 kgCO2/kWh 
𝑑𝑑𝑑𝑑 = carbonised factor 0.261 kgCO2/kWh 
60y = 60-years building’s lifespan 
 

The WLC calculation for the operational energy 
resulted in 10,656 tonCO2e, over 60 times higher than 
the LETI target for housing of 160 tonCO2e [7] and 
without taking into account the embodied carbon of 
the existing building. However, compared to the 
retrofit project of the Foundry (1,383 tonCO2e), 
Primary’s WLC OC is over 7 times higher, without 
embodied carbon included. This demonstrated how 
non-domestic buildings need to be assessed and 
compared to specific standards and targets that 
anticipate the typology’s limitations and 
characteristics, as the housing benchmarks are far 
away from the non-domestic performance. 
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5. MODELLING  
The baseline evaluation provided an insight of the 

building’s requirements for a holistic retrofit resilience 
approach. The main cause for the high WLC emissions 
for operational energy was the building’s heating 
demand. The orientation resulted in a lack of solar 
gains and high heat loss through the building’s 
envelope. Hence, based on the in-situ assessment, a 
bespoke fabric-first approach was tested with PHPP by 
a series of retrofit interventions by element. The 

methodology was additive, where each iteration was 
tested from the former iteration result.  

The first iteration was the (1) replacement of the 
damaged roof, followed by (2) interior wall insulation 
to preserve the historic facades and restore the 
breathability and moisture balance, (3) replacing the 
single-glazed windows with a traditional timber frame 
with double glazing, (4) improving airtightness level, 
(5) introducing MVHR system and (6) insulating the 
ventilated ground floors between joists (Figure 6).  

 

Figure 6: Proposal iterations PHPP Energy Balance Heating, Annual Method 
 

Further resilience strategies such as form factor 
reduction, increased solar gains through windows and 
exterior insulation to retain thermal mass were not 
feasible given the listed conditions of the building.  

The predicted condensation in the exterior walls 
was assessed and compared to the baseline solid wall 
performance that presented a mostly evenly slope of 
vapour pressure through the wall thickness. In 
contrast, the proposed interior wall insulation 
presented a significant temperature drop after the 
insulation limit, presenting a condensation risk point 
(Figure 6). 

 
Figure 6: Design Proposal Wall Condensation Prediction 

 
The improved proposal had an energy demand of 

42 kWh/m2/yr and a heating demand of 82 
kWh/m2/yr, resulting in a total operational energy use 
of 166,955 kWh/yr. The heating demand was still far 
from achieving the LETI domestic constrained target of 
60 kWh/m2/yr and the Passive House EnerPhit target 
of 25 kWh/m2/yr. The Whole Life Carbon of 

operational energy, by LETI split carbon calculation, for 
the retrofit proposal on the fixed geometry resulted in 
1,731 tonCO2e, 83% less than the current emissions 
projection of 10,656 tonCO2e. 

The improved thermal efficiency of the roof (1) was 
proved to be the best, under the resilience fabric first 
approach, with a 93% improvement. Although the 
insulated walls U-value calculation did not comply with 
the condensation risk targets, best-practice precedent 
studies demonstrated that with breathable moisture 
control membranes and natural materials, an 
improved U-value could be achieved. However, the 
interior wall insulation proposed for the second 
iteration (2) presented condensation risk. Further 
research on insulation variations (such as thickness 
and reduced thermal performance) should be tested 
to reduce condensation risk without compromising 
the thermal improvement achieved, the second 
highest by building element, of 79%. 

The low internal heat gains indicated a low 
occupancy density for the available area, in line with 
the possible adaptable strategies for a layout 
improvement. The solar heat gains were restricted by 
the significance value of the exterior walls, impeding 
increasing size or additional windows.  
 
8. CONCLUSION 

The research aimed to explore, compile and 
extrapolate the existing standards and precedent 
approaches to be applicable for a listed Victorian non-
domestic building, to improve the performance 
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8. CONCLUSION 
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efficiency. The methodology was divided into three 
stages: (1) the comparative analysis of strategies and 
approaches, (2) the case study analysis and baseline 
through an in-situ assessment and (3) the operational 
carbon for the fixed geometry. 

The key outcomes of the research included the 
understanding of the performance limitations for 
complex retrofits, taking Primary as a vehicle. (1) The 
comparative analysis of strategies highlighted the 
importance of a constrained U-value for reducing the 
condensation risk in traditional solid walls, and failing 
to achieving so, was proved to have risks. So, further 
assessment on different interior insulation strategies 
or retaining the walls’ thermal mass without insulation 
should be tested to find a balance between the best 
performance without hazards. (2) The in-situ 
assessment showed the heating demand was still the 
most important challenge to assess for the cool 
temperate climate of Nottingham, as it represented 
the highest energy demand and the highest thermal 
discomfort. (3) The modelling of the design proposal 
achieved a heating demand reduction of 84%, 
although the rooms presented a comfort gap between 
25-70% of the hours still under the comfort limit.  

The listed building’s limitations to modifying the 
exterior facades limit the possible passive strategies to 
increase heat gains. The chosen resilient fabric-first 
approach was proved to improve the building’s 
performance and longevity, however it felt short to 
achieve the existing standards for heating demand 
from LETI and Passive House EnerPhit. 
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ABSTRACT: This paper explores innovative air cooling concepts for post-war residential and office buildings in 
Germany by drawing inspiration from historical models. In the context of contemporary construction practices 
emphasizing energy-intensive cooling systems, the study aims to bridge the gap between past architectural 
wisdom and present needs. The challenges faced by post-war buildings due to rising urban temperatures and 
inadequate insulation are demonstrated. The research proposes the integration of forgotten cooling strategies 
from pre-modern builders, emphasizing the importance of passive approaches that respect historical contexts. 
The objective is to synthesize historical knowledge and innovative ideas, offering a comprehensive framework for 
enhancing air conditioning systems in post-war structures. The conclusion highlights the potential of integrating 
air cooling strategies from historical structures with modern technologies to achieve comfortable indoor 
environments while reducing energy consumption. The findings contribute to sustainable building practices, 
offering implications for the revitalization of existing buildings and the development of energy-efficient cooling 
approaches. The discussion delves into the feasibility of transforming post-war buildings with passive cooling 
systems, emphasizing the preservation of architectural aesthetics during energetic retrofits.  
KEYWORDS: ecological retrofitting, natural ventilation, climate change adaptation, low energy cooling systems, 
applying vernacular techniques 
 
 

1. INTRODUCTION – WHY WE URGENTLY NEED TO 
IMPLEMENT COOLING CONCEPTS FOR POST-WAR 
BUILDINGS IN GERMANY 

Rising urban temperatures pose an increasing 
challenge to existing structures, a consequence of 
shifting climate zones. This predicament is acutely felt 
by post-war residential and office buildings, which 
suffer from inadequate insulation and construction 
standards. Addressing this issue demands the 
redevelopment of innovative passive strategies that 
counteract overheating while focusing on historical 
contexts.  

Such approaches not only enhance comfort and 
reduce energy consumption but also safeguard our 
architectural heritage. It is imperative to usher in a 
new era of climate-responsive design, where the 
lessons of the past harmonize with the needs of the 
present and the aspirations of the future. Many 
historical structures have been crafted with proficient 
air cooling systems which can serve as case studies. 
Given the impending shift in climate zones over the 
coming decades, there exists an opportunity to glean 
insights from these existing cooling systems that have 
effectively operated in warmer climatic regions. 
 
1.1 Aim of the study 

In the wake of the post-war era, residential and 
office buildings underwent significant 
transformations to accommodate evolving societal 
needs and technological advancements. However, as 

contemporary construction practices prioritized 
modern amenities and energy-intensive cooling 
systems, there is a growing urgency to revisit and 
harness the wisdom embedded in historical 
architectural approaches.  

This research endeavors to bridge the gap 
between past and present by investigating the 
feasibility of integrating cooling techniques from 
vernacular contexts into post-war buildings.  

By drawing inspiration from traditional designs 
that once adeptly navigated climatic challenges 
without the reliance on electricity-intensive cooling, 
this study seeks to reimagine air cooling methods that 
harmonize comfort, sustainability, and heritage. 

Against the backdrop of mounting concerns over 
energy consumption and environmental impact, this 
research holds a twofold promise.  

Firstly, it aims to uncover the forgotten cooling 
strategies employed by pre-modern builders and 
architects, decoding their principles for application in 
contemporary contexts.  

Secondly, it aspires to propose innovative, eco-
conscious adaptations that can potentially reshape 
the landscape of air conditioning in post-war 
residential and office spaces. Through this 
exploration, a renewed synergy between historical 
ingenuity and modern demands could pave the way 
for more balanced and efficient cooling solutions, 
benefiting both occupants and the planet. 
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1.2 Objective and Rationale  
The research of this paper aims to provide passive 

air cooling solutions to reduce the excess heat 
income of post-war buildings. It has the goal to find 
ways how the re-application of vernacular air cooling 
strategies can be implemented as an essential part of 
sustainable retrofits of post-war residential and office 
buildings, also as an adaptation measure for a hotter 
climate in the future. It poses the question how to 
conceptionally and technically integrate passive 
ventilation based cooling systems into existing 
buildings of the post war era.  

Through the sequential steps presented during 
the chapters of this paper, this study seeks to 
synthesize historical knowledge, innovative ideas, and 
practical solutions, culminating in a conceptual 
framework for enhancing the sustainability of post-
war structures with air cooling systems. Aligned with 
future climatic demands, by analyzing the thermal 
comfort strategies employed in these historical 
structures and integrating them with modern 
technologies, this research provides a set of 
suggestions for achieving comfortable indoor 
environments while reducing energy consumption 
and environmental impact.  

The findings hold significant implications for the 
revitalization of existing buildings and the 
development of new, energy-efficient cooling 
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The following part contains an evaluation about 
the feasibility of transforming postwar buildings with 
passive cooling systems. Additionally, a special focus 
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a way that the esthetics of post-war buildings (which 
often have a high architectural value) can be 
maintained. 
 
1.3 Heat-related mortality problem in Germany 

Due to the increasing number of heat-related 
death incidents which occurred during heat periods in 
recent years, it becomes more and more obvious that 
the problem will be dramatically multiplied within the 
upcoming decades of this century, if no measures will 
be taken against it.  

For example, according to [3], in Germany during 
the summer of 2022 there have been an estimated 
8,173 heat related death cases and – in regard to the 
entire Europe – the authors pledge for an urgent 
reaction by the governing authorities: "The high heat-
related mortality that Europe experienced during the 
summer of 2022 calls for national governments and 
relevant agencies in the European Union and 
continental levels to increase the ambition and 
effectiveness of heat prevention and adaptation plans 
with urgency" [3]. One of the reasons for this is that 
the living conditions in many flats in Germany are 
inappropriate due to a lack of cooling possibilities. 

Therefore, there is a grand responsibility to find ways 
to avoid solar overheating of residential buildings to 
reduce the number of people affected and dying due 
to heat stress generated by summerly heat periods 
and lack of cooling options of their apartments.  

 

 
Figure 1: Estimation of predicted annual average heat 
related death cases (y-axis) in Germany for the next decades 
(x-axis) in case that no interventions against overheating of 
interior spaces would be done (estimation by author still 
vague, based on numbers until 2022 [3]) 

 
1.4 Air cooling strategies 

Focusing on vernacular architecture from 
different climate zones, the following air cooling 
strategies have been selected to be analyzed in 
regard to a possible application on post-war 
buildings: cross ventilation as wind-induced air 
movement; single sided ventilation as wind-induced 
air movement (with relatively low efficiency); stack 
ventilation as temperature-induced air movement; 
wind- and temperature-induced ventilation through 
courtyards; solar chimneys as a variation of stack 
ventilation; wind catcher ventilation; natural 
ventilation through air channels.  In addition, air 
cooling systems with help of fans (fan assisted natural 
ventilation) have been considered as well. 

 
2. EXISTING BUILDING STOCK IN GERMAN INNER 
CITY AREAS – BURDEN OR POTENTIAL? 

 
2.1 Challenges of post-war buildings 

Subsequently, an exploration of post-war 
residential and office buildings is conducted. This step 
involves a depiction and assessment of the 
architectural and structural characteristics of these 
buildings. Post-war buildings, often constructed 
between the 1940's and 1980's, face several 
challenges in terms of energy efficiency. These issues 
arise from the construction methods, materials used, 
and design standards prevalent during that era. Some 
common deficits are as described in the following 
points. Many post-war buildings were constructed 
with minimal consideration for insulation. This lack of 
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insulation can result in increased heat loss during the 
winter and heat gain during the summer, leading to 
higher energy consumption. Older buildings often 
feature single- or double-pane windows, which are 
much less energy-efficient and which have much 
lower u-values than the glazing and framing 
standards we have today. Often the entire building 
skin (walls, ceiling, foundation plate) has a too low 
insulation and low u-values. Many post-war buildings 
may have outdated heating, ventilation, and 
sometimes air conditioning systems (HVAC) that are 
less energy-efficient compared to contemporary 
systems. Inefficient HVAC systems contribute to 
higher energy consumption and costs. Most 
residential buildings of the post-war era do not have 
air conditioning systems for cooling. In terms of 
sustainability, the lack of air condition systems on a 
large scale can be seen as an advantage (in many 
Southern European cities, the use of AC's constitutes 
a large amount of CO2-emissions. Poor sealing around 
doors and windows can lead to drafts and air leakage, 
reducing the effectiveness of heating and cooling 
systems. Proper air sealing is crucial for maintaining a 
comfortable indoor environment and minimizing 
energy waste.  
 

 
Figure 2: Schematic section with some typical 
characteristics of post war buildings 
 

Many post-war buildings were constructed before 
modern energy efficiency standards and building 
codes were established. Furthermore, many buildings 
contain structural challenges such as thermal bridges. 
Often the buildings do not contain enough thermal 
mass for heat or cold storage to passively improve 
interior comfort. In many cases, there is direct sun 
exposure and lack of external sun screens. Many 
post-war buildings lack opening mechanisms or 
ventilation openings to enable cross ventilation 
through the building façades (windows and walls) and 
also through elements within the building which 
block cross ventilation (walls/doors). It is not seldom 
that floor plans are oriented only towards one 
direction, thus with the disadvantage of preventing 
natural air flow across the building. 

With all these flaws, are post-war buildings a 
burden which is hindering sustainable urban 
development? With a focus on air cooling strategies, 
it is the thesis or argument of this paper, that for the 
majority of post-war buildings, it is feasible and 
reasonable to energetically retrofit these buildings 
instead of demolishing them. 

 
2.2 Application of air cooling systems in vernacular 
architecture 

Historical vernacular strategies and air cooling 
systems are analyzed and taken as role models. Since 
due to climate change and according to respective  
scientific studies, a shift in climate zones for Germany 
is predicted, vernacular cooling systems of other, 
more hotter climate zones are analyzed and 
evaluated as well (e.g. Mediterranean climate). The 
floor plans of many pre-war buildings in Germany 
have been designed in a way that cross ventilation is 
possible. Some buildings, for example the town hall of 
Hamburg (built at the end of the 19th century), are 
equipped with a complex set of ventilation channels 
in order to naturally ventilate spaces in a more 
refined and effective way.  

From studies of pre-war buildings in hotter 
climates a variety of air cooling principles can be 
extracted [1, 9]. Due to climate change, for the first 
time in history, these strategies can be applied in 
Northern Europe as well and safeguard a part of our 
building stock from solar overheating in summer.  

For their buildings in hotter climate zones, in 
times of Modernism before World War II, some 
architects successfully integrated passive air cooling 
techniques into their buildings in order to keep them 
comfortable with natural ventilation. Casa Giuliani in 
Como / Italy by Giuseppe Terragni from 1939 
constitutes an example for the integration of natural 
ventilation [9]. In 1927 and 1928 Le Corbusier 
developed a refined air flow based ventilation 
concept, called "Respiration System for Buildings", 
which constitutes an example for ventilation through 
air channels and shafts [15]. Architects like Alfonso 
Reidy or MM Roberto applied and further developed 
ventilation techniques in Brazil. Focusing on 
contemporary architecture, within hotter climate 
zones one can find many examples of naturally 
ventilated constructions, e.g. buildings from 
Balkrishna Doshi in India. 

 
3. ELABORATION AND DISCUSSION OF AIR COOLING 
STRATEGIES  

This stage encompasses the conceptualization and 
development of case studies, ideas and sketches for 
application/integration of historical air cooling 
systems. The concepts focus on the effective 
application and integration of air cooling systems for 
post-war buildings. A key element of this stage is the 
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application/integration of historical air cooling 
systems. The concepts focus on the effective 
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formulation of air flow pathways to optimize system 
efficiency. Vernacular techniques applied in historical 
buildings often serve as role models. 

All following strategies may be applied if they are 
reasonable and esthetically possible in the individual 
case. However, for each building the feasibility of 
each strategy hast to be checked before choosing 
which strategy would be installed. Before applying an 
air cooling strategy, it should be evaluated if the 
strategy can be combined with another sustainable 
design strategy, for example in regard to cold 
protection in winter. 

In relation to the implementation of air cooling 
systems, there can be differentiated between three 
categories: a) buildings which are suitable for creating 
cross ventilation through the façades; b) multistorey 
buildings in which additional ventilation shafts or 
channels need to be installed in order to generate 
passive air flows for cooling; c) buildings which 
contain atriums or other types of vertically oriented 
open spaces. 
 

 
Figure 3: Enabling cross ventilation for apartments or 
offices with window orientation only to one direction 
(schematic section) 
 

• Add new openable facade elements to enable 
natural air flow: In many cases the existing windows 
are not suitable for cross ventilation so that adequate 
openable windows or façade integrated ventilation 
openings could be installed in addition. In case of an 
extensive retrofit, existing windows might be 
replaced with windows which are more adequate not 
only for cross ventilation but also for thermal 
optimizations and other factors. Windows with tilt 
function often are suitable for cross ventilation. 
Before the advent of air conditioning systems and 
controlled ventilation, the majority of buildings could 
be cross ventilated, especially in buildings from hotter 
climate zones, e.g. southern Europe, this has been an 
essential design feature [11]. The architect Hassan 
Fathy has applied and further developed vernacular 
cross ventilation techniques from previous centuries 

and applied in his project for hot and arid climates in 
Egypt, dated from the 1940's to the 1980's [12].   

• Create adequate openings for cross ventilation 
in interior walls, doors or ceilings inside the building: 
The air flow needs to pass from building side to 
another side to enable cross ventilation. Many 
apartments or office spaces are not built for these 
kinds of natural air flows. To make them utilizable, 
new ventilation openings might be implemented 
accordingly within interior walls, doors or ceilings.  

• Implement ventilation channels if necessary: As 
shown in figure 3, ventilation shafts and air channels 
might be installed to create air flows for apartments 
or office spaces which are oriented only to one 
direction. Many buildings dated from before the 
second world war contain refined cooling channels. 
Besides buildings in hot climates, these techniques 
sometimes have been applied as well in cooler 
regions. The natural air cooling systems of the town 
hall in Hamburg from 1897 is such an example. 

• Benefit from ground cooling of incoming air: 
Build channels and shafts for air flow to pre-cool 
incoming fresh air through ground cooling. (Especially 
to avoid heat loss of outgoing air in winter, this 
strategy could be combined with the use of an air to 
air heat exchanger. Thus, incoming winterly air would 
be warmed by outgoing air.) Examples of historical 
models for ground cooling can be found in many old 
palace buildings, e.g. Topkapi Palace in Istanbul or 
Red Fort building in New Delhi, among many others.  

• Build wind catching towers: If the specific 
situation is favorable, wind catchers for air intake 
might facilitate and increase the air flow within a 
building. They can be oriented towards the main wind 
directions. Historical models for wind catching towers 
can be found for example in Yazd, Iran where these 
cooling techniques have been used for many 
centuries. 

• Make use of stack ventilation: Existing atriums 
or other adequate vertically oriented spaces might be 
transformed in a way that air flows are generated by 
the stack ventilation effect generated by rising air. 
The building has to be equipped with adequate 
openings for outgoing air, e. g. on the upper side of 
an atrium, and for the incoming air, e. g. through the 
windows of the offices or residential spaces. 

• Increase thermal mass: Massive building 
material can absorb and store the cold brought by 
ventilation with cool air. Thus, during the hottest 
hours of the day, the wall can keep the interior 
spaces cool.  Heat peaks can be significantly buffered.  

• Enable night cooling: Since external 
temperatures are significantly lower at night than 
during the day, during heat periods it can be much 
more efficient to ventilate and cool interior spaces 
during night times only, and avoid an intake of hot air 
during the day. In combination with thermal mass, in 
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this way, the cold of the night can be stored and keep 
interior spaces cool during the day. Office spaces may 
be equipped with automated opening mechanisms 
which enable an activation of cross ventilation during 
the night, when usually the users are not present.  

• Install ceiling fans to generate air movement: 
With relatively low electricity consumption, a cooling 
effect can be generated by ceiling fans. Even though 
moving air is not cooler than non moving air, it feels 
accordingly and the maximum temperature in which 
we still feel comfortable can be a few degrees higher. 

• Reducing air humidity for better comfort: With 
lower humidity, heat feels less hot. If on hot days 
natural ventilation is active only during the cooler 
nights, indoor comfort can be improved during the 
day by air dehumidifiers. Since all dehumidifiers 
consume significant amounts of energy, their use 
cannot be seen as passive system.  They should 
possibly be avoided and other, more sustainable 
strategies might be applied. However, if the other 
strategies  cannot be applied, or in combination with 
other strategies , air dehumidifiers might be 
necessary to achieve the comfort required. In that 
case the more sustainable thermally driven systems 
should be selected [19].   

• Erect a new exterior façade layer around the 
building to create a thermal buffer zone: Due to the 
high effort, relatively high amount of grey energy, 
rather high costs and the change of the original 
appearance of a building, this strategy might be 
applied only if multiple benefits are achieved, such as 
a thermal improvement for winter and summer as 
well as an additional living space in form newly 
created balconies or terraces which are positioned 
within the buffer zone. In regard to passive air cooling 
there are several benefits since the air flow can be 
directed in various modes according to the best 
performance under the different climatic conditions.  
For example, to avoid overheating, the space 
between the old and new façade can serve as a 
climatic buffer, hot summerly air can rise and be led 
out of the building, thus preventing the interior space 
from overheat. Many buildings in Southern Europe 
with arcades, pergolas and other cantilevering 
building parts are historical examples. Additionally, 
there are contemporary retrofits in which with added 
'climate mediator zones' generate an improved 
building performance. An example for this is the 
retrofit of a residential building block from the 1960's 
called in Bordeaux 'Transformation of 530 Dwellings' 
by Lacaton Vassalle in which also passive air cooling 
plays a major role. 

• Apply façade green for cooling: During summer, 
the leaves of climbing plants can shade the façades 
and also cool air by transpiration from their leaves 
(air used for ventilation).  

• Activate evaporative cooling: Spaces are cooled 
with the principle of the adiabatic cooling in which 
heat is absorbed by the evaporation process of the 
water and thus reducing the indoor air temperature. 
As applied for centuries in vernacular architecture of 
hot regions, evaporative cooling can be applied with 
water bodies, e.g. in courtyard houses or in porous 
clay vessels which are filled with water [12].   

• Integrate solar chimneys: Buildings can 
efficiently be ventilated by the hot air draft generated 
by solar chimneys. However the implementation of 
solar chimneys requires a relatively high effort and 
often is not compatible with the esthetic appearance 
of the building [18].   

 

 
Figure 4: Ventilation strategy with pre-cooling of air 
through the ground, fan assisted (optional with heat/cold 
recovery by heat exchanger) 

 

 
Figure 5: Stack ventilation generated by rising hot air 

 
4. CONCLUSION – AIR COOLING SYSTEMS CAN SERVE 
AS A VIABLE TOOL IN THE TRANSFORMATION 
PROCESS OF MAKING POST WAR BUILDINGS MORE 
ENERGY EFFICIENT 

 
We can see that many historical examples are 

placed in climate zones with hotter climates. Due to 
the climate change, the air cooling techniques of 
these buildings become applicable also in Northern 
European buildings. 
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During the evaluation process and the selection of 
the options (before choosing the air cooling strategies 
to implement with a project), also other factors have 
to be considered holistically. For example the 
building's insulation, sun protection, daylight use, 
embodied energy of new construction material as 
well as esthetic aspects. The different factors are to 
be combined in a way that they support each other 
and create synergies. Thus the building's initial energy 
consumption should be significantly reduced while 
the qualities towards a better sustainability, comfort 
and esthetics are significantly improved. 

Since most post-war buildings are different in 
their settings, the selection which air cooling 
strategies should be applied, can not be generalized. 
Individual considerations are necessary for each 
specific situation.  

From the range of the single intervention options 
explained in chapter 4.2, the most adequate 
strategies have to be chosen during a careful 
selection process. Besides a thorough analysis of the 
building's individual characteristics, also software 
based building performance simulations could be 
conducted to facilitate the selection process and 
possibly verify the intervention's outcomes (e.g. 
computational fluid dynamics analysis). 

In conclusion we can summarize that air cooling 
systems can serve as a viable tool in the 
transformation process of making post war buildings 
more energy efficient. Before choosing the strategies, 
they have to be evaluated individually regarding a) 
energy efficiency, b) installation and maintenance 
costs, c) embodied energy of the new retrofit 
interventions and technical installations. If the 
prioritization process of choosing the most effective 
combinations of intervention strategies is executed 
precisely, also from an economic point of view, the 
retrofit options appear reasonable and cost efficient. 
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1. INTRODUCTION  

The role of rapidly emerging nations in reducing 
and mitigating climate change is garnering increasing 
attention, particularly in reducing their reliance on 
fossil fuels for transportation and energy production. 
Through renovating and adapting buildings and 
spaces, the efficiency and performance of 
communities in these countries are enhanced. This 
paper aims to delve into the critical issue of fossil fuel-
based urban infrastructure within the context of 
future cities. The sustainability and resilience of urban 
infrastructure are essential as cities evolve and adapt. 
Throughout history, urban growth has been heavily 
dependent on fossil fuels used to power heating, 
energy production, transportation, etc.[1]. 
Nevertheless, the consequences of this dependency, 
ranging from resource depletion to environmental 
degradation and climate change, are becoming 
increasingly apparent. 

The paper focuses on urban fossil fuel 
infrastructures and the transition to resilient cities that 
tackle the various human, economic, energy, and 
environmental issues resulting from fossil fuel 
consumption. There is a trajectory for many countries 
to invest in green development, specifically in 
electrification and public transport, which can 

significantly reduce carbon emissions and dependence 
on fossil fuels [2]. For instance, urban areas are 
adopting electric transport and replacing private 
vehicles with public options. In addition, some 
countries offer free public transportation. There is an 
expectation that, as the technology for clean energy 
continues to develop, the demand for fossil fuels will 
drop. Moreover, increased regulations will reduce 
access to fossil fuels, resulting in an overall decrease in 
consumption.  

In this forthcoming era, significant climate change 
will likely occur even with substantial environmental 
measures taken. This may manifest as extreme heat 
events, floods, droughts, shortages of clean water, etc. 
This paper utilises a studio-based design-research 
methodology to explore and study how the existing 
urban fossil fuel infrastructure can be mobilised 
through retrofitting to serve climate resilience and 
sustainable development in urban environments. 

 
2. BACKGROUND 
2.1 Retrofitting for Resilience: 

It is important to understand and explore the 
transformation of industrial cities and their shift away 
from being the core and the potential obsolescence of 
gas stations in their current form. Therefore, 
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will likely occur even with substantial environmental 
measures taken. This may manifest as extreme heat 
events, floods, droughts, shortages of clean water, etc. 
This paper utilises a studio-based design-research 
methodology to explore and study how the existing 
urban fossil fuel infrastructure can be mobilised 
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2. BACKGROUND 
2.1 Retrofitting for Resilience: 

It is important to understand and explore the 
transformation of industrial cities and their shift away 
from being the core and the potential obsolescence of 
gas stations in their current form. Therefore, 

 

examining the historical development of industrial 
cities and identifying the reasons for their decline can 
aid in predicting future trends and the impact of 
technological advancements on urban infrastructure 
as they become obsolete. Thus, the question arises of 
how populations will repurpose and reuse the 
abundant sites and urban infrastructures that will 
become obsolete.  

America’s older industrial cities that flourished 
throughout the industrial era are now abandoned and 
plagued by serious decay issues [3]. Their predicament 
is connected to economic developments and changing 
trends. Today’s industrial cities face numerous 
challenges, including rising unemployment and 
poverty rates, social isolation and segregation, 
physical building abandonment and obsolescence, 
affecting the city’s urban life [4]. In light of this, it is 
more crucial than ever to design different futures for 
these collapsing cities, deriving from and developing 
each city’s existing potential [4]. 

It is crucial to retrofit structures on the verge of 
obsolescence due to their detrimental effects on our 
country’s environment and urban life. The projects 
demonstrate varied strategies for retrofitting existing 
gas station structures. Some projects opted for a 
complete repurposing of the structures, while others 
retained the existing frameworks with alterations, 
whereas some only preserved specific portions of the 
original structures.  

 
2.2 Design driver related to climate change:  

Emissions regulations will certainly impact future 
building developments. Therefore, the reliance on 
technology and legislative measures can be combined 
to reduce the load on energy demand and 
consumption by 2050. According to new research from 
the International Energy Agency (IEA) [5], buildings 
account for almost one-third of the world’s primary 
energy consumption, as well as one-third of all 
greenhouse gas emissions connected to direct and 
indirect energy usage [8]. The disparity between 
accomplishments for climate change reductions and 
the necessary benchmarks continues to expand 
annually. The energy transition indicators presented in 
Figure 1 by the International Renewable Energy 
Agency (IRENA) underscore the urgent need for 
accelerated progress across various energy sectors 
and technologies [6]. 

Hence, students formulated assumptions either 
envisioning a highly severe environmental condition 
influenced by escalated climate change by 2050, or a 
scenario involving less extreme climate change. The 
selected scenario significantly influenced the diversity 
in building responses, resulting in distinct projects 
featuring unique solutions and approaches to energy 
consumption, energy generation, and climate-related 
issues. The variations in the solutions and architectural 

interventions implemented by each project extended 
to the chosen locations, further emphasising the 
tailored nature of the solutions implemented in each 
project. 

 
2.3 The importance of the socioeconomic- strategy: 

A global focus has been on addressing the 
exceptional socioeconomic catastrophe resulting from 
the COVID-19 pandemic while aiming to “recover 
greener” or “build back better.” Emphasising the 
significance of socioeconomic strategy in urban 
infrastructures for a fossil fuel-free future, many 
countries and organisations have aligned their 
activities with the United Nations’ Sustainable 
Development Goals (SDGs). Buildings are envisioned 
to function as community-centric entities, adapting to 
future needs and demographics [7]. Most human 
activity occurs within buildings, accounting for around 
one-third of all global direct and indirect energy-
related carbon emissions [8]. Consequently, it is 
anticipated that future building design and 
functionality will be influenced by environmental, 
demographic, and resource factors that are yet to be 
determined. Disruptive breakthroughs, societal 
changes, and new issues like resource scarcity, 
inequality, and climate change will impact future 
building construction. Thus, it is crucial to create a 
forward-looking vision that considers the substantial 
impact that buildings have on the environment and 
the energy consumption, well-being, and health of 
their occupants [8]. 

As each student tackles a different theme or issue 
in their repurposing of the gas station, the approach to 
the typology differs. For instance, various important 
factors affect building design philosophy and guide the 
choice of functions, including resource scarcity, 
population, inequality, well-being and mental health, 
flooding and rainwater, pollution, water scarcity, 
global warming and heat waves, climate crisis, and 
awareness.  

Consequently, the transformation of spatial 
functionality from current uses to more inventive 
functions in the future within the socioeconomic 
spectrum relies on the scenarios envisioned by 
individual students and the themes they address. 

 
2.4 Mobility at the Urban Scale: 

Mobility in cities is an integral factor that will 
experience rapid change in the future due to the 
behavioral shifts of the population and advancements 
in technology. The convergence of various 
transportation modes under the umbrella of mobility 
is expected to gradually shift towards public transport 
and other sustainable methods, aiming to diminish the 
environmental footprint in the future. 

Moreover, it is becoming increasingly evident that 
the energy transition has already begun, with 
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renewable energy sources taking the place of fossil 
fuels. Reliance on renewable energy for transportation 
is increasing [9]. According to Lovins, the 
transformation in the mobility sector will witness a 
shift from “personal internal-combustion gasoline 
steel-dominated vehicles” to a future dominated by 
“shareable electrified, autonomous lightweight 
service vehicles” [10]. 

 
3. APPROACH  

Thirty years from today, it is safe to assume that 
private gas-fueled cars will no longer occupy the roads 
of the numerous countries navigating toward a 
transformative era. Instead, citizens will commute 
primarily via clean public transit or electric vehicles. 
However, even with the realisation of this future 
scenario, and even if significant environmental action 
were to be implemented, there would nevertheless be 
inevitable and long-lasting impacts from climate 
change.  

Envisioning this post-fossil fuel transition 
encourages the exploration of a future wherein people 
choose to embrace cleaner, more sustainable, and 
environmentally friendly modes of transportation. 
This transition addresses the urgent need to mitigate 
the environmental impact of fossil fuel dependency. 
Such conversions encompass a spectrum of 
environmental challenges. These challenges include 
extreme heat events, floods, torrential rain, droughts, 
and an increased risk of clean water shortages. The 
post-fossil fuel era presents an opportunity for 
greener and more efficient transportation and creative 
and innovative solutions and adaptive measures to 
resist the complex climate-related challenges that will 
persist for years. 

 
3.1 Pedagogical Studios as Exploration Spaces: 

As a case study to explore the potentials of this 
project, undergraduate third-year architecture 
engineering students at the American University in 
Cairo (AUC) were all given the same brief to consider 
how urban gas stations can be reimagined as resilience 
hubs for the neighbourhoods they serve. The students 
were placed in a dynamic environment and exposed to 
a transitional learning experience that defies 
conventional learning methods. Thus, the studio 
became a place that welcomed new and innovative 
pedagogical strategies. As a result, this gave the 
students freedom to tackle the issues and themes 
mentioned above from different perspectives.  

 
4. METHODOLOGY 
4.1 Problem Setup  

The students were expected to develop design 
strategies wherein they would imagine and create a 
future scenario, then respond with a design that 
utilises the strategic location of one urban gas station 

of their choice to provide socioeconomic, cultural, and 
resilience functions while utilising the existing 
structures within the station. Additionally, the designs 
were required to be energy-optimised. 

The students were briefed that their designs 
should promote architecture that adapts to the 
dynamic changes in the environment and energy 
sources. Their design plan must, therefore, strongly 
emphasise cutting emissions and moving away from 
fossil fuel-centric design thinking by proposing a 
pathway to a completely sustainable energy supply. 
Each student’s design was expected to present a new 
form of sustainable repurposing of gas stations, which, 
as a result, created a design response based on the 
strategy adapted to address: 

1. Changes in mobility and the need to 
accommodate these changes 

2. Socioeconomic changes lead to the 
emergence of new functions 

3. The retrofit strategy to reuse the existing 
structure 

4. The climate change scenarios that can 
influence the design and functional program. 

5.  
4.2 Studio Setup  

After introducing all students to the project brief, 
the studio aimed to further foster their ideas and 
provide useful feedback on their work. The project was 
split into phases, each aiming to tackle a specific goal. 
The first was the site choice and ideation, where 
students had to choose their locations, conduct site 
analysis, and identify the existing structures. They 
were then asked to propose a concept for the program 
with regard to these existing structures. Subsequently, 
the design phase began by schematically proposing 
the retrofit strategy of the structures, then doing so 
technically, whereby solutions were implemented. 
The projects then shifted to the energy optimization 
phase, where the design was altered based on 
environmental and energy analysis to reach its full 
potential. 

 
4.3 Thematic Analysis 
The students’ proposals provided spaces serving 

social and/or economic (socioeconomic) functions. 
These could include commerce, community gardening, 
town halls, sports spaces, family support services 
(nurseries, playgrounds, etc.), or library-like spaces. 
The proposals were also required to defend the 
community against the localised risks from climate 
change (resilience functions). This could include flood 
or rain shelters, water reservoirs for drought 
situations, food reserve spaces, or passively cooled 
spaces for extreme heat waves. Furthermore, their 
project required technology and passive techniques to 
generate and conserve energy to reach near zero-
energy buildings (energy functions). Given the 
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program and function change added to repurposing 
the urban infrastructure, a cultural function was 
added. This added function aims to raise awareness 
about climate change and sustainability through a 
museological component that supports a vision of a 
healthy, sustainable, and resilient city. Such projects 
included galleries, permanent collections, workshop 
spaces, and digital, augmented, and virtual reality 
spaces.  

The students’ design proposals provided examples 
of this future reliance architecture, addressing the 
human, economic, energy, and environmental 
concerns expected in Egypt by 2050. Their proposals 
represent the possibility of a more sustainable future. 
A series of themes emerged as a result of the students’ 
approaches. These can be categorised under three 
major themes: 
● Human 
○ Resource Scarcity and Population  
○ Inequality  
○ Well-being and Mental Health  

● Environmental 
○ Flooding and Rainwater  
○ Pollution 
○ Water Scarcity 

● Climate 
○ Global Warming and Heat Waves 
○ Climate Crisis and Awareness 
○ Waste 
○  

4.4 Design Drivers for Future Climate Resilience: 
All projects addressed socioeconomics, climate 

change, retrofitting, and mobility concerns. These 
multifaceted issues provided the context for the 
design strategies employed by the students. Each 
challenge established a spectrum ranging from highly 
extreme to less extreme conditions, showcasing the 
diverse approaches taken by the students in tackling 
these complexities. The concept was to illustrate that 
the design approaches for social resilience structures 
were addressed by either directly confronting extreme 
events or formulating adaptive strategies, thus 
developing the notion that buildings do not need to 
take extreme measures to tackle the problem. Each 
project was analysed on a score from 1 to 5, (1 being 
the least extreme and 5 being the most extreme) 
about the following drivers. 
The spectrum for each strategy will be as follows: 
● Socioeconomics 
○ Scale 1 (less extreme): augmentation of existing 

functions. 
○ Scale 5 (more extreme): new functions in the 

future. 
● Climate Change 
○ Scale 1 (less extreme): adapting to climate 

change. 

○ Scale 5 (more extreme): future uncertain 
events. 

● Retrofitting  
○ Scale 1 (less extreme): traditional adaptive 

reuse; utilising existing structures. 
○ Scale 5 (more extreme): reconfiguring existing 

structures 
● Mobility 
○ Scale 1 (less extreme): continuation of private 

modes. 
○ Scale 5 (more extreme): transitions in mobility 

concepts. 
 

5. RESULTS & DISCUSSION 
5.1 Studio Outcome 

The brief was run in the studio at AUC for two 
consecutive semesters. For this study, 28 projects 
were selected based on their completion and 
comprehensive outcome. The projects spanned 
various locations within Egypt. Figure 1 shows this 
variation:  

 
Figure 1: Distribution of Project by Location 
 
5.2 Analysing the Outcomes 

Based on the categorization and thematic analysis 
of the emerged themes (human-related, environment-
related, and climate-related), the first theme focused 
on human issues like population growth and 
inequality, addressed through retrofitting strategies. 
The second theme covered general environmental 
concerns, while the third centred on climate-driven 
issues like heat waves. Each project addressed a 
specific 2050 scenario in Egypt within these themes, 
employing design strategies such as socioeconomic 
considerations, climate change adaptation, 
retrofitting techniques, and mobility enhancements. 
The graphs below illustrate varying degrees of 
adherence to the design strategy across all projects. 
Some adopted an extreme perspective in addressing 
the issues, while others opted for a more moderate 
approach. This shows diversity in the proposed 
solutions. 
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Figure 2: Example of a project by Hagar Ibrahim showing 

the integration and addition of existing and new structures   
 
5.3 Thematic Analysis Outcome 

The thematic analysis indicates that the large array 
of challenges facing Egypt in the future scenarios that 
the students examined mainly consider resources and 
awareness. Figure 3 below shows the distribution of 
the projects across the nine themes. 

 
Figure 3: Distribution of number of projects per subtheme 

 
5.4 Design Drivers for Future Climate Resilience: 
Overall, the retrofitting strategies tended to fully 
optimise the existing structures without demolishing 
any of it. However, the majority implemented 
additions to the existing structures. For example, many 
students added walls or partitions to utilise the space 
under the shed structure that exists. Figure 4 shows 
the retrofitting design approaches observed in the 
projects. Figure 5 shows an example of the typical 
approach, where the gas station shed is repurposed 
and changed to house new functions.   

 
Figure 4: Distribution of projects’s retrofitting approach (1 = 
less extreme and 5 = more extreme).  

 

Figure 5: Example from a project by Amira Maamoun that 
shows the retrofitting approach used.  

 
The mobility strategies indicated that most students 
considered the future scenario to be a continuation of 
current mobility trends. Figure 6 shows the mobility 
design approaches observed in the projects.  

 
Figure 6: Distribution of project’s mobility approach (1 = less 
extreme and 5 = more extreme).  

 
The socioeconomic function decisions varied, 

showing a range of interpretations of the future 
scenarios impacting the structures’ program. Figure 7 
shows the socioeconomic design approaches observed 
in the projects and figure 8 shows the climate change 
approaches. 

 
Figure 7: Distribution of project’s socioeconomic approach (1 
= less extreme and 5 = more extreme).  

 
Figure 8: Distribution of project’s climate change approach (1 
= less extreme and 5 = more extreme).  

 
Figure 9: Example from a project by Salma Hamoud that 
shows the climate change approach used.  
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shows the climate change approach used.  

 

6. CONCLUSION 
The idea of a city free of fossil fuels has been a topic 

of interest for many researchers. In a paper by Mutter 
[11] analysing the possibility of a complete transition 
to electric vehicles in Sweden, many points were found 
to align with the students’ directions, such as general 
human awareness roles. However, the studio 
exploration offered new perspectives complementing 
technical research outcomes with visual and design 
outputs that can help future cities on different levels.  

Solutions could potentially be achieved through 
strategies such as retrofitting and readaptation. This 
study has used the architecture studio to explore new 
viewpoints, opportunities, and future solutions for 
mainstreaming the adaptation of the soon-to-be-
obsolete infrastructures in the urban context. 

Although this studio exercise allowed students to 
explore the problem and potential reuse strategies, it 
is possible that the studio setup could have been a 
constraint within the thinking framework for the 
future of the structures. Furthermore, since all 
students were at similar educational levels and 
backgrounds, it is possible that this resulted in the 
generation of similar ideas influenced by pre-existing 
knowledge. A future investigation to explore the 
problem further could present the brief to a more 
diversified sample of students and architects, which 
can generate further proposals. 
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ABSTRACT: Retrofitting existing schools has become an urgent task in an increasingly changing climate and with 
the slow rate of the construction of new schools. Built several decades ago, many existing schools keep operating 
below current standards or recommendations for good indoor environmental quality. As we face an increasingly 
changing climate, those stressed learning spaces require solutions that could be simple and affordable to 
implement. This study uses measured data to document existing lighting conditions for predominant prototypical 
classrooms in a mild-temperate climate in Chile and predicts the effects of simple envelope retrofits. Those 
measurements were taken in the solstices, and curtains were open (lights on and off) and closed (light on) 
conditions; luminance evaluation was assessed through high dynamic range images. As the classroom does not 
comply with the reference thresholds, a series of simple envelope passive retrofits were evaluated through 
simulation. The study reveals the value of envelope retrofits being tested, revealing the potential for 
improvements through simple and affordable solutions for tight school budgets. This study shows that simple 
retrofitting could be implemented with little disruption, improving lighting and energy performance in buildings 
that will remain operative in the coming decades. 
KEYWORDS: Existing buildings, Daylight, Retrofit, Measurements, Simulation  
 
 

1. INTRODUCTION  
Children deserve to spend most of their childhood 

in healthy and comfortable spaces. In particular, 
exposure to daylight and views are essential to their 
growth, as is the case for all human life. [1, 2], visual 
health, production of Vitamin D and circadian 
regulation, and creating a positive environment for 
learning [3, 4]. Regarding lighting and energy 
performance, many schools do not feature envelopes 
that could harvest daylight and improve comfort and 
energy efficiency. In the case of Chilean schools, 
previous research has reported a lack of indoor 
environmental quality in schools [5-7]. Some of these 
schools were built several decades ago and did not 
necessarily fulfill current standards or achieve current 
recommendations. Therefore, retrofitting existing 
schools has become urgent to reach indoor spaces 
that restore well-being and health. 
 
2. METHODOLOGY 

This study applied a set of data collection for 
diagnostic and prediction tools for evaluating retrofits 
for classrooms of a prototypical public school in Chile 
used as a study case. This typological classroom is still 
predominant in public schools in the country, built 
massively to one of the country's reforms in 
education in the 1960s. At the time, a government-
private initiative (Sociedad Constructora de 
Establecimientos Educacionales in Spanish) created 

systematic modular, prototypical, fast-built schools 
nationwide. These schools are now recognized for 
their historical significance because of their 
industrialized methods, but they must improve their 
performance to meet current standards [8].  

 

 
Figure 1: View of the classroom used as a case study for a 
predominant prefabricated school from the 1960s. 

 
The school is located in an urban area of 

Concepción, a coastal city (altitude 15mts) in the 
central-southern region of Chile (Lat 36°49', Long 
73°2'). It corresponds to a Mediterranean climate 
with winter rains and coastal influence Csb (i) [9]. 
Average hourly Global Horizontal and Direct Normal 
illumination reaches 55 Klux and 49 Klux in summer 
(February), while 17 Klux and 11 Klux in winter (June), 
respectively. [10] 

This study reports on a west-oriented classroom 
(Figure 1) with openings on two sides. The main 
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(Figure 1) with openings on two sides. The main 

 

windows to the façade provide the classroom with 
daylight. In contrast, the other side, with smaller 
windows at the top of the interior wall, adjoins an 
interior corridor lit only by artificial light. Windows 
are single clear glass in an aluminum frame. 
Commonly, the classroom is used with cloth curtains 
in afternoons due to the intense western sun, as 
featured in Figure 1. At those times, six fluorescent 
light fixtures provide artificial light. Student desks are 
typically organized facing the front of the classroom; 
for that reason, measurements were taken on a grid 
of around a 2-meter distance determined during the 
pandemic.   

Schools in Chile, as all non-residential buildings, 
lack updated indoor environmental quality (IEQ) 
standards and visual comfort requirements such as 
the international standards by IESNA [11]. The only 
code for schools dates from the 1980s [12] When 
illuminance levels were defined as lower than the 
current standards described in Table 1.  

 
Table 1: Reference threshold based on national codes and 
international standards 
Metric Value Ref. 
Illuminance 180 lux*a DS548 1 
 300 lux (min)*b IES 2 
Luminance 
ratio 

3:1 task-adjacent surface 
1:10 task to non-adjacent surface 
 

IES 2 

DF 2% to 5% mínimum LEED4 
sDA >90% CHPS3 

ASE1000,250 <10% LEED4 
1Chilean code for school buildings, Decreto 548-1989, [13]  
2 IESNA recommendations for educational facilities [11] 
3 CHPS Criteria [14] 
4 LEED v4.1 Daylight exemplary performance. Option 1. Daylight Factor DF 
[15]. *a In less favourable desks can be complemented by artificial light. * b 

minimum in area 
 

This school is an excellent example of most schools in 
the country. It features single-glass windows and 
fluorescent light fixtures. The set of retrofits this 
study proposes are simple strategies that respond to 
limited educational investment capital, particularly in 
public schools. 
 
2.1 Diagnostic of illuminance and luminance  

The criteria for evaluating daylight and artificial 
light quality in the classroom interior focused on 
assessing illuminance and luminance. The first 
challenge was defining the dates intended to be as 
close to the solstices as possible. Still, the 
measurements had to be scheduled close to these 
dates, considering the school year and the occupancy, 
to avoid disruptions or shades. Additionally, sky 
conditions at this location fluctuate in all seasons, so 
several days of measurements were taken. We finally 
report measurements in clear-sky conditions for the 
school year's beginning (March 1-summer) and 
middle (June 27-winter).  

Measurements were taken in three iterations:  
1) curtains (open), artificial lights (on);  

2) curtains (open), artificial lights (off), and 
3) curtains (closed), artificial lights (on) 
 
The availability of light and its distribution was 

assessed through illuminance -the amount of 
luminous flux (measured in lux) that a surface 
receives per unit area (1m2)- with high-precision 
equipment: a Li-cor 250-A photometer with an LI-
210R photo sensor, in 10-second average 
measurements at the desk plane approximately 
0.70m above the ground, as recommended in [11, 16, 
17]. Before each iteration, outdoor illuminance levels 
were taken at the same height in a shaded  

For visual comfort, the High Dynamic Range (HDR) 
imaging technique was used to identify glare areas 
and evaluate the luminance distribution according to 
various studies in the literature [18, 19] Using 
Photosphere software version 1.8.6U (2010). This 
technique captures several images at different 
shutter speeds while maintaining the same aperture 
(F-11). A full-frame, mirrorless Nikon Z5 camera and 
an 8mm (fisheye) lens were used. Four views were 
taken, representing students' and teachers' contexts. 

 
2.2 Evaluation of retrofits 

Retrofit strategies are evaluated throughout the 
Climate Studio plugin for Rhinoceros. The model 
represented the existing geometry and materiality as 
closely as possible to the current conditions of the 
classroom, both inside and outside. Albedo was 
considered a 0.2 A baseline, modeled with the 
current cloth curtains to be compared to the 
measurements. Once the closest representation was 
achieved, a new baseline eliminated curtains for the 
best analysis of the strategies to increase daylight 
while controlling discomfort due to glare.  

 
Table 2: Passive Retrofit Strategies 
#  Description 
R1  

 

Exterior Vertical 
lamellas (40cms 
width @ 40cms) 
white aluminum 

R2  

 

Exterior Vertical 
lamellas (30cms 
width  @ 30cms) 
white aluminum 

R3  

 

R2 + Skylights 
(30x60cms) 
insulated clear glass 

    Credits: authors' images from the Rhinoceros model 
Three Retrofits were tested that could represent 

affordable and modular prefabricated solutions that 
could be built fast and with minor disruptions. Two of 
these (R1, R2) aiming to create external sun 
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protection, consisted of vertical lamellas in a 
perpendicular array to the façade. Skylights have 
been added (R3) to the best resulting from the 
previous ones, to increase daylight availability in 
identified inner areas of the classroom.  

 
3. RESULTS FROM FIELD MEASUREMENTS 

The measurements indicate that illuminance 
levels, distribution, and visual comfort due to glare 
are not achieved on summer and winter days.  

 
3.1 Diagnostic for illuminance performance  

Regarding illuminance levels and distributions 
(Table 2), the classroom had insufficient levels 
considering the Chilean code requirements. 180lux is 
not achieved in the interior desks only with daylight, 
which could be achieved by turning lights on as a 
complement. Nevertheless, 180lux is not achieved in 
winter when curtains are closed.  As per international 
standards, the classroom reaches 300-750lux of its 
area in 45% (summer) and 22% (winter). 
Complemented with artificial light, those areas can 
increase to 63% (summer) and 39% (winter). 
However, areas following the façade are overlit by 
daylit or complemented with artificial light, reaching 
up to 43% in winter. On the other side, areas far from 
the façade are underlit with values <300 lux, which, in 
winter, corresponds to 20% of the area (lights on), 
reaching 43% of the area (lights off).  

 

Table 3: Illuminance levels of the west-oriented classroom 
for (March 1st) and winter (June 27th). 

Curtains Open Open Closed 
Light fixtures On Off On 
 
 

 
 
 

Summer 
March 1th , 
14:25-15:09 hrs 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

Mean 
Median 

634 lux 
542 lux 

450 lux 
338 lux 

388 lux 
371 lux 

Exterior shaded 4.890 lux 4.870 lux 4.114 lux 
<300 lux 
300-750 lux 
>750 lux 

3% 
63% 
34% 

38% 
45% 
17% 

26% 
74% 
0% 

 
 
 
 
 
Winter  
June 27th,  
14:01-14:51 hrs 

 
 
 
 

 
 
 
 

 
 
 
 

Mean 
Median 

1.485 lux 
1.180   lux 

1.117 lux 
641 lux 

195 lux 
202 lux 

Exterior shaded 3.400 lux 2.906 lux 2.906 lux 
<300 lux 
300-750 lux 
>750 lux 

18% 
39% 
43% 

35% 
22% 
43% 

100% 
0% 
0% 

Isocurves are represented using Plotly [20].  

 
3.2 Diagnostic for luminance performance  

The study of luminance reveals higher luminance 
median values in summer than winter. However, 

several sources of high-contrast are identified either 
season. High contrasts are revealed due to direct or 
reflected sun or the brightness of light fixtures, 
whether on a task-to-adjacent or task-to-non-
adjacent surface.  

As shown in Table 4, four views are illustrated 
(open curtains, lights on) with the corresponding 
ratios for winter and summer. Position of the 
occupant, either a child seated at the back of the 
room or a teacher in front are affected by high 
contrast due to direct and reflected sun in surfaces. 
Those ratios overpass the maximum recommended 
values of 3:1 (task : adjacent surface) and 1:10 (task : 
non-adjacent surface) referenced in Table 1.  

In view a) a student is affected by the reflected 
light in the floor (1:22 in winter) and the light fixtures 
(ratio 1:140 in winter, 1:100 in summer).  

In view b), high contrasts exist at the teacher's 
desk regarding to closer surfaces in the wall (14:1 in 
winter), and from the outside light (4.2:1 in summer). 
light fixtures are one of the sources of high contrast 
as measured to one of the student's desks (ratio 
1:106).   

In view c), high contrast are present from the 
windows to the students desks (12:1 in winter and 
13.5:1 in summer), and among surfaces in the view 
scope in light fixtures and the ceiling (218:1 winter) or 
with the whiteboard (50:1 in summer).  

In view d, representing the teacher's workplace, 
ratios over 1,000:1 are given in planes close to the 
desk or from the exterior light to the screen.  

 
4. RESULTS FROM SIMULATIONS 
     The retrofit strategies are compared to the 
baseline condition and addressed in field 
measurements for the sample winter day. A single 
strategy combination showed that illuminance levels 
improved in the classroom, allowing every desk at 
least the minimum 180lux required by the Chilean 
code. Table 5 illustrates the metric as retrofit options 
are performed. The solution, including the skylight 
(R3), allowed this classroom to fulfill performance 
metrics for international references. Incorporating 
these retrofit solutions, the classroom can achieve a 
median illuminance level of 314 lux (winter) y 627 lux 
(summer), achieving the minimum level 
recommended by IES for educational spaces. Also, 
the Daylight Factor resulting from R3 is the highest 
among the explored options, with a higher uniformity 
coefficient of 0.64. Despite the skylights, there are no 
significant changes in the Glare performance, 
showing few points for disturbing or intolerable glare. 
Combining strategies (for sun protection and top 
daylight) leads to better distribution to the inner part 
of the classroom.  Regarding annual metrics, the 
classroom would perform a yearly average lux of 
2.285lux, maintaining Daylighting autonomy of 100% 
while having an ASE of less than 10%. 

 

 
Table 4: High Dynamic Range images processed with ratio information for four different views (iteration with open curtains and 
lights on). In circles, luminance values expressed in cd/m2 

# Winter  June 27th,14:30 hrs – 15:30hrs Summer March 1th , 14:30-15:30 hrs 
a 

  
 

 

Min. 0.4   
Max. 27.700      
Median: 53 

 

Min. 0.148    
Max. 26.000 
Median: 63.5 

b 
 

  
 

 

Min. 0.23    
Max. 16.900   
Median: 25.9 

 

Min. 0.17    
Max. 22.800 
Median: 66.7 

c 

  
 

 

Min. 0.1    
Max. 7.070   
Median: 15.4 
  

Min. 0.266 
Max. 38.800 
Median: 99.3 

d 

  
 

 

Min. 0.7    
Max. 53.330   
Median: 60.8 

 

Min. 0.225 
Max. 45.400 
Median: 144 
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protection, consisted of vertical lamellas in a 
perpendicular array to the façade. Skylights have 
been added (R3) to the best resulting from the 
previous ones, to increase daylight availability in 
identified inner areas of the classroom.  
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reflected sun or the brightness of light fixtures, 
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(open curtains, lights on) with the corresponding 
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4. RESULTS FROM SIMULATIONS 
     The retrofit strategies are compared to the 
baseline condition and addressed in field 
measurements for the sample winter day. A single 
strategy combination showed that illuminance levels 
improved in the classroom, allowing every desk at 
least the minimum 180lux required by the Chilean 
code. Table 5 illustrates the metric as retrofit options 
are performed. The solution, including the skylight 
(R3), allowed this classroom to fulfill performance 
metrics for international references. Incorporating 
these retrofit solutions, the classroom can achieve a 
median illuminance level of 314 lux (winter) y 627 lux 
(summer), achieving the minimum level 
recommended by IES for educational spaces. Also, 
the Daylight Factor resulting from R3 is the highest 
among the explored options, with a higher uniformity 
coefficient of 0.64. Despite the skylights, there are no 
significant changes in the Glare performance, 
showing few points for disturbing or intolerable glare. 
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daylight) leads to better distribution to the inner part 
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Table 4: High Dynamic Range images processed with ratio information for four different views (iteration with open curtains and 
lights on). In circles, luminance values expressed in cd/m2 

# Winter  June 27th,14:30 hrs – 15:30hrs Summer March 1th , 14:30-15:30 hrs 
a 

  
 

 

Min. 0.4   
Max. 27.700      
Median: 53 

 

Min. 0.148    
Max. 26.000 
Median: 63.5 

b 
 

  
 

 

Min. 0.23    
Max. 16.900   
Median: 25.9 

 

Min. 0.17    
Max. 22.800 
Median: 66.7 

c 

  
 

 

Min. 0.1    
Max. 7.070   
Median: 15.4 
  

Min. 0.266 
Max. 38.800 
Median: 99.3 

d 

  
 

 

Min. 0.7    
Max. 53.330   
Median: 60.8 

 

Min. 0.225 
Max. 45.400 
Median: 144 
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Table 5: Results of lighting and energy metrics of retrofit strategies. Illuminance (levels and distribution) and glare performance 
 
Annual 
Performance Metrics 

Summer illuminance 
June 27th, 
14:00 hrs 

Winter illuminance 
March 1st 
14:00 hrs 

Summer Glare Winter Glare 

 

BASELINE 
Aver. lux: 3.342 
Mean DF 6.13% 
Min DF 2.61% 
Median DF 4.51% 
Uniformity 0.43 
sDA 100% 
ASE 30.3% 
sDG 98.13% 
  

    
 Mean 922 lux 

Median 681 lux 
Mean 546 lux 

Median 400 lux 
  

R1 
Aver. lux: 2.071 
Mean DF 3.6% 
Min DF 1.64% 
Median DF 2.89% 
Uniformity 0.46 
sDA 100% 
ASE 15.3% 
sDG 77.21% 
 

 
Mean 543 lux 

Median 445 lux 

 
Mean 321 lux 

Median 258 ux 

  

R2 
Aver. lux: 1.938 
Mean DF 3.35% 
Min DF 1.45% 
Median DF 2.74% 
Uniformity 0.43 
sDA 100% 
ASE 5.1% 
sDG 79% 
 

    
 Mean 504 lux 

Median 407 lux 
Mean 299 lux 

Median 238 lux 
  

R3 
Aver. lux: 2285 
Mean DF 4.11% 
Min DF 2.63% 
Median DF 3.47% 
Uniformity 0.64 
sDA 100% 
ASE 9.2% 
sDG 89.41% 
 

    
 Mean 617 lux 

Median 627 lux 
Mean 367 lux 

Median 314 lux 
  

 

5. DISCUSSION 
The case study classroom currently does not 

comply with the minimum lighting requirements for a 
less stringent Chilean code. 180 lux are not achieved 
in winter when curtains are closed, which is a typical 
school setting due to the direct sun and low-
performance envelopes (draft). Therefore, at those 
times, children are learning under deficient light 
conditions. The simple retrofits studied indicate that 
overlit could effectively be reduced by façade control. 
As a complement, upper light (skylights) effectively 
increases daylight availability to the underlit portion 
of the classroom. 

Further exploration is needed for retrofits that 
improve the glare control. The study would also be 
complemented with solutions for improving the 
thermal envelope. The affordable effects of the 
studied retrofits must be explored further to 
understand decreased solar heat gains due to the 
sunshade proposed in this study. Considering that 
this school typology is still predominant in the 
country, the results of this study could be applied to 
schools with identically oriented pavilions. They could 
also be informative for east-oriented classrooms. 

 
6. CONCLUSION 

This paper evaluates retrofit strategies after 
addressing a diagnostic of an existing typological 
classroom. The classroom does not comply with the 
minimum lighting requirements by national code or 
international standards. The field data showed that 
illuminance levels were unevenly distributed, too 
high on student desks next to the façade and too low 
at the desks in the classroom's interior. With the 
intent of revealing the value of envelope retrofit to 
replace cloth curtains, the tested strategies fulfilled 
the performance metric used as reference thresholds. 
Measurement provides complex data for standard 
practices in classrooms in the country. One of these 
practices is operating the classroom with closed 
curtains and artificial light turned on despite the 
abundance of daylight. As observed, with little or no 
sun control, illuminance levels are highly high next to 
the window. It is important to note that illuminance 
levels measured for winter were performed earlier 
than those for summer. Therefore, the reported 
values in the diagnostic could be worse later in the 
afternoon, considering the regular school operation 
could be later in the afternoons. Further exploration 
is needed to simulate illuminance and luminance for 
summer conditions. Likewise, annual glare studies 
would be informative in predicting possible problems 
coming from the skylights. Nevertheless, retrofitting 
existing buildings contributes to achieving energy 
reduction goals in buildings that remain operative in 
the coming decades.    
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ABSTRACT: The paper investigates the impact of retrofitting pavements in a neighborhood setting, with a 
specific focus on mitigating the urban heat island (UHI) effect during the summer. The study aims to predict 
improvements to surface and air temperature at pedestrians’ level using urban modelling, utilizing ENVI-met 
software. The research observes key environmental parameters such as ambient air temperature and mean 
radiant temperature for validation. By comparing different scenarios to a base case, the study evaluates the 
overall efficiency of proposed interventions, such as white topping and permeable interlocking. The results 
indicate that both the white topping and permeable sidewalk showed surface temperatures close to the ambient 
air temperature, with the permeable interlocking sidewalk having the lowest average surface temperature 
throughout the day. Additionally, the permeable interlocking sidewalk exhibited lower air temperatures 
compared to the base case during the daytime, and after 19:00, it slightly outperformed the white topping in 
reducing air temperature. This research contributes to our understanding of how pavement retrofit technologies 
can be evaluated on a neighborhood scale, providing valuable insights for making strategic decisions regarding 
the implementation of sustainable pavement technologies in cities. 
 
KEYWORDS: Cool pavement, ENVI-met, Air temperature, Urban Heat Island  
 

1. INTRODUCTION 
Accelerated urbanisation, being strongly linked to 

global warming, has sparked several well-known 
environmental threats which are difficult to tackle, 
such as the degrading of the urban microclimate and 
increased ambient urban air temperatures, known as 
the urban heat island (UHI) effect [1,2]. A UHI takes 
place when temperatures increase in the built-up 
urban spaces compared to the adjacent rural areas, 
mainly as a result of the comparatively larger amount 
of incident solar energy absorbed and stored by man-
made materials. UHIs have a substantial effect on day 
and night-time temperatures, but also indirectly raise 
air conditioning loads, deteriorate air and water 
quality, lower pavement lifespans, and worsen 
heatwaves. According to the 2021 United Nations 
Climate Change Conference (COP26) [3], climate 
change continues to be perceived as the gravest 
threat to humanity, and with the current status of the 
‘climate action failure’, there is a high risk that over 
the next decade there will be accelerated 
environmental damage than ever seen at a global 
scale [3]. As the COP28 President aptly stated, ‘The 
impacts of climate change are already at our 
doorstep, posing one of the greatest threats to 
human health in the 21st century’’ [4] 

In response, recent research has made it possible 
to create technological solutions to mitigate the 
effects of UHIs [5-7]. By improving thermal losses and 
lowering equivalent benefits, mitigation strategies 
seek to balance the thermal budgets in cities. Among 

the top proposed techniques are those aiming to 
include green infrastructure (e.g., trees and grass) 
[8,9], cool roofs [10,11], pavement-related strategies 
[12], water-related strategies (irrigation and blue 
infrastructure such as lakes and ponds) [13], and 
designs of urban morphology and building geometry 
[14]. 

These techniques have proven effective in 
mitigating UHIs, enhancing urban thermal comfort, 
and reducing UHI stress [15-17]. However, it is 
essential to identify strategies that allow for 
interventions at the local level, to mitigate for climate 
and anthropogenic changes. Therefore, the study 
examined the effect of replacing paving materials at a 
neigbouhhood level on the microclimate, in terms of 
surface temperature, air temperature and mean 
radiant temperature.  

As pavements cover much of urban surfaces and 
contribute to the development of heat island [18], 
appropriate surface material choices are considered 
one of the most effective techniques to mitigate heat 
island and reduce surface temperature in urban areas 
[19, 10]. As previous studies indicated that pavement 
materials contributed to high urban surface 
temperatures in dry and hot climate. In hot arid areas 
pavement materials will increase surface 
temperatures, and subsequently air temperatures by 
2–3 ◦C higher than surroundings. In the tropical 
climate, paving surfaces with low reflective man-
made surfaces such as concrete, bricks, and asphalts 
can bring air temperature to as high as 40◦C [18]. In 
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made surfaces such as concrete, bricks, and asphalts 
can bring air temperature to as high as 40◦C [18]. In 

 

another study for 4500 square meters of reflective 
pavements in the Mediterranean climate of Athens, 
cool pavements successfully reduced the ambient 
temperature by 1.9oC and surface temperature by 12 

oC during a typical summer day [22]. However, cool 
pavements are still an evolving technology and much 
still unknown about their applications, features and 
design strategies [23]. In the Middle East, and in hot 
arid climates, limited performance data of reflective 
pavement technologies, their applications [24] and 
their impacts on UHI are available [22]. In addition, 
little attention has been paid to the resulting effect of 
cool materials on outdoor thermal comfort [25]. In 
the context of urban planning, it is essential to 
determine how cool pavement can create a better-
quality urban environment and improve thermal 
comfort conditions. Thus, to promote knowledge of 
the advantages of a cool pavement, the research aims 
to quantify the potential of cool pavement materials 
on cooling the surface temperature and ambient air 
temperature when applied at the micro-urban level in 
the hot arid climate of Al Ain city in UAE. 

 
2. METHODOLGY 
The relationship between the different pavement 
applications, mitigating the UHI and improve urban 
microclimate at pedestrian levels, can be detected 
either through observational approaches [22,25] or 
by predictive environmental simulation [27,28], with 
the latter enabling the comparative assessment of 
microclimatic parameters before and after the 
morphological intervention, under similar boundary 
conditions [29]. The research framework was 
designed based on the following four steps; 
1. Identification of a typical neighbourhood 
morphological and physical features via a literature 
review; 
2. In situ field measurements, to determine climatic 
conditions, collecting meteorological data as stated 
by ASHRAE [30] including air temperature (Ta), solar 
radiation (W/m2), relative humidity (RH), and air 
velocity (va).  
3. Creation of an urban microclimate modelling for 
validating the base case by comparing the modelling 
outcomes with the field measurements; 
4. Development of a parametric urban microclimate 
analysis to compare different cool pavement retrofit 
technologies in terms of air and surface 
temperatures. 
 
2.1 The study context (base model and location)  
The field study was conducted in Al Ain city (Abu 
Dhabi), UAE, positioned between 24.1302° N, 
55.8023° E. Al Ain has wide diurnal temperature 
fluctuations and scarce rain fall (group B Koppen 
classification); as such, it is placed in sub group BWh 
as arid/desert with a hot climate [31]. The city’s air 

temperature fluctuates between a maximum of 35.8–
43.3oC and a minimum of 21.7–28.9oC in summer, 
and in winter between a maximum of 23.9–26.5oC 
and a minimum of 11.3–17.1oC.  
The case study neighbourhood is located in the west 
of the city centre (Figure 1). With a total area of 
131,300 m2. The urban characteristics of the site are 
summarised in Table 1. There is a lack of green spaces 
or water bodies to reduce heat gain and improve the 
microclimate. 
 
2.2 In Situ Field Measurements 

Micro-climatic data monitoring was conducted in 
summer 2022 between 15–22 August. The Vantage 
Pro 2 weather station, with an integrated solar 
radiation sensor, was used to collect the main 
microclimatic data parameters, following the ASHRAE 
Standard [30]. The parameters were: air temperature, 
relative humidity, solar radiation and wind speed 
(Table 2). The weather station was mounted 
externally and set up to collect identical 
measurements as would a standard 150 mm globe at 
1.1 m above ground. This corresponds to the typical 
height of the centre of gravity for an adult [32] 
(Figure 2). The average value of each measured 
variable was used for subsequent analysis.  

 

 
Figure 2. Site plan of the case study compound in Al Ain city 
(495m x 260m) 250 x 130 x 30 (125 x 65 x 30) 
 
Table 1. Characteristics of the case study urban site 

Land use Residential 
Buildings 2 floors 

Building % 37.5% 
Shaded areas 3.6% 

Green % 4% 
Streets and 
pavements 53.7% 

 
Figure 3. the portable weather station used for the micro-
climatic data monitoring 
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2.3 Urban Microclimate Modelling: The Base Model 

The urban microclimate was simulated using the 
three-dimensional, non-hydrostatic climate model, 
ENVI-met 5 [33,34]. ENVI-met utilizes the principles of 
thermodynamics and fluid dynamics to simulate 
interactions between buildings and the atmosphere. 
The model area was represented by a grid of 
dimensions 250 x 130 x 40, with a resolution of 2 m x 
2 m x 4 m in the X, Y, and Z directions, respectively 
(Figure 4). The model area was rotated 18 degrees 
eastward from the grid's north. Surrounding the main 
area, nesting grids were set at 0. Different soil 
profiles were assigned, with [SD] representing a 
sandy soil, [PD] representing a dark concrete 
pavement for soil A and B, respectively, [ST] 
representing asphalt for streets, and [PG] 
representing grey concrete tiles for pavements. To 
capture microclimatic variables, six receptors were 
strategically placed around the buildings, providing 
snapshots of data every hour. The model's boundary 
conditions and simulation parameters, detailed in 
Table 2, remained consistent across all scenarios. Full 
forcing boundary conditions were enabled using the 
EnergyPlus weather file. The simulations were 
conducted on 16-17 August, which were considered 
average summer days, starting at 05:00. However, 
only the results from day two were utilized for 
subsequent analysis, as day one was used for the 
spin-up period to ensure greater consistency and 
numerical stability in the model's physics and 
dynamics. 

Table 2. Main ENVI-met variables in each tested scenario 
Date (local) 17 August 2022 at 05.00 
Duration 48 h 
Dimension 250 x 130 x 40 (grid cell) 
Resolution (X, Y, Z) 2 m x 2 m x 4 m 
Boundary conditions Full forcing 
Indexed view sphere (IVS) 
module 

Activated  

Lowest grid cell split Yes 
 

Figure 4. The ENVI-met 3D model of the neighbourhood 
2.4 Database preparation for examined cool 
pavement scenarios  
The construction properties of the buildings and site 
remained consistent across the various pavement 
scenarios. The only modifications made were to the 
paving materials, as outlined in table 3. These 
adjustments included changes to albedo, emissivity, 
and heat conductivity. Based on these criteria, the 
materials considered most suitable for selection were 
white-topping for road surfaces. This material offers 

high resistance to heavy vehicular traffic, good skid 
resistance, and a non-glare albedo for drivers [35]. 
Additionally, permeable interlocking concrete blocks 
were identified as appropriate for car parking plots 
and sidewalks, as they contribute to a larger 
proportion of permeable surface area on the site. 
Table 3. The physical properties of the tested paving 
materials  

 ALBEDO EMISSIVITY 
HEAT 

CONDUCTIVITY 
(W/M K) 

WHITETOPPING 40 0.91 1.63 
PERMEABLE 
INTERLOCKING 0.50 0.90 2.0 

 
3. RESULTS AND DISCUSSION 
3.1 Validation of the Base Model by Measurements 
To assess the accuracy of the ENVI-met outputs, the 
simulated values were compared to the on-site 
monitored data. Hourly measurements of air 
temperature and mean radiant temperature (MRT) 
were recorded using a portable weather station at a 
height of 1.1 m on 17 August. Figure 5 illustrates that 
the simulated and monitored values for air 
temperature and MRT exhibit similar patterns, with a 
slight variation of 2-4.7°C in air temperature and an 
average difference of 4.8°C for MRT. The maximum 
difference of 9°C occurred at 15:00. These results 
indicate that the simulated model accurately captures 
the existing patterns in air temperature and MRT. 
Furthermore, using the root mean square error 
(RMSE) on an hourly basis (Equation 1). The values for 
air temperature and MRT were found to be 3.03% 
and 5.19%, respectively. These values fall within the 
tolerance criteria for RMSE set by ASHRAE 14 (±20%) 
[36, 37]. This provides confidence in the model's 
ability to capture the main microclimatic 
characteristics of the urban site and supports the 
application of the same adjustments to other 
modeling scenarios for assessing proposed roof 
scenarios.  

RMSE = 

 

(1) 

where  RMSE- root mean square error;  
             i- variable i;  
             N - number of non-missing data points; 

         xi - actual observations time series 
X- estimated time series 

3.2. Comparative Results 
Using the same validation modelling settings for the 
cool pavement scenario. By comparing the amended 
scenario with the base case, the analysis focused on 
the surface temperatures of urban pavement and air 
temperatures. The ENVI-met LEONARDO module was 
utilized to visualize and quantify the results in a 
graphical format.  
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Figure 5. The monitored and ENVI-met Ta and MRT 
calculated using the globe thermometer [Equation 1]. 
 
3.2.1 Analysis of surface temperatures  
Overall, the variation in surface temperature was 
influenced by the pattern of shortwave radiation, 
with a time lag. Table 4 compares the surface 
temperatures before and after the pavement change 
at two receptor locations. Receptor 1 had the 
Concrete pavement grey replaced with Permeable 
interlocking, while receptor 2 had the Concrete 
pavement dark replaced with white topping surface. 
The white topping surface demonstrated the greatest 
temperature reduction at 12 pm, with a decrease of 
5.5°C compared to the base case temperature of 
52.6°C, resulting in a temperature difference of 5.5°C. 
At 5 pm, the temperature difference was 1.58°C. 
After sunset, the surface temperatures dropped 
rapidly due to the absence of direct solar radiation 
and the cooling effect of radiative exchange with the 
sky. However, the base case took longer to cool down 
and thus maintained a higher surface temperature 
compared to the ambient air temperature. 
In terms of performance, the permeable interlocking 
surface outperformed the concrete pavement grey. It 
achieved a surface temperature reduction of 3.65°C 
at 12 pm, compared to the base case temperature of 
44.5°C, resulting in a difference of 3.65°C. The 
difference between the white topping and permeable 
surface may also be influenced by their locations. The 
white topping is further away from the buildings and 
is more exposed to direct sunlight (as shown in Figure 
6), while the permeable surface is used as sidewalks 
around the buildings and is less exposed to direct 
solar radiation. Additionally, the two surface 
materials employ different mechanisms to deal with 
solar radiation. The high albedo of the white topping 
reduces the amount of energy stored during the day, 
while the vegetation on the permeable surface 
utilizes evapotranspiration. After sunset, 
photosynthesis ceases, resulting in a lower latent 
heat flux, with only evaporation from the substrate 
layer occurring. Figure 6 displays the surface 
temperature results at 12 pm for the base case 
configuration. 

Table 4. the simulation outcomes for the base case and the 
cool pavement scenario 
 Average Surface Temperature (oC) 
Timing 9 12 17 19 
Concrete 
pavement dark 
(Base Case) 

33.7 52.6 45.9 38.3 

White topping 32.6 47.1 44.32 37.63 
Concrete 
pavement grey 
(Base Case) 

26.8 44.5 41.57 36.85 

Permeable 
interlocking 24 40.85 39.84 35.98 

 

Figure 6. The ENVI-met simulated surface temperature for the 
base case at 12pm. 

 
3.2.2 Cooling impact on air temperature at the 
pedestrian scale 
The reduction in surface temperatures involves 
various factors, including the decrease in convective 
motions between the soil and air, resulting in a 
different heat load at the pedestrian level. To gain a 
comprehensive understanding of both scenarios, 
analyses were conducted to assess the air 
temperature recorded by the same receptors used 
for validation and surface temperature analysis. 
According to the findings presented in table 5, both 
scenarios exhibited a cooling impact during the day. 
In the case of the white topping, the reduction in air 
temperature seemed to be linked to its albedo value. 
A higher albedo resulted in more shortwave radiation 
being reflected, leading to a lower air temperature 
[38]. On the other hand, the permeable surface, with 
its vegetation space, allowed for evapotranspiration 
and the conversion of solar radiation into latent heat, 
resulting in a cooling effect on the air. However, it is 
worth noting that this may contribute to increased air 
temperatures at night in city centres [39]. 
Nevertheless, a cooling effect was noticed for the 
proposed scenario at night compared to the base 
case, possibly because the base case lower albedo 
values caused more heat absorption during the day, 
leading in turn to a higher surface temperature, as 
seen in table 4. This heat takes more time to be let 
into the night-time atmosphere, creating a small 
increase in air temperature. As seen in table 5, the 
white topping achieved the maximum reduction in air 
temperature at 12pm, with a maximum reduction of -
1.56oC, followed by a reduction of -0.82oC and -
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0.71oC, at 5pm and 9am respectively. This reduction 
decreases till it reaches -0.63oC after sunset at 7pm.   
For the permeable sidewalk, it recorded relatively 
lower air temperature compared to the white 
topping, again due to its location and limited sun 
exposure duration compared to the white topping. 
The maximum value for air temperature was 40.87oC 
compared to 42.1oC for the base case, with difference 
of 1.23oC, after the sunset both the permeable and 
white topping reached a close value of 37.41 and 
37.47 respectively. All these results were also 
highlighted by previous studies, reporting a reduction 
in air temperature caused by the reflectance of 
pavements, in the range of 0.15 to 3.0°C [40,41]. 

Table 4. the simulation outcomes for the base case and the 
cool pavement scenario 

Average potential Temperature (oC) 
Timing 9 12 17 19 
Concrete 
pavement dark 
(Base Case) 

34.3 42.6 43.4 38.1 

White topping 33.59 41.04 42.58 37.47 
Concrete 
pavement grey 
(Base Case) 

34.1 42.1 43.2 38 

Permeable 
interlocking 33.58 40.87 42.39 37.41 

Figure 6. The ENVI-met simulated Air Temperature for the 
Base case at 12pm 

4. CONCLUSION
The study evaluated a combination of two types of 
cool pavements with different mechanisms, using 
ENVI-met microclimate modelling accompanied by in-
situ field measurements that could be applicable on a 
large scale and replicable in other contexts. These 
data sets enabled validation. Results showed that 
both the white topping and permeable sidewalk had 
surface temperatures similar to ambient air, with the 
permeable interlocking exhibiting the lowest surface 
temperature throughout the day. The permeable 
sidewalk also had the lowest ambient air temperature 
on the pedestrian scale during the day and 
outperformed the white topping in air temperature 

reduction after 19:00. High albedo values in cool 
materials allowed air temperature to dominate over 
solar radiation by heating the surface during the day. 
Finally, this study highlights the need to consider the 
accretion of dirt and dust on pavements as this 
adversely affects the capacity of the reflective 
materials to reflect sunlight, and in turn will increase 
solar heat gain. Further, future research can be 
directed toward combination of more mitigation 
strategies such as green roofs and the installed PV 
panels.  
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Figure 1: Conceptual sketch of memorial gathering space for 
contemporary vernacular school design, which serves as a 
hub for students as well as the local community.   

1. INTRODUCTION: THE URGENCY TO RE-DESIGN
SCHOOLS 

Designing sustainable schools in Africa is crucial to 
address the educational needs of children and to 
promote environmental consciousness and resilience 
within communities. The biggest challenges of early 
education in Africa, especially in the rural area, include 
lack of physical infrastructure, limited access to exiting 
schools and learning resources, low quality of 
curriculum, and lack of stability due to war. Ethiopia, 
the second populous country in the continent, has 
been affected by internal conflict in the past three 
years that resulted in the destruction of thousands of 

schools, completely or partially, leaving millions of 
children without access to education (Impact of the 
Northern Ethiopian War on Education - Link : Link, 
n.d.).

Furthermore, according to the Ministry of 
Education of Ethiopia, most of the existing rural school 
infrastructure does not meet the basic requirements 
of a school facility. This manuscript presents design 
proposals for pre-K to middle schools in Ethiopia, 
particularly for areas that have been affected by 
recent conflicts. Moreover, the manuscript strives to 
compare different school typologies through the lens 
of environmental and contextual analysis. The 
overarching goal of the project is to make a larger call 
to design and construction professionals, investors, 
and policy makers where sustainable school designs 
are promoted not just nationally, but regionally across 
the African Continent.  

2. BACKGROUND: EXISITING SCHOOL PROTOYPES
AND RELEVANT PRECEDENTS 

The most common examples of schools in rural 
Ethiopia fall in either of two categories: The first is a 
traditional vernacular style constructed using locally 
available materials like mud, thatch, or local stones 
featuring simple structures with pitched roofs, small 
windows, and open courtyards. The second category 
features a standardized bar-typology with classroom 
blocks that are easily replicated. Each block has 
multiple classrooms arranged in a linear or L-shaped 
layout with shared circulations and are designed 
primarily for standard-scalability but not customized. 
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Recent school constructions in the rural parts of 
Ethiopia are highly dominated by these standardized 
school designs as the vernacular styles which used to 
be typical of villages are becoming obsolete.  

The third category of schools, rare in their 
existence, are the bio-climatic protypes that are 
designed for current needs and are called 
contemporary vernacular, by implementing 
sustainable building design strategies that are 
customized to local climatic and cultural context. The 
authors identified the following precedents of 
contemporary vernacular schools in Africa: the Green 
School in South Africa  which utilizes passive design 
strategies, solar power, rainwater harvesting (Green 
School South Africa / GASS Architecture Studios | 
ArchDaily, n.d.); the Ilima Primary School in the DRC, 
which features sustainable materials with 99% of 
materials sourced from within ten kilometres of the 
site (Ilima Primary School | MASS Design Group, n.d.); 
the Gando Primary School designed by Francis kare 
Architects in Burkina Faso , which implemented 
improved low-tech and sustainable techniques so that 
villagers could participate in the process of 
construction, and the project became a landmark of 
community pride(Kéré Architecture & Archdaily.com, 
n.d.).  

Additional examples are found in Asia where the 
climate presents a different challenge. For example, 
the Toongnatapin School Library by Arch SU Youth 
Architect Volunteer for Rural Development Camp in 
Danchang District, Thailand was constructed in just 
two weeks by architecture students in a remote area 
that has only small villages and sugarcane field (Library 
Toongnatapin School / Student Committee, Faculty of 
Architecture, Silpakorn University | ArchDaily, n.d.). 
The goal of the project is to improve infrastructure for 
rural societies.  

However, having just a few of such projects is not 
sufficient. There is a need to expansively promote 
sustainable school design features by making viable 
school prototypes available to be adapted based on 
local contexts. The sustainable, contemporary 
vernacular prototypes shall further be integrated into 
school design guidelines and education policies across 
the continent.   
 
 
 
 
 
 
 
 
 
 
 
 

3. COMPARISON OF PERFORMANCE 
 

 
Figure 3: Three locations used for comparative performance 
analysis of the standardized bar-typology against the 
contemporary vernacular typology. 
 

In this section we compare the construction and 
performance of a standardized bar typology 
hypothetically placed in Kombolcha (Ethiopia), 
Ouagadougu (Burkina Faso), and Bangkok (Thailand), 
against selected examples from the contemporary 
vernacular – Gando primary school, and Toongnatapin 
school. 
 
Climate 

We compare climatic conditions in Kombolcha, 
Gando, and Danchang Districts. Due to the absence of 
EPW weather files on Building.OneClimate.org for 
Gando, and Danchang District, the following closest 
cities are used for the analysis respectively: 
Ouagadougou and Bangkok.  

Figure 4 shows false color map of annual solar 
radiation and we can read the direction where the 
largest annual solar radiation is received is about 10o 
due south. The three cities are located close to the 
equator (Kombolcha at 11o N, Ouagadougou at 12o N, 
Bangkok at 13o N). To reduce solar heat gain and glare 
through opening, roof overhangs and shading 
strategies are critical. 
  

 
 
Figure 4: False color map of annual solar radiation levels for 
different surface orientations, using an upward-facing 
hemisphere. 
 
Figure 5 shows that Kombolcha is a temperate climate, 
while Bangkok is a hot and humid climate. 
Ouagadougu has a hot and humid season as well as a 
hot and dry season.  
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Ouagadougu has a hot and humid season as well as a 
hot and dry season.  
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Figure 5: Psychometric chart showing school hours between 
7am and 6pm. The false color represents solar radiation and 
the maximum value on the legend is adjusted for each 
location. 
 

Kombolcha and Ouagadougu receive wind from 
multiple orientation in comparison to Bangkok, 
providing better opportunity for wind ventilation 
when cooling is needed, as shown in Figure 6. 
 

 
 
Figure 6: Wind chart showing the prevailing wind direction 
and speed hour hours between 7am and 6pm. 
 
Construction 

Unlike the traditional vernacular typologies, the 
standard bar-typology is a school design constructed 
in different locations using hollow concrete blocks 
construction materials and building form. It uses 
typical dimensions and design typologies across 
regions or the country.   

 On the contrary, the Gando school building 
construction centred around tying the structure to its 
community through the use of vernacular/locally 
abundant materials. It makes use of a clay/cement mix 
alongside corrugated metal roofs for environmental 
and economic efficiency. With this, the school is able 
to also provide adequate ventilation alongside suitable 
shading from the sun. Materials chosen are also able 
to endure the harsh rains of Burkina Faso’s rainy 
seasons. 

The Toongnatapin school library project, also 
supposed to be a waiting area, use natural features 
such as light and ventilation to draw the pleasant 
environment into the pavilion. Wood is the main 
structure material. The building walls and roofs are 
glazed by SCG Translucent Roof Sheet Panels which 
filter 90% of UV. The advantages of these panels are its 
lightweight and convenience to install. CONWOOD, 
wood-like concrete flooring is used for the interior 
floor. Finally, bricks are used on the exterior pavement 
and steps (Library Toongnatapin School / Student 
Committee, Faculty of Architecture, Silpakorn 
University | ArchDaily, n.d.).  

Both projects, Gando Primary School and 
Toongnatapin School Library, use materials that are 
best adapted to their climatic context. The cement-
clay bricks of Gando keep spaces cool in the hot and 
dry days while the open design, with light wooden 
structures of Toongnatapin provides shading and 
allows movement of air to keep spaces comfortable.  
 
Natural daylight 
The different typologies have different opening layout, 
determining the amount of daylight and ventilation 
getting into learning spaces.  
 

 
 
Figure 7: Window openings in the Gando Primary School, the 
standard bar-typology and a vernacular building in Ethiopia. 
 

 
 
Figure 8: Comparison of availability of natural daylight using 
average lux values.  
 

The standard bar-typology located in Kombolcha, 
Ethiopia receives sufficient daylight that is within the 
required range for an ideal reading room. However, 
looking at the annual solar exposure index (ASE) as a 
measure of potential glare, orientation of the building 
is very critical in maintaining indoor visual comfort. It 
is found that when the building is oriented 60o to 90o 
from the horizontal east-west axis, there is high risk for 
glare discomfort – 35% and 75% respectively.  

The analysis shows that the amount of daylight in 
the Gando Primary School is lower than the standard 
requirement for an ideal classroom, primarily due to 
the small openings and the way the external shading is 
operated. As the contemporary vernacular school 
typologies are being optimized for better thermal 

Kombolcha Ouagadougou Bangkok

Kombolcha Ouagadougou Bangkok

Gando Primary School
Non-glazed windows,
with movable wooden
shades

The standard bar-
typology
Top, single pane windows

Vernacular building, 
Sidama house
Non-glazed, small openings

 

performance (as discussed in the following two sub-
sections), it is important to pay attention to daylight 
availability and visual comfort.   
 
Potential for natural ventilation 

Cooling degree days (CDDs) are a measure of how 
hot the temperature is on a given day or during a 
period of days. And the discomfort hours due to high 
temperature (DisHigh) indicates the number of hours 
during occupancy when the indoor temperature is 
above 26oC. This upper comfort threshold can be 
adjusted based on the concepts of adaptive thermal 
comfort and the role of air movement for physiological 
cooling. For example, in the case of 
Bangkok/Danchang District, a hot and humid climate, 
enhanced air movement will play a very crucial role 
and the extended adaptive method with a 1.2m/s air 
movement suggests that indoor operative 
temperature of up to 32oC is acceptable for an outdoor 
prevailing temperature of 28oC.   

Gando Primary School, Ilima Primary School and 
the Toongnatapin Library are acknowledged for being 
thermally comfortable by leveraging local climate, 
construction techniques and materials. On the other 
hand, the main limitation of the standard bar-typology 
is the absence of customized bio-climatic design 
strategies. 
 
Thermal comfort requirements   

When the standard bar-typology, with a low 
performance building envelope, as discussed in the 
construction section above, is analyzed for 
Kombolcha, Ouagadougu and Bangkok, the 
performance of the building varies (see Table 1). In 
comparison, the performance of the contemporary 
vernacular buildings for the three locations improved 
two to four times indicated by the reduction of 
discomfort hours due to high temperature.  
  
Table 1: Comparison of bar-typology and contemporary 
vernacular for the three locations. 

 CDD 
(18oC) 

DisHigh 
Bar-
typology 

DisHigh 
Contemporary  

Kombolcha 658 1545 743 
Ouagadougu* 3862 2527 900 
Bangkok* 4208 2700 700 

 
*Comfort is predicted based on adaptive model and 
physiological cooling from elevated air movement is 
considered.  
 
Thermal mass 

The diurnal temperature change in Kombolcha 
goes as high as 30 degrees. The minimum average in 
the hottest season is about 10 oC and the maximum 
average about 33 oC. The diurnal temperature change 
in Ouagadougu goes as high as 20 degrees. The 
minimum average in the coldest season is about 5 oC 
and the maximum during the hottest is about 43 oC. 

Bangkok has a humid and hot climate with only an 
average of 10 degrees diurnal temperature change. 
The primary building strategy used in Kombolcha is the 
use of high thermal mass given the high diurnal 
temperature difference. Night ventilation will be an 
effective strategy in Ouagadougu where night 
temperature goes down to about 20 oC when day 
temperate goes as high as 43 oC. 
 
4. TOWARDS CONTEMPORARY VERNACULAR: 
DESIGN GUIDELINES FOR SUSTAINABLE PROTOTYPES 

 

 
Figure 9: Proposed sustainable school design pillars: Low-
cost - materials are sourced from the local area; local 
wisdom - combining local technology with new 
knowledge; bio-climatic – sustainable and healthy 
environment. 

 
The proposed design approach for early education 

schools aims to provide viable prototypes that can be 
adapted to various locations based on environmental 
contexts, local community needs and cultural context. 
In the context of this project, contemporary vernacular 
is composed of three pillars, as shown in Figure 9. 

The promoted contemporary vernacular 
prototypes incorporate variations in the physical space 
both indoors and outdoors to deliver engaging and 
interactive learning experiences. These strategies 
highly promote critical thinking skills, and social and 
emotional learning. The authors propose a 
combination of such programs with the space 
requirements shown in Figure 10. An example site plan 
and a representative building section are presented in 
Figures 11 and 12. 

Bio-
climatic

Local 
wisdo

m

Low-
cost
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adjusted based on the concepts of adaptive thermal 
comfort and the role of air movement for physiological 
cooling. For example, in the case of 
Bangkok/Danchang District, a hot and humid climate, 
enhanced air movement will play a very crucial role 
and the extended adaptive method with a 1.2m/s air 
movement suggests that indoor operative 
temperature of up to 32oC is acceptable for an outdoor 
prevailing temperature of 28oC.   

Gando Primary School, Ilima Primary School and 
the Toongnatapin Library are acknowledged for being 
thermally comfortable by leveraging local climate, 
construction techniques and materials. On the other 
hand, the main limitation of the standard bar-typology 
is the absence of customized bio-climatic design 
strategies. 
 
Thermal comfort requirements   

When the standard bar-typology, with a low 
performance building envelope, as discussed in the 
construction section above, is analyzed for 
Kombolcha, Ouagadougu and Bangkok, the 
performance of the building varies (see Table 1). In 
comparison, the performance of the contemporary 
vernacular buildings for the three locations improved 
two to four times indicated by the reduction of 
discomfort hours due to high temperature.  
  
Table 1: Comparison of bar-typology and contemporary 
vernacular for the three locations. 

 CDD 
(18oC) 

DisHigh 
Bar-
typology 

DisHigh 
Contemporary  

Kombolcha 658 1545 743 
Ouagadougu* 3862 2527 900 
Bangkok* 4208 2700 700 

 
*Comfort is predicted based on adaptive model and 
physiological cooling from elevated air movement is 
considered.  
 
Thermal mass 

The diurnal temperature change in Kombolcha 
goes as high as 30 degrees. The minimum average in 
the hottest season is about 10 oC and the maximum 
average about 33 oC. The diurnal temperature change 
in Ouagadougu goes as high as 20 degrees. The 
minimum average in the coldest season is about 5 oC 
and the maximum during the hottest is about 43 oC. 

Bangkok has a humid and hot climate with only an 
average of 10 degrees diurnal temperature change. 
The primary building strategy used in Kombolcha is the 
use of high thermal mass given the high diurnal 
temperature difference. Night ventilation will be an 
effective strategy in Ouagadougu where night 
temperature goes down to about 20 oC when day 
temperate goes as high as 43 oC. 
 
4. TOWARDS CONTEMPORARY VERNACULAR: 
DESIGN GUIDELINES FOR SUSTAINABLE PROTOTYPES 

 

 
Figure 9: Proposed sustainable school design pillars: Low-
cost - materials are sourced from the local area; local 
wisdom - combining local technology with new 
knowledge; bio-climatic – sustainable and healthy 
environment. 

 
The proposed design approach for early education 

schools aims to provide viable prototypes that can be 
adapted to various locations based on environmental 
contexts, local community needs and cultural context. 
In the context of this project, contemporary vernacular 
is composed of three pillars, as shown in Figure 9. 

The promoted contemporary vernacular 
prototypes incorporate variations in the physical space 
both indoors and outdoors to deliver engaging and 
interactive learning experiences. These strategies 
highly promote critical thinking skills, and social and 
emotional learning. The authors propose a 
combination of such programs with the space 
requirements shown in Figure 10. An example site plan 
and a representative building section are presented in 
Figures 11 and 12. 

Bio-
climatic

Local 
wisdo

m

Low-
cost

1149



 

 
Figure 10: An example of programs and their 
corresponding space requirements proposed for the pre-K 
to middle schools. This combination of programs can be 
adjusted for different locations based on the urgent needs 
of communities.  

 
Minimizing environmental impact, promoting 

resource efficiency, and creating healthy learning 
environments is the second design parameter for the 
school prototypes. Passive design is a primary strategy 
where buildings are designed to maximize natural 
ventilation, daylighting, and passive cooling 
techniques. This helps minimize energy consumption 

and create comfortable learning spaces. The use of 
sustainable and locally sourced materials helps to 
reduce the carbon footprint and support the local 
economy.  

 

Figure 11: Proposed site plan, showing how the proposed 
programs in Figure 10 can be organized for a given site.  

 
The proposed sustainable design approach puts 

the local context and specific environmental 
challenges in each community at the centre of the 
design process. It harbors the national agenda of unity 
and the curriculum that incorporates learning-by-
doing practices and provide the opportunity for 
students to hone specific technical skills while the 
output products support the students and the 
community to bring economic sustainability: orchards 
and chicken coops are designed as part of the school 
ecosystem; workshop spaces are hubs to craft creative 
projects, and innovate new products.   

 
 
5. DISCUSSION AND FUTURE WORK 

By integrating the principles of sustainability, local 
knowledge, and cultural norms in the educational 
themes both regionally and nationally in the design of 

the schools, we can create an educational 
environment that empowers students while fostering 
commitment to environment stewardship, resilience, 
and long-lasting sustainability.   

 

 
Figure 12: Representative section –  illustration of the proposed indoor-outdoor learning spaces shown in a representative section. 
The indoor learning spaces are connected by an inner courtyard that has trees for shading, seating spaces, and small play/activity 
grounds. The classrooms and workshops spaces are buffered by semi-outdoor spaces. Large sport fields and community gathering 
spaces continue outward from these semi-outdoor spaces.   
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In Ethiopia today, designing a physical space that 
fosters quality of education is crucial. These spaces 
aim to cultivate unity and peaceful thinking among 
students, guided by curricula that deliver a well-
rounded educational experience. Such curricula are 
increasingly inclusive, offering differentiated 
instruction to meet the diverse learning needs and 
aptitudes of all students.  
 
Participatory design through action research and 
design probs 

In future work, thinking about the implementation 
of contemporary vernacular school prototypes, the 
following methods will be used as a tool to further 
reimagine and elaborate the design approaches. 

Participatory Action research: Engaging 
stakeholders and the community, including future 
users, in the research and design process to co-create 
design that reflects their needs and insight.  

Design & cultural probs: materials designed to 
provoke inspirational responses from diverse 
communities. The probes are part of the design 
strategy of pursuing experimental design in a 
responsive way. They address a common dilemma in 
developing projects for unfamiliar groups.  
 

 
 
Figure 13: Envisioned comprehensive design approach that 
integrates sustainable design goals with community 
engagement and national themes.  
 

This proposed project is not the first of its kind. 
There have been some attempts by design 
professionals and architecture students that start from 
community-based design and culminate in the 
construction of schools in different parts of Ethiopia. 
One example is the Shebraber School, which is a 
collaborative project designed by EthiopiaStudio2.0, a 
second-generation team of eleven Arizona State 
University M.Arch graduate students, led by practicing 
local architect Jack DeBartolo 3 (Shebraber School / 
EthiopiaStudio2.0 | ArchDaily, n.d.). Students travelled 
to a remote village community 120 miles southwest of 
Addis Ababa, the capital city of Ethiopia, to research, 
develop, and design new classrooms and 
administration buildings for a school serving children 

within a 10km radius, many of whom walk hours for 
the chance to attend. 

In future work, the authors will propose school 
design prototypes that can be adapted for different 
rural villages. The goal of this project is to present a 
different kind of alternative, that combines improved 
concepts of sustainability featured in the vernacular 
style with the flexibility and scalability of standardized 
design approach in a form of adaptable sustainable 
prototypes for early education schools. 
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1. INTRODUCTION 

Urban farming in connection with the postulate of 
sustainable urban development in building resilience 
to climate change has been the subject of scientific 
research in recent decades. The design of urban farms 
and especially their integration into the existing urban 
structure is an important step toward reducing the 
carbon footprint and shortening the path between the 
point of organic food production and the consumer. 
The system of a vertical, modular and mobile façade 
farm that can be mounted on the gable walls of 
residential buildings presented in this article is a 
complete architectural response to the above-
described postulate of reducing the carbon footprint 
of food production and transport. This system also has 
additional, indirect, and measurable benefits resulting 
from its installation, such as reducing heat losses 
through the penetration of gable building facades, 
using and storing rainwater, sequestering carbon 
dioxide and oxygen production, and activating local 
communities. 
 
2. RESEARCH METHODOLOGY AND DATA ANALISYS 

Preliminary research was conducted on three 
parallel paths. The first one concerned the 
development of the concept of a modular mobile 
urban farm, MoFa. This concept has been modeled, 
described, and submitted for patent protection. The 
second path concerned the analysis of source 
materials and literature in integrated urban farms. This 
allowed us to determine the current state of 
knowledge and obtain data in agriculture. The third 
one included the analysis of data regarding a case 

study - gable walls of buildings made using 
industrialized technologies and within the 
administrative boundaries of Wrocław. The 
combination of research and analyzes allowed to show 
the potential of vertical crops on the facades of 
existing buildings in cities with medium-density 
buildings. This is an important aspect of using climate 
change (net increase in global temperature extending 
the growing season in temperate climates) to ensure 
healthy, locally produced food while shortening supply 
chains with high carbon footprints. The obtained data 
was related to demographic data within the presented 
research field - the city of Wrocław. 
 
2.1. MoFa – MOBILE URBAN FARM CONCEPT   

A modular and mobile vertical farm allows for local 
production of healthy and organic food. The creators 
intended it to be a product dedicated to the gable 
elevations of buildings constructed using technologies 
industrialized in the second half of the 20th century 
(mainly WWP and Wk-70), although installation 
possibilities of the farm is limited only by architectural 
conditions, and it can be installed on any gable 
elevation. The production and harvesting of leafy 
vegetables (because this is the expected main product 
of the crop) is supervised by the residents of the 
buildings on the facades of which the farm will be 
installed. This allows for the elimination of the supply 
chain between the manufacturer and the customer (in 
this case, it is the same person), which directly 
translates into the carbon footprint associated with 
the transport of products. The farm enables ground 
and hydroponic production. It can be expanded with 
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an aeroponics cultivation system. An important 
element is social activation and participation, which 
has a positive impact on neighborly relations. The 
system is modular, which allows you to multiply 
elements both horizontally (at intervals of up to 1.00 
m) and in height (adapting the farm to the height of 
the building’s facade). Installing a vertical mobile farm 
(Fig. 1) on the facade has a positive effect on both the 
acoustics of the building and the thermal insulation of 
the partition in the installation zone (by increasing the 
temperature in the gable elevation zone, heat losses 
through penetration are eliminated). 

 

 
 

Figure 1: MoFa vertical farm schematic: A-rainwater tank, 
B-revision module, C-middle module, D-upper module, E-

lower rotating wheel, F-tube engine, G-upper rotating 
wheel. 

 
  Thanks to the element of mobility, the entire 

facade of the building is used, which has a positive 
impact on both the illumination of crops (pots in 
constant rotation obtain the sunlight necessary for the 
photosynthesis process) and the aesthetic values of 
the facade (unused spaces are functionally 
developed). The farm is operated at ground level, 
which does not require specialized pre-training of 
users. Because of the above-mentioned 
photosynthesis process (carbon dioxide sequestration 
and oxygen production), the air quality in the farm 
assembly zone improves. Air humidity also improves 
because of evaporation processes accompanying 
crops. The farm is equipped with a water tank and a 
bypass system to connect rainwater drains collected 

from the roofs of buildings, which allows its 
management in the event of rainfall and use in the 
event of drought. Thanks to a system of photovoltaic 
cells and LED diodes, the system produces the energy 
necessary to rotate the pots during the day and 
illuminate the crops at night. The expected growing 
season in the mobile vertical farm is from March to 
November (10 months). The estimate of the 
vegetation area for each of the MoFa mobile farm 
modules is 0.9 m2 for each of the farm modules (with 
a façade area of 0.8 m2). Relative to 1 m2 of façade 
area, the vegetation area is 1,125 m2. The vegetation 
area was rounded to 1.0 m2 per 1.0 m2 of the facade 
area (100%) because of the installation of the farm on 
a plinth, which constitutes the lower rainwater tank, 
and the need to build a roof in the upper module. 

 
2.2. Literature review 

The literature analyzes on crops in urban 
environments show that since around 2015, there has 
been a significant increase in interest in this topic. The 
reasons for this phenomenon are multifaceted, 
ranging from the implementation of sustainable 
development tools, drawing attention to the circular 
economy, as well as technological development 
enabling the implementation of urban farms as free-
standing or additive structures that enable the reuse 
of flat roofs or existing gable walls. Moreover, the 
development of technologies in urban cultivation has 
influenced the search for alternative directions of soil 
and soilless cultivation, for example, hydroponic [1]. 
Currently, keywords such as urban and peri-urban 
agriculture, food security, local food systems, 
community gardens, sustainable agriculture, climate 
change and vertical farming are increasingly appearing 
in the literature. The literature analyzes show that the 
integration of innovative technologies enables 
agriculture to save water, protect soil, reduce carbon 
dioxide emissions, and increase production efficiency. 
In the era of the Agriculture 4.0, industrialized 
agriculture and supply chains can become a central 
element of food production [2]. The development of 
modern agricultural technologies results from the 
search for new energy sources and innovative 
cultivation methods. Faced with the growing 
population of cities, it is necessary to look for new 
cultivation methods that would allow the transfer of 
traditional agriculture to urbanized areas. However, 
there is no single universal technological solution that 
would fully respond to the challenges related to 
increasing food production. The synergy of many 
different techniques seems to be the key to achieving 
a green revolution in the 21st century. One of the 
interesting solutions in this area is vertical farming. It 
is believed to be able to significantly contribute to the 
sustainable development of food production in cities. 
Vertical farming is one of the new methods that 
deserves detailed research in the next two decades, 
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especially if we want to live in harmony with nature. 
The ideal vertical farming should be affordable, 
sustainable, and safe to operate, while not requiring 
financial subsidies or external support. If these 
conditions are met, urban agriculture has the 
opportunity to provide food to 60% of city residents by 
2030 [3]. Several patents are also appearing around 
the world related to the development of cultivation 
technology in the form of vertical farms. One solution 
is patent US11778956B2 by John G. Lert, Jr., William J. 
Fosnight, and Jeffrey C. Laba regarding an automated 
vertical farming system using mobile robots. The 
system consists of a storage structure equipped with a 
series of racks with shelves filled with plants. 
Additionally, autonomous mobile robots are used that 
move between shelves to move containers of plants to 
and from storage. Under the supervision of a control 
system, robots can transport a container with plants 
from the storage place to a dedicated service station. 
It is then possible to perform care treatments, 
including watering and providing the necessary 
nutrients, as well as collecting feedback about the 
plants, e.g. in the form of photos. 
 
2.3.  Case study data analisys 

  The data used for the assessment were 
downloaded from a 3D model based on metadata 
from the Spatial Information System of the city of 
Wrocław [4]. The background map and elevation 
centroids were imported into QGIS and exported to a 
vector file (Figure 2).  

 

 
Figure 2: Partial plan of the City of Wrocław. Buildings made 

of prefabricated panels had been marked with 4 types of 
shading - author's elaboration.. 

 
In the first step, all buildings constructed using 

industrialized technologies in the second half of the 
20th century (within the city's administrative 
boundaries) were marked. In the next step, the 
marked objects were "raised" from a flat plan to a 
height consistent with the height and number of floors 
in the buildings. The height of all objects was checked 
based on diagonal photo plans of Wrocław from 2015 
available in SIP [5]. 
 

During the inspection, the buildings were divided into 
4 categories according to the possibility of using the 
façade area:  
• gable elevation without decorations (100% use of 

the area),  
• façade with windows (75% of space utilization),  
• façade with loggias/balconies (50% of space 

utilization),  
• façade with loggias/balconies and windows (25% of 

space utilization).  
Each facility and each elevation has been marked 
numerically. The areas of flat roofs of buildings were 
calculated, which directly translated into the 
indication of the rainwater collection potential, and 
the surfaces of facades were used to simulate the 
potential of vertical crops. Because of the plant 
lighting system implemented as part of the MoFa farm 
to simulate crop potential, the façade orientation was 
omitted in this variant. However, it was marked for 
each facade of each building. The facilities were 
grouped according to the district boundaries of the 
city of Wrocław (Old Town, Śródmieście, Krzyki, 
Fabryczna, Psie Pole) and summarized in a tabular 
form with demographic data regarding the number of 
inhabitants. These data are publicly available in the 
Wrocław Spatial Information System [5]. 
 
3. RESEARCH RESULTS 

Modeling of buildings selected according to the 
methodology described in point 2.3 showed the 
possibility of using MoFa vertical farms on a total 
elevation area of 36.46 ha. Indicators showing the 
ratio between the development area in the horizontal 
projection of MoFa vertical farms (AB) and the area of 
analogous farming on land equal to the crop area in a 
vertical farm (AMoFa) were also calculated, showing that 
in the scale of the entire city, the vertical crop area is 
on average 3.15% of the farming area of soil-ground. 
Calculations were also performed for each district of 
Wrocław (Table 1). 

 
Table 1 Vertical crop area (AMoFa), building area (AB), roof 

area (AR) and AB/AMoFa ratio. 
District 
 

AMoFa 
(ha) 

AB  
(ha) 

(AB/AMofa) 
(%) 

AR 
(ha) 

Stare Miasto 6.05 0.23 3.79 12.97 
Śródmieście 2.66 0.08 2.84 4.72 
Krzyki 8.54 0.28 3.29 21.17 
Fabryczna 14.48 0.42 2.90 32.72 
Psie Pole 4.74 0.14 3.04 11.23 
TOTAL: 36.46 1.15 3.15 82.82 

 
The efficiency of vegetable production in urban 

farming depends on various factors, including plant 
species, production technology and location, and the 
results often differ significantly [6], although it is 
widely argued that Urban Agriculture (UA) is a 
resource-efficient form of sustainable agriculture that 
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downloaded from a 3D model based on metadata 
from the Spatial Information System of the city of 
Wrocław [4]. The background map and elevation 
centroids were imported into QGIS and exported to a 
vector file (Figure 2).  

 

 
Figure 2: Partial plan of the City of Wrocław. Buildings made 

of prefabricated panels had been marked with 4 types of 
shading - author's elaboration.. 

 
In the first step, all buildings constructed using 

industrialized technologies in the second half of the 
20th century (within the city's administrative 
boundaries) were marked. In the next step, the 
marked objects were "raised" from a flat plan to a 
height consistent with the height and number of floors 
in the buildings. The height of all objects was checked 
based on diagonal photo plans of Wrocław from 2015 
available in SIP [5]. 
 

During the inspection, the buildings were divided into 
4 categories according to the possibility of using the 
façade area:  
• gable elevation without decorations (100% use of 

the area),  
• façade with windows (75% of space utilization),  
• façade with loggias/balconies (50% of space 

utilization),  
• façade with loggias/balconies and windows (25% of 

space utilization).  
Each facility and each elevation has been marked 
numerically. The areas of flat roofs of buildings were 
calculated, which directly translated into the 
indication of the rainwater collection potential, and 
the surfaces of facades were used to simulate the 
potential of vertical crops. Because of the plant 
lighting system implemented as part of the MoFa farm 
to simulate crop potential, the façade orientation was 
omitted in this variant. However, it was marked for 
each facade of each building. The facilities were 
grouped according to the district boundaries of the 
city of Wrocław (Old Town, Śródmieście, Krzyki, 
Fabryczna, Psie Pole) and summarized in a tabular 
form with demographic data regarding the number of 
inhabitants. These data are publicly available in the 
Wrocław Spatial Information System [5]. 
 
3. RESEARCH RESULTS 

Modeling of buildings selected according to the 
methodology described in point 2.3 showed the 
possibility of using MoFa vertical farms on a total 
elevation area of 36.46 ha. Indicators showing the 
ratio between the development area in the horizontal 
projection of MoFa vertical farms (AB) and the area of 
analogous farming on land equal to the crop area in a 
vertical farm (AMoFa) were also calculated, showing that 
in the scale of the entire city, the vertical crop area is 
on average 3.15% of the farming area of soil-ground. 
Calculations were also performed for each district of 
Wrocław (Table 1). 

 
Table 1 Vertical crop area (AMoFa), building area (AB), roof 

area (AR) and AB/AMoFa ratio. 
District 
 

AMoFa 
(ha) 

AB  
(ha) 

(AB/AMofa) 
(%) 

AR 
(ha) 

Stare Miasto 6.05 0.23 3.79 12.97 
Śródmieście 2.66 0.08 2.84 4.72 
Krzyki 8.54 0.28 3.29 21.17 
Fabryczna 14.48 0.42 2.90 32.72 
Psie Pole 4.74 0.14 3.04 11.23 
TOTAL: 36.46 1.15 3.15 82.82 

 
The efficiency of vegetable production in urban 

farming depends on various factors, including plant 
species, production technology and location, and the 
results often differ significantly [6], although it is 
widely argued that Urban Agriculture (UA) is a 
resource-efficient form of sustainable agriculture that 

 

 

can contribute to mitigate climate change [7]. A review 
of the proposed and used solutions shows the great 
advantage of production technology based on 
hydroponics, especially in the vertical system [8, 9]. In 
this study, a Vertical Farm MoFa was proposed, 
mounted on the gable facades of existing buildings in 
which hydroponic cultivation of tomatoes and lettuce 
was used. Production efficiency was determined based 
on literature research [6] and, after considering the 
available area of the vertical farm, the annual 
production was calculated in three variants: tomatoes 
only (18.585t), lettuce only (23.887t) and in the ratio 
of 50% to 50% (9.292t and 11.943t t). The results were 
compared with the average productivity of soil crops 
determined based on data from the Central Statistical 
Office [10], FAOSTAT [11] and literature [6, 12, 13, 14] 
showing that tomato production increased by 885% 
and lettuce by 1752%. This allowed for the calculation 
of the percentage of annual coverage of the demand 
for vegetable consumption (400 g day-1) according to 
WHO guidelines [10] for each resident by the 
production of tomatoes (PT.WHO) and lettuce 
(PL.WHO) (Table 2) and the percentage of annual 
covering the actual consumption of tomatoes (PT.AV, 
assumed 10 kg∙y-1person-1) and lettuce (PL.AV, 
assumed 1.56 kg∙y-1person-1) [11] (Table 3). 
 

Table 2: Covering the annual demand for vegetables 
according to WHO by the production of tomatoes (PT.WHO) or 

lettuce (PL.WHO). 
District Residents PT.WHO (%) PL.WHO (%) 
Stare Miasto 40,642 51.94 66.75 
Śródmieście 96,361 9.63 12.38 
Krzyki 130,349 22.87 29.39 
Fabryczna 169,367 29.85 38.36 
Psie Pole 72,530 22.81 29.32 
TOTAL: 509,249 25.00 32.13 

 
Table 3: Covering the annual demand for tomatoes or 
lettuce according to annual consumption through the 

production of tomatoes (PT.AV) or lettuce (PL.AV). 
District Residents PT.AV (%) PL.AV (%) 
Stare Miasto 40,642 758.20 6247.46 
Śródmieście 96,361 140.59 1158.32 
Krzyki 130,349 333.91 2751.03 
Fabryczna 169,367 435.77 3590.29 
Psie Pole 72,530 33.07 2744.15 
TOTAL: 509,249 364.96 3006.84 

 
One of the advantages of hydroponic cultivation 

highlighted in research is the reduced water 
consumption compared to soil-ground cultivation. 
Based on data available in the literature [6, 12, 14] 
specifying the annual water demand per 1 m2 for 
hydroponic crops of tomatoes (24 dm3m-2) and 
lettuce (62 dm3m-2) and taking into account the 
possibility of collecting rainwater (WR) from the roof 
surfaces (it was assumed that 25% of the roof surface 
was used for each elevation, assuming an annual 

rainfall of 588 mm for the city of Wrocław), the annual 
rainwater coverage of the demand for growing 
tomatoes and lettuce was calculated in the ratio of 
50% to 50% (WT+L). The results show that hydroponic 
agriculture can be based entirely on rainwater and on 
the scale of the entire city, only 12.87 % of collected 
water covers the demand for vertical agriculture 
(WEX) (Table 4). 
 

Table 4: Annual rain water harvest (WR), annual water 
demand at the MoFa farm (WT+L) and percentage of rain 

water harvest use (WEX). 
District WR (m3) WT+L (m3) WEX (%) 
Stare Miasto 19,067.00 2,598.00 13.63 
Śródmieście 6,942.00 1,142.00 16.45 
Krzyki 31,122.00 3,670.00 11.79 
Fabryczna 48,103.00 6,222.00 12.94 
Psie Pole 16,504.00 2,037.00 12.34 
TOTAL: 121,738.00 15,669.00 12.87 

 
In order to comprehensively evaluaate the impact 

of the Vertical Farm MoFa on the environment, it was 
decided to use Consequential Life Cycle Analysis 
(CLCA) which can be defined as a method that aims to 
describe how environmentally relevant physical flows 
would have been or would be changed in response to 
possible decisions that would have been or would be 
made [13]. In the analyzed case, the modules that 
differed most significantly between soil-ground 
cultivation and vertical hydroponic cultivation were 
selected. Due to the production method and its 
location, it was decided to analyze in module B6 in the 
processes characterized by the greatest differences, 
i.e.: 
• electricity consumption due to additional lighting 

for hydroponic production, 
• electricity consumption due to the operation of 

water pumping devices in a vertical system, 
• electricity consumption due to the operation of 

engines ensuring constant rotation of plants on 
facade, 

• production of electricity from photovoltaic 
modules located on roofs adjacent to the facade, 

• reduction of heat losses through facade walls 
thanks to the vertical farm providing a thermal 
buffer, 

• reduced fuel consumption due to shortening of the 
supply chain. 
 

Proper lighting is crucial to achieve appropriate 
production efficiency [14] and is also one of the main 
consumers of electricity and a source of greenhouse 
gas emissions. Calculations based on the average 
demand for photosynthetic photon flux (PPF) in 
photosynthetic active radiation (PAR: 400 to 700 nm) 
for lettuce amounting to 65.39 μmol m-2s-1 [15] 
assuming exposure to 10 h day-1 showed the demand 
for electricity equal to 82.61 kWh m-2year-1 and 
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greenhouse gases (GHG) emission equal to 56.59 
CO2eq m-2year-1 for the intensity of electricity 
emission equal to 685 kgCO2eq MWh-1. Additional 
consumers of electricity and sources of GHG emissions 
for the operation of pumps supplying water to the 
farm (940 W for a 12 m2 farm module, operation 4 
hours a day) and the engine ensuring rotation (200 W, 
operation 12 hours a day) have shown electricity 
demand equal to 94.00 and 60.00 kWh m-2year-1, 
respectively, and GHG emissions equal to 64.39 and 
41.10 CO2eq m-2year-1, respectively. After taking into 
account the potential size of Vertical Farms MoFa for 
the entire city, this means electricity demand (QD) 
equal to 86.267 MWh year-1 and GHG emissions (EQ) 
equal to 59,093 tCO2eq year-1. The electricity demand 
is covered by photovoltaic modules placed on the 
roofs directly adjacent to the facades on which the 
vertical farms are located. Assuming coverage of 70% 
of the available roof area (AR), annual PV energy 
production (PVP) calculated using the "Photovoltaic 
Geographical Information System" tool of the 
European Commission [16], amounting to 235 kWh m-
2year-1, annual electricity production was calculated 
equal to 136,231 MWh year-1 and GHG emission 
savings equal to 93,318 tCO2eq year-1. The obtained 
shows the possibility of completely covering the needs 
for electricity on a city scale (157.92%), assuming the 
possibility of storing excess energy in the power grid 
(Table 5). 
 
Table 5: Electricity demand (QD), electricity production by PV 

modules (PVP) and the percentage of demand covered by 
production. 

District Energy 
needs  
(QD) 

(MWh) 

Energy 
production 

(PVP) 
(MWh) 

Covering 
energy 

demand 
(%) 

Stare Miasto 14,305.00 21,337.00 149.16 
Śródmieście 6,288.00 7,768.00 123.54 
Krzyki 20,203.00 34,827.00 172.39 
Fabryczna 34,258.00 53,829.00 157.13 
Psie Pole 11,213.00 18,469.00 164.72 
TOTAL: 86,267.00 136,231.00 157.92 

 
Another important aspect from the point of view 

of potentially reducing the negative impact on the 
environment and adapting the city to climate change 
is the shortening of the supply chain resulting from 
local food production. Many researchers report that 
local production in vertical farms reduces the carbon 
footprint of production, although many studies 
indicate an inverse relationship resulting from the high 
energy consumption of the production system in 
vertical farms [17, 18]. The Vertical Farm MoFa study 
took into account the avoided transport of tomatoes 
and lettuce, whose amount and the ratio of domestic 
transport to imports were determined based on 
statistical data [10]. To sum up, 46 % of tomatoes 
consumed in Poland are imported from a distance of 

approximately 1,946 km (the Netherlands, Turkey, 
Spain, Morocco, Germany, France) and 54 % come 
from a distance of approximately 150 km. 80 % of 
lettuce is imported from a distance of approximately 
2,066 km (Spain, Germany, Italy) and 20 % comes from 
the country from a distance of approximately 150 km. 
The kgCO2eq emission factors per tonne of vegetables 
over these distances were also calculated, resulting 
from the assumed intensity of emission of truck 
transport with a capacity of 8t (Table 6). 

 
Table 6: Average distance of vegetable transport (DT), GHG 
emissions during one transport (ETR) and GHG emissions per 

1 transported tonne of vegetables (ERT.1t). 
Vegetable 
 

(DT) 
km 

(ETR) 
kgCO2 km-1 

(ETR.1t) 
kgCO2 km-1 

Imported tomatoes 1946 1251 156.42 
Domestic tomatoes 150 96 12.06 
Imported lettuce 2066 1328 166.05 
Domestic lettuce 150 96 12.06 

 
Summarizing the additional GHG emissions 

resulting from the demand for electricity, an additional 
carbon footprint (EQ) in the B6 module of the vertical 
farm was calculated, amounting to 59,093 tCO2eq on a 
city scale, as well as a negative carbon footprint (EP) 
from avoided transport (ETR.tot) amounting to -2,353.12 
tCO2eq, negative carbon footprint resulting from the 
production of electricity in PV modules (EPV) of -93,318 
tCO2eq and a negative carbon footprint resulting from 
saved energy for heating (EB) of -870 tCO2eq (Table 7). 
The total carbon footprint calculated under CLCA (Etot 
= EQ + ETR.tot + EPV + EB) is -37.448 tCO2eq. 

 
Table 7: Positive carbon footprint from electricity demand 
(EQ), negative carbon footprint from energy gains (EP) and 

total carbon footprint (Etot). 
District EQ 

tCO2eq 
EP  

tCO2eq 
Etot 

tCO2eq 
Stare Miasto 9,798.75 -15,150.54 -5,351.79 
Śródmieście 4,307.48 -5,556.32 -1,248.84 
Krzyki 13,838.73 -24,611.06 -10,772.33 
Fabryczna 23,466.61 -38,152.87 -14,686.26 
Psie Pole 7,681.02 -13,070.39 -5,389.37 
TOTAL: 59,092.59 -96,541.18 -37,448.59 

 
On the scale of the entire city, this means that 

there is no impact on the environment in the form of 
GHG emissions and the possibility of returning part of 
the produced energy to the power grid. However, a 
necessary requirement is the implementation of a 
photovoltaic installation, which is responsible for 
96.66 % of the reduction in the carbon footprint of the 
vertical farm compared to 2.44 % resulting from the 
reduction of transport and 0.90 % from the reduction 
of heat losses through the thermal buffer. 
5. CONCLUSION 

As has been shown, the mobile modular MoFa 
vertical farm allows you to meet the demand for some 

 

 

vegetables according to WHO standards and radically 
reduce water consumption compared to land crops. It 
is an energy self-sufficient unit where excess electricity 
production can be distributed in the on-grid system. 
The analysis of the operational carbon footprint shows 
negative values of 38,000. t CO2eq and local 
production emits <10% GHG due to short-haul 
transport. Future farm research should focus on 
confirming the potential for on-site production, 
examining the need to implement and operate a plant 
lighting system, and conducting a complete LCA 
analysis considering the built-in carbon footprint of 
the MoFa farm. 
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greenhouse gases (GHG) emission equal to 56.59 
CO2eq m-2year-1 for the intensity of electricity 
emission equal to 685 kgCO2eq MWh-1. Additional 
consumers of electricity and sources of GHG emissions 
for the operation of pumps supplying water to the 
farm (940 W for a 12 m2 farm module, operation 4 
hours a day) and the engine ensuring rotation (200 W, 
operation 12 hours a day) have shown electricity 
demand equal to 94.00 and 60.00 kWh m-2year-1, 
respectively, and GHG emissions equal to 64.39 and 
41.10 CO2eq m-2year-1, respectively. After taking into 
account the potential size of Vertical Farms MoFa for 
the entire city, this means electricity demand (QD) 
equal to 86.267 MWh year-1 and GHG emissions (EQ) 
equal to 59,093 tCO2eq year-1. The electricity demand 
is covered by photovoltaic modules placed on the 
roofs directly adjacent to the facades on which the 
vertical farms are located. Assuming coverage of 70% 
of the available roof area (AR), annual PV energy 
production (PVP) calculated using the "Photovoltaic 
Geographical Information System" tool of the 
European Commission [16], amounting to 235 kWh m-
2year-1, annual electricity production was calculated 
equal to 136,231 MWh year-1 and GHG emission 
savings equal to 93,318 tCO2eq year-1. The obtained 
shows the possibility of completely covering the needs 
for electricity on a city scale (157.92%), assuming the 
possibility of storing excess energy in the power grid 
(Table 5). 
 
Table 5: Electricity demand (QD), electricity production by PV 

modules (PVP) and the percentage of demand covered by 
production. 

District Energy 
needs  
(QD) 

(MWh) 

Energy 
production 

(PVP) 
(MWh) 

Covering 
energy 

demand 
(%) 

Stare Miasto 14,305.00 21,337.00 149.16 
Śródmieście 6,288.00 7,768.00 123.54 
Krzyki 20,203.00 34,827.00 172.39 
Fabryczna 34,258.00 53,829.00 157.13 
Psie Pole 11,213.00 18,469.00 164.72 
TOTAL: 86,267.00 136,231.00 157.92 

 
Another important aspect from the point of view 

of potentially reducing the negative impact on the 
environment and adapting the city to climate change 
is the shortening of the supply chain resulting from 
local food production. Many researchers report that 
local production in vertical farms reduces the carbon 
footprint of production, although many studies 
indicate an inverse relationship resulting from the high 
energy consumption of the production system in 
vertical farms [17, 18]. The Vertical Farm MoFa study 
took into account the avoided transport of tomatoes 
and lettuce, whose amount and the ratio of domestic 
transport to imports were determined based on 
statistical data [10]. To sum up, 46 % of tomatoes 
consumed in Poland are imported from a distance of 

approximately 1,946 km (the Netherlands, Turkey, 
Spain, Morocco, Germany, France) and 54 % come 
from a distance of approximately 150 km. 80 % of 
lettuce is imported from a distance of approximately 
2,066 km (Spain, Germany, Italy) and 20 % comes from 
the country from a distance of approximately 150 km. 
The kgCO2eq emission factors per tonne of vegetables 
over these distances were also calculated, resulting 
from the assumed intensity of emission of truck 
transport with a capacity of 8t (Table 6). 

 
Table 6: Average distance of vegetable transport (DT), GHG 
emissions during one transport (ETR) and GHG emissions per 

1 transported tonne of vegetables (ERT.1t). 
Vegetable 
 

(DT) 
km 

(ETR) 
kgCO2 km-1 

(ETR.1t) 
kgCO2 km-1 

Imported tomatoes 1946 1251 156.42 
Domestic tomatoes 150 96 12.06 
Imported lettuce 2066 1328 166.05 
Domestic lettuce 150 96 12.06 

 
Summarizing the additional GHG emissions 

resulting from the demand for electricity, an additional 
carbon footprint (EQ) in the B6 module of the vertical 
farm was calculated, amounting to 59,093 tCO2eq on a 
city scale, as well as a negative carbon footprint (EP) 
from avoided transport (ETR.tot) amounting to -2,353.12 
tCO2eq, negative carbon footprint resulting from the 
production of electricity in PV modules (EPV) of -93,318 
tCO2eq and a negative carbon footprint resulting from 
saved energy for heating (EB) of -870 tCO2eq (Table 7). 
The total carbon footprint calculated under CLCA (Etot 
= EQ + ETR.tot + EPV + EB) is -37.448 tCO2eq. 

 
Table 7: Positive carbon footprint from electricity demand 
(EQ), negative carbon footprint from energy gains (EP) and 

total carbon footprint (Etot). 
District EQ 

tCO2eq 
EP  

tCO2eq 
Etot 

tCO2eq 
Stare Miasto 9,798.75 -15,150.54 -5,351.79 
Śródmieście 4,307.48 -5,556.32 -1,248.84 
Krzyki 13,838.73 -24,611.06 -10,772.33 
Fabryczna 23,466.61 -38,152.87 -14,686.26 
Psie Pole 7,681.02 -13,070.39 -5,389.37 
TOTAL: 59,092.59 -96,541.18 -37,448.59 

 
On the scale of the entire city, this means that 

there is no impact on the environment in the form of 
GHG emissions and the possibility of returning part of 
the produced energy to the power grid. However, a 
necessary requirement is the implementation of a 
photovoltaic installation, which is responsible for 
96.66 % of the reduction in the carbon footprint of the 
vertical farm compared to 2.44 % resulting from the 
reduction of transport and 0.90 % from the reduction 
of heat losses through the thermal buffer. 
5. CONCLUSION 

As has been shown, the mobile modular MoFa 
vertical farm allows you to meet the demand for some 

 

 

vegetables according to WHO standards and radically 
reduce water consumption compared to land crops. It 
is an energy self-sufficient unit where excess electricity 
production can be distributed in the on-grid system. 
The analysis of the operational carbon footprint shows 
negative values of 38,000. t CO2eq and local 
production emits <10% GHG due to short-haul 
transport. Future farm research should focus on 
confirming the potential for on-site production, 
examining the need to implement and operate a plant 
lighting system, and conducting a complete LCA 
analysis considering the built-in carbon footprint of 
the MoFa farm. 
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1. INTRODUCTION  
The architectural complex of the old school of 

Tepotzotlán, is located 40 km from Mexico City, in the 
municipality of Tepotzotlán in the State of Mexico. 
The buildings currently house the National Museum 
of the Viceroyalty, preserving over time an 
environmental legacy implicit in the design of its 
spaces and in the environmental technologies that 
allowed it to operate autonomously and sustainably 
at the time.  

 
Figure 1: Architectural plan of the monastic complex 

 
The complex is located in the original urban 

outline of the pre-Hispanic settlement in the form of 
a checkerboard coinciding with the cardinal points to 
take advantage of the sunlight in a cold climate and 
store the thermal energy in the building envelope. 
Located on the slopes of the Sierra de Tepotzotlán, in 
the highest elevation of the plain, the complex 
dominates the landscape and manages the acoustics 
of the town with the call of the bells, also enjoying a 

privileged position for the availability of water from 
natural runoff.  

Architecturally, the function and design strategy 
for each environment is particular; the lighting, the 
acoustic response of the premises, the visuals and the 
aromatization and ventilation of the spaces are 
intentionally managed for each cloister with a central 
courtyard scheme creating a microclimate; while the 
design strategies and concepts for natural 
climatization are applied in a general way to the 
entire complex, such as direct solar use through the 
east orientation of the openings and indirect gains 
through the walls to the west where the openings are 
reduced to a minimum and the mass of the blind 
walls dominates. The materials used have been 
analyzed for their thermal properties and the 
response to humidity in the environment, from the 
foundations, walls, ceilings, insulation of the openings 
such as doors and windows, as well as the finishes 
and ornamental elements made on site. 
 
2. METHODOLOGY FOR THE ENVIRONMENTAL 
ANALYSIS OF HISTORIC BUILDINGS 
Based on the Bioclimatic Design Methodology 
(Fuentes, 2002.); we propose the adaptation of the 
following methodology in which some of the 
components are the same, but with a retrospective 
analysis of the design. An important addition to the 
Bioclimatic Design Methodology are the oral sources 
of chronists, historians and settlers; to support the 
design conclusions. 

This methodology considers aspects of the natural 
environment that determine the accessibility of 
natural resources, such as topography, hydrology, 
pedology an geology to determinate the existing 

 

materials in the region that was used in the historical 
heritage buildings. Climatic elements (temperature, 
humidity, wind, radiation and dominant natural 
phenomena) in their historical regression 
comparatively with the current climate, that allows 
determining the building´s response to human well-
being. And socio-cultural aspects such as clothing and 
lifestyle (Clo), which define the methabolic activities 
(MET) developed in the buildings and their operation. 

 

Figure 2: Bioclimatic Design Methodology for the Analysis of 
Historic Buildings 

 
The bioclimatic design strategies synthesize the 

analysis of the climate and the hygrothermal comfort 
requirements: heating/cooling, humidification/ 
dehumidification, thermal inertia, massiveness/ 
lightness; as well as ventilation/air renewal. Added to 
these are the lighting, acoustic, aromatic perceptions, 
electromagnetic and psychological strategies applied 
in the architectural indoor design and management 
of outdoor areas. 

 
Figure 3: Regressive behavior of the average temperature in 

Tepotzotlán 1961-2015. (Castorena 2020). 
 
The application of design strategies and concepts 

was evaluated on site (monitoring of physical and 
meteorological conditions) and through simulations 
(numerical and physical models) to quantitatively 
verify the behavior of its physical variables. 

Back in the sixteenth and seventeenth centuries, 
self-sufficiency in food, energy and indoor comfort 
were vital, as well as the efficiency and awareness in 
the use of natural resources for the operation of the 
buildings and their exterior areas. Principles of 
sustainable urban design as well as passive and low 
energy architecture were desperately needed, when 
adapting European religious models to the New Spain 
climate.  

The outcome of the environmental assessment of 
a locality´s historical build heritage provides an 
opportunity to revitalize old buildings in their 
sustainable operation; as well as providing answers to 
the environmental changes of modern architecture 
an urbanism in a specific place. 

The main technologies and design concepts that 
were used on the Jesuit´s Colleges of Tepotzotlan are 
described below. 
 
3. ENVIRONMENTAL TECHNOLOGIES  

The environmental technologies used in the case 
study have been analyzed from the urban point of 
view and under the design principles of architecture 
linked to the climate, the materials and the 
construction systems used in the buildings. 

On a urban scale, the complex of buildings is 
located in the lower part of the Sierra de Tepotzotlán, 
leaving the low lands in the valley for agricultural 
production. The orientation of the complex was 
based on the indigenous layout which followed the 
cardinal axes. The Spaniards respected this layout, 
designing cloisters with central patios whose 
dimensions and shapes respond to the amount of 
energy coming from the sun and the effects of the 
wind in a semi-cold bioclimate. 

 
3.1 Passive air cooling or heating system  

The orientation and shape of the buildings is 
determined by the thermal axis, in the route to the 
east, south and west; for direct and indirect heating 
and interior daylighting. 

They used wood plates as insulation in doors and 
windows, to avoid losses at night due to convection 
and preserve the gains generated inside living spaces.  

In the architecture of the monastic complex 
natural climate control, sunshade and daylighting is 
achieved by manual control of the operating parts of 
the wooden insulation in internal doors and windows. 
When combined with the use of massive walls for 
practical, constructive and thermal reasons, it 
provides a very stable indirect heat storage system. 

In Tepotzotlán, warming is required in 68% of a 
year in nights year around and winter months; while 
the temperatures in the comfort zone correspond to 
26.7% of the annual hourly values. 

 
Figure 4: Hourly temperatures considering adaptive thermal 

comfort. Fuentes-Freixanet (2014). 
 

Cooling is required only 4.6% of the year, so none 
of the cooling design strategies are applicable in the 
design of interior spaces; however, if the temperature 
data is analyzed against the relative humidity data, it 
is observed that shading and humidification are 
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Cooling is required only 4.6% of the year, so none 
of the cooling design strategies are applicable in the 
design of interior spaces; however, if the temperature 
data is analyzed against the relative humidity data, it 
is observed that shading and humidification are 
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required in most afternoon hours, particularly in 
spring. Therefore, controlled humidification through 
fountains and vegetation is a possible strategy for 
outdoor areas. 

 
Figure 5: Hourly Relative humidity table considering 

hygrothermal comfort. Fuentes (2014). 
 

The analysis of the ambient temperature was 
compared with the behavior of the temperature 
inside the exhibition rooms. The maximum outdoor 
thermal difference corresponds to the winter period 
with a value of 20 °C; in the same period, the indoor 
temperature in the Colleges has a variation of only 3 
°C approximately, proving that the high mass and 
controlled ventilation produce a comfortable and 
stable indoor temperature 

Hourly records of dry bulb temperature and 
relative humidity were used, through a cylindrical 
thermo-hygrograph, located inside the Marfiles 
Room. 

 
 

 
Figure 6: Thermal Oscillation and Indoor and Outdoor 
Temperatures in Marfiles Room. (Records control for 

preservation of art objects, property of the Museo Nacional 
del Virreinato). 

 
As it is a semi-cold climate, the critical period 

corresponds to winter, so the thermal behaviour of a 
stone wall facing south and one facing west was 
analysed considering the thermal properties of the 

materials used; as can be noticed in the digital model 
(Ener-habitat program simulation) 

 
 

 
Figure 7: Interior temperature of the walls facing south and 
west during December. UNAM, et. Al. Ener-habitat, 2009. 

 
In the rainy season humidity increase stabilizes 

the outside ambient temperature. Inside the 
premises there is thermal stability, with a reduction 
of 8°C on the temperature swing. Solar radiation was 
also used constantly to dry food (met and vegetables) 
for its preservation to be used year around. This is 
demonstrated by the large solar dryer located in the 
orchard. 

As a bioclimatic strategy for temperature, 
humidity, wind and daylighting control, five different 
patios provide a microclimate. Each one of them is 
different in size, proportion, vegetation and finishes 
to provide specific conditions and uses. As a 
complement large open spaces, like the wooden 
atrium or the bare front plaza of the church, 
complement the distribution of buildings. 

 
3.2 Solar Dryer  

In the orchard the fruits and vegetables were 
produced as part of the regular diet. These products 
were preserved for the winter and spring dry seasons 
by sun drying them. The solar dryer originally had two 
large masonry columns that supported wooden 
beams to put plates and meshes with the products to 
be dried. A radiant clear polished stone floor around 
this devise reflected sun radiance and increased 
temperature. A water tank at the base of the columns 
was part of the system to prevent crawling insects 
and rodents from accessing the food. 
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3.3 Natural lighting systems  

The intense sun direct radiation in central Mexico 
is a constant source of heat and light year around. 
Therefore, it was used by the Jesuits in many 
different ways to daylight spaces and also to produce 
remarkable lighting effects, using stucco, golden 
plated altars and even mirrors to reflect the light.  

In the case study, the following systems were 
found to introduce natural light into the spaces:  
● The central courtyard (indirect lighting).  
● Vertical openings (windows).  
● Horizontal openings (zenithal lighting through 

skylights and lanterns).  
● Multiple reflections (mirrors and shiny surfaces).  
 

Illuminance measurements were made with two 
Lutron model LX-1108 lux meters at noon in two east 
facing windows of the second floor of the novice’s 
patio. 
 

Table 1: Instantaneous illuminance at noon in a receded 
window with sitting bench in two different cells. 

 

 
 

The amount of incident light inside the spaces is 
abundant and uniform, determined by the shape and 
location of the opening, the transmittance of glass 
and the multiple reflections produced in the deeply 
recessed angular frame of the window and the rest of 
the interior space. 

Protection from the cold night wind on the north 
side of the buildings was achieved with only small 
windows in this orientation for lighting. On special 
spaces, like the library located on the upper floor of 
the orange trees cloister, there is a single high 
window that receives the diffuse light from the North.  

The thickness of walls and roofs, allowed flared 
frames to reflect and modulate the entrance of light 
onto spaces increasing illuminance. This strategy has 
been particularly designed in each opening, with 
shapes adapted to the location, orientation and use. 

They also considered the selection of materials 
used indoors for the reflection of daylight such as 
mirrors or burnished and shiny surfaces, which make 
lighting systems more efficient inside architectural 
spaces and produce surprising effects. 
 
3.4 Sundials  

The measurement of time was by the solar path, 
as evidenced by the two clocks located in the kitchen 
patio, one of which is not in operation because it lost 
its stylus, but the second is currently operating with 
precision.  

The sun was also used to measure time in hours of 
sunshine for the development of all activities in the 
complex.  The sundials are located on the top of the 
south facing wall in the kitchen patio. From there, all 
meals, religious services and activities were regulated 
with sundials and bells. The functioning cycle 
depended on the use of solar time. 
 
3.5 Water cycle  

Water has been and will be the element that 
determines the possibility of urbanizing a site. For 
that reason, the Jesuits developed two supply 
systems.  

One of them came from the rainfall on rooftops. 
The water was captured, conducted, filtered and 
stored in the two cisterns of the patio de los aljives. 
Then it was carefully used in the services, kitchens 
and sinks in the kitchen cloister. Finally it was treated 
through a system located based in the south side of 
the orchard to finally irrigate vegetables and fruit 
trees.  

 

 
Figure 8: Sun dial at the Kitchen Patio 

 
Water —an essential resource for life, food 

production, personal hygiene and living spaces— was 
included as part of the design of the slopes of the 
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roofs as rainfall collecting elements, in the vertices 
and gargoyles as conduction systems and in the 
patios as filtering and storage mechanisms for 
rainwater. As mentioned, it was used in kitchens and 
production areas, but also in cleaning areas such as 
laundry, sinks and bathrooms. 

Once the water was used, it was treated through 
anaerobic tanks, while an aerobic system was 
implemented through oxidation fields located in the 
orchard where the fruit trees underwent the final 
purification treatment before finally being discharged 
as runoff into absorption wells located in the low 
points of the lot. 
 
3.6 Ventilation as Eco-Technology 

In the Jesuit school of Tepotzotlán, the wind is 
used to cool the frigorific for the preservation of food 
and also at the wine cellar, to keep the wine in 
optimal conditions. 

These spaces are built with massive stone walls 
and consists of two chambers separated by an arched 
wall constantly humidified by the water supply 
system of the kitchens that circulated in an open 
gutter on top of the wall, humidifying its mass by 
capillarity and therefore cooling down the spaces. 
 

Table 2: Surface temperature measurements at 15 hrs. in 
March 21st in La cava (wine cellar) and the Frigorífico 

(frigorific). 

 

 
 
It can be noticed by the measurements taken on a 

hot spring day (27°C at 15hrs), that the cave and 
frigorific remain almost 12°C under the outdoor 

temperature.  On average, the cave was at 16.2° and 
the frigorific was at 15.5°C. Surface temperature 
measurements were taken with a digital Infrared 
Thermometer IR; while the ambient temperature was 
recorded with a climate meter Kestrel 5500. 

The design of the frigorific demonstrates the 
practical application of the scientific knowledge of 
the time (XVI and XVII centuries) to meet the cooling 
needs determined by climatic conditions. 

 

 
Figure 9: Simulation of wind movements at the frigorific. 

(WindTunnel Simulator) 
 

Orientation and location of the spaces and the 
construction of wind-conducting elements, in 
addition to the massiveness and humidification of the 
walls generate a remarkable passive cooling effect for 
the preservation of food and wine. 
 
CONCLUSION 

It is remarkable to notice, the variety of strategies, 
materials and design elements used in the religious 
architecture of the XVII and XVIII centuries, of which 
there are abundant samples in different climates and 
sites of Mexico, that have not been analyzed from a 
bioclimatic point of view. 

Revitalizing the bioclimatic and sustainable 
behavior of historical building complexes allows us to 
understand and evaluate the applied design concepts 
and strategies used to make spaces comfortable, 
efficient and sustainable.  

Through monitoring and digital simulations, we 
can comprehend their thermal, lighting, and acoustic 
behavior, in reference to contemporary human well-
being parameters.  

At the same time, it allows us to think about the 
work of urban planners and architects of the past and 
the knowledge that we can implement, modernize 
and apply in the present for the immediate future in 
the face of the problems of water pollution, climate 
change, the use of clean energy, food production and 
the health of living spaces. 

We all need to obtain the ancient knowledge to 
link the historical constructions with the response 
that present and future buildings face in the 
challenges of climate change, waste energy, the use 
of clean and natural resources, the conscious and 
responsible use of water, the cycle and disposition of 
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rainwater. As mentioned, it was used in kitchens and 
production areas, but also in cleaning areas such as 
laundry, sinks and bathrooms. 
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architecture of the XVII and XVIII centuries, of which 
there are abundant samples in different climates and 
sites of Mexico, that have not been analyzed from a 
bioclimatic point of view. 

Revitalizing the bioclimatic and sustainable 
behavior of historical building complexes allows us to 
understand and evaluate the applied design concepts 
and strategies used to make spaces comfortable, 
efficient and sustainable.  

Through monitoring and digital simulations, we 
can comprehend their thermal, lighting, and acoustic 
behavior, in reference to contemporary human well-
being parameters.  

At the same time, it allows us to think about the 
work of urban planners and architects of the past and 
the knowledge that we can implement, modernize 
and apply in the present for the immediate future in 
the face of the problems of water pollution, climate 
change, the use of clean energy, food production and 
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We all need to obtain the ancient knowledge to 
link the historical constructions with the response 
that present and future buildings face in the 
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residues, as well as the well-being and health of the 
user. 
 
ACKNOWLEDGEMENTS 
Research studies for Tepotzotlán have been financed 
by numerous institutions and individuals, among 
them the Universidad Autonoma Metropolitana, 
Unidad Azcapotzalco; the H. Ayuntamiento de 
Tepotzotlán, the National Museum for the Viceroy 
Period and the Mexican National Institute of 
Antropology and History. 
 
REFERENCES  
1. UNAM et al. (2009). Ener-Habitat. Evaluación 
térmica de la envolvente arquitectónica. [Online], 
Available: www.enerhabitat.unam.mx 
2. Rahlves, F. (1969). Catedrales y monasterios de 
España. Editorial Juventud, S.A. España.  
3. Neri, G. (2015). Monografía Municipal, Estado de 
México. H. Ayuntamiento Constitucional de 
Tepotzotlán. [Online], Available at: 
http://www.inafed.gob.mx/work/enciclopedia/ 
EMM15mexico/municipios/15095a.html  
4. Meli, R. (2011). Los conventos mexicanos del siglo 
XVI: construcción, ingeniería estructural y 
conservación. Instituto de Ingeniería, UNAM/Porrúa: 
Ciudad de México, México. 
5. Castorena, G. (2021). Sustentabilidad en los 
edificios religiosos del siglo XVII y XVIII en México. 
Análisis comparativo por bioclima en tres casos de 
estudio. UAM: Ciudad de México, México. [Online], 
Available at: 
http://zaloamati.azc.uam.mx/handle/11191/7538?sh
ow=full 
 

 

1163



PLEA 2024 WROCŁAW
(Re)thinking Resil ience

Cultural Continuity and Resilient design: A case of 
Ainemane, Kodagu, India 

VIVEK GOPALAKRISHNA CUCKEMANE, 1 ARULMALAR RAMARAJ, 1 

1Sathyabama institute of science and technology, Chennai, India 

ABSTRACT: This research paper explores the relationship between cultural continuity and resilient design by 
examining the case of “Ainemane” as heritage dwellings. Ainemane traditional houses are found in the region of 
Kodagu in the state of Karnataka, India. As an important cultural heritage, it embodies the past generation's 
knowledge in design and construction. Amidst climate change, urbanization, and modernization challenges, 
preserving these heritage dwellings is crucial for their continued existence. This study investigates the inherent 
resilient features embedded within Ainemane and explores how they can be utilised and adapted to address 
contemporary challenges. This research aims to uncover the design principles and strategies that make 
Ainemane resilient through a literature review, field observations, and community interviews. Its findings will 
underscore the importance of cultural continuity in resilient design and showcase Ainemane dwelling's adaptive 
qualities. Moreover, the research will investigate the potential integration of modern technologies, materials, 
and approaches to enhance the resilience of Ainemane without compromising its cultural integrity. The inference 
of this research will be to enhance understanding of traditional architectural practices and their resilience 
against modern challenges. It provides architects, planners, and conservationists with insights to incorporate 
resilient design into Ainemane's preservation for cultural continuity. 
KEYWORDS: Cultural heritage, Resilience, Heritage Dwellings, Conservation, Adaptation 

1. INTRODUCTION
Resilience in vernacular architecture is a concept 

that highlights the remarkable adaptability and 
durability of traditional, locally rooted building 
designs in the face of various challenges. It is deeply 
intertwined with a natural understanding of the local 
environment and climate, resulting in structures that 
effectively withstand the challenges posed by of their 
surroundings [1]. These architectural solutions are 
often crafted from locally available materials and 
employ construction techniques that have evolved to 
respond to specific environmental conditions, 
whether it be extreme heat, heavy rainfall, or seismic 
activity. This sustainable use of resources not only 
lessens the environmental impact but also makes 
vernacular architecture more economically viable for 
local communities, as it relies on readily available 
materials and labour. 

Beyond environmental considerations, resilience 
in vernacular architecture extends to cultural and 
social dimensions [1]. These buildings can adapt to 
shifting social and cultural needs, allowing them to 
remain functional and relevant within their 
communities. This adaptability fosters a strong sense 
of cultural identity and continuity, reinforcing a 
community's shared heritage and traditions. 
Furthermore, vernacular architecture often 
demonstrates a degree of disaster resistance, as it 
incorporates proven construction techniques that can 
minimize damage in the face of natural calamities. 

In essence, the resilience of vernacular 
architecture embodies a holistic approach that values 
local knowledge, resources, and skills. It allows these 
buildings to withstand environmental challenges, 
provide for economic independence, and maintain 
cultural identity, all while offering a tangible 
connection to the past and a sustainable path 
forward for local communities [2]. 

Cultural continuity in architecture embodies the 
preservation and expression of a community's 
cultural heritage through building design. It entails 
using traditional design elements, materials, and 
construction techniques while adapting to modern 
needs, all to maintain a strong link with cultural 
traditions. Architectural spaces, such as temples and 
community centres, serve as venues for cultural 
rituals and events, reinforcing a sense of identity and 
belonging [2]. This practice ensures that a 
community's cultural values and architectural 
heritage continue to thrive in an ever-changing world. 
In essence, resilient design in vernacular architecture 
ensures that architectural traditions remain relevant 
and practical in the face of contemporary challenges 
while safeguarding cultural continuity by preserving 
and promoting cultural heritage. Both concepts work 
hand in hand to create architecture that is not only 
resilient but also deeply rooted in and reflective of 
the culture it serves. 

The conservation and adaptation of heritage 
dwellings in the face of contemporary challenges 
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1. INTRODUCTION
Resilience in vernacular architecture is a concept 

that highlights the remarkable adaptability and 
durability of traditional, locally rooted building 
designs in the face of various challenges. It is deeply 
intertwined with a natural understanding of the local 
environment and climate, resulting in structures that 
effectively withstand the challenges posed by of their 
surroundings [1]. These architectural solutions are 
often crafted from locally available materials and 
employ construction techniques that have evolved to 
respond to specific environmental conditions, 
whether it be extreme heat, heavy rainfall, or seismic 
activity. This sustainable use of resources not only 
lessens the environmental impact but also makes 
vernacular architecture more economically viable for 
local communities, as it relies on readily available 
materials and labour. 

Beyond environmental considerations, resilience 
in vernacular architecture extends to cultural and 
social dimensions [1]. These buildings can adapt to 
shifting social and cultural needs, allowing them to 
remain functional and relevant within their 
communities. This adaptability fosters a strong sense 
of cultural identity and continuity, reinforcing a 
community's shared heritage and traditions. 
Furthermore, vernacular architecture often 
demonstrates a degree of disaster resistance, as it 
incorporates proven construction techniques that can 
minimize damage in the face of natural calamities. 

In essence, the resilience of vernacular 
architecture embodies a holistic approach that values 
local knowledge, resources, and skills. It allows these 
buildings to withstand environmental challenges, 
provide for economic independence, and maintain 
cultural identity, all while offering a tangible 
connection to the past and a sustainable path 
forward for local communities [2]. 

Cultural continuity in architecture embodies the 
preservation and expression of a community's 
cultural heritage through building design. It entails 
using traditional design elements, materials, and 
construction techniques while adapting to modern 
needs, all to maintain a strong link with cultural 
traditions. Architectural spaces, such as temples and 
community centres, serve as venues for cultural 
rituals and events, reinforcing a sense of identity and 
belonging [2]. This practice ensures that a 
community's cultural values and architectural 
heritage continue to thrive in an ever-changing world. 
In essence, resilient design in vernacular architecture 
ensures that architectural traditions remain relevant 
and practical in the face of contemporary challenges 
while safeguarding cultural continuity by preserving 
and promoting cultural heritage. Both concepts work 
hand in hand to create architecture that is not only 
resilient but also deeply rooted in and reflective of 
the culture it serves. 

The conservation and adaptation of heritage 
dwellings in the face of contemporary challenges 

 

have become increasingly important. This research 
paper explores the complex relationship between 
cultural continuity and resilient design, with a specific 
focus on Ainemane as heritage dwellings. Ainemane, 
traditional houses found in the region of Kodagu in 
the state of Karnataka, India, not only hold 
architectural significance but also embody cultural 
heritage and knowledge. However, these invaluable 
dwellings face climate change, urbanization, and 
modernisation threats. This study aims to investigate 
the inherent resilient features of Ainemane and 
explore their potential adaptation to address current 
challenges. 

 
1.1 Ainemane: Harmonizing Architecture and 
Culture in Traditional Dwellings 

Ainmane (Fig. 1), a term specific to the Kodava 
people of the Kodagu district in Karnataka, India, is 
more than just a traditional architectural style; it is a 
living embodiment of the Kodava culture and heritage 
[3]. These houses are distinctive in their construction, 
reflecting indigenous wisdom and the Kodava way of 
life. The architectural features are not just functional 
but also deeply rooted in the community's cultural 
practices [3]. 

 
Figure 1: View of mukkatira ainemane  
 

One of the key architectural aspects of Ainmane is 
the central courtyard. This courtyard serves as the 
heart of the house and is surrounded by various 
rooms and chambers. The thatched roofs, typically 
made from bamboo, grass, or palm leaves, offer both 
practicality and symbolism. They regulate indoor 
temperatures, making the house comfortable, and 
protecting it from heavy rainfall. The verandas, 
supported by wooden pillars, contribute to the 
house's aesthetics and functionality [3]. 

The cultural significance of Ainmane houses is 
multi-faceted. Firstly, they are a hub for religious and 
ancestral rituals. The central courtyard is where 
offerings and prayers are made to ancestors and 
deities, strengthening the connection between the 
house and Kodava spirituality. Additionally, Ainmane 
houses play a vital role in social and community life. 
They serve as the focal point for various cultural 
events and festivals, where the Kodava people come 
together to celebrate their traditions, exchange 

stories, and reinforce their sense of community. 
Ainmane houses also represent an important part of 
architectural heritage [3]. They reflect indigenous 
knowledge and craftsmanship, preserving the 
traditional building techniques and materials specific 
to the region. The design, layout, and rituals 
associated with these houses are instrumental in 
reinforcing the cultural identity of the Kodava 
community. Owning and maintaining an Ainmane 
signifies the continuation of a family's heritage, with 
these houses often passed down through 
generations. Moreover, Ainmane houses align with 
the cultural values of economic and environmental 
adaptability. They make efficient use of locally 
available materials and traditional construction 
methods, demonstrating a harmonious coexistence 
with nature. 

In recent years, Ainmane houses have gained 
recognition as cultural heritage sites and have 
attracted tourists interested in learning about the 
Kodava way of life and traditions [4]. This tourism not 
only contributes to the preservation and promotion 
of Kodava culture but also highlights the broader 
importance of Ainmane in the context of India's rich 
and diverse cultural tapestry [4]. 

In essence, Ainmane houses are an embodiment 
of Kodava culture, spirituality, and architectural 
heritage. They are not just structures; they are 
symbols of continuity, identity, and resilience, 
connecting past, present, and future generations of 
the Kodava community. 

 
1.2 Broader Context 

Resilient design and cultural continuity in 
vernacular architecture are integral components of 
the broader global discourse on heritage 
preservation, sustainability, and cultural resilience [5- 
6]. Acknowledging comparative case studies, 
theoretical frameworks in anthropology and 
architecture, and socio-political and economic 
contexts enriches the understanding of traditional 
dwellings like Ainemane. Comparative analyses not 
only illuminate common patterns and unique 
adaptations but also provide a nuanced 
understanding of the dynamic relationship between 
culture, design, and resilience across diverse cultural 
contexts [6]. Theoretical frameworks, such as cultural 
ecology and socio-technical systems theory, offer 
deeper insights into how cultural practices evolve in 
response to ecological challenges and the socio-
cultural dimensions of resilience. Additionally, 
examining the socio-political and economic context 
reveals the influence of globalization, tourism, 
urbanization, and government policies on heritage 
preservation and adaptation.  
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2. RESEARCH OBJECTIVES  
The objective of this study is to examine the 

interaction between cultural continuity and resilient 
design, focusing on Ainemane as heritage dwellings. 
The specific research objectives are as follows: 
a. To explore the architectural design strategies 
adopted in Ainemane that promote resilience, taking 
into account the community's cultural heritage and 
adapting to changing environmental conditions. 
b. To identify the challenges and opportunities faced 
by the community in their efforts to maintain cultural 
continuity while embracing resilience in today’s 
context. 
 
3. METHODOLOGY  

A single-case study methodology in architecture 
involves a comprehensive analysis of a specific 
building or public space [7]. The research delves 
deeply into the chosen case, through triangulation of 
data. The data collected are through architectural 
drawings, interviews, site visits, and archival research. 
The study considers contextual factors, including 
cultural and environmental influences, and aims to 
achieve various research goals, from understanding 
design processes to evaluating a building's impact. 
This qualitative research approach provides a detailed 
and holistic exploration of a singular architectural 
endeavour. In this research methodology, a single 
case research approach is adopted to achieve a 
specific set of objectives centred on the 
comprehensive understanding and documentation of 
Ainemane, a cultural and architectural heritage site 
situated in Kodagu. The methodology consists of four 
phases that are intricately linked, allowing for a 
thorough investigation. 

First, the secondary data collection phase serves 
as the foundational step, where researchers delve 
into a wealth of existing knowledge within the 
domains of architecture and culture. This extensive 
literature review helps establish the historical context 
of Ainemane, unravel its cultural significance, and 
identify elements that have contributed to its 
resilience over time. This secondary data serves as a 
crucial backdrop against which subsequent research 
activities are framed. 

Mukkatira Ainemane was chosen as a case 
example for the study. Visit to Ainemane in Kodagu 
provides first-hand exposure to the heritage site. 
During these visits, meticulous observations are made 
regarding various aspects of Ainemane, including its 
architectural features, construction techniques, 
spatial organization, and dynamic interaction with the 
surrounding environment. This immersive approach 
allows us to gain deeper insights into the physical 
aspects and historical elements of the heritage site. 

Community engagement is the next vital 
component of the methodology. This phase involves 

direct interactions with local communities near 
Ainemane, heritage practitioners, and subject 
experts. Through questionnaires, interviews and 
discussions, the aim is to capture the perspectives 
and experiences of these stakeholders. The detailed 
questionnaire was prepared and it covered 
demographic information, cultural understanding, 
Ainemane awareness, challenges faced, integration of 
modern elements, community perspectives, 
architectural and cultural preservation, and the 
future outlook. Respondents' opinions on the 
importance of preserving Ainemane and suggestions 
for enhancing its resilience were recorded. 
Additionally, the questionnaire delved into 
community initiatives, architectural design principles, 
and the potential role of research in contributing to 
heritage preservation. A total of 8 respondents (7 
male and 1 female) belonging to the Ainemane itself 
and 6 respondents (4 male and 2 female) from the 
neighbourhood helped in providing the data through 
questionnaires. The goal was to obtain a 
comprehensive understanding of stakeholders' 
perspectives on Ainemane's cultural and architectural 
significance in the face of contemporary challenges. 
The research seeks to understand how Ainemane has 
remained resilient and culturally significant from the 
viewpoint of the local community. Moreover, these 
interactions serve as an opportunity to explore and 
document the traditional knowledge and practices 
that have been handed down through generations 
and have played a role in the continuity. 

Finally, the analysis phase brings together all the 
gathered information and data. The findings from the 
literature review, on-site observations, and 
community engagement are integrated, allowing us 
to identify key principles contributing to Ainemane's 
resilience. These principles often encompass 
architectural design, cultural preservation, and 
sustainable practices. The analysis also explores 
potential modern interventions that can be 
introduced to ensure the preservation and promotion 
of Ainemane while respecting its cultural heritage and 
historical significance. In addition, this phase 
underscores the ongoing importance of cultural 
continuity, emphasizing how the heritage site 
remains relevant and meaningful in the 
contemporary context. 

Overall, this single case research methodology 
provides a comprehensive and holistic approach to 
the study of Ainemane, bridging the realms of history, 
architecture, culture, and adaptability. By 
thoughtfully combining secondary data, on-site 
observations, community engagement, and rigorous 
analysis, the aim is to make a meaningful contribution 
to the understanding and preservation of this unique 
cultural and architectural heritage site in Kodagu. 

 

4. RESEARCH FINDINGS  
The research findings offer a comprehensive 

exploration of the resilient design features inherent 
in Ainemane dwellings of Kodagu, shedding light on 
various architectural and construction aspects that 
contribute to their durability. 

 
Figure 2: spatial layout sketch of Mukkatira Ainemane   

 
One key aspect is the deliberate use of vernacular 

materials, such as locally sourced wood and mud, 
which aligns with vernacular practices and also 
provides insulation against extreme temperatures, 
ensuring structural stability over time. The 
incorporation of climate-responsive architectural 
features, including sloping roofs with overhangs, 
manages heavy rainfall efficiently and also prevents 
water damage, further enhancing the dwellings' 
resilience against environmental challenges. 

The spatial layout (Fig. 2) within Ainemane is 
highlighted as a crucial component of their resilient 
design. The central courtyard, serving as a 
multifunctional space, promotes natural airflow and 
light, creating a harmonious living environment. 
Additionally, elevated structures mitigate flood risks, 
demonstrating an adaptability to the local climate 
that contributes to both longevity and durability. The 
study recognizes the role of traditional construction 
techniques, such as intricately carved wooden pillars 
and beams, as integral elements that not only 
reinforce the structural integrity of Ainemane but 
also carry cultural significance, reflecting the rich 
heritage of the Kodava community [8]. 

The research extends its focus beyond the physical 
attributes of Ainemane to underscore the broader 
implications of cultural continuity. It emphasizes the 
importance of preserving the authentic cultural 
elements of Ainemane, not only for their intrinsic 
value but also for their role in fostering community 
identity. The communal aspects of Ainemane, as 

spaces for cultural activities and rituals, are 
considered essential for passing down traditions to 
future generations, thus ensuring the continuity of 
the Kodava cultural legacy. This consideration 
becomes crucial in the context of Kodagu, known for 
its distinct cultural identity encapsulated in unique 
traditions, language, and customs. Cultural continuity 
in Kodagu involves not just the physical preservation 
of structures like Ainemane but also the meticulous 
continuation of traditional ceremonies, rituals, and 
social practices, emphasizing the living, emphasizing 
nature of Kodava culture [2-8]. 

 
Figure 3: View of central courtyard of mukkatira ainemane 

 
The architectural features of Ainemane are 

elucidated, providing a detailed description of their 
layout, materials, and distinctive elements. Including 
traditional features like Kanni Kombare (dedicated 
dwelling space for the spirit of ancestors) and Nellakki 
Nadubade(central hall) (Fig. 3) adds layers to the 
architectural significance, reflecting the deep-rooted 
cultural practices embedded in the design of 
Ainemane houses. The intricate carvings, depicting 
cultural motifs such as elephants, horses, and 
geometric patterns, further emphasize the unique 
identity of these traditional Kodava houses. 

The research transitions seamlessly into a 
captivating case study of Mukkatira Ainemane, 
illustrating how these resilient design principles and 
cultural continuity manifest in a specific historical 
context. Mukkatira ainemane serves as a living 
testament to Kodava heritage, with approximately 
400 members rooted in the village of Kunjalageri. The 
meticulous record of the family's cultural continuity, 
as evidenced by the "Annayya, 1718 - 2000" book and 
a ten-generation family tree, provides a tangible 
record of the Mukkatira family's enduring legacy. 

The architectural heritage of Mukkatira's 
Ainemane, built in 1718, is detailed with a focus on its 
distinctive features, including coiled elephant trunk 
carvings and lotuses adorning wooden pillars. The 
recent renovations, aimed at preserving the original 
structure while adapting to contemporary needs, 
exemplify the community's commitment to cultural 
resilience. The spiritual connections and rituals 
centred on Mukkatira's family deity, Mavishnu, add a 
spiritual dimension to the discussion, highlighting the 
intertwining of cultural and religious practices within 
the architectural framework of Ainemane [2-8]. 

The adaptive measures undertaken by the 
Mukkatira family, such as the construction of a 
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design processes to evaluating a building's impact. 
This qualitative research approach provides a detailed 
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endeavour. In this research methodology, a single 
case research approach is adopted to achieve a 
specific set of objectives centred on the 
comprehensive understanding and documentation of 
Ainemane, a cultural and architectural heritage site 
situated in Kodagu. The methodology consists of four 
phases that are intricately linked, allowing for a 
thorough investigation. 

First, the secondary data collection phase serves 
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into a wealth of existing knowledge within the 
domains of architecture and culture. This extensive 
literature review helps establish the historical context 
of Ainemane, unravel its cultural significance, and 
identify elements that have contributed to its 
resilience over time. This secondary data serves as a 
crucial backdrop against which subsequent research 
activities are framed. 

Mukkatira Ainemane was chosen as a case 
example for the study. Visit to Ainemane in Kodagu 
provides first-hand exposure to the heritage site. 
During these visits, meticulous observations are made 
regarding various aspects of Ainemane, including its 
architectural features, construction techniques, 
spatial organization, and dynamic interaction with the 
surrounding environment. This immersive approach 
allows us to gain deeper insights into the physical 
aspects and historical elements of the heritage site. 

Community engagement is the next vital 
component of the methodology. This phase involves 

direct interactions with local communities near 
Ainemane, heritage practitioners, and subject 
experts. Through questionnaires, interviews and 
discussions, the aim is to capture the perspectives 
and experiences of these stakeholders. The detailed 
questionnaire was prepared and it covered 
demographic information, cultural understanding, 
Ainemane awareness, challenges faced, integration of 
modern elements, community perspectives, 
architectural and cultural preservation, and the 
future outlook. Respondents' opinions on the 
importance of preserving Ainemane and suggestions 
for enhancing its resilience were recorded. 
Additionally, the questionnaire delved into 
community initiatives, architectural design principles, 
and the potential role of research in contributing to 
heritage preservation. A total of 8 respondents (7 
male and 1 female) belonging to the Ainemane itself 
and 6 respondents (4 male and 2 female) from the 
neighbourhood helped in providing the data through 
questionnaires. The goal was to obtain a 
comprehensive understanding of stakeholders' 
perspectives on Ainemane's cultural and architectural 
significance in the face of contemporary challenges. 
The research seeks to understand how Ainemane has 
remained resilient and culturally significant from the 
viewpoint of the local community. Moreover, these 
interactions serve as an opportunity to explore and 
document the traditional knowledge and practices 
that have been handed down through generations 
and have played a role in the continuity. 

Finally, the analysis phase brings together all the 
gathered information and data. The findings from the 
literature review, on-site observations, and 
community engagement are integrated, allowing us 
to identify key principles contributing to Ainemane's 
resilience. These principles often encompass 
architectural design, cultural preservation, and 
sustainable practices. The analysis also explores 
potential modern interventions that can be 
introduced to ensure the preservation and promotion 
of Ainemane while respecting its cultural heritage and 
historical significance. In addition, this phase 
underscores the ongoing importance of cultural 
continuity, emphasizing how the heritage site 
remains relevant and meaningful in the 
contemporary context. 

Overall, this single case research methodology 
provides a comprehensive and holistic approach to 
the study of Ainemane, bridging the realms of history, 
architecture, culture, and adaptability. By 
thoughtfully combining secondary data, on-site 
observations, community engagement, and rigorous 
analysis, the aim is to make a meaningful contribution 
to the understanding and preservation of this unique 
cultural and architectural heritage site in Kodagu. 

 

4. RESEARCH FINDINGS  
The research findings offer a comprehensive 

exploration of the resilient design features inherent 
in Ainemane dwellings of Kodagu, shedding light on 
various architectural and construction aspects that 
contribute to their durability. 

 
Figure 2: spatial layout sketch of Mukkatira Ainemane   

 
One key aspect is the deliberate use of vernacular 

materials, such as locally sourced wood and mud, 
which aligns with vernacular practices and also 
provides insulation against extreme temperatures, 
ensuring structural stability over time. The 
incorporation of climate-responsive architectural 
features, including sloping roofs with overhangs, 
manages heavy rainfall efficiently and also prevents 
water damage, further enhancing the dwellings' 
resilience against environmental challenges. 

The spatial layout (Fig. 2) within Ainemane is 
highlighted as a crucial component of their resilient 
design. The central courtyard, serving as a 
multifunctional space, promotes natural airflow and 
light, creating a harmonious living environment. 
Additionally, elevated structures mitigate flood risks, 
demonstrating an adaptability to the local climate 
that contributes to both longevity and durability. The 
study recognizes the role of traditional construction 
techniques, such as intricately carved wooden pillars 
and beams, as integral elements that not only 
reinforce the structural integrity of Ainemane but 
also carry cultural significance, reflecting the rich 
heritage of the Kodava community [8]. 

The research extends its focus beyond the physical 
attributes of Ainemane to underscore the broader 
implications of cultural continuity. It emphasizes the 
importance of preserving the authentic cultural 
elements of Ainemane, not only for their intrinsic 
value but also for their role in fostering community 
identity. The communal aspects of Ainemane, as 

spaces for cultural activities and rituals, are 
considered essential for passing down traditions to 
future generations, thus ensuring the continuity of 
the Kodava cultural legacy. This consideration 
becomes crucial in the context of Kodagu, known for 
its distinct cultural identity encapsulated in unique 
traditions, language, and customs. Cultural continuity 
in Kodagu involves not just the physical preservation 
of structures like Ainemane but also the meticulous 
continuation of traditional ceremonies, rituals, and 
social practices, emphasizing the living, emphasizing 
nature of Kodava culture [2-8]. 

 
Figure 3: View of central courtyard of mukkatira ainemane 

 
The architectural features of Ainemane are 

elucidated, providing a detailed description of their 
layout, materials, and distinctive elements. Including 
traditional features like Kanni Kombare (dedicated 
dwelling space for the spirit of ancestors) and Nellakki 
Nadubade(central hall) (Fig. 3) adds layers to the 
architectural significance, reflecting the deep-rooted 
cultural practices embedded in the design of 
Ainemane houses. The intricate carvings, depicting 
cultural motifs such as elephants, horses, and 
geometric patterns, further emphasize the unique 
identity of these traditional Kodava houses. 

The research transitions seamlessly into a 
captivating case study of Mukkatira Ainemane, 
illustrating how these resilient design principles and 
cultural continuity manifest in a specific historical 
context. Mukkatira ainemane serves as a living 
testament to Kodava heritage, with approximately 
400 members rooted in the village of Kunjalageri. The 
meticulous record of the family's cultural continuity, 
as evidenced by the "Annayya, 1718 - 2000" book and 
a ten-generation family tree, provides a tangible 
record of the Mukkatira family's enduring legacy. 

The architectural heritage of Mukkatira's 
Ainemane, built in 1718, is detailed with a focus on its 
distinctive features, including coiled elephant trunk 
carvings and lotuses adorning wooden pillars. The 
recent renovations, aimed at preserving the original 
structure while adapting to contemporary needs, 
exemplify the community's commitment to cultural 
resilience. The spiritual connections and rituals 
centred on Mukkatira's family deity, Mavishnu, add a 
spiritual dimension to the discussion, highlighting the 
intertwining of cultural and religious practices within 
the architectural framework of Ainemane [2-8]. 

The adaptive measures undertaken by the 
Mukkatira family, such as the construction of a 
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temple and the integration of electricity, showcase 
the community's proactive approach to modern 
challenges while maintaining the authenticity of their 
cultural practices. This adaptive resilience is further 
demonstrated through the flexibility in cultural 
practices, as seen in the shift of festival dates to align 
with practical considerations, emphasizing the 
community's ability to adapt without compromising 
core cultural values. 

Overall, Mukkatira Ainemane emerges not merely 
as a physical structure but as a living chronicle of 
Kodava heritage. Through a nuanced exploration of 
resilient design, cultural continuity, and adaptive 
practices, the research underscores the enduring 
legacy of Kodava identity preserved in the 
foundations of Ainemane houses laid nearly three 
centuries ago. The study provides a rich and 
multifaceted understanding of how these traditional 
dwellings encapsulate the essence of Kodava culture, 
transcending time and preserving the cultural 
practices for generations to come [2-8]. 
 
5. DISCUSSIONS AND CONCLUSIONS 

In the face of contemporary challenges posed by 
climate change, urbanization, and modernization, the 
research on the relationship between cultural 
continuity and resilient design, with a specific focus 
on the heritage dwellings of Ainemane in Kodagu, 
unfolds a narrative of profound significance. The 
findings of this study illuminate the intricate balance 
between preserving cultural heritage and embracing 
resilience, exemplified by the resilient design features 
inherent in Ainemane. 

The architectural and cultural richness of 
Ainemane, as seen through the lens of the Kodava 
community, transcends mere physical structures. 
These traditional houses serve as living embodiments 
of Kodava culture, spirituality, and architectural 
heritage. The central courtyard, thatched roofs, 
wooden pillars, and intricate carvings are not just 
functional elements; they are symbols of continuity, 
identity, and resilience, connecting past, present, and 
future generations of the Kodava community [2-8]. 

The study's methodology, employing a Single Case 
Research approach, allowed for a comprehensive 
exploration of Ainemane. Through a combination of 
literature review, on-site observations, and 
community engagement, the research delved deep 
into the historical, architectural, and cultural 
dimensions of these heritage dwellings. The 
methodology facilitated the identification of key 
design principles and strategies that contribute to the 
resilience of Ainemane, offering valuable insights for 
responsible conservation. The findings underscore 
the importance of cultural continuity in the 
preservation and adaptation of heritage dwellings. 
Ainemane houses not only withstand environmental 
challenges and natural disasters but also foster 
cultural identity and community resilience [9]. The 
integration of modern technologies, without 
compromising cultural integrity, emerges as a 

potential avenue to enhance the resilience of 
Ainemane in the face of evolving challenges. 

In essence, the research contributes to a holistic 
understanding of traditional architectural practices 
and their resilience. It provides a roadmap for the 
integration of resilient design principles into the 
preservation of cultural heritage, offering a bridge 
between the past and the future. The case study of 
Mukkatira further amplifies these themes, 
showcasing how a thriving okka (Family) in 
Kunjalageri has preserved its cultural identity through 
architectural heritage, spiritual connections, adaptive 
practices, and a commitment to continuity. 

As heritage dwellings like Ainemane face the dual 
challenges of preservation and adaptation, this 
research serves as a road guiding the way forward. By 
recognizing the symbiotic relationship between 
cultural continuity and resilient design, architects, 
planners, and communities can work collaboratively 
to ensure the continued existence, adaptability, and 
relevance of these invaluable cultural treasures. In 
doing so, it not only honours the past but also creates 
a resilient path toward a culturally rich and 
sustainable future. 
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temple and the integration of electricity, showcase 
the community's proactive approach to modern 
challenges while maintaining the authenticity of their 
cultural practices. This adaptive resilience is further 
demonstrated through the flexibility in cultural 
practices, as seen in the shift of festival dates to align 
with practical considerations, emphasizing the 
community's ability to adapt without compromising 
core cultural values. 

Overall, Mukkatira Ainemane emerges not merely 
as a physical structure but as a living chronicle of 
Kodava heritage. Through a nuanced exploration of 
resilient design, cultural continuity, and adaptive 
practices, the research underscores the enduring 
legacy of Kodava identity preserved in the 
foundations of Ainemane houses laid nearly three 
centuries ago. The study provides a rich and 
multifaceted understanding of how these traditional 
dwellings encapsulate the essence of Kodava culture, 
transcending time and preserving the cultural 
practices for generations to come [2-8]. 
 
5. DISCUSSIONS AND CONCLUSIONS 

In the face of contemporary challenges posed by 
climate change, urbanization, and modernization, the 
research on the relationship between cultural 
continuity and resilient design, with a specific focus 
on the heritage dwellings of Ainemane in Kodagu, 
unfolds a narrative of profound significance. The 
findings of this study illuminate the intricate balance 
between preserving cultural heritage and embracing 
resilience, exemplified by the resilient design features 
inherent in Ainemane. 

The architectural and cultural richness of 
Ainemane, as seen through the lens of the Kodava 
community, transcends mere physical structures. 
These traditional houses serve as living embodiments 
of Kodava culture, spirituality, and architectural 
heritage. The central courtyard, thatched roofs, 
wooden pillars, and intricate carvings are not just 
functional elements; they are symbols of continuity, 
identity, and resilience, connecting past, present, and 
future generations of the Kodava community [2-8]. 

The study's methodology, employing a Single Case 
Research approach, allowed for a comprehensive 
exploration of Ainemane. Through a combination of 
literature review, on-site observations, and 
community engagement, the research delved deep 
into the historical, architectural, and cultural 
dimensions of these heritage dwellings. The 
methodology facilitated the identification of key 
design principles and strategies that contribute to the 
resilience of Ainemane, offering valuable insights for 
responsible conservation. The findings underscore 
the importance of cultural continuity in the 
preservation and adaptation of heritage dwellings. 
Ainemane houses not only withstand environmental 
challenges and natural disasters but also foster 
cultural identity and community resilience [9]. The 
integration of modern technologies, without 
compromising cultural integrity, emerges as a 

potential avenue to enhance the resilience of 
Ainemane in the face of evolving challenges. 

In essence, the research contributes to a holistic 
understanding of traditional architectural practices 
and their resilience. It provides a roadmap for the 
integration of resilient design principles into the 
preservation of cultural heritage, offering a bridge 
between the past and the future. The case study of 
Mukkatira further amplifies these themes, 
showcasing how a thriving okka (Family) in 
Kunjalageri has preserved its cultural identity through 
architectural heritage, spiritual connections, adaptive 
practices, and a commitment to continuity. 

As heritage dwellings like Ainemane face the dual 
challenges of preservation and adaptation, this 
research serves as a road guiding the way forward. By 
recognizing the symbiotic relationship between 
cultural continuity and resilient design, architects, 
planners, and communities can work collaboratively 
to ensure the continued existence, adaptability, and 
relevance of these invaluable cultural treasures. In 
doing so, it not only honours the past but also creates 
a resilient path toward a culturally rich and 
sustainable future. 
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ABSTRACT: The Vilanova Artigas Building, the main building of the Faculty of Architecture and Urbanism of the 
University of São Paulo, FAUUSP, was opened in 1969 in the University City. The purity of the geometry and the 
strong presence of the concrete structure made this building a landmark of the Paulista School of Architecture, a 
branch of the Brazilian Modern Movement that followed the principles of Brutalism. An inward-looking aspect 
was created by three features: the multi-story central void named Salão Caramelo, the blind facades of the 
suspended concrete block and the continuous single roof of skylights. Studios and classrooms are located at the 
top floors, in the blind concrete rectangular box. The reasonably large illuminating roof area, and the consequent 
penetration of solar radiation, placed in the context of the subtropical climate of São Paulo, raises a question 
about the efficiency of the ventilation strategy involving the skylights and the atrium. The replacement of the 
skylights was part of the roof renovation completed in 2014. This paper presents the outcomes of empirical 
studies in the FAUUSP building that examined its current environmental conditions, post the roof refurbishment. 
The main outcome of the roof refurbishment was a pleasant daylight environment, cutting down the glare, 
however, thermal discomfort was improved but not eliminated. 
KEY WORDS: Bioclimatic Modernism; Sub-Tropical Climate; Thermal Comfort; Daylight; Fieldwork. 
 

1. INTRODUCTION  
The building of the Faculty of Architecture and 

Urbanism of the University of São Paulo, FAUUSP – 
named Vilanova Artigas building (1969), located in the 
campus of the São Paulo University, is an expression of 
the geometric purity and the strong presence of the 
concrete structure that marked the Paulista School of 
Architecture, formed after the principles of Brutalism 
[7], (Fig.1). The building was listed as cultural heritage 
in 1982. The architectural concept highlights an 
inward-looking building, created by three features: the 
multi-story central void named Salão Caramelo, the 
blind facades of the suspended concrete block and the 
continuous roof of skylights, which together with the 
central void, distribute daylight and ventilation in the 
interior and enhance internal visual communication 
(Fig.2). In the words of Vilanova Artigas: “The FAU 
building is a fluid, integrated, somatic space. The 
person does not know if s/he is on the first, second or 
third floor”, reinforcing the building's visual and spatial 
integration as one of the main design premises [7]. 

The approximately 40% illuminating roof area, and 
the consequent exposure to solar radiation, placed in 
the context of the subtropical climate of São Paulo, 
immediately raises question about the efficiency of 
the ventilation strategy (involving the central atrium 
and openings of the skylights), in the warmer days of 
the year, as well as about the risk of glare, particularly 
problematic in the studios and classrooms.  

Over the years, the remaining spaces directly 
under the roof suffered a significant loss of daylight 
because of the natural degradation of the fiberglass. 

The replacement of the original skylights was part of 
the roof renovation completed in 2014, respecting the 
restrictions of the listed building [6]. For this reason, 
the area of transparency was maintained, but the 
material and the transmittance of the skylights were 
changed, as well as the distance between them and 
the roof structure, to increment airflow rates. Aiming 
to improve thermal and visual comfort across the 
various spaces under the roof, the objective was that 
the incident global solar radiation on the roof was 
admitted in the interior as diffused light only, without 
the direct component of sun rays [8].  
 

  

Figures 1: External view of the FAUUSP building in the 
University City – the Faculty of Architecture and Urbanism of 
the University of Sao Paulo. Figure 2: View of the atrium and 
the surrounding internal spaces.  

Despite the significant transparency roof area, were 
the changes in the design and specification of the 
skylights sufficient to create the acceptable 
environmental conditions, not achieved in the original 
project? This paper presents the outcomes of 
empirical studies of the FAUUSP building that 
examined its current environmental conditions, post 
the roof refurbishment, including measurements in 
loco and a detailed survey with the occupants. This 
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ABSTRACT: The Vilanova Artigas Building, the main building of the Faculty of Architecture and Urbanism of the 
University of São Paulo, FAUUSP, was opened in 1969 in the University City. The purity of the geometry and the 
strong presence of the concrete structure made this building a landmark of the Paulista School of Architecture, a 
branch of the Brazilian Modern Movement that followed the principles of Brutalism. An inward-looking aspect 
was created by three features: the multi-story central void named Salão Caramelo, the blind facades of the 
suspended concrete block and the continuous single roof of skylights. Studios and classrooms are located at the 
top floors, in the blind concrete rectangular box. The reasonably large illuminating roof area, and the consequent 
penetration of solar radiation, placed in the context of the subtropical climate of São Paulo, raises a question 
about the efficiency of the ventilation strategy involving the skylights and the atrium. The replacement of the 
skylights was part of the roof renovation completed in 2014. This paper presents the outcomes of empirical 
studies in the FAUUSP building that examined its current environmental conditions, post the roof refurbishment. 
The main outcome of the roof refurbishment was a pleasant daylight environment, cutting down the glare, 
however, thermal discomfort was improved but not eliminated. 
KEY WORDS: Bioclimatic Modernism; Sub-Tropical Climate; Thermal Comfort; Daylight; Fieldwork. 
 

1. INTRODUCTION  
The building of the Faculty of Architecture and 

Urbanism of the University of São Paulo, FAUUSP – 
named Vilanova Artigas building (1969), located in the 
campus of the São Paulo University, is an expression of 
the geometric purity and the strong presence of the 
concrete structure that marked the Paulista School of 
Architecture, formed after the principles of Brutalism 
[7], (Fig.1). The building was listed as cultural heritage 
in 1982. The architectural concept highlights an 
inward-looking building, created by three features: the 
multi-story central void named Salão Caramelo, the 
blind facades of the suspended concrete block and the 
continuous roof of skylights, which together with the 
central void, distribute daylight and ventilation in the 
interior and enhance internal visual communication 
(Fig.2). In the words of Vilanova Artigas: “The FAU 
building is a fluid, integrated, somatic space. The 
person does not know if s/he is on the first, second or 
third floor”, reinforcing the building's visual and spatial 
integration as one of the main design premises [7]. 

The approximately 40% illuminating roof area, and 
the consequent exposure to solar radiation, placed in 
the context of the subtropical climate of São Paulo, 
immediately raises question about the efficiency of 
the ventilation strategy (involving the central atrium 
and openings of the skylights), in the warmer days of 
the year, as well as about the risk of glare, particularly 
problematic in the studios and classrooms.  

Over the years, the remaining spaces directly 
under the roof suffered a significant loss of daylight 
because of the natural degradation of the fiberglass. 

The replacement of the original skylights was part of 
the roof renovation completed in 2014, respecting the 
restrictions of the listed building [6]. For this reason, 
the area of transparency was maintained, but the 
material and the transmittance of the skylights were 
changed, as well as the distance between them and 
the roof structure, to increment airflow rates. Aiming 
to improve thermal and visual comfort across the 
various spaces under the roof, the objective was that 
the incident global solar radiation on the roof was 
admitted in the interior as diffused light only, without 
the direct component of sun rays [8].  
 

  

Figures 1: External view of the FAUUSP building in the 
University City – the Faculty of Architecture and Urbanism of 
the University of Sao Paulo. Figure 2: View of the atrium and 
the surrounding internal spaces.  

Despite the significant transparency roof area, were 
the changes in the design and specification of the 
skylights sufficient to create the acceptable 
environmental conditions, not achieved in the original 
project? This paper presents the outcomes of 
empirical studies of the FAUUSP building that 
examined its current environmental conditions, post 
the roof refurbishment, including measurements in 
loco and a detailed survey with the occupants. This 

 

environmental assessment is part of a case-study 
series, of buildings from the Brazilian Modern 
Architecture in Sao Paulo (between 1930a and 1960s), 
which have been published in the previous PLEA 
Conferences (2018, 2020 and 2022) [5, 7 & 8]. 
 

2. ARCHITECTURE AND ENVIRONMENT 
The overarching roof is made of a concrete waffled 

structure of 960 squared skylights of 2.75 by 2.75 
metres base, originally made of transparent fibreglass 
components, that brings the studios, classrooms, 
circulation areas, and the central atrium under one 
single horizontal plan (Figs.3 & 4). Measuring 36 
metres long, 19 metres wide and 15 metres high, the 
atrium named Salão Caramelo (Caramel Room, 
because of the colour of the epoxy floor) was 
conceived as an internal square, a multipurpose area 
integrated with the exterior and animated by the 
surrounding internal activities, and a place from where 
anyone can walk straight into the building (Fig. 5). This 
multistorey space plays a central role in the spatial 
experience through the building, providing the 
opportunity to contemplate the large illuminating 
roof, a kind of “delight of natural light from within,” 
whilst making visible all the main spaces. 

 
 
Figure 3: Floor plans of the Vilanova Artigas building, with 
the six half-levels in four plans: Underground level (1) 
workshop/laboratory spaces and (2) auditorium; Ground and 
1st floor with (3) “museum” and (4) Salão Caramelo; 2nd and 
3rd floors with (5) departments, interdepartmental studio 
and (6) library; 4th and 5th floors with (7) studios and (8) 
classrooms.

 
Figure 4: Cross section of the FAUUSP building showing at the 
top-level studio space on the left and classroom on the right. 

Studios and classrooms are located at the top 
floors, in the blind concrete rectangular box (Figs. 6 & 
7). The three different size classrooms (59, 87,5 and 
174 m2, approximately) are positioned on the last floor 
along the northeast side of the building, and the five 

studios (varying between 483 and 563 m2, 
approximately) are half a level below, along the 
southwest side. With no side fenestrations, daylight in 
the studios and classrooms is obtained exclusively 
through the skylights, originally of transparent 
fibreglass, detached from the structure to allow air to 
flow out. The high ceilings in both the classrooms (3.65 
metres) and studios (5 metres), combined with the 
homogeneous distribution of modular skylights, were 
idealised to offer an even distribution of top natural 
light. The trapezoidal prismatic form of the skylight has 
a key role in the distribution of daylight, by reflecting 
the incoming diffuse radiation from the horizontal 
square openings. As a result, despite the 16% 
horizontal transparency area, the internal visual 
perception of the roof is one of an entire illuminating 
surface. 

 

Figure 5: Overview of Salão Caramelo, showing the 
overarching roof with the field of skylights and the vision 
communication among the internal spaces below it, qualified 
by daylight. 

 

Figure 6: Classroom with daylight reintroduced in 2015. 

 

Figure 7: Studio spaces with daylight reintroduced in 2015. 

3. FIELDWORK 
A set of measurements in situ of daylight, thermal 

and acoustic conditions targeted the classrooms and 
studios (the key learning spaces of the building) and 
the floor level of the atrium, in order to assess its role 
as a transitional environmental zone.  The 
measurements of daylight and thermal conditions 
were taken in studio located in the middle of the plan 
(Studio 3) with the objective of seeing mainly the 
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environmental influence of the roof, whilst for the 
classroom, the choice was the northeast room, which 
receives the highest amount of impinging solar 
radiation from walls during the peak occupancy times 
(from early morning to mid-day), in addition to solar 
gains from the roof. In the classroom, daylight 
measurements were taken in two points, to capture 
the two daylighting zones created by the different 
transmittance of the skylights (20% under the seating 
area and 7% alongside the drawing wall). For the 
acoustic’s assessment, the interest was in the most 
populated spaces, being the areas occupied by the 
first-year students (Classroom 801 and Studio 1) and 
the Salão Caramelo (Fig. 8). Sound levels were 
measured simultaneously in the three environments 
over two different days: during the school term and 
during the students' holidays. Reverberation time 
measurements were also carried out in Classroom 801. 
All measurements were taken during the summer 
period of 2020. In addition, a survey about the 
occupants’ perception of the buildings’ environmental 
condition was also conducted. 

 
Figure 8: Floorplan of the two half levels of the studios and 
the classrooms in the FAUUSP building, with the indication of 
the points of measurement in the classrooms (801 and 812), 
studios (1 and 3) and atrium. 

 

3.1. Thermal response 
     The measurements in the three spaces showed a 
trend of air temperatures with oscillations similar to 
the external environment, with the conditions in the 
classroom being the closest to the outdoors during the 
day, followed by the studio a bit below. On a clear day, 
the maximum air temperature in the classroom was 
almost 30 °C, approximately 1.5 °C below the peak 
outdoor temperature, still above the limit of the 
adopted comfort zone, ASHRAE 55 [3], by almost 2 °C. 
At the same time, temperatures in the studio 
remained around 29 °C. In the Salão Caramelo, the 
conditions were significantly milder with figures 
around 27 °C at peak, 4 °C below the external and well 
within the comfort zone. The significantly cooler 
conditions in the lower level of the atrium (at useful 
height, 1.2 metres near the ground) are related to the 
volume of the space in which the incoming solar 
radiation is dissipated, coupled with the proximity of 
the measurement position to permanently shaded 
concrete surfaces (floor and walls), away from the 
skylights and the solar radiation.  

     The comparative higher temperatures in the 
classroom and the studio reflect the impact of the 
solar radiation coming from the roof, coupled with the 
limited efficacy of natural ventilation. Between 
classroom and studio, the slightly better response of 
the latter during daytime is explained by the higher 
volume and the fact that this space is opened to the 
central void. During night-time, the pattern among 
spaces is inverted and the temperatures in the atrium 
are closer to the outside (1 °C higher), posing a 
notorious influence on the studio space, where the 
temperatures oscillate around 2 °C higher than the 
outside. In the classroom, the temperatures rise to 6 
°C above the outside. Both the Salão Caramelo and the 
studio are more coupled to the outside (given the 
mixture of air volumes) and, therefore, they cool down 
quickly during the night, but the classroom does not. 
      

 

Figure 9: Thermal variables measured in Classroom 812, 
Studio 3 and Salão Caramelo, compared against external 
temperatures, between the 5th and 8th December of 2018. 
The upper limits of the comfort zone correspond to different 
average air-speeds (standard/up to 0.3 m/s resulting in 
approximately 28 °C of operative temperature for this week;  
0.6 m/s - increase of 1.2 °C, reaching 29.2 °C; 0.9 m/s - 
increase of 1.8 °C, reaching 29.8 °C and 1.2 m/s - increase of 
2.2 °C, reaching 30.2 °C), according to the thermal comfort 
model proposed by ASHRAE 55. 

Despite the weight of the concrete structure and 
panels exposed to the interior, the relationship 
between the high thermal capacity of the materiality 
and the volume of the internal spaces resulted in low 
thermal inertia across the building, meaning not 
enough thermal inertia to create a heat sink and a 
consequent better thermal stability, in other words, 
less oscillation between minimum and maximum 
temperatures. Comparing the classroom and the 
studio, the thermal inertia is even lower in the latter 
because of the significantly higher volume, coupled 
with the opening to the atrium, keeping temperatures 
closer to the outside. On the other hand, in the 
classrooms, the air changes seemed not to be enough 
to remove the heat gains from solar radiation and 
occupation to keep the temperatures at or below the 
outdoor figures.  
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     As shown in Figure 9, if higher levels of air 
movement were achieved, the upper limit of the 
comfort zone could be increased just above the mark 
of 30 °C, moving from approximately 28 °C to 29.2 °C 
(when air movement is at 0.6 m/s), getting as high as 
30.2 °C (when at air movement is at 1.2 m/s).  This 
means that, for the period of the measurements, 
discomfort because of high temperatures would only 
happen for a few hours in the afternoon of the 
warmest day, when external temperatures are above 
31 °C.  According to the adopted thermal comfort 
model, also known as adaptive model, an increase of 
up to 31 °C in the comfort band is possible with a 
reduction of the insulation resultant from clothing, 
known as clo level, from the standard 1.0 to 0.5, the 
equivalent to light clothes appropriate for warm 
conditions. In this case, the conditions in the studio 
would be within the comfort zone during the period of 
the measurements, and the classroom would remain 
uncomfortable in the afternoon. It should be noted 
that light clothes are a common practice among the 
occupants of many of the buildings in the University of 
São Paulo, but the reality is that the low records of 
airspeed aggravate the thermal sensation.  
 
3.2. Daylight 
     The lighting conditions in the studios and 
classrooms were assessed through measurements in 
situ in two week and two weekend days, being one day 
of partially cloudy and another day of clear sky 
conditions (Fig. 10).  
     During the weekend days (March 16th and 17th), 
illuminance levels were slightly higher in the studios 
than in the classrooms. Although the skylights in the 
classrooms are closer to the work plan height, daylight 
in the studios is affected by a proportionally broader 
roof area, given the spatial openness of this part of the 
building. On the partially overcast day (March 16th), 
illuminance levels in the studio varied approximately 
between 870 lux at 8 am and 1,200 lux at 12 am (peak 
of sky illuminance), whilst in the classroom (under the 
sitting area of clear skylights), the values vary between 
700 and 1.000 lux, when external availability was 
between 15.500 lux and 39.000 lux at the same times.  
     On the predominantly clear sky day (March 17th), 
the morning was overcast (with 6.800 lux outside), 
resulting in 270 lux in the studio and 230 lux in the 
classroom. At 12 am, daylight in the studio rose to 
almost 3.000 lux and in the classroom to 2.500 lux 
(when outside illuminance levels superseded 85.000 
lux). During these two days, the levels under the 
darker area of the classroom, close to the drawing 
board, oscillated between 10 and 40 lux only, keeping 
the necessary low levels for the functioning of the 
room.  
     These measurements of the contribution of 
daylight, without the use of artificial light, proved that 
both the studios and the classrooms have sufficient 

daylight conditions on the work plan, not only under 
clear, but also potentially under overcast conditions, 
confirming the positive impact of the translucent 
skylights. 
     Overall, the contribution of daylight is significant in 
the main study spaces and exceeds the contribution of 
artificial lighting by a large margin, particularly in 
periods of clear sky, resulting in a range between 250 
and 3.000 lux. Looking beyond the quantitative 
performance indicators, the measurements of 
luminosity depicted a clear trend of variations in 
internal lighting levels in the classroom and studio 
spaces, following the variability of external illuminance 
levels. Such variations are helpful to establish a 
positive sensorial experience, in which the occupants 
perceive the changes in the climate and feel connected 
with the outdoor environment, experiencing a 
psychological sense of time.  
     

 
Figure 10: Illuminance levels (lux) measured in the Classroom 
812 and Studio 3 on four days in March 2019: upper left 
corner, March 16th (Saturday); upper right corner, March 17th 
(Sunday); bottom left, March 19th (Tuesday); and lower right, 
March 21st (Thursday). 
 

In the morning of the weekdays (March 19th and 21st), 
the difference between studio and classroom is 
inverted and slightly higher levels are found in the 
classroom, given the use of artificial light when the 
same is occupied. During the week, on the partially 
clear day (March 19th), it is interesting to see the 
consistent increase and decrease of lighting levels 
because of the sum of daylight and artificial light in 
both spaces, varying from approximately 500 lux 
around 8am (when artificial lights are switched on) to 
around 3.000 lux between 12am and 1pm, surpassing 
by a great margin the recommendations (when 
external levels exceeded 75.000 lux). After 6pm, the 
single contribution of artificial light becomes evident. 
On the totally overcast day (March 21st ), the sum of 
daylight and artificial light result in levels between 500 
and 1.000 lux in the morning period, once more 
showing the excessive and unnecessary addition of 
artificial light, which becomes useful in the afternoon, 
when total levels drop to or below 500 lux in both 
spaces. Hence, the use of artificial light increases the 
illuminance levels unnecessarily for most of the time. 
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3.3. Acoustic 
Sound pressure levels were measured 

simultaneously in the three spaces throughout one 
entire typical academic weekday. As expected, in the 
Salão Caramelo and in the studio similar the acoustic 
behaviour was similar, both reaching 59dB, showing 
that these areas are acoustically connected. In the 
classroom, during occupied hours, LAeq was 59 dB. In 
addition, the reverberation were significantly higher 
than the recommended, given the significantly large 
volume of the room and its finishing surface materials 
of poor sound absorption. The measured sound levels 
were compared with the reference values for sound 
assessment of indoor environments in buildings, for 
different purposes of use, established by the Brazilian 
ABNT 10152 standard [1]. According to the standard, 
the LAeq reference value recommended for classrooms 
is 35 dB and for circulation spaces, 50 dB. Despite its 
multifunctional aspect, Salão Caramelo can be 
considered a circulation space, and the studios can be 
considered classrooms, for the purpose of this 
performance assessment. As a result, sound levels 
found in the three spaces were proved to be above 
national recommended values. In reality, the sound 
levels in the studios are more appropriate for a 
circulation space than a teaching environment. 
     It can be said the Vilanova Artigas thought about 
sound when positioning the classrooms and studios far 
from the outside, on the top level of the building, as if 
protected from the social sphere, with the classrooms 
separated from the rest of the building by walls with 
doors. However, the conception of the large atrium 
connecting all the environments, together with large 
volumes and materials that reflect the sound, ended 
up affecting the acoustic quality of the building as a 
whole. 
     In addition to adequate sound levels, teaching 
spaces need isolation from external noise and 
adequate reverberation, being this the key parameter 
for describing speech intelligibility. For this reason, the 
reverberation time of the classroom 801 was also 
measured and values are presented in octave 
frequency bands from 125 Hz to 8 kHz (Fig. 11). The 
revealed reverberation times were significantly higher 
than those recommended (from 0.6 to 1 second for 
the room volume), [2]. This poor result was expected, 
considering the significantly large volume of the room 
and its finishing surface materials, in panels of bare 
fibre cement and concrete floors (common in the 
brutalist architecture), of little sound absorption. The 
combination of high volume and low sound absorption 
is responsible for sound reverberation, allowing the 
sound energy of the speech to reverberate for a long 
time in the environment. 
     In summary, the evaluation in situ showed that both 
sound levels and reverberation times exceeded the 
recommended limits, revealing a delicate condition of 
acoustic comfort in the classrooms and studios of the 

building. High sound levels, when combined with high 
reverberation times, have a worse impact on the 
acoustic quality of the environments. In other words, 
neither of the spaces are acoustically suitable for their 
intended activities. Classroom 801 had the lowest 
sound levels, because it is a closed space, however, the 
levels found in situ were still not ideal for study tasks. 
Furthermore, its high reverberation time leads to 
difficulties in comprehending speech, and, 
consequently, hindering the learning process. This also 
compromises the vocal health of speakers in general, 
who need to raise their voice intensity to be 
understood.  

 
 
Figure 11: Reverberation time measured in Classroom 801 
compared against ideal values for its use and volume, in 
octave frequency bands. 

3.4. Occupants’ perception 
     The study of the perception of the environmental 
conditions in the Vilanova Artigas building was carried 
out by means of a survey with students, focused on the 
studios and classrooms, complemented by an initial 
general view of the building as a whole. The responses 
convey a rather positive satisfaction of the occupants 
with the building, as approximately 70% of those 
interviewed classified it as “excellent”, “satisfactory”, 
which can be mainly related to the strong visual 
communication among the internal spaces (Fig. 12). 
Looking at the questions regarding the comfort 
conditions, more specifically, a remarkably positive 
satisfaction followed with the size of the spaces (100% 
positive) and the lighting conditions. On the other 
hand, thermal and acoustic comfort were taken more 
critically. 
     Regarding the studios, the good evaluation of the 
lighting conditions surpasses that of general 
satisfaction. Visual comfort is rated “satisfactory” and 
“excellent” by almost 90% of those who have good 
overall satisfaction with the building, being at the 
positive side of the qualitative assessment by more 
than 60% of those who do not have a good general 
rating. On the other hand, concerning thermal, the 
percentage of great dissatisfaction rises from 20% to 
more than 70% for those who do not appreciate the 
building. Even among those who give a good 
assessment of the building, thermal comfort is “not 
satisfactory” for almost 75% of respondents. The 
perception about the acoustic environment is very 
similar to that of the thermal. Approximately 70% of 
those who give a good assessment of the building still 

 

rate it as “not satisfactory” or “poor”. From those who 
are not satisfied with the building in general, more 
than 80% rated the acoustic comfort negatively, in a 
studio or in a classroom. 

 

Figure 12: Results from the occupants’ survey about their 
general perception of the FAUUSP building and its specific 
environmental conditions in the studios and classrooms. 

     The perception about the classrooms are slightly 
better in terms of thermal and acoustic comfort, as 
well as lighting conditions than in the studios. The 
assessment of visual comfort is positive for 
approximately 75% of respondents. Regarding 
thermal, even for those who give a satisfactory 
assessment of the building, comfort is rated as “not 
satisfied” or “poor” for 80% of them. This negative 
assessment of thermal comfort rises to 100% for those 
who do not have a good general opinion of the 
building. Moving on to acoustics, the result is better, 
but still 55% of those who appreciate the building 
evaluate acoustic comfort as rather dissatisfactory. 
This percentage rises to 80% among those who do not 
appreciate the building in general.  

4. CONCLUSION  
     The decision of opening the roof of the Vilanova 
Artigas building (with 16% of top transparency area) 
challenged the principles of environmental design 
applicable to the subtropical climate of São Paulo, 
where shading is key for good thermal and daylight 
conditions. Through the measurements in situ and the 
analytical work it was seen that roof exposure to solar 
radiation results in a direct and close relationship 
between external and internal environmental 
conditions. Such exposure proved to work for the 
daylight environment, with the translucent skylights 
brought in by the refurbishment of 2015, but still 
imposes clear limitations to thermal comfort, despite 
the predicted stack effect, mainly in the warmer days 
of the year. 

The main outcome of the roof refurbishment was a 
pleasant daylight environment, cutting down the glare 

caused by the original transparent roof. By creating 
diffused daylight, the thermal discomfort caused by 
the occupants’ exposure to direct solar radiation was 
also eliminated. Even with the occurrence of hours of 
thermal discomfort in the most extreme periods, the 
renovation of the roof led to a significant 
improvement in the lighting and thermal conditions in 
the spaces of the FAUUSP Building and the rediscovery 
of the look of the remarkable roof structure.  
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3.3. Acoustic 
Sound pressure levels were measured 

simultaneously in the three spaces throughout one 
entire typical academic weekday. As expected, in the 
Salão Caramelo and in the studio similar the acoustic 
behaviour was similar, both reaching 59dB, showing 
that these areas are acoustically connected. In the 
classroom, during occupied hours, LAeq was 59 dB. In 
addition, the reverberation were significantly higher 
than the recommended, given the significantly large 
volume of the room and its finishing surface materials 
of poor sound absorption. The measured sound levels 
were compared with the reference values for sound 
assessment of indoor environments in buildings, for 
different purposes of use, established by the Brazilian 
ABNT 10152 standard [1]. According to the standard, 
the LAeq reference value recommended for classrooms 
is 35 dB and for circulation spaces, 50 dB. Despite its 
multifunctional aspect, Salão Caramelo can be 
considered a circulation space, and the studios can be 
considered classrooms, for the purpose of this 
performance assessment. As a result, sound levels 
found in the three spaces were proved to be above 
national recommended values. In reality, the sound 
levels in the studios are more appropriate for a 
circulation space than a teaching environment. 
     It can be said the Vilanova Artigas thought about 
sound when positioning the classrooms and studios far 
from the outside, on the top level of the building, as if 
protected from the social sphere, with the classrooms 
separated from the rest of the building by walls with 
doors. However, the conception of the large atrium 
connecting all the environments, together with large 
volumes and materials that reflect the sound, ended 
up affecting the acoustic quality of the building as a 
whole. 
     In addition to adequate sound levels, teaching 
spaces need isolation from external noise and 
adequate reverberation, being this the key parameter 
for describing speech intelligibility. For this reason, the 
reverberation time of the classroom 801 was also 
measured and values are presented in octave 
frequency bands from 125 Hz to 8 kHz (Fig. 11). The 
revealed reverberation times were significantly higher 
than those recommended (from 0.6 to 1 second for 
the room volume), [2]. This poor result was expected, 
considering the significantly large volume of the room 
and its finishing surface materials, in panels of bare 
fibre cement and concrete floors (common in the 
brutalist architecture), of little sound absorption. The 
combination of high volume and low sound absorption 
is responsible for sound reverberation, allowing the 
sound energy of the speech to reverberate for a long 
time in the environment. 
     In summary, the evaluation in situ showed that both 
sound levels and reverberation times exceeded the 
recommended limits, revealing a delicate condition of 
acoustic comfort in the classrooms and studios of the 

building. High sound levels, when combined with high 
reverberation times, have a worse impact on the 
acoustic quality of the environments. In other words, 
neither of the spaces are acoustically suitable for their 
intended activities. Classroom 801 had the lowest 
sound levels, because it is a closed space, however, the 
levels found in situ were still not ideal for study tasks. 
Furthermore, its high reverberation time leads to 
difficulties in comprehending speech, and, 
consequently, hindering the learning process. This also 
compromises the vocal health of speakers in general, 
who need to raise their voice intensity to be 
understood.  

 
 
Figure 11: Reverberation time measured in Classroom 801 
compared against ideal values for its use and volume, in 
octave frequency bands. 

3.4. Occupants’ perception 
     The study of the perception of the environmental 
conditions in the Vilanova Artigas building was carried 
out by means of a survey with students, focused on the 
studios and classrooms, complemented by an initial 
general view of the building as a whole. The responses 
convey a rather positive satisfaction of the occupants 
with the building, as approximately 70% of those 
interviewed classified it as “excellent”, “satisfactory”, 
which can be mainly related to the strong visual 
communication among the internal spaces (Fig. 12). 
Looking at the questions regarding the comfort 
conditions, more specifically, a remarkably positive 
satisfaction followed with the size of the spaces (100% 
positive) and the lighting conditions. On the other 
hand, thermal and acoustic comfort were taken more 
critically. 
     Regarding the studios, the good evaluation of the 
lighting conditions surpasses that of general 
satisfaction. Visual comfort is rated “satisfactory” and 
“excellent” by almost 90% of those who have good 
overall satisfaction with the building, being at the 
positive side of the qualitative assessment by more 
than 60% of those who do not have a good general 
rating. On the other hand, concerning thermal, the 
percentage of great dissatisfaction rises from 20% to 
more than 70% for those who do not appreciate the 
building. Even among those who give a good 
assessment of the building, thermal comfort is “not 
satisfactory” for almost 75% of respondents. The 
perception about the acoustic environment is very 
similar to that of the thermal. Approximately 70% of 
those who give a good assessment of the building still 

 

rate it as “not satisfactory” or “poor”. From those who 
are not satisfied with the building in general, more 
than 80% rated the acoustic comfort negatively, in a 
studio or in a classroom. 

 

Figure 12: Results from the occupants’ survey about their 
general perception of the FAUUSP building and its specific 
environmental conditions in the studios and classrooms. 

     The perception about the classrooms are slightly 
better in terms of thermal and acoustic comfort, as 
well as lighting conditions than in the studios. The 
assessment of visual comfort is positive for 
approximately 75% of respondents. Regarding 
thermal, even for those who give a satisfactory 
assessment of the building, comfort is rated as “not 
satisfied” or “poor” for 80% of them. This negative 
assessment of thermal comfort rises to 100% for those 
who do not have a good general opinion of the 
building. Moving on to acoustics, the result is better, 
but still 55% of those who appreciate the building 
evaluate acoustic comfort as rather dissatisfactory. 
This percentage rises to 80% among those who do not 
appreciate the building in general.  

4. CONCLUSION  
     The decision of opening the roof of the Vilanova 
Artigas building (with 16% of top transparency area) 
challenged the principles of environmental design 
applicable to the subtropical climate of São Paulo, 
where shading is key for good thermal and daylight 
conditions. Through the measurements in situ and the 
analytical work it was seen that roof exposure to solar 
radiation results in a direct and close relationship 
between external and internal environmental 
conditions. Such exposure proved to work for the 
daylight environment, with the translucent skylights 
brought in by the refurbishment of 2015, but still 
imposes clear limitations to thermal comfort, despite 
the predicted stack effect, mainly in the warmer days 
of the year. 

The main outcome of the roof refurbishment was a 
pleasant daylight environment, cutting down the glare 

caused by the original transparent roof. By creating 
diffused daylight, the thermal discomfort caused by 
the occupants’ exposure to direct solar radiation was 
also eliminated. Even with the occurrence of hours of 
thermal discomfort in the most extreme periods, the 
renovation of the roof led to a significant 
improvement in the lighting and thermal conditions in 
the spaces of the FAUUSP Building and the rediscovery 
of the look of the remarkable roof structure.  
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3.5. Building resilience with innovation and technology 
(e.g., innovative materials and sustainable technologies)
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ABSTRACT: Urban overheating is a severe environmental concern. Highly absorbent construction materials, such 
as asphalt and concrete, are one of the primary contributors to urban overheating. The existing urban heat 
mitigation materials are insufficient to tackle the anticipated intensity of urban overheating. Consequently, 
developing advanced heat mitigation technologies with superior cooling is critical. Further, modern heat 
mitigation technologies (based on daytime radiative cooling) rely primarily on highly reflecting and emissive 
surfaces to limit solar radiation absorption. However, the highly reflective surfaces cause glare, preventing their 
use on roads and building facades. In addition, applying such non-colored coating in urban settlements is 
another concern. The research aims to develop colored daytime radiative cooling materials and reduce glare by 
decreasing surface reflection and compensating it with fluorescent cooling. The empirical investigation tested 
the performance of green perovskite polymer films with existing daytime radiative coolers (DRC). The outdoor 
thermal performance was evaluated by combining fluorescent and photonic materials in two different 
arrangements. The cooling benefits of colored Fluorescent daytime radiative coolers (CFDRC) were evaluated by 
comparing their surface temperature with that of photonic and nonfluorescent samples. The CFDRC was around 
1°C higher than the highly reflective photonic material, and the nonfluorescent – CFDRC maximum surface 
temperature difference was around 3.5°C.  
KEYWORDS: heat mitigation technologies, fluorescent materials, radiative coolers, quantum dots. 
 
 

1. INTRODUCTION  
Extreme climate change is occurring globally, 

and cities are growing warmer. Urbanization has 
significantly impacted local, regional, and global 
climatic conditions [1]. The frequency and intensity of 
extreme heat conditions have increased drastically 
[2]. Human-caused climate change has promoted the 
weather types that cause fires, increasing the danger 
of fire season in Australian cities by at least 30% [3]. 
These local, regional, and global climate shifts 
severely affect human health, energy, the economy, 
infrastructure, and the environment [4,5].  

Urban greenery, evaporative cooling 
techniques, and cool materials could alleviate the 
effects of urban overheating and climate change. A 
simulation-based study revealed that cool materials 
could potentially minimize the impact of urban 
overheating in Sydney by up to 41%, while vegetation 
can decrease it by up to 29% [6]. Passive daytime 
radiative cooling (DRC) materials, which are highly 
reflective and emissive, may keep the surface 
temperature below the ambient temperature during 
the day. According to an empirical investigation, DRC 

materials reached a sub-ambient temperature of 
approximately 12.5°C in Alice Springs [7]. Due to the 
increased reflectivity, the DRC surfaces function as 
mirrors and cause glare. Therefore, such highly 
reflecting materials are unsuitable for building 
facades and pavements. Secondly, due to aesthetic 
concerns, such colorless surfaces are unwelcome in 
an urban setting. Colored fluorescent-based passive 
daylight radiative cooling (CFDRC) materials are 
proposed to mitigate overheating impact while 
addressing the challenges of glare and aesthetics.  

A few studies have already investigated the 
impact of fluorescent materials with/ without 
photonic materials. However, further research is 
required to improve the cooling performance of such 
materials and fabricate scalable materials in the 
entire spectral range. [8] tested CuInS2 (CIS)/ZnS, 
CdSe/ZnS, and PbS/CdS quantum dots (QDs) (with 
different band gap energies) coupled with silver-
coated PET film to comprehend the heat-rejecting 
potential of QDs. On a typical sunny day, the surface 
temperature reduction potential of CdSe/ZnS QDs 
film by fluorescence cooling mechanism was around 
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2.5°C (QD surface vs. corresponding nonfluorescent 
sample without photonic), which raised to 8.1 °C with 
a highly near-infrared reflecting base layer (QD vs. 
QD+near infrared reflective layer). High-temperature 
reduction from the near-IR reflective layer illustrates 
the high penetrability of QDs. In another study, 
phosphor (fluorescent material) thermal performance 
was compared with QDs (green-emitting 
InP/ZnSe/ZnS quantum dots with a shell–core-core, 
quantum yield (Qy)= 95%, Outer diameter= 7.3 nm + 
1.2 (PDMS as an emitter with this) [9]. A covering of 
metallic nanoparticles outperformed phosphors in 
terms of thermal performance. This was attributed to 
i) the acute absorption peak of metallic NPs being 
controlled by adjusting their size, whereas the 
phosphor absorbs widely, and ii) the phosphor has a 
low QY and a larger Stokes shift. [10] utilized Cu-based 
quantum dots (QDs) coated on a white DRC film. The 
white film fabrication involved using colloidal inks 
containing hollow silica nanoparticles (H–SiO2), 
polymeric binders, and spray coating. The White films 
demonstrated average reflectivity and emissivity 
values of 97.2% and 94.3%, respectively. 
Furthermore, their temperature was 6.12°C lower 
than the surrounding ambient temperature when 
observed throughout the day. The fabrication of 
yellow, red, and brown CFDRC may reemit powers of 
14.06, 28.36, and 43.92 W/m², preventing heat. 
Outdoor measurements demonstrated that the 
yellow and red DRC films had temperatures 3.25°C 
and 0.51°C lower than the ambient temperature.  

Combining fluorescent and photonic 
materials aims to develop colored daytime radiative 
coolers with lower reflectance. The fluorescent 
cooling mechanism will offset the cooling loss caused 
by the composite material's reduced reflectance. 
Fluorescent material embedded in the emitter, such 
as Polymethyl methacrylate (PMMA), polyacrylate, or 
polycarbonate (PC), will absorb solar radiation in a 
high-intensity solar range (UV to absorption-edge 
wavelength) and reemit in a low-intensity solar 
region. The higher the peak emission wavelength, the 
greater the cooling benefits are.  

 
2. FLUORESCENT DAYTIME RADIATIVE COOLING 
(FDRC) COMPOSITION 

This research aims to combine reflecting and 
emitting layers with fluorescent materials to build 
superior single, double, or triple-layered colored 
fluorescent daytime radiative coolers (CFDRC). The 
fluorescent effect is the non-thermal/radiative 
relaxation of stimulated electrons. The fluorescent 
cooling effect happens when the energy level of the 
incident light is equal to or greater (shorter 
wavelength) than the bandgap energy of the 
fluorescent material. All photons with lower energy 
(higher wavelength) than the bandgap are 

transmitted through the fluorescent material because 
they lack the necessary energy to attain a higher 
energy level [11]. Three types of CFDRC arrangements 
were proposed by [12]. 1) three layered-structure- i) 
standalone emitter layer on the top, ii) 
Photoluminescence  (PL) colorant in the middle, iii) 
solar reflector at the bottom, 2) emitter embedded 
with other particles, including PL colorant, ii) solar 
reflector, 3) emitters embedded in PL colorant, and 
solar scatterers (reflector).  

The present study combined two photonic 
and fluorescent materials in two different 
arrangements to produce CFDRC. The first 
arrangement (arrangement-I) proposed a three-layer 
structure consisting of an emitter on the top with 
high thermal emission (8-13 µm) and high solar 
transmission (300-2500 nm) to allow incident solar-
range light to pass through. A fluorescent film in the 
middle with fluorescence in 300 nm to absorption-
edge wavelength (λAE), high light transmission (ranged 
λAE to 2500 nm), and a reflector at the bottom to 
reflect from λAE to 2500 nm. This arrangement used a 
3M Enhanced Specular Reflector (ESR) silver Film with 
black coating on the reverse side as a reflector. It was 
combined with DuPont™ Tedlar® polyvinyl fluoride 
(PVF) film (Product series: TAP 15BM3), which is 
highly emissive. The combination of ESR and PVF as a 
photonic material was also proposed and tested by 
[7]. In the second arrangement (arrangement-II), 
Radi-cool- a single-layered photonic material (with 
high reflectance and emittance in the atmospheric 
window- https://www.gemar.com.ph/radicool) was 
used as a bottom layer, and the fluorescent film was 
placed on top of it (two-layered structure).  

A 1mm thick polycarbonate (without any 
fluorescence) with identical optical and thermal 
properties as the fluorescent film was also paired 
with photonic materials in the same configurations to 
comprehend the fluorescence cooling potential. 

 
3. GREEN FLUORESCENT FILM AND 
CHARACTERIZATION 

The green perovskite (CsPbBr3) quantum 
dots polymer films (5*5 cm) were fabricated by 
Quantum Solutions (https://quantum-
solutions.com/product/qdot-lcd-sharpgreen-
perovskite-film/). The perovskite quantum dots were 
embedded in the polyacrylate, with a total thickness 
of the film 320um. Both sides of the fluorescent films 
have barrier layers of 50um thickness. More details 
on the composition of the fluorescent film can be 
found in Figure 1.  

Absorption edge wavelength (AE), PL 
quantum yield (PLQY), Stokes shift (SS), PL peak 
wavelength, and solar absorption are the key 
fluorescent and optical factors that contribute to the 
fluorescent cooling potential [11]. The higher the PL 
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2.5°C (QD surface vs. corresponding nonfluorescent 
sample without photonic), which raised to 8.1 °C with 
a highly near-infrared reflecting base layer (QD vs. 
QD+near infrared reflective layer). High-temperature 
reduction from the near-IR reflective layer illustrates 
the high penetrability of QDs. In another study, 
phosphor (fluorescent material) thermal performance 
was compared with QDs (green-emitting 
InP/ZnSe/ZnS quantum dots with a shell–core-core, 
quantum yield (Qy)= 95%, Outer diameter= 7.3 nm + 
1.2 (PDMS as an emitter with this) [9]. A covering of 
metallic nanoparticles outperformed phosphors in 
terms of thermal performance. This was attributed to 
i) the acute absorption peak of metallic NPs being 
controlled by adjusting their size, whereas the 
phosphor absorbs widely, and ii) the phosphor has a 
low QY and a larger Stokes shift. [10] utilized Cu-based 
quantum dots (QDs) coated on a white DRC film. The 
white film fabrication involved using colloidal inks 
containing hollow silica nanoparticles (H–SiO2), 
polymeric binders, and spray coating. The White films 
demonstrated average reflectivity and emissivity 
values of 97.2% and 94.3%, respectively. 
Furthermore, their temperature was 6.12°C lower 
than the surrounding ambient temperature when 
observed throughout the day. The fabrication of 
yellow, red, and brown CFDRC may reemit powers of 
14.06, 28.36, and 43.92 W/m², preventing heat. 
Outdoor measurements demonstrated that the 
yellow and red DRC films had temperatures 3.25°C 
and 0.51°C lower than the ambient temperature.  

Combining fluorescent and photonic 
materials aims to develop colored daytime radiative 
coolers with lower reflectance. The fluorescent 
cooling mechanism will offset the cooling loss caused 
by the composite material's reduced reflectance. 
Fluorescent material embedded in the emitter, such 
as Polymethyl methacrylate (PMMA), polyacrylate, or 
polycarbonate (PC), will absorb solar radiation in a 
high-intensity solar range (UV to absorption-edge 
wavelength) and reemit in a low-intensity solar 
region. The higher the peak emission wavelength, the 
greater the cooling benefits are.  

 
2. FLUORESCENT DAYTIME RADIATIVE COOLING 
(FDRC) COMPOSITION 

This research aims to combine reflecting and 
emitting layers with fluorescent materials to build 
superior single, double, or triple-layered colored 
fluorescent daytime radiative coolers (CFDRC). The 
fluorescent effect is the non-thermal/radiative 
relaxation of stimulated electrons. The fluorescent 
cooling effect happens when the energy level of the 
incident light is equal to or greater (shorter 
wavelength) than the bandgap energy of the 
fluorescent material. All photons with lower energy 
(higher wavelength) than the bandgap are 

transmitted through the fluorescent material because 
they lack the necessary energy to attain a higher 
energy level [11]. Three types of CFDRC arrangements 
were proposed by [12]. 1) three layered-structure- i) 
standalone emitter layer on the top, ii) 
Photoluminescence  (PL) colorant in the middle, iii) 
solar reflector at the bottom, 2) emitter embedded 
with other particles, including PL colorant, ii) solar 
reflector, 3) emitters embedded in PL colorant, and 
solar scatterers (reflector).  

The present study combined two photonic 
and fluorescent materials in two different 
arrangements to produce CFDRC. The first 
arrangement (arrangement-I) proposed a three-layer 
structure consisting of an emitter on the top with 
high thermal emission (8-13 µm) and high solar 
transmission (300-2500 nm) to allow incident solar-
range light to pass through. A fluorescent film in the 
middle with fluorescence in 300 nm to absorption-
edge wavelength (λAE), high light transmission (ranged 
λAE to 2500 nm), and a reflector at the bottom to 
reflect from λAE to 2500 nm. This arrangement used a 
3M Enhanced Specular Reflector (ESR) silver Film with 
black coating on the reverse side as a reflector. It was 
combined with DuPont™ Tedlar® polyvinyl fluoride 
(PVF) film (Product series: TAP 15BM3), which is 
highly emissive. The combination of ESR and PVF as a 
photonic material was also proposed and tested by 
[7]. In the second arrangement (arrangement-II), 
Radi-cool- a single-layered photonic material (with 
high reflectance and emittance in the atmospheric 
window- https://www.gemar.com.ph/radicool) was 
used as a bottom layer, and the fluorescent film was 
placed on top of it (two-layered structure).  

A 1mm thick polycarbonate (without any 
fluorescence) with identical optical and thermal 
properties as the fluorescent film was also paired 
with photonic materials in the same configurations to 
comprehend the fluorescence cooling potential. 

 
3. GREEN FLUORESCENT FILM AND 
CHARACTERIZATION 

The green perovskite (CsPbBr3) quantum 
dots polymer films (5*5 cm) were fabricated by 
Quantum Solutions (https://quantum-
solutions.com/product/qdot-lcd-sharpgreen-
perovskite-film/). The perovskite quantum dots were 
embedded in the polyacrylate, with a total thickness 
of the film 320um. Both sides of the fluorescent films 
have barrier layers of 50um thickness. More details 
on the composition of the fluorescent film can be 
found in Figure 1.  

Absorption edge wavelength (AE), PL 
quantum yield (PLQY), Stokes shift (SS), PL peak 
wavelength, and solar absorption are the key 
fluorescent and optical factors that contribute to the 
fluorescent cooling potential [11]. The higher the PL 

 

peak wavelength, the higher the cooling potential of 
fluorescent material is [13]. The peak emission 
wavelength of the green perovskite fluorescent film 
was around 518nm. The quantum yield, the ratio of 
photons reemitted by the fluorescent material to the 
number of photons absorbed, was measured using 
Fluorescent Spectrophotometer FS5, and was around 
95%. The higher the PLQY of fluorescent material, the 
better the cooling performance is. Stokes shift (SS), 
which is the energy difference between absorption 
edge (λAE) and PL peak wavelength (λPL), was around 
33nm. Smaller Stokes shifts are needed to limit the 
heat loss caused by the Stokes shift. The PL spectra 
and the absorbance (1-Transmittance-Reflectance) of 
the fluorescent film are shown in Figure 2.  

 

 
 
Figure 1. Composition of green perovskite quantum dots 
polymer films. 
 

 
Figure 2. PL spectra and Absorbance of Green Fluorescent 
film 
 
4. THERMAL CHARACTERISTICS 

Fourier-transform Infrared Spectroscopy 
(FTIR Bruker INVENIO R) was used to measure the 
reflectance and transmittance of the samples in the 
infrared range with diffused gold integrating sphere 

attachment and diffused gold standard. In 
thermodynamic equilibrium, the emissivity (e) is 
equal to the absorptivity (a), as per Kirchhoff's law; 
therefore, emissivity was calculated as (e = i-t-r). The 
broadband emissivity was calculated using ASTM 
E408. The emissivity of the ESR was 57% in the 
atmospheric window (8-13 um) and 36% in the entire 
IR spectrum (4-40 um) (Figure 3B). The ESR was 
coupled with PVF, which has an emissivity of 87% in 
the atmospheric window and 62% in the IR spectrum 
(Figure 3C). Radi-cool has an outstanding emissivity of 
92% in the atmospheric window and 88% in the IR 
band (Figure 3A). In the atmospheric window and the 
entire IR spectrum, the emissivity of both the green 
fluorescent film and the transparent polycarbonate 
was quite high, at around 93% and 96%, respectively 
(Figures 3D and 3E). 
 

 
 
Figure 3. Thermal properties (Emissivity) of photonic, 
fluorescent, and nonfluorescent samples. A) Radicool, B) 
ESR, C) PVF, D) Green Fluorescent, E) Polycarbonate. (atm= 
atmospheric window (8-13um), MIR= Mid infrared range (4-
20um), IR= Infrared range (4-40um)). 
 
5. OPTICAL CHARACTERISTICS IN THE SOLAR RANGE 

PerkinElmer Lambda 1050 UV–Vis-NIR 
Spectrometer with integrating sphere was used to 
measure the optical properties of the materials in the 
solar range. At three distinct locations, the optical 
characteristics of every material within the solar 
spectrum were measured, and the average was 
calculated. The broadband values were calculated 
using AM1.0GH - Normalized relative spectral 
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distribution of global solar radiation. The optical 
properties of the materials in the solar range are 
shown in Figure 4. 

 

 
 

Figure 4. Optical properties of photonic, fluorescent, and 
nonfluorescent samples. A) Reflectance of materials in 
arrangement-I, B) Transmittance of materials in 
arrangement-I, C) Reflectance of materials in arrangement-
II, D) Transmittance of materials in arrangement-II. (s= solar 
range, u= UV range, v= visible range, n= NIR range) 

ESR has around 93% reflectance in the solar range (s), 
reduced to 83% when combined with green 
fluorescent film and PVF (Figure 4A). In the visible 
spectrum (v), the reflectance of the composite 
(ESR+Green fluorescent+PVF) decreased from 93% to 
84%, considerably lowering the photonic material's 
glare (Figure 4A). The green fluorescent film absorbs 
until the absorption edge wavelength and then 
begins to transmit till the NIR spectrum, which the 
reflector will reflect (Figure 4B). 

The PVF transmittance in the solr range is 
85%, which is required for fluorescence (Figure 4B). 
This transparent PVF sheet also shields the underlying 
layers from ultraviolet (u) light, moisture, rain, and 
chemical erosion. Clear polycarbonate also has similar 
optical properties to green fluorescent film, with 
slightly lower transmittance in the NIR (n) range 
(Figure 4B). The Radi-Cool reflects around 89% in the 
solar range (Figure 4C). Combining the Radicool with 
green fluorescent film reduced the reflectance in the 
solar range to 84% (Figure 4C).  

 
6. EXPERIMENTAL SETUP 

The field measurements were performed 
from sunrise to sunset on 28th January 2023 during 
the summer. The experimental study was conducted 
on a basketball court at the University of New South 
Wales (UNSW), Sydney, Australia (-33.918632, 
151.227132). According to the Koppen-Geiger climate 
classification, Sydney has a humid subtropical 
climate, warm in the summer and cold in the winter, 
with consistent yearly precipitation [14]. 
Meteorological parameters, including ambient 
temperature, dewpoint temperature, wind speed, 
wind direction, and atmospheric pressure, were 
recorded using two Gill MetPak Pro Weather Stations, 
and the average meteorological variables were 
computed. The relative humidity (RH) and absolute 
humidity (AH) were computed from ambient and dew 
point temperatures. 

Two Huxseflux NR01 4-component and 2-
component net radiometers were used to measure 
the shortwave and longwave radiations. The surface 
temperature was monitored using 3-wire Omega SA1-
RTD-B surface mount RTD 100 Ω (±0.12 Ohms, 
±0.30°C at 0°C), adhered on the backside of the 
sample. Data was recorded every 30 seconds using 
the Lontek datalogger DataTaker DT85, DT80, and 
CEM20. The 2.5-minute simple moving averages were 
calculated to smoothen the meteorological and 
surface temperature data. Six 5*5 cm samples-  (i) 
PVF+green fluorescent+ESR, ii) Green 
fluorescent+Radi-cool, iii) PVF+ESR, iv) Radicool, v) 
PVF+polycarbonate+ESR, and vi) Polycarbonate+Radi-
cool- were placed on the polystyrene board having 
dimensions (56*40*10 cm). The polystyrene board 
was covered with reinforced insulation tape from all 

 

sides to minimize the parasitic heat transfer. Figure 5 
depicts the sample boards and experimental setup. 
 

 
 

Figure 5. Experimental setup and samples A) Samples on 
polystyrene board, B) experimental setup 
 
7. METEOROLOGICAL PARAMETERS 
 

Figure 6 depicts the meteorological 
parameters during the field measurements. The peak 
shortwave radiation was 1032 W/m² (Figure 6A). The 
sky was partly cloudy until 11:00 a.m. but became 
clear for the rest of the day. 440 W/m² was the 
highest longwave radiation intensity (Figure 6B). At 
1300, the maximum ambient temperature was 30.9°C 
(Figure 6C). The maximum wind speed was monitored 
at around 6.8m/s (Figure 6D). The humidity levels 
were very high throughout the day, and the 
maximum absolute humidity (AH) was around 20.2 
g/m³ (Figure 6F). At such a high absolute humidity 
level, the atmospheric window is nearly closed, and 
materials cannot emit at their maximum capacity. 

 
8. FIELD MEASUREMENT RESULTS 

The field measurement results are presented 
in Figure 7. Due to the high humidity level, none of 
the photonic or CFDRC could attain the daytime sub-
ambient temperature. The combination of ESR and 
PVF, which attained up to 7.4°C sub-ambient [15] at 
the peak Ambient time (Tambient) in the dry climatic 
conditions of Alice Springs, was around 7°C higher 
than ambient temperature (37.2°C) (Figure 7A). At 
the same time, the CFDRC (in arrangement-I) was 
about 1°C higher than the corresponding photonic 
material. This shows the potential of attaining sub-
ambient temperature under dry-climatic conditions 
with the colored radiative cooling materials. The 
difference in surface temperature between the 

photonic and CFDRC remained consistent throughout 
the daytime (Figure 7A). The clear polycarbonate 
composite in arrangement-I was around 1.3°C higher 
than the CFDRC at the peak Tambient, and the 
maximum difference between CFDRC and 
polycarbonate composite in arrangement-I was up to 
3.5°C in the afternoon. It illustrates the cooling 
potential due to the fluorescence mechanism, 
although clear polycarbonate composite was 
comparatively more emissive and slightly more 
reflective. At 1830, almost all samples, including 
photonic, CFDRC, and polycarbonate composite in 
both arrangements (arrangement-I and II), went sub-
ambient. The daytime cooling performance of CFDRC 
in arrangement-II wasn't as good as in arrangement-I. 
It might be attributed to the comparatively higher 
reflectance of ESR in visible and in the NIR range 
compared to Radi-Cool. 

Based on the findings, further fluorescent 
materials can be created that could reemit with a 
higher peak emission wavelength to maximize the 
cooling benefits of the fluorescence cooling process. 
To further reduce glare, these fluorescent materials 
can be used with reflectors that have reduced 
reflectivity. 
 

 
 
Figure 6. Meteorological conditions during experiment A) 
Shortwave radiations, B) Longwave radiation, C) Ambient 
temperature, D) Wind speed, E) Relative humidity, F) 
Absolute humidity (sma 2.5= 2.5 minutes simple moving 
average. 
 
9. CONCLUSION 

The colored Fluorescent daytime radiative 
coolers (CFDRC) were fabricated and compared 
against nonfluorescent and photonic materials.   
CFDRC surface temperature was around 1°C higher 
than the highly reflective photonic material, and the 
nonfluorescent–CFDRC maximum surface 
temperature difference was around 3.5°C.  
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distribution of global solar radiation. The optical 
properties of the materials in the solar range are 
shown in Figure 4. 
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arrangement-I, C) Reflectance of materials in arrangement-
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Figure 7. Surface temperature comparison with ambient 
temperature A) CFDRC and photonic materials in 
arrangement-I, B) CFDRC and photonic materials in 
arrangement-II 
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1. INTRODUCTION 
The urban heat island effect is one of the typical 

characteristics of the urban thermal environment 
(Singh et al., 2017). It is an important result of 
changes in the urban thermal environment caused by 
urbanization and human activities, and is a direct 
example of environmental degradation (Chapman et 
al., 2017). In addition, the expansion of urban 
construction land is one of the main factors causing 
changes in the urban surface thermal environment 
(Ding Yue, 2020). Therefore, studying the intrinsic 
relationship between the expansion of construction 
land and changes in urban spatial thermal 
environment is helpful to analyze the spatiotemporal 
distribution and change patterns of urban surface 
thermal environment, as well as the synergistic 
effects of changes in urban spatial structure and 
thermal environment. While maintaining urban 
construction and economic development, and 
steadily improving scientific and technological levels, 
we must focus on solving ecological and 
environmental problems (Xu et al., 2022).  

Based on this, this paper will take the Beijing-
Tianjin-Hebei urban agglomeration, which is the 
fastest growing among the five urban agglomerations 
in China, as the research object. It is directly planned 
and guided by the central government and is the 
most dynamic development area centered on China's 
capital. It is also the development direction of China's 
large cities and conducts research on the relationship 
between urban thermal environment changes and 
construction land expansion. This study hypothesizes 
that urban territorial expansion contributes to the 

enhancement of urban thermal environment, but the 
intensity of the impact may be different in different 
seasons (winter and summer). In addition, the region 
also contains three major cities: Beijing, the capital, 
municipality and first city of China; Tianjin, the 
municipality; and Shijiazhuang, the capital of Hebei 
Province. They are interrelated and form the golden 
triangle of urban development and economic 
development (Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Map of major cities in Beijing, Tianjin and Hebei. 
 
2. OBJECTIVE 

The main objective of this study is to use MODIS 
remote sensing images to analyze the urban 
territorial expansion of the Beijing-Tianjin-Hebei 
urban agglomeration from 2001 to 2020, and the 
changing laws of surface temperature and heat island 
effect with the change of construction land. Finally, it 
is necessary to verify whether the surface 
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Figure 7. Surface temperature comparison with ambient 
temperature A) CFDRC and photonic materials in 
arrangement-I, B) CFDRC and photonic materials in 
arrangement-II 
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Figure 1: Map of major cities in Beijing, Tianjin and Hebei. 
 
2. OBJECTIVE 

The main objective of this study is to use MODIS 
remote sensing images to analyze the urban 
territorial expansion of the Beijing-Tianjin-Hebei 
urban agglomeration from 2001 to 2020, and the 
changing laws of surface temperature and heat island 
effect with the change of construction land. Finally, it 
is necessary to verify whether the surface 
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temperature of major cities in the economic circle 
follows the change pattern of a certain function curve 
as the distance from the city center increases. 
 
3. METHODOLOGY 

According to the specific objectives, this article 
will be divided into three main parts: expansion of 
urban construction land, urban thermal environment 
analysis, and concentric inverse S-curve verification 
analysis. 
 
3.1 Expansion of urban construction land 
3.1.1 MODIS land use classification 

MCD12Q1(06) provides 500-meter resolution 
global land cover classification data 
(https://lpdaac.usgs.gov/products/mcd12q1v006/), 
and its classification is shown in Table 1. This study 
selects the band-IGBP classification, and the urban 
land number is 13. Since most of the data provided by 
MODIS starts in 2000, and the MCD12Q1 data starts 
in 2001 and ends in 2020, the research range we 
chose is 2001-2020. 

 
Table 1: MCD12Q1(06) land cover remote sensing image 
classification. 

 
 

3.2 Thermal environment analysis 
3.2.1 Studying time selection for land surface 
temperature 

MOD11A2 provides 1-km resolution diurnal 
surface temperature image data every 8 days 
(https://lpdaac.usgs.gov/products/mod11a2v006/). 
In order to study more representative surface 
temperatures in different time periods, we selected 
diurnal surface temperature data in winter (January 
and February) and summer (July and August) in 2001 
and 2020. The data for each season is the average of 
all the data for the two months. 

 
3.2.2 The relationship between LST and the 
proportion of construction land 

After extracting and calculating the surface 
temperature for each period, we need to extract the 
image data of each surface temperature into the grid 
established in the previous step. A model is then 
established to analyze the intrinsic relationship 
between the proportion of urban construction land in 
the grid and surface temperature. 

 
3.2.3 Analysis on the intensity of urban heat island 
effect and the scale of urban land use 

In this step we will calculate the urban heat island 
effect and analyze its impact on built-up land. First, 
we classify cities and suburbs based on the density of 
built-up land. A threshold of 50% is used to 
distinguish high-density construction land and low-
density construction land within the grid. High-
density construction land is aggregated to form the 
central boundary, and the area below 25% is 
classified as urban outskirts (Feng et al., 2019; Lu et 
al., 2014 ). 

At present, the urban heat island effect is 
generally defined as the temperature difference 
between urban and rural areas. Therefore, we use 
formula (2) to calculate the heat island intensity. 
 
Where:  
T is the heat island intensity;  
LSTurban is the urban average surface temperature;  
and LSTrural is the rural average surface temperature. 

 
According to the heat island intensity 

classification rules, the standard deviation method is 
used to divide the intensity levels I to IV as shown in 
Table 3 (Wei, 2018). 

 
Table 3: Urban heat island intensity classification. 

Classification Ranges 
I LSTrural  LST < (LSTrural + 0.5T) 
II (LSTrural + 0.5T)  LST < (LSTrural + T) 
III (LSTrural + T)  LST < (LSTrural + 1.5T) 
IV LST  (LSTrural + 1.5T) 

3.3 Concentric circle inverse S-curve verification 
analysis 

First, we need to find the urban centers of the 
three cities based on their construction land forms 
and main road networks. Then, using the circle-level 
gradient analysis method, concentric circles with an 
interval of 1km are used to construct multi-change 
buffer zones at the center of the city, and the average 
value of LST in each circle is counted to analyze the 
spatial variation of LST. The found city center points 
and the constructed concentric buffer zone are 
shown in the figure 2. 

In order to make the numerical distribution of 
surface temperature in each city and time more 
standardized and uniform, so as to facilitate the 
fitting analysis with the inverse S function, we need 
to perform dimensionless processing on the LST of 

1184



 

temperature of major cities in the economic circle 
follows the change pattern of a certain function curve 
as the distance from the city center increases. 
 
3. METHODOLOGY 

According to the specific objectives, this article 
will be divided into three main parts: expansion of 
urban construction land, urban thermal environment 
analysis, and concentric inverse S-curve verification 
analysis. 
 
3.1 Expansion of urban construction land 
3.1.1 MODIS land use classification 

MCD12Q1(06) provides 500-meter resolution 
global land cover classification data 
(https://lpdaac.usgs.gov/products/mcd12q1v006/), 
and its classification is shown in Table 1. This study 
selects the band-IGBP classification, and the urban 
land number is 13. Since most of the data provided by 
MODIS starts in 2000, and the MCD12Q1 data starts 
in 2001 and ends in 2020, the research range we 
chose is 2001-2020. 

 
Table 1: MCD12Q1(06) land cover remote sensing image 
classification. 

 
 

3.2 Thermal environment analysis 
3.2.1 Studying time selection for land surface 
temperature 

MOD11A2 provides 1-km resolution diurnal 
surface temperature image data every 8 days 
(https://lpdaac.usgs.gov/products/mod11a2v006/). 
In order to study more representative surface 
temperatures in different time periods, we selected 
diurnal surface temperature data in winter (January 
and February) and summer (July and August) in 2001 
and 2020. The data for each season is the average of 
all the data for the two months. 

 
3.2.2 The relationship between LST and the 
proportion of construction land 

After extracting and calculating the surface 
temperature for each period, we need to extract the 
image data of each surface temperature into the grid 
established in the previous step. A model is then 
established to analyze the intrinsic relationship 
between the proportion of urban construction land in 
the grid and surface temperature. 

 
3.2.3 Analysis on the intensity of urban heat island 
effect and the scale of urban land use 

In this step we will calculate the urban heat island 
effect and analyze its impact on built-up land. First, 
we classify cities and suburbs based on the density of 
built-up land. A threshold of 50% is used to 
distinguish high-density construction land and low-
density construction land within the grid. High-
density construction land is aggregated to form the 
central boundary, and the area below 25% is 
classified as urban outskirts (Feng et al., 2019; Lu et 
al., 2014 ). 

At present, the urban heat island effect is 
generally defined as the temperature difference 
between urban and rural areas. Therefore, we use 
formula (2) to calculate the heat island intensity. 
 
Where:  
T is the heat island intensity;  
LSTurban is the urban average surface temperature;  
and LSTrural is the rural average surface temperature. 

 
According to the heat island intensity 

classification rules, the standard deviation method is 
used to divide the intensity levels I to IV as shown in 
Table 3 (Wei, 2018). 

 
Table 3: Urban heat island intensity classification. 

Classification Ranges 
I LSTrural  LST < (LSTrural + 0.5T) 
II (LSTrural + 0.5T)  LST < (LSTrural + T) 
III (LSTrural + T)  LST < (LSTrural + 1.5T) 
IV LST  (LSTrural + 1.5T) 

3.3 Concentric circle inverse S-curve verification 
analysis 

First, we need to find the urban centers of the 
three cities based on their construction land forms 
and main road networks. Then, using the circle-level 
gradient analysis method, concentric circles with an 
interval of 1km are used to construct multi-change 
buffer zones at the center of the city, and the average 
value of LST in each circle is counted to analyze the 
spatial variation of LST. The found city center points 
and the constructed concentric buffer zone are 
shown in the figure 2. 

In order to make the numerical distribution of 
surface temperature in each city and time more 
standardized and uniform, so as to facilitate the 
fitting analysis with the inverse S function, we need 
to perform dimensionless processing on the LST of 

 

each circle (Formula 3). At the same time, in order to 
be able to compare the differences between the LSTs 
of 2001 and 2020, we performed grouping before 
dimensionless processing. We divide the same season 
and time of the two years into a total of 4 groups for 
each city, namely summer daytime in 2001 and 2020; 
summer nighttime in 2001 and 2020; winter daytime 
in 2001 and 2020; winter nighttime in 2001 and 2020. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2: Urban centers and concentric buffer zones of the 
three major cities in Beijing, Tianjin and Hebei. 

 
 
 
 

Where:  
LSTd is the LST after dimensionless processing;  
LSTx0 is the average LST value of a certain circle;  
LSTxmax is the maximum value of the LST average 
value of each circle layer;  
LSTxmin is the minimum value of the LST average value 
of each circle layer. 

 
Finally, all LST data are fitted with an inverse S-

function model, the expression of the inverse S 
function is as follows. Combined with the 
characteristics of LST, the fitting parameters in the 
function are given the following meanings: 

 
 
 
 

Where:  
f(r) is the mean value of LST (◦C);  
r is the radius from the circle to the city center; e is a 
natural constant (km);  
a, c and D are all fitting parameters:  
a controls the slope of the curve, and the larger a is, 
the faster the curve decays, indicating that the shape 
of the urban thermal environment is more compact;  

c is the average value of LST at the edge of the city 
(◦C);  
D reflects the radius of the urban thermal 
environment (km). 
 
4. RESULTS 
4.1 Thermal environment analysis 
4.1.1 The relationship between LST and the 
proportion of construction land 

 
 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Scatter plot of the relationship between surface 
temperature and urban land proportion in Beijing, Tianjin 
and Hebei in 2001. 

 
Figure 3 analyzes the relationship between 

surface temperature and the proportion of urban 
construction land in Beijing, Tianjin and Hebei in 2001 
within each grid. The day and night temperatures in 
winter and summer in 2001 both tended to increase 
with the increase of the urban construction land ratio, 
but the linear relationship is weak.The dispersion 
degree of the relationship between the surface 
temperature and the proportion of construction land 
in winter is higher than that in summer. The model 
slope is highest in summer daytime (2.7), meaning 
the fastest ascent; winter daytime has the lowest 
slope (1.5). The temperature difference between day 
and night in summer is greater than that in winter. 
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Figure 4: Scatter plot of the relationship between surface 
temperature and urban land proportion in Beijing, Tianjin 
and Hebei in 2020. 

 
Analyzing the relationship between surface 

temperature and the proportion of urban 
construction land in 2020 (Figure 4), unexpectedly, 
the daytime surface temperature in the winter of 
2020 was abnormal, and it decreased with the 
increase of urban land density. Compared to two 
decades ago, winters are very discrete and summers 
are more concentrated. In the 2020 model, the 
steepest slope is during the summer day (0.25). 
Overall, in the summer of 2020, daytime 
temperatures were about 1-2℃ warmer than in 2001, 
while nighttime temperatures were about 2℃ cooler. 
And the same is true in winter. The temperature 
difference between day and night in winter is further 
reduced. 

 
4.1.2 Analysis of heat island effect 

Figure 5 shows the statistics of the temperature 
difference between urban and rural areas in Beijing, 
Tianjin and Hebei during various periods, which is the 
urban heat island effect. It is very clear that the UHI in 
2020 is higher than the UHI in 2001 under various 
scenarios, and the heat island effect becomes more 
intense. Especially during the daytime in summer, the 
UHI increased by 2.1℃ in 20 years. UHI did not 
exceed 1 in other periods, and only increased by 
0.26℃ at night in 2020. UHI increased faster during 
the day than at night. 
 

 
 
 
 
 
 
 

 
 

Figure 5: Statistics on urban heat island effect in Beijing-
Tianjin-Hebei region. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 6: Graded distribution map of urban heat island 
effect intensity in Beijing, Tianjin and Hebei in 2001. 
 

We drew the hierarchical distribution map of the 
urban heat island effect in Beijing, Tianjin and Hebei 
in 2001 and 2020 based on the urban heat island 
effect at different stages (Figure 6, Figure 7). The 
spatial distribution of UHI and urban land in the 
Beijing-Tianjin-Hebei region is roughly the same, and 
it is more concentrated and severe in the central and 
eastern parts of the region. However, in the summer 
of 2001, there was an abnormality during the day. 
Continuous UHI appeared in a large area in the 
northwest corner, and it was very serious, with high 
temperature above grade IV. 

Although the analysis in the previous step shows 
that the UHI at night in 2001 was stronger than that 
during the day. However, in terms of spatial 
distribution, UHI above grade III is more widely 
distributed during the day than at night. Likewise, the 
UHI in summer 2001 was more severe than in winter, 
but the distribution of high-grade UHI in winter was 
wider. This just shows that in summer, the 
temperature difference between the central city and 
the peripheral areas is more obvious, which has a 
greater impact on residents living in different areas. 

In summer, UHI at the southern end is not as good 
as in winter. The high-grade UHI in summer is mainly 
distributed in the high-density urban land range, and 
it is also densely distributed in the southern end at 
night in winter. In winter, most areas are affected by 
high-intensity UHI during the daytime. 

In 2020, the UHI index is the largest, but from a 
spatial point of view, its level IV UHI is the least, with 
only a few small patches. 

Similar to 2001, no matter summer or winter, day 
or night, the lower-level UHI is more widely 
distributed in space when the temperature difference 
between urban and rural areas is larger. At the same 

2001 Summer Daytime UHI 2001 Summer Nighttime UHI

2001 Winter Daytime UHI 2001 Winter Nighttime UHI
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Figure 4: Scatter plot of the relationship between surface 
temperature and urban land proportion in Beijing, Tianjin 
and Hebei in 2020. 
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the daytime surface temperature in the winter of 
2020 was abnormal, and it decreased with the 
increase of urban land density. Compared to two 
decades ago, winters are very discrete and summers 
are more concentrated. In the 2020 model, the 
steepest slope is during the summer day (0.25). 
Overall, in the summer of 2020, daytime 
temperatures were about 1-2℃ warmer than in 2001, 
while nighttime temperatures were about 2℃ cooler. 
And the same is true in winter. The temperature 
difference between day and night in winter is further 
reduced. 

 
4.1.2 Analysis of heat island effect 

Figure 5 shows the statistics of the temperature 
difference between urban and rural areas in Beijing, 
Tianjin and Hebei during various periods, which is the 
urban heat island effect. It is very clear that the UHI in 
2020 is higher than the UHI in 2001 under various 
scenarios, and the heat island effect becomes more 
intense. Especially during the daytime in summer, the 
UHI increased by 2.1℃ in 20 years. UHI did not 
exceed 1 in other periods, and only increased by 
0.26℃ at night in 2020. UHI increased faster during 
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Figure 6: Graded distribution map of urban heat island 
effect intensity in Beijing, Tianjin and Hebei in 2001. 
 

We drew the hierarchical distribution map of the 
urban heat island effect in Beijing, Tianjin and Hebei 
in 2001 and 2020 based on the urban heat island 
effect at different stages (Figure 6, Figure 7). The 
spatial distribution of UHI and urban land in the 
Beijing-Tianjin-Hebei region is roughly the same, and 
it is more concentrated and severe in the central and 
eastern parts of the region. However, in the summer 
of 2001, there was an abnormality during the day. 
Continuous UHI appeared in a large area in the 
northwest corner, and it was very serious, with high 
temperature above grade IV. 

Although the analysis in the previous step shows 
that the UHI at night in 2001 was stronger than that 
during the day. However, in terms of spatial 
distribution, UHI above grade III is more widely 
distributed during the day than at night. Likewise, the 
UHI in summer 2001 was more severe than in winter, 
but the distribution of high-grade UHI in winter was 
wider. This just shows that in summer, the 
temperature difference between the central city and 
the peripheral areas is more obvious, which has a 
greater impact on residents living in different areas. 

In summer, UHI at the southern end is not as good 
as in winter. The high-grade UHI in summer is mainly 
distributed in the high-density urban land range, and 
it is also densely distributed in the southern end at 
night in winter. In winter, most areas are affected by 
high-intensity UHI during the daytime. 

In 2020, the UHI index is the largest, but from a 
spatial point of view, its level IV UHI is the least, with 
only a few small patches. 

Similar to 2001, no matter summer or winter, day 
or night, the lower-level UHI is more widely 
distributed in space when the temperature difference 
between urban and rural areas is larger. At the same 

2001 Summer Daytime UHI 2001 Summer Nighttime UHI

2001 Winter Daytime UHI 2001 Winter Nighttime UHI

 

2020 Summer Daytime UHI 2020 Summer Nighttime UHI

2020 Winter Daytime UHI 2020 Winter Nighttime UHI

time, UHI is more severe in southern regions in 
winter. The southern regions are almost entirely red 
during the winter day. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Graded distribution map of urban heat island 
effect intensity in Beijing, Tianjin and Hebei in 2020. 
 
4.2 Concentric circle inverse S-curve verification 
analysis 

We use the nonlinear least squares method to fit 
the mean LST to the inverse S function curve model 
to try to explore the distance relationship between 
the concentric layer LST to the center point of each 
city and the inverse S function fitting curve. The 
fitting parameter results and determination 
coefficient R2 are summarized in Table 4. 

Analyzing the results of fitting parameters, the LST 
in most cases conforms to the law of the reverse S-
curve model. 

▪ We only keep the fitting results with R2 
greater than 0.9, and consider their results 
qualified. We found that almost all of the 
three cities have anomalies during the 
daytime in winter. The daytime LST of Tianjin 
and Shijiazhuang cannot fit the model, and 
although the results of Beijing in 2020 are 
barely applicable, its R2 is the smallest 
among all the results, only 0.91. 

▪ The summer daytime LST of Tianjin in 2020 
cannot be fitted either. 

▪ Since the LST in other periods can be 
simulated by the inverse S model, it proves 
that their changing law is that they first 
decrease slowly as the radius of the 
concentric circle increases, then decrease 
rapidly, and finally decelerate and tend to 0. 
The key points of Beijing are 8km and 30km, 
Tianjin is 3km and 20km, and Shijiazhuang is 
3km and 15km. 

 

Table 4: Fitting parameters and R2 for all time periods in 
each city. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The fitting parameter “a” controls the slope of the 
curve. The larger “a” is, the faster the curve decays, 
indicating that the urban thermal environment is 
more compact. 

▪ The "a" of each city's summer day in 2001 
and winter night in 2020 is more than 3, and 
the "a" in winter is greater than that in 
summer. This shows that the shape of the 
high-temperature thermal environment in 
these two periods is relatively compact, and 
the high-temperature areas are more 
concentrated. Tianjin's 2020 summer night's 
"a" exceeded 4, the largest of all results. 

▪ Except for Beijing's 2020 winter night with 
the smallest "a", all other cities had the 
smallest "a" during the summer day in 2001, 
and Beijing's "a" during this period was only 
greater than the 2020 winter night. The 
distribution of urban thermal environment 
during this period is the most scattered. 

▪ The "a" results for Beijing and Tianjin are 
similar at each time, but Beijing has a wider 
value range. Tianjin's "a" value is overall 
larger than them. 

The fitting parameter "c" is the mean value of LST 
at the city edge. 

▪ All cities have "c" values between 0 and 0.69, 
but most are distributed between 0 and 0.2. 

▪ Most of the "c" values of all cities are 
distributed between 0 and 0.2, and only the 
summer night in Tianjin in 2020 reached 0.53. 
It shows that the peripheral temperature in 
Tianjin during this period is relatively high. 

The fitting parameter "D" reflects the radius of 
the urban thermal environment, and the analysis of 
"D" can judge the urban sprawl. 

▪ The "D" of each city sample has increased to 
varying degrees, indicating that the urban 
high-temperature thermal environment has 
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also expanded. According to the previous 
analysis results, LST is positively correlated 
with the proportion of construction land, so 
we can think that each city has experienced 
different degrees of expansion in the past 
two decades. 

▪ The thermal environment radius of Beijing 
and Shijiazhuang is the daytime in summer, 
but Tianjin is the largest at night in winter. 

▪ The thermal environment radii of Beijing and 
Shijiazhuang are smallest at night in winter, 
while those in Tianjin are at night in summer. 

▪ The fastest growth rate is in the summer 
night, and each city has increased by more 
than 10km. 

▪ The slowest growth rate in Beijing is in 
summer daytime, Tianjin is in winter night, 
with an increase of only 0.1km, and 
Shijiazhuang is also in winter night. 

5. CONCLUSION 
Through analysis, this article finds that the 

expansion of urban construction land in Beijing, 
Tianjin and Hebei shows a radial development 
centered on Beijing. In the past 20 years, the outlines 
of large cities have increased significantly, and more 
land in the periphery of southern cities has been 
converted to urban land. At the same time, after 
urban expansion, urban land becomes more 
fragmented and disordered. 
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also expanded. According to the previous 
analysis results, LST is positively correlated 
with the proportion of construction land, so 
we can think that each city has experienced 
different degrees of expansion in the past 
two decades. 

▪ The thermal environment radius of Beijing 
and Shijiazhuang is the daytime in summer, 
but Tianjin is the largest at night in winter. 

▪ The thermal environment radii of Beijing and 
Shijiazhuang are smallest at night in winter, 
while those in Tianjin are at night in summer. 

▪ The fastest growth rate is in the summer 
night, and each city has increased by more 
than 10km. 

▪ The slowest growth rate in Beijing is in 
summer daytime, Tianjin is in winter night, 
with an increase of only 0.1km, and 
Shijiazhuang is also in winter night. 

5. CONCLUSION 
Through analysis, this article finds that the 

expansion of urban construction land in Beijing, 
Tianjin and Hebei shows a radial development 
centered on Beijing. In the past 20 years, the outlines 
of large cities have increased significantly, and more 
land in the periphery of southern cities has been 
converted to urban land. At the same time, after 
urban expansion, urban land becomes more 
fragmented and disordered. 
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ABSTRACT: This study explores the critical role of building renovation in achieving energy transition goals, 
emphasizing the importance of not only enhancing energy performance but also addressing occupants' influence 
on indoor performance. While the trend in the industry involves making buildings 'user-proofed' through 
automation, limited user control options may lead to dissatisfaction and negative consequences for energy 
performance. The research investigates comfort preferences and behaviour in renovated and non-renovated 
homes in the Netherlands, aiming to design buildings supporting energy transition while ensuring occupant 
comfort. Findings reveal that occupants desire control over home systems, necessitating more information and 
feedback from new systems. Flexible systems that align with thermal comfort preferences are crucial. Noise 
issues from ventilation systems persist in both renovated and non-renovated homes, impacting air quality. 
Mental models play a role, with renovated homes requiring new models, especially for ventilation systems. The 
study underscores the need for occupants to modify their indoor environment and advocates for user-friendly 
interfaces, improved guidelines, comprehensive inductions, and better support to empower users and potentially 
decrease energy use while enhancing comfort in new and renovated buildings. 
KEYWORDS: Occupant’s behaviour, Energy-efficient homes, Thermal Comfort, Indoor Air Quality  
 
 

1. INTRODUCTION  
Building renovation is key in the efforts to achieve 

the energy transition goals. Currently, housing 
renovation projects aim at increasing the energy 
performance, but not enough attention is yet paid to 
the indoor performance of the buildings, and the 
effect that the occupants may have on this 
performance [1].  

Previous research showed that occupants’ 
behaviour can influence greatly the energy 
performance of buildings [2], however, most studies 
have focused on decreasing this influence on the 
energy performance. As consequence, we can see in 
the building industry efforts towards making buildings 
‘user proofed’, e.g. by automating buildings, or 
decreasing the options for user control (e.g. non-
openable windows, ventilation systems that cannot 
be turned off). However, previous experiences have 
shown that decreasing user control not only can 
increase user dissatisfaction but can also have 
negative consequences for energy performance and 
indoor environment quality [3]. And the focus on 
energy performance alone can even pose a risk to 
healthy and comfortable living [4]. 

In this paper, we investigate the differences in 
comfort preferences and occupants’ behaviour in a 
number of monitored renovated and non-renovated 
case studies in the Netherlands, as well as the 
reasons behind the different comfort preferences and 
occupants behaviour. The goal of the study is to 
determine what possibilities exist in terms of looking 
into occupants diversity to design buildings that can 
support the energy transition, while maintaining the 

comfort, satisfaction and indoor air quality of the 
occupants.  
 
2. METHODS  
2.1 Data collection 

For this study, we focused on three monitoring 
case studies in the Netherlands. One case with homes 
recently renovated with a total of 12 dwellings, and a 
case study with homes in which some renovation 
measures have been applied in the past (before 2007)  
with a total of 7 dwellings. Each monitoring case 
study consisted on a number of dwellings, in which a 
full monitoring campaign was carried out. Table 1 and 
2 show the main characteristics of the case study 
dwellings. 

The research questions in this research were as 
follows: 1) What is the energy-related occupants’ 
behaviour in their homes?, and 2) what are the 
causes and consequences on environmental quality 
and energy use? In each case, different data 
collection methods were selected, given the 
differences in the characteristics of the dwellings and 
building systems. 

The monitoring campaigns consisted of both 
quantitative and qualitative data collection methods, 
according to the particular objective of each case 
study. 

Throughout the investigation, six distinct 
assessment methods were implemented, 
encompassing a technical inventory, an intake 
questionnaire, sensor-based monitoring, a reflective 
booklet, distribution of diaries, and an walkthrough-
interviews. 

1195



 

 Technical inventory: A comprehensive 
technical inventory was conducted to gather 
essential technical details concerning the 
dwellings, including floor plans, installation 
types, construction year and renovation 
measures already carried out. 

 Intake questionnaire: The intake 
questionnaire, administered face to face or 
via telephone, focused on background 
information regarding the household and 
home, complementing the technical data 
acquired. 

Table 1: Dwelling characteristics (part 1) 
Home code  A

1 
A
2 

A
3 

A
4 

B
1 

B
2 

1
b 

2
b 

3
b 

4
b 

Apartment X X X X       
Single family house     X X X X X X 

<1945       X X X X 
1946-1980 X X X X X      

>1980      X     
Energy neutral X X X X       

Label A     X X X X X X 
Label B to G           

Number of adults 2 1 2 1 1 2 1 2 2 2 
Number of children 2    1 2 1  1  
Insulation: Average            

Insulation: Good     X X X X X X 
Insulation: Very good X X X X       
(Hybrid) heat pump X X X X       

Boiler     X X X X X X 
Radiators     X X X X X X 

Low temperature 
radiators 

X X X X       

Mechanical vent. 
exhaust 

          

Balanced vent. heat 
recovery 

X X X X X X X X X X 

CO2 central exhaust 
canal 

      X X X X 

Decentral mixing fans 
per room based on CO2 

    X X     

 Indoor environment monitoring: All 
dwellings were equipped with sensors to 
measure indoor temperature, CO2 levels, 
and relative humidity across all rooms. 
Additionally, temperature sensors on each 
radiator/convector (to measure when the 
radiator was on or off),  measurement of 
ventilation settings (low, medium, high) via 
the power consumption of the mechanical 
ventilation system were implemented and 
where possible  measurement of the 
thermostat settings. The sensors operated 
continuously for a minimum of two weeks 
during the winter, capturing data at 10-
minute intervals to objectively portray 
heating usage and indoor air quality. 

 Reflection booklet and diaries: Residents 
were tasked with completing a reflection 

booklet and filling in diaries for a minimum 
of four days. These instruments allowed 
residents to gather information on their 
comfort, clothing preferences, and insights 
into the use of the climate systems, including 
the thermostat, radiator valves, mechanical 
ventilation system, windows, cooker hood 
and vents. 

 Walkthrough-interviews – In one of the 
visits, the researcher posed various 
questions, addressing the residents' heating 
and ventilation practices with their homes. 
This involved tracing the residents' daily 
routine on at least one moment in the day, 
elucidating the reasoning behind their 
behaviours and routines. 

Table 2: Dwelling characteristics (part 2) 
Home code  C

1 
C
2 

D
1 

D
2 

D
3 

D
4 

E
1 

E
2 

E
3 

Apartment          
Single family house X X X X X X X X X 

<1945       X X X 
1946-1980  X X X X X    

>1980 X          
Energy neutral          

Label A X X        
Label B to G   X X X X X X X 

Number of adults 2 2 1 1 2 1    
Number of children 2 1   2     
Insulation: Average    X X X X X X X 

Insulation: Good X X        
Insulation: Very good          
(Hybrid) heat pump X X        

Boiler   X X X X X X X 
Radiators   X X X X X X X 

Low temperature 
radiators 

X X        

Mechanical vent. exhaust   X X X X X X X 
Balanced vent. heat 

recovery 
X X        

CO2 central exhaust canal          
Decentral mixing fans per 

room based on CO2 
X X        

 
2.2 Methods  

For this research, we focused on the analysis of 
the walkthrough interviews. During the walkthrough 
interviews, participants (adults) were asked about the 
use of the home systems, as well as their satisfaction 
and daily practices in relation to energy related 
activities during the winter.  

Thematic analysis was applied for the examination 
of data derived from the walkthrough. Coding 
procedures were established drawing upon existing 
literature and previous monitoring studies concerning 
occupants' behaviour. Additionally, recurrent themes 
explaining the rationale behind occupants' behaviour 
were considered. In the subsequent phase, codes 
were categorized into pre-established groups aligning 
with existing behavioural models and theories. 

1196



 

 Technical inventory: A comprehensive 
technical inventory was conducted to gather 
essential technical details concerning the 
dwellings, including floor plans, installation 
types, construction year and renovation 
measures already carried out. 

 Intake questionnaire: The intake 
questionnaire, administered face to face or 
via telephone, focused on background 
information regarding the household and 
home, complementing the technical data 
acquired. 

Table 1: Dwelling characteristics (part 1) 
Home code  A

1 
A
2 

A
3 

A
4 

B
1 

B
2 

1
b 

2
b 

3
b 

4
b 

Apartment X X X X       
Single family house     X X X X X X 

<1945       X X X X 
1946-1980 X X X X X      

>1980      X     
Energy neutral X X X X       

Label A     X X X X X X 
Label B to G           

Number of adults 2 1 2 1 1 2 1 2 2 2 
Number of children 2    1 2 1  1  
Insulation: Average            

Insulation: Good     X X X X X X 
Insulation: Very good X X X X       
(Hybrid) heat pump X X X X       

Boiler     X X X X X X 
Radiators     X X X X X X 

Low temperature 
radiators 

X X X X       

Mechanical vent. 
exhaust 

          

Balanced vent. heat 
recovery 

X X X X X X X X X X 

CO2 central exhaust 
canal 

      X X X X 

Decentral mixing fans 
per room based on CO2 

    X X     

 Indoor environment monitoring: All 
dwellings were equipped with sensors to 
measure indoor temperature, CO2 levels, 
and relative humidity across all rooms. 
Additionally, temperature sensors on each 
radiator/convector (to measure when the 
radiator was on or off),  measurement of 
ventilation settings (low, medium, high) via 
the power consumption of the mechanical 
ventilation system were implemented and 
where possible  measurement of the 
thermostat settings. The sensors operated 
continuously for a minimum of two weeks 
during the winter, capturing data at 10-
minute intervals to objectively portray 
heating usage and indoor air quality. 

 Reflection booklet and diaries: Residents 
were tasked with completing a reflection 

booklet and filling in diaries for a minimum 
of four days. These instruments allowed 
residents to gather information on their 
comfort, clothing preferences, and insights 
into the use of the climate systems, including 
the thermostat, radiator valves, mechanical 
ventilation system, windows, cooker hood 
and vents. 

 Walkthrough-interviews – In one of the 
visits, the researcher posed various 
questions, addressing the residents' heating 
and ventilation practices with their homes. 
This involved tracing the residents' daily 
routine on at least one moment in the day, 
elucidating the reasoning behind their 
behaviours and routines. 

Table 2: Dwelling characteristics (part 2) 
Home code  C

1 
C
2 

D
1 

D
2 

D
3 

D
4 

E
1 

E
2 

E
3 

Apartment          
Single family house X X X X X X X X X 

<1945       X X X 
1946-1980  X X X X X    

>1980 X          
Energy neutral          

Label A X X        
Label B to G   X X X X X X X 

Number of adults 2 2 1 1 2 1    
Number of children 2 1   2     
Insulation: Average    X X X X X X X 

Insulation: Good X X        
Insulation: Very good          
(Hybrid) heat pump X X        

Boiler   X X X X X X X 
Radiators   X X X X X X X 

Low temperature 
radiators 

X X        

Mechanical vent. exhaust   X X X X X X X 
Balanced vent. heat 

recovery 
X X        

CO2 central exhaust canal          
Decentral mixing fans per 

room based on CO2 
X X        

 
2.2 Methods  

For this research, we focused on the analysis of 
the walkthrough interviews. During the walkthrough 
interviews, participants (adults) were asked about the 
use of the home systems, as well as their satisfaction 
and daily practices in relation to energy related 
activities during the winter.  

Thematic analysis was applied for the examination 
of data derived from the walkthrough. Coding 
procedures were established drawing upon existing 
literature and previous monitoring studies concerning 
occupants' behaviour. Additionally, recurrent themes 
explaining the rationale behind occupants' behaviour 
were considered. In the subsequent phase, codes 
were categorized into pre-established groups aligning 
with existing behavioural models and theories. 

 

Supplementary labels were created to accommodate 
codes that did not align with any of the theoretical 
models. 

3. RESULTS 
Results have shown that households have very 

different comfort preferences and behaviours, which 
are related to occupants background and life 
situation, as well as to the characteristics of the home 
systems and the understanding that the users have of 
the systems. In the following section focus on the 
most important behaviours: use of mechanical 
ventilation system, natural ventilation (opening 
windows), and use of the heating system.  

 
3.1 Ventilation behaviour 

In the study, the seven not recently renovated 
homes have a mechanical ventilation exhaust system, 
while the 12 recently renovated homes have a 
balanced ventilation system with heat recovery, from 
which eight of them have automatic CO2 control. In 
the 11 dwellings with ventilation systems without CO2 
sensors, the control consisted of three settings: 1) 
unoccupied home, 2) occupied home, and 3) setting 
for higher occupancy, showering or cooking. In eight 
of these 11 houses, the system was usually on the 
lowest ventilation setting almost at all times, with 
exception of cooking and showering, when the 
system was set to the highest level. The homes with 
CO2 sensors worked based on CO2 measurements.  

Different  reasons were reported for the low 
ventilation setting. In the not recently renovated 
homes (D and E), these reasons were the noise of the 
system, the draft created, and saving energy. These 
homes still had a mechanical exhaust ventilation 
system, thus occupants are used to employ windows 
and vents as the main way to provide fresh air into 
their homes and to remove humidity and odours, 
although most occupants make use of the mechanical 
ventilation as well. 

 In the recently renovated homes B and C 
(provided with balanced heat recovery ventilation 
with CO2 sensors), the reasons related to turning 
(partially) off or adjusting the sensors of the system 
were also noise, drafts, and saving energy. However 
distrust on the system and the understanding of the 
residents about their new ventilation system were 
the mayor reasons to adjust manually the system or 
to open windows and vents for extra ventilation (vent 
were provided in four of the six homes).  

In the A homes, renovated to zero-energy level, 
balance heat recovery ventilation was provided. In 
these homes, we see that the main reason to keep 
the ventilation setting in the lowest level is the noise, 
mistrust in the system (caused by the system not 
providing feedback to the users, but also due to 
problems with the systems), and due to lack of 
understanding on how the system works (e.g. 

occupant not being aware that the system also brings 
in fresh air). 

In 15 of the 19 dwellings, the residents used 
additional ventilation by opening windows or vents 
(ventilation grids). This happens especially in 
bedrooms, where in 12 out of the 19 houses, 
windows were often opened at night. The reasons 
reported for this behaviour were: to cool the 
bedroom before or during sleeping, to remove dust, 
to provide extra fresh air, because they were advised 
to do so, and due to lack of trust in the system. The 
residents who kept their bedroom windows closed 
during the winter, reported the following reasons: 
trust in the ventilation system, following the 
instructions of the installers, or the house being 
otherwise too cold.  

In eight houses, the ventilation system had some 
form of CO2-control. The interviews showed that 
residents in general do not trust or understand 
enough the system and so they modify it, for example 
they turned the system into a manual one or disabled 
it. Their reasons were related to draughts and noise 
caused by the system. In five of these homes, 
residents had to compensate  by opening windows, 
while high CO2 levels were found in the homes where 
windows where not open. 

Table 3 shows the summary of the ventilation 
behaviours found in the case study, and the reasons 
for the behaviour abbreviated: noise caused by the 
ventilation system (Noise), trust or distrust in the 
system, linked to the understanding or lack of 
knowledge of the ventilation system (Trust/K), drafts 
caused by the system (Drafts), and efforts to save 
energy (Save energy).  

 

Table 3: Ventilation behaviour and reasons 
Home 
code  

Cases Day 
setting 

Showering 
Cooking 

Windows 
and vents 

Reason 

A1, 
3-4 

3 1 3  
Bedroom 
open 
window 
(at night) 

Noise 
Trust/K 

A2 1 2 3 Trust/K 
B1 1 Off at 

night 
Window 
open 

Drafts 
Noise 

B2 1 Auto but 
adjusted 

Auto None Noise 

1b 1 Off None Vents in 
bathroom 

Draft 
Save 
energy 

2b  1 Auto but 
off if cold 

Manually 
higher 

All vents 
and 
windows 
bedroom 
always 

Draft  
 
 

b 2 Auto Window/ 
vent in 
kitchen 

Trust/K 

C1 1 Auto 
(bedroom 
sensor 
off) 

Window in 
kitchen 

Windows 
bedroom 
at night 

Noise 
Draft 

C2 1 Auto 3 Closed Trust/K 
D4 1 3  Windows  Vent Trust/K 
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open 
D1-3, 
E1-3  

6 1 3 and 
windows 

Vent 
open 

Draft  
Save 
energy 

 
3.2 Heating behaviour 

The heating behaviour also varied a lot among 
similar dwellings. More importantly, we can see how 
the type of heating and ventilation system, the type 
of control of the heating system, and the thermal 
properties of the building also have a large influence 
on the heating behaviour of the occupants. Tables 4, 
5 and 6 show the heating-related occupant 
behaviour, colour coded according to the main 
reason for the behaviour. The tables are presented 
per type of heating system: heat pump and low 
temperature radiators/convectors, boiler and high 
temperature radiators in homes with heat recovery 
balanced ventilation, and boiler and high 
temperature radiators in homes with mechanical 
exhaust ventilation.  

We observed, in all homes, that thermostat 
settings, which range from 18 to 24oC. Slightly lower 
settings (18-20oC) are seen in dwellings where saving 
energy is an important factor (either for 
environmental or financial concerns), while slightly 
higher settings (22-24oC) are seen in homes where 
thermal comfort is an important driver for behaviour. 
The reasons mentioned by the occupants in relation 
to the desired indoor temperature depended on 
factors such as lifestyle (working and studying 
schedules), caring for others (pets and visitors), 
sleeping preferences, level of activity (e.g. cleaning, 
exercising), and background (e.g. having lived 
previously in a warmer country). 

The influence of the preferences for thermal 
comfort and fresh air, and the desire to save energy, 
on the use of the heating system is more evident in 
the setback of the thermostat (setting at night and 
when occupants are away). In the case studies, we 
found that in the (better insulated) houses with heat 
pumps, setbacks were rarely applied because of the 
slowness of the system to heat again the dwelling. On 
the other hand, residents of less insulated homes 
reported to setback the thermostat at nights and 
when nobody was home to save energy. For example, 
in dwellings with a boiler, households desiring to save 
energy and those having a preference for fresh air, 
tend to set the thermostat lower (10-17oC) than 
households focusing more on their own thermal 
comfort (14-18oC).  

Table 4: Heating behaviour – heat pump 
Home code A1, A3, C1 A2, A4 C2 

Heating 
System  

Heat pump 

Level of 
Insulation  

Very good insulation 

Thermostat 
setting 

21-24 18-22 20 

Thermostat 
Setback 

 None 

Use of 
Radiators 

Based on 
use of 
spaces 

Based on 
use of 
spaces 

Bedrooms 
half open  

Heating 
while 

windows 
open 

No / yes Yes, low 
heating  

No, she was 
told. 

Electric 
heater 

Yes  No No 

Main 
reason for 
behaviour 

Thermal 
comfort  

Fresh air  
Health  

Save energy 

The use of radiators in different rooms are also 
related to both, personal preferences of the 
occupants for thermal comfort. These preferences 
are closely linked to a preference for fresh air in the 
bedroom during the night, and so the use of radiators 
is very much linked to the opening of windows during 
the winter. Households that want to save energy, 
never open windows when the heating is on, and 
tend to limit the amount if radiators open in 
bedrooms and other spaces. Households that prefer 
to live or sleep in cooler, fresh environments, tend to 
not heat bedrooms and keep the radiators off. An 
exception is a household with a heat pump (type A) 
where the convectors cannot be shut down in 
bedrooms. Last, in homes where thermal comfort is 
the most important driver, heating while windows are 
open, opening all radiators, and having extra heaters 
are more common practices. 

Table 5: Heating behaviour – boiler and heat-recovery 
ventilation 
Home code B1, 1b, 2b B2, 3b 4b 

Heating 
System  

Boiler 

Level of 
Insulation  

Good insulation 

Thermostat 
setting 

19-21 19-21 18.5 

Thermostat 
Setback 

14-18 15-17 16 

Use of 
Radiators 

Few rooms  All open Few rooms 

Heating 
while 

windows 
open 

No 3b only in 
bedroom 

No 

Electric 
heater 

No 

Main reason 
for 

behaviour 

Thermal 
comfort 

Thermal 
comfort 

Save energy 

Table 6: Heating behaviour – boiler and mechanical 
ventilation 
Home code D1, D3 D2, D4, E38 E37, E39 

Heating Boiler 

 

System  
Level of 

Insulation  
Average insulation 

Thermostat 
setting 

19-21 18-22 18-21 

Thermostat 
Setback 

15-17 18 10-16 

Use of 
Radiators 

Mostly on, off in bedrooms 

Heating 
while 

windows 
open 

No yes No 

Electric 
heater 

No/Yes/No No No 

Main reason 
for 

behaviour 

Fresh air  
Health 

Thermal 
comfort 

Thermal 
comfort 

Secondary 
reason for 
behaviour 

Save energy Habit or 
easiness 

Save energy 

The case study A, shows how the technical 
capabilities of the systems can also affect the 
occupants behaviour. In these home, no setback is 
used (or recommended) because of the installation of 
a low temperature heating system. This system reacts 
more slowly to changes, and thus the residents prefer 
to not open windows (for example at night for fresh 
air in bedrooms).  

Furthermore, in this case study, the convectors in 
the different rooms had a booster option to dissipate 
faster the heated air, but the temperature of the 
different rooms could not be regulated separately 
from the living room. In two of these homes, 
residents reported dissatisfaction with this system, 
since they would prefer their bedrooms cooler.  
 
4. DISCUSSION AND CONCLUSION 

In this study, we investigated how occupants  
experience their homes in terms of indoor 
environmental quality and interaction with the 
building systems in a number of recently renovated 
and non-renovated homes.  The study showed that 
occupants’ behaviour depend both, on the 
preferences and needs of the residents, as well as on 
the characteristics of the dwellings and their systems. 
Common reasons for behaviour are the need for fresh 
air, temperature control, noise from installations, 
draughts produced by the ventilation system or by 
the quality of the building envelope, saving energy, 
and noise from others and from the outside. In this 
section we summarise the conclusion of this research, 
and we discuss the main aspects of this investigation.  

 Occupants like to keep control of their home, 
even in the presence of automated systems.  

Due to lack of information or lack of 
understanding on how the systems function, 
occupants feel the need to intervene in automated 
systems, for example automatic thermostats and 

CO2-based ventilation, to ensure their own comfort 
and well-being. 

 Occupants need more information and 
feedback from the system, especially in new 
systems which workings might seem 
‘against’ common knowledge and old habits 
and practices.  

Building occupants seem to struggle to know if 
and when the ventilation or (low temperature) 
heating systems are working. Historically people 
relied on touching the radiator surfaces or through 
the noise emitted by the ventilation systems to 
determine whether the systems are working. 
However, these methods might not  work with newer 
technologies.  

 People need flexible systems.  
Building users should be able to choose 

temperature settings, amount of fresh air, etc.) to 
match with their thermal comfort preferences, 
lifestyle and needs.  

 Noise from the ventilation system is a 
problem in both renovated and non-
renovated homes. 

A noisy ventilation system does not only produce 
acoustic discomfort, for example at night time, but as 
a consequence of the noise, occupants will in most 
cases try to adjust, or lower the ventilation system, 
creating both moisture and air quality problems.  

 Users need support to create mental models 
of renovated homes.  

Occupants of buildings create models in their own 
minds regarding the way their home and home’s 
systems function. Mental models come from daily 
interaction with the building, but can also be created 
based on experiences in previous homes.  

In non-renovated homes, occupants seem to have 
clear mental models regarding the functioning of the 
heating system and the building thermal envelope, 
specifically regarding ways to avoid drafts, and ways 
to achieve thermal comfort, often in combination 
with efforts to save energy. On the other hand, 
occupants seem to make less efforts to have a clear 
mental model of the ventilation system, simply 
relying on vents and windows to provide fresh air and 
dissipate moisture.  

In renovated homes, occupants need to create a 
new mental model of their home after the renovation 
or introduction of a new system. In the cases included 
in this study, these focus on the functioning of the 
ventilation system. In the homes of cases B and b, the 
ventilation system was the main renovation measure, 
while in the homes in case A, the heating system 
allowed very little interaction between the system 
and the user. However, the focus on the ventilation 
mental model could be caused by the fact that 
thermal comfort in winter has improved, while air 
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3.2 Heating behaviour 

The heating behaviour also varied a lot among 
similar dwellings. More importantly, we can see how 
the type of heating and ventilation system, the type 
of control of the heating system, and the thermal 
properties of the building also have a large influence 
on the heating behaviour of the occupants. Tables 4, 
5 and 6 show the heating-related occupant 
behaviour, colour coded according to the main 
reason for the behaviour. The tables are presented 
per type of heating system: heat pump and low 
temperature radiators/convectors, boiler and high 
temperature radiators in homes with heat recovery 
balanced ventilation, and boiler and high 
temperature radiators in homes with mechanical 
exhaust ventilation.  

We observed, in all homes, that thermostat 
settings, which range from 18 to 24oC. Slightly lower 
settings (18-20oC) are seen in dwellings where saving 
energy is an important factor (either for 
environmental or financial concerns), while slightly 
higher settings (22-24oC) are seen in homes where 
thermal comfort is an important driver for behaviour. 
The reasons mentioned by the occupants in relation 
to the desired indoor temperature depended on 
factors such as lifestyle (working and studying 
schedules), caring for others (pets and visitors), 
sleeping preferences, level of activity (e.g. cleaning, 
exercising), and background (e.g. having lived 
previously in a warmer country). 

The influence of the preferences for thermal 
comfort and fresh air, and the desire to save energy, 
on the use of the heating system is more evident in 
the setback of the thermostat (setting at night and 
when occupants are away). In the case studies, we 
found that in the (better insulated) houses with heat 
pumps, setbacks were rarely applied because of the 
slowness of the system to heat again the dwelling. On 
the other hand, residents of less insulated homes 
reported to setback the thermostat at nights and 
when nobody was home to save energy. For example, 
in dwellings with a boiler, households desiring to save 
energy and those having a preference for fresh air, 
tend to set the thermostat lower (10-17oC) than 
households focusing more on their own thermal 
comfort (14-18oC).  

Table 4: Heating behaviour – heat pump 
Home code A1, A3, C1 A2, A4 C2 

Heating 
System  

Heat pump 

Level of 
Insulation  

Very good insulation 

Thermostat 
setting 

21-24 18-22 20 

Thermostat 
Setback 

 None 

Use of 
Radiators 

Based on 
use of 
spaces 

Based on 
use of 
spaces 

Bedrooms 
half open  

Heating 
while 

windows 
open 

No / yes Yes, low 
heating  

No, she was 
told. 

Electric 
heater 

Yes  No No 

Main 
reason for 
behaviour 

Thermal 
comfort  

Fresh air  
Health  

Save energy 

The use of radiators in different rooms are also 
related to both, personal preferences of the 
occupants for thermal comfort. These preferences 
are closely linked to a preference for fresh air in the 
bedroom during the night, and so the use of radiators 
is very much linked to the opening of windows during 
the winter. Households that want to save energy, 
never open windows when the heating is on, and 
tend to limit the amount if radiators open in 
bedrooms and other spaces. Households that prefer 
to live or sleep in cooler, fresh environments, tend to 
not heat bedrooms and keep the radiators off. An 
exception is a household with a heat pump (type A) 
where the convectors cannot be shut down in 
bedrooms. Last, in homes where thermal comfort is 
the most important driver, heating while windows are 
open, opening all radiators, and having extra heaters 
are more common practices. 

Table 5: Heating behaviour – boiler and heat-recovery 
ventilation 
Home code B1, 1b, 2b B2, 3b 4b 

Heating 
System  

Boiler 

Level of 
Insulation  

Good insulation 

Thermostat 
setting 

19-21 19-21 18.5 

Thermostat 
Setback 

14-18 15-17 16 

Use of 
Radiators 

Few rooms  All open Few rooms 

Heating 
while 

windows 
open 

No 3b only in 
bedroom 

No 

Electric 
heater 

No 

Main reason 
for 

behaviour 

Thermal 
comfort 

Thermal 
comfort 

Save energy 

Table 6: Heating behaviour – boiler and mechanical 
ventilation 
Home code D1, D3 D2, D4, E38 E37, E39 

Heating Boiler 

 

System  
Level of 

Insulation  
Average insulation 

Thermostat 
setting 

19-21 18-22 18-21 

Thermostat 
Setback 

15-17 18 10-16 

Use of 
Radiators 

Mostly on, off in bedrooms 

Heating 
while 

windows 
open 

No yes No 

Electric 
heater 

No/Yes/No No No 

Main reason 
for 

behaviour 

Fresh air  
Health 

Thermal 
comfort 

Thermal 
comfort 

Secondary 
reason for 
behaviour 

Save energy Habit or 
easiness 

Save energy 

The case study A, shows how the technical 
capabilities of the systems can also affect the 
occupants behaviour. In these home, no setback is 
used (or recommended) because of the installation of 
a low temperature heating system. This system reacts 
more slowly to changes, and thus the residents prefer 
to not open windows (for example at night for fresh 
air in bedrooms).  

Furthermore, in this case study, the convectors in 
the different rooms had a booster option to dissipate 
faster the heated air, but the temperature of the 
different rooms could not be regulated separately 
from the living room. In two of these homes, 
residents reported dissatisfaction with this system, 
since they would prefer their bedrooms cooler.  
 
4. DISCUSSION AND CONCLUSION 

In this study, we investigated how occupants  
experience their homes in terms of indoor 
environmental quality and interaction with the 
building systems in a number of recently renovated 
and non-renovated homes.  The study showed that 
occupants’ behaviour depend both, on the 
preferences and needs of the residents, as well as on 
the characteristics of the dwellings and their systems. 
Common reasons for behaviour are the need for fresh 
air, temperature control, noise from installations, 
draughts produced by the ventilation system or by 
the quality of the building envelope, saving energy, 
and noise from others and from the outside. In this 
section we summarise the conclusion of this research, 
and we discuss the main aspects of this investigation.  

 Occupants like to keep control of their home, 
even in the presence of automated systems.  

Due to lack of information or lack of 
understanding on how the systems function, 
occupants feel the need to intervene in automated 
systems, for example automatic thermostats and 

CO2-based ventilation, to ensure their own comfort 
and well-being. 

 Occupants need more information and 
feedback from the system, especially in new 
systems which workings might seem 
‘against’ common knowledge and old habits 
and practices.  

Building occupants seem to struggle to know if 
and when the ventilation or (low temperature) 
heating systems are working. Historically people 
relied on touching the radiator surfaces or through 
the noise emitted by the ventilation systems to 
determine whether the systems are working. 
However, these methods might not  work with newer 
technologies.  

 People need flexible systems.  
Building users should be able to choose 

temperature settings, amount of fresh air, etc.) to 
match with their thermal comfort preferences, 
lifestyle and needs.  

 Noise from the ventilation system is a 
problem in both renovated and non-
renovated homes. 

A noisy ventilation system does not only produce 
acoustic discomfort, for example at night time, but as 
a consequence of the noise, occupants will in most 
cases try to adjust, or lower the ventilation system, 
creating both moisture and air quality problems.  

 Users need support to create mental models 
of renovated homes.  

Occupants of buildings create models in their own 
minds regarding the way their home and home’s 
systems function. Mental models come from daily 
interaction with the building, but can also be created 
based on experiences in previous homes.  

In non-renovated homes, occupants seem to have 
clear mental models regarding the functioning of the 
heating system and the building thermal envelope, 
specifically regarding ways to avoid drafts, and ways 
to achieve thermal comfort, often in combination 
with efforts to save energy. On the other hand, 
occupants seem to make less efforts to have a clear 
mental model of the ventilation system, simply 
relying on vents and windows to provide fresh air and 
dissipate moisture.  

In renovated homes, occupants need to create a 
new mental model of their home after the renovation 
or introduction of a new system. In the cases included 
in this study, these focus on the functioning of the 
ventilation system. In the homes of cases B and b, the 
ventilation system was the main renovation measure, 
while in the homes in case A, the heating system 
allowed very little interaction between the system 
and the user. However, the focus on the ventilation 
mental model could be caused by the fact that 
thermal comfort in winter has improved, while air 

1199



 

quality could deteriorate due to the increased air 
tightness of the dwellings if the ventilation systems 
are not optimally operated. However, how well the 
residents understand the effect of increase air-
tightness of their homes is still an open question. 

In general, in the renovated dwellings, systems 
that increase energy efficiency might create new 
problems for residents, for example overheating in 
the summer, lack of ‘fresh’ air, or less flexibility to 
control indoor temperatures (e.g. low temperature 
heating). Thus, occupants of renovated buildings have 
to experiment and learn from their new homes. For 
this, the above-mentioned information and feedback 
from the system to the users is crucial.  

 We need to Improve renovation processes 
and inductions to new/renovated homes.  

Previous studies have shown the need for more 
participation from residents during the design phase 
of renovation processes [5]. However, considering the 
actual needs and preferences of residents in the 
selection of the technologies in social housing might 
not be feasible. Therefore, a good induction to their 
renovated home, well developed (and tested) 
guidelines, and customer support for the heating and 
ventilation systems could help to avoid some current 
common problems causing dissatisfaction among 
tenants. Further research should be aimed at what is 
the most suitable and effective way to provide 
feedback to different types of users (e.g. older 
people, younger people), in different types of housing 
and living situations (e.g. social housing), and for 
different types of building systems and interfaces. 

These study indicates the need for systems that 
allow occupants to modify their indoor environment 
according to their needs. Thus, in the design of new 
and renovated buildings, we should give (back) 
control to the users, or at least provide more 
information and better instructions on how the newly 
installed systems function, and how to use them. This 
can be achieved through better user-building 
interfaces, improve guidelines and manuals, better 
inductions of the occupants to their new homes, and 
better support from installers (via housing 
associations in the case of rental homes).  

Designing systems that are more flexible, and 
improving the interaction of people with the building 
systems could potentially decrease energy use and 
increase the comfort of people.  
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ABSTRACT: In a global context marked by the urgency of climate change, tangible actions towards the ecological 
transition are top priorities for the built environment. This paper presents the results of the “Maillages fertiles” 
research project, which seizes the opportunity of the reopening and renaturation of two urban rivers in Geneva, 
Switzerland, to explore the potential of innovative green open spaces as a climate adaptation strategy aiming at 
making the urban environment viable, desirable and resilient. The methodology is based on two comparative 
studies: 1) the literature review, identifying six relevant indicators; 2) the analysis of best practice neighborhoods, 
providing average values. The results show that all avenues must be combined to achieve climate resilience, linking 
all actors and placing climate transition issues at the center of decision-making processes and daily practices. 
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1. INTRODUCTION 
In a global context marked by the urgency of 

climate change, tangible actions towards the 
ecological transition are top priorities for the built 
environment. This means not only drastically reducing 
our carbon emissions, but also (re)designing our urban 
spaces to prepare for, and adapt to the inevitable 
impacts of climate disruption. In this perspective, the 
challenges faced by (semi-)public open spaces are 
highly complex and closely intertwined. Beyond urban 
densification strategies – which clearly remain vital [1-
3] –, the issues include the creation of green spaces for 
the relaxation and well-being of urban dwellers, the 
reintroduction of biodiversity, the ecological and 
sustainable management of rainwater and floods, the 
integration of productive surfaces for urban 
agriculture, the fight against heat islands, as well as the 
reclaiming of public sphere to the benefit of 
inhabitants, so as to create gathering and living spaces 
enhancing neighborhoods’ conviviality. 

This paper presents parts of the results of a vast 
research project entitled “Maillages fertiles” [4]. 
Conducted by an interdisciplinary team of architects, 
urban planners, sociologists and climate engineers, 
the research seizes the opportunity of the reopening 
and renaturation of two urban rivers in Geneva, 
Switzerland, to explore the potential of innovative 
green open spaces as polyfunctional interfaces and 
sustainability activators [5] at the heart of 
neighborhoods in transition. 
 
2. PRESENTATION OF THE CASE STUDY 

The Canton of Geneva, with its small, densely built-
up territory, is one of the locations most affected by 
global warming worldwide. Hence, public authorities 
have been committed for several years to climate 

change mitigation and adaptation strategies, such as 
the Cantonal climate plan, which sets the ambitious 
targets of a 60% reduction in CO2 emissions by 2030 
and carbon neutrality by 2050 [6]. Representing the 
greatest potential for housing and activities in Geneva, 
the Praille Acacias Vernets (PAV) urban project falls 
within this context (Fig. 1). It aims to transform a 230-
hectare industrial and artisanal area – located in the 
heart of the city and well connected to the public 
transport network – into a mixed and dense urban 
neighborhood.  

 

 
 

Figure 1: The PAV sector in Geneva (Photo: N. Sedlatchek). 
 

 

 
 
Figure 2: The PAV perimeter and “Espaces Rivières” project. 
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The PAV project includes “Espaces Rivières”, which 
involves the creation of a major public space around 
the re-opening and renaturation of two urban rivers, 
the Aire and the Drize (Fig. 2). This long-term 
regeneration process appears as an ideal laboratory 
for the study of strategies aiming at making the urban 
environment viable, desirable and climate resilient. 
 
3. OBJECTIVES AND METHODOLOGY 

Conducted in close collaboration with the cantonal 
urban planning department, the research aims at 
assessing the urban morphology and green spaces of 
“Espaces Rivières” to highlight the strengths and 
weaknesses of the project. Recommendations are 
then formulated to identify avenues for improving its 
ability to contribute as a climate adaptation strategy. 

The methodology is based on the combination of 
two comparative studies: 1) the literature review 
identifies six relevant indicators as well as a series of 
reference values (RV); 2) the analysis of a benchmark 
of best practice neighborhoods in Switzerland and 
Europe (Table 1) provides average values (AV) to 
enrich and nuance data from the literature review.  

 
Table 1: List of best practice neighborhoods. 
 

Name Location Area [ha] 
Eaux-Vives Geneva (CH) 256 

Jonction Geneva (CH) 85 
Meyrin Geneva (CH) 282 
Lancy Geneva (CH) 148 

Opfikon Zurich (CH) 97 
Seebach Zurich (CH) 85 

Västra Hamnen Malmö (SE) 166 
Vesterbro Copenhaguen (DK) 108 

Île de Nantes Nantes (FR) 374 
Poblenou Barcelona (ES) 155 

 
The six indicators (1. Arborization, 2. Density of 

green spaces, 3. Proximity to green spaces, 4. Human 
density, 5. Functional mix, 6. Density of attenuating 
spaces) are then grouped in a radar-shaped diagram, 
which allows to visually compare the results of this 
multi-criteria analysis (Fig. 3). 

 
Figure 3: Radar-shaped diagram of the six indicators.  

For each of the six indicators, the data are 
normalized on the sample of best practice 
neighborhoods. The center of the radar corresponds 
to the minimum value, while the end of the axis 
corresponds to the maximum value. Only the 
functional mix indicator escapes this rule: its scale is 
reversed. 

Let us note here that the first three indicators 
(urbanization, density of green spaces, proximity to 
green spaces) characterize the presence of nature in 
the city, while the last three indicators (human 
density, functional mix and density of attenuating 
spaces), for their part, relate to urban morphology and 
demography. This series of indicators thus underlines 
a certain tension between urban densification 
strategies and the desire for quality public and green 
spaces, which are favorable to biodiversity and 
necessary for the well-being of urban residents. This 
tension, which seems quite fundamental, is actually at 
the heart of the concept of urban intensity. We 
formulate the hypothesis that, in an approach of 
optimized consideration of the different components, 
the main challenge is to achieve a trade-off between 
conflicting uses, in other words to establish a new 
balance between built parts and free spaces. 
 
4. RESULTS 
4.1 Results by indicator 

To illustrate our approach, we present here results 
for each of the six indicators.  

 
4.1.1 Arborization 

There are several approaches to characterize 
urban forestry. We can cite, for example, the 3-30-300 
rule, which requires that every citizen should be able 
to see at least three trees from their home, have 30 
percent tree canopy cover in their neighborhood and 
not live more than 300 meters away from the nearest 
park or green space [7], or the calculation of the 
percentage of shaded area [8]. Considering these 
approaches difficult to implement, we retained the 
number of trees per hundred users of public space 
(inhabitants and jobs), which can be considered as an 
indicator of urban well-being. The reference value (RV) 
for this indicator is 11 trees per hundred users [9], 
which also corresponds to the average value (AV) of 
our benchmark neighborhoods (Fig. 4). 
 

 
 

Figure 4: Arborization [trees/100·(inhabitants+jobs)].  
 

These results highlight the scale of the challenge 
represented by the presence of trees within the 
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“Espaces Rivières” perimeter. Its score (5.2 trees per 
100 users of public space) is more than two times 
lower than the average and the reference values. If the 
new trees planned by the project present certain 
arguments in favor of biodiversity and urban climate 
quality, they fail to compensate for the massive 
increase in human density in the sector (418 
[inhabitants+jobs/ha]). Considering the performances 
of our benchmark neighborhoods, RV may certainly 
seem relatively ambitious, but not impossible to 
achieve and justified in the current context of climate 
adaptation. To approach RV, the number of trees 
planned for the project would have to be more than 
doubled, which represents a real challenge.  

 
4.1.2 Density of green spaces 

The density of green spaces is defined as the total 
surface area of green spaces in relation to the number 
of users of public space (inhabitants and jobs). As the 
concept of green spaces tends to vary quite a bit 
depending on the sources, it is necessary to clarify 
what it encompasses. As part of this study, we used 
the definition proposed by the European Urban Atlas, 
which includes public green spaces used mainly for 
recreational purposes (gardens, zoos, parks, natural 
areas and suburban forests) [10]. This definition 
remains relatively conservative, in the sense that it 
does not include private gardens, cemeteries, or non-
public agricultural areas. The reference value RV for 
this indicator is 10 [m2/inhabitant+job] [11], while the 
average value of the benchmark neighborhoods AV is 
9,3 [m2/inhabitant+job]. 
 

 
 

Figure 5: Density of green spaces [m2/inhabitant+job].  
 

Results clearly show that “Espaces Rivières”, with 
7 m2 of green spaces per inhabitant and job, is clearly 
below the reference and average values (Fig. 5). 
However, it is interesting to note that only two 
benchmark neighborhoods reach RV: Opfikon, a peri-
urban neighborhood located in the periphery of 
Zurich, Switzerland, and Västra Hamnen, an industrial 
brownfield converted into an eco-district in Malmö, 
Sweden. This illustrates not only that RV is ambitious, 
but also that target values calculated at city-scale – 
such as the RV provided by WHO [11] – may exceed 
those that we were able to measure on our benchmark 
at neighborhood-scale.  

As a second analysis, we would like to confront the 
results of the density of green spaces indicator to the 
absolute area of green spaces. When we relate the 
surface of green spaces not to users of public space, 

but to the area of the neighborhood, “Espaces 
Rivières” appears to be one of the best rated 
neighborhoods in our sample. It totals 28% green 
spaces, while the average for our best practice 
neighborhoods is 18%. Nevertheless, as for the 
arborization indicator, this seems insufficient given the 
high human density expected in the neighborhood. 
 
4.1.3 Proximity to green spaces 

The density of green spaces represents important 
quantitative data, but it is not sufficient: their location 
and distribution are equally crucial parameters. It is 
fundamental to create small green spaces located 
close to living spaces, in addition to large, extensive 
and equipped green spaces – but sometimes far away. 
Hence the necessity to integrate an assessment of the 
proximity to green spaces.  

Most sources tend to agree on the idea that city 
dwellers should have access to a public green space of 
at least 0.5 to 1 hectare within a linear distance of less 
than 300 meters from their place of residence, which 
approximately corresponds to a five-minute walking 
distance [12]. Complementing the information 
provided by the density of green spaces, the proximity 
to green spaces indicator thus calculates the 
percentage of inhabitants located within 300 linear 
meters of a green space of at least 0.5 hectares. Our 
reference value (RV) aligns with the WHO, which 
recommends that every resident has access to a green 
space within 300 meters of their home. Therefore, RV 
is 100%, while the average value AV of our benchmark 
neighborhoods is 92%.  
 

 
 

Figure 6: Proximity to green spaces [%].  
 

For this indicator, “Espaces Rivières” obtains a 
completely satisfactory result, since all residents are 
located less than 300 meters from a green space 
(Fig. 6). Unlike the two previous indicators, almost all 
neighborhoods reach RV, which suggests that the 
target for proximity to green spaces may be a little bit 
less demanding. The distribution of green public 
spaces within “Espaces Rivières” therefore seems well 
adapted, mainly thanks to the judicious decision to 
locate a Grand Parc in the center of the sequence 
(Fig. 2), guaranteeing that residents have access to a 
major green space in less than five minutes on foot. 

 
4.1.4 Human density 

Human density is defined as the number of 
inhabitants and jobs per hectare. Let us clarify here 
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that the goal is in no way to maximize human density. 
The challenge is rather to seek a balanced situation, 
pursuing a qualitative approach to urban densification 
[13]. Indeed, too diffuse occupation tends to generate 
unsustainable structures, while too high a density is 
synonymous with promiscuity. Appropriate density 
brings together a critical mass of people and activities, 
allowing for efficient public transport service and 
guaranteeing the provision of socio-cultural amenities 
in a local structure while preserving the quality of life 
and the possibilities of harnessing the solar potential 
[14]. According to different sources, the optimal 
human density level would be around 120 inhabitants 
and jobs per hectare – which also corresponds to 
around 40 to 50 housing units per hectare. This level 
of density theoretically makes it possible to operate 
sustainable and viable mobility, while offering the 
possibility of tapping solar energy and giving a 
significant place to greeneries.  

The average value AV calculated for our 
benchmark neighborhoods, which is almost 250 
inhabitants and jobs per hectare, is significantly higher 
than the reference value RV (Fig. 7). 
 

 
 

Figure 7: Human density [inhabitants+jobs/hectare].  
 

As already mentioned above, “Espaces Rivières” 
stands out for its particularly high human density (418 
inhabitants and jobs per hectare). Not only is the 
neighborhood 3.5 times denser than the reference 
value (RV = 120), it is also the second densest 
neighborhood in our benchmark, and more than 1.5 
times denser than the average value (AV = 249). 

A closer observation of the results allows us to 
somewhat nuance this observation. All the Swiss 
neighborhoods exceed the reference value RV (except 
for Opfikon, in the periphery of the Zurich urban 
region, which confirms its suburban character). 
Switzerland being a densely populated country, we 
can argue that it has a certain form of cultural 
acceptance towards rather dense urban situations.  

Moreover, the example of Poblenou in Barcelona 
allows us to put into perspective negative and anxious 
perceptions of density. With more than 460 
inhabitants and jobs per hectare, it is the densest 
benchmark neighborhood. A former industrial district 
having undergone a successful urban rehabilitation 
process, Poblenou is today renowned for its quality of 
life, at the heart of Barcelona's artistic culture. 
Therefore, provided that it is accompanied by 
architectural and landscape quality, density can be 
synonymous with urban intensity and richness of uses.  

4.1.5 Functional mix 
Functional mix, which is defined as the ratio 

between the number of jobs and the number of 
inhabitants, is intrinsically linked to the concepts of 
urbanity or urban intensity. It is a vector of values such 
as diversity, proximity or liveliness [13]. As with human 
density, the goal is not to maximize the number of jobs 
or residents, but rather to define, according to a 
coherent and balanced scenario, a qualitative 
functional mix, relevant and adapted to the context, 
which aims to integrate a wide enough range of 
activities to avoid forced mobility. Functional mix is an 
objective to be defined and negotiated on a case-by-
case basis, according to a multitude of parameters 
such as the territorial, cultural or political context. 
Thus, no empirical reference value is available, nor 
otherwise desirable. We have therefore chosen to use 
the Swiss national average, which is slightly below 0.5 
jobs per inhabitant. The benchmark average value 
reflects a significantly higher proportion of jobs 
(AV = 1,2), mainly due to Seebach, a neighborhood 
largely dedicated to activities located in the city of 
Zurich, Switzerland.   

 

 
 

Figure 8: Functional mix [jobs/inhabitants].  
 

The results (Fig. 8) confirm the rather residential 
vocation of “Espaces Rivières” (0,5 jobs/inhabitants), 
in comparison with the benchmark average (AV = 1,2). 
It is at the same level as the Swiss reference value, just 
like the mixed urban neighborhoods of Eaux-Vives and 
Lancy, both located in the Geneva urban region. Given 
the extreme tensions experienced by the Geneva 
housing sector, this evolution towards a neighborhood 
whose character will be largely residential seems 
desirable. 

 
4.1.6 Density of attenuating spaces 

This last indicator calculates the surface area of 
attenuating spaces in relation to the number of 
inhabitants and jobs. Attenuating spaces include all 
accessible or appropriable public spaces, that is to say 
mineral public spaces such as squares and pedestrian 
streets, but also green spaces, bodies of water and the 
banks of rivers, lakes or seas [15]. This indicator, which 
aims to enrich the data provided by the density of 
green spaces, provides information on the spaces 
available for different appropriations or use values.  

The literature recommends an upper reference 
value of 12 m2 of attenuating spaces per inhabitant 
and job [16]. This value would have the capacity to 
mitigate a high built density, that is to say, it would 
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balance the pressures exerted by built spaces on 
unbuilt public spaces, considered as decompression 
factors. Our benchmark average is estimated just 
below 14 m2 of attenuating spaces per inhabitant and 
job (AV = 13,8 [m2/inhabitant+job]). 
 

 
 

Figure 9: Density of attenuating spaces [m2/inhabitant+job].   
 
“Espaces Rivières”, with 12.2 m2 of attenuating 

spaces per inhabitant and job, is just above the 
reference value and just below the average for our 
benchmark of Geneva, Swiss and European 
neighborhoods (Fig. 9). We can therefore estimate 
that the results of this indicator can be considered 
completely satisfactory. 

Here, it is interesting to note that “Espaces 
Rivières” is truly exemplary in terms of the surface 
area of attenuating spaces compared to the surface 
area of its perimeter. With approximately 50% of 
attenuating spaces, it is clearly the neighborhood 
presenting the highest score among our benchmark. In 
contrast, our benchmark average is 26%, or almost half 
as many accessible public spaces. Contrary to what has 
been said for the density of green spaces, the 
extremely generous layout of “Espaces Rivières” 
seems to be sufficient to compensate for the arrival of 
the relatively high number of future users of public 
space. 

 
4.2 Morphological profile of the neighborhoods 

The morphological profile offers a synthetic vision 
of the six indicators calculated for this study. This 
synoptic representation provides an in-depth 
understanding as well as an effective means of 
communication of the strengths and weaknesses of 
“Espaces Rivières” in relation to our benchmark of 
neighborhoods (Fig. 10).  

Far from a normative perspective, we aim here to 
characterize the atmosphere within the 
neighborhood, seeking a balance between built 
density, quality of public spaces, presence of nature 
and adaptation to climate change. The issue at the 
heart of the process is evaluating the extent to which 
the neighborhood manages to reconcile urban 
development and quality of life for the future 
inhabitants. 

“Espaces Rivières” stands out for its high human 
density and its rather residential character, as well as 
for the proximity to green spaces that it offers to its 
inhabitants. As previously mentioned, the density of 
green spaces, as well as the arborization, appear as 
two more fragile elements.  

 
 
Figure 10: Morphological profiles of the “Espaces Rivières” 
case study and benchmark neighborhoods. 

 
5. CONCLUSION 

First of all, the comparative study confirms that 
“Espaces Rivières” is very ambitious in terms of human 
density. If we take into consideration the future users 
of the neighborhood – and not just the absolute 
surface area, which tends to be rather generous –, this 
high human density has a negative impact on two 
indicators, namely Arborization and Density of green 
spaces. 

In order for green spaces to fully assume their 
essential climatic function – but also health-related, 
ecological, recreational and sociocultural –, we 
recommend respecting the reference value RV of 10 
m2 of green spaces per inhabitant and job (against 7 
m2 of green spaces per inhabitant and job in the 
project as currently planned). This target could be 
achieved through the combination of several 
strategies: activation of roofs (vegetable gardens or 
shared green spaces), creation of an additional park of 
1 hectare and slight reduction in human density 
(around 9 to 10%, i.e. 378 [inhabitants+jobs/ha] 
instead of 418 [inhabitants+jobs/ha] in the current 
project). 

Another more qualitative line of approach would 
consist of strengthening the public spaces and mobility 
networks meshing towards the green lungs 
surrounding “Espaces Rivières”, by creating new soft 
mobility connections, such as bridges (Fig. 11). As 
demonstrated by other studies conducted in the 
framework of the “Maillages fertiles” research project, 
this additional carbon investment will quickly pay for 
itself if the connections are planned consistently. 
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Figure 11: Two propositions of new soft mobility 
connections developed in the framework of the “Maillages 
fertiles” research project. 
 

Given the scale of the climate adaptation 
challenges, these results highlight that we cannot 
ignore any strategy: all avenues must be combined to 
achieve the ambitious objectives of the urban 
transition. At the end of the research, “Espaces 
Rivières” appears more essential than ever to ensure 
the attractiveness and resilience of the future PAV 
neighborhood and, more broadly, of the entire Geneva 
urban region. Ultimately, only an exceptional dynamic 
– linking all actors and placing climate transition issues 
at the center of decision-making processes and 
tangible daily practices – will turn “Espaces Rivières” 
into an exemplary project for the canton of Geneva. 
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ABSTRACT: The urban overheating is a well-documented phenomenon due to the local (Urban Heat Island) and global 
warming. Several adaption and mitigation strategies are available to counter such hazard and include the use of 
green and blue technologies, as well as the use of cool materials, able to reflect most of the incident solar irradiation 
and keep cool the urban structures and the surrounding air. This paper intends exploring the impact of cool materials 
for roof, urban pavements and roads in mitigating the urban climate in a Mediterranean metropolis like Rome, Italy. 
This task is carried out by meso-scale ground measurements’ validated simulations, using the WRF model. Simulating 
the current conditions and modified urban albedo scenarios, it is found that the peak air temperature might be 
lowered by up 1.4°C, using the July 2020 period as reference. The local climate datasets are then inputted to 
TRNSYS17 software to assess the impact on the energy performance of residential buildings. It is found out that 
cooling energy needs can be reduced by up to 14% and 24% in insulated and not insulated buildings, respectively. It is 
also quantified the impact of the urban modified albedo with respect to the application at the single building level. 
 
 

1. INTRODUCTION  
Urban heat island, with the associated urban 

overheating, is a well-documented phenomenon, which 
demonstrates the hazard related to local climate 
change and the related negative impacts at 
environment, economic, social and public health level, 
with heavier consequences on the low income and 
more fragile segment of the population. The 
phenomenon takes origin by the positive thermal 
balance in the urban built environment mainly, 
depending on the synergic effect of different causes: 
absorption and storage of solar irradiation by the 
construction surfaces, the anthropogenic heat, the 
reduced evapotranspiration and surface permeability 
due to the lack green and natural areas, change and 
reduction of urban ventilation [0]. It is also associated 
with a typical atmospheric circulation, playing a 
significant role in local dispersion processes [0]. The 
interaction of local and global climate change 
exacerbates the thermal quality of cities, with more 
frequent and more intense extreme events, being the 
heat waves the most relevant [0]. 

Several solutions exist to counter urban 
overheating, and three main categories are identified: 
blue (water), green (vegetation) and white (materials) 
technologies [0]. The latter solution gained interest in 
the past three decades with the development of the 
cool materials, characterised by high albedo (or solar 
reflectance) and thermal emissivity, which minimise the 
solar irradiation absorbed by the construction surface 
and easily dissipate the residual stored heat by 

radiation [0]. Cool roofs use white or selective cool 
coloured materials, being the latter characterised by a 
very high reflectance in the near-infrared range while 
keeping the design colour in the visible range. The 
benefit of the technology are well documented by 
numerical analyses and field studies [0]. Mesoscale 
simulations have been recently introduced to predict 
the mitigation impact of higher albedo materials in 
cities, trying to understand potentials and risks of the 
technology application at large scale [0]. 

Objective of this paper is to quantify the 
improvement of the cooling energy performance of a 
residential building in the City of Rome (Italy), by 
dynamic analyses carried out at mesoscale and building 
level for different urban albedo scenarios. The original 
contribution of this work regard: i) extended 
monitoring period combined to a small observation 
grid, ii) the application of an innovative configuration of 
the Weather Research and Forecasting (WRF) model 
specifically implemented for the city of Rome as 
described in Section 3.1. 
 
2. METHODOLOGY 

The method consist of the following phases. Initially, 
the land and atmospheric models of the city are 
implemented in a meso-scale climatic model, which is 
validated against the near surface air temperature and 
wind speed and ground measurements (the detailed 
analysis is currently submitted for publication in a 
scientific journal). Next, a number of modified albedo 
scenario is defined and climatic simulations are run for 
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very high reflectance in the near-infrared range while 
keeping the design colour in the visible range. The 
benefit of the technology are well documented by 
numerical analyses and field studies [0]. Mesoscale 
simulations have been recently introduced to predict 
the mitigation impact of higher albedo materials in 
cities, trying to understand potentials and risks of the 
technology application at large scale [0]. 

Objective of this paper is to quantify the 
improvement of the cooling energy performance of a 
residential building in the City of Rome (Italy), by 
dynamic analyses carried out at mesoscale and building 
level for different urban albedo scenarios. The original 
contribution of this work regard: i) extended 
monitoring period combined to a small observation 
grid, ii) the application of an innovative configuration of 
the Weather Research and Forecasting (WRF) model 
specifically implemented for the city of Rome as 
described in Section 3.1. 
 
2. METHODOLOGY 

The method consist of the following phases. Initially, 
the land and atmospheric models of the city are 
implemented in a meso-scale climatic model, which is 
validated against the near surface air temperature and 
wind speed and ground measurements (the detailed 
analysis is currently submitted for publication in a 
scientific journal). Next, a number of modified albedo 
scenario is defined and climatic simulations are run for 

1207



 

the month of July to generate the modified climatic 
data (namely: the air temperature and relative 
humidity, global solar irradiation on the horizontal and 
wind speed). There are finally used as input to simulate 
the energy performance of a typical residential Italian 
buildings, whose cooling energy performance is 
calculated modifying the albedo of the building roof 
under the reference climate as well. This double track 
allows quantifying the benefit of cool roofs when 
applied either, at single building and city scale levels. 

The key performance indicator for the energy 
performance analysis is net cooling energy use, defined 
as the thermal energy required to keep the building at 
the desired set-point without introducing the efficiency 
of the cooling energy system. 

 
2.1 Study area and period 

Rome is the capital of Italy and is positioned in the 
middle of the Mediterranean basin, recognised as a 
hotspot for climate change [0]. The city belongs to the 
Csa class, Mediterranean climate, according to the 
Köppen-Geiger climate classification.  

Rome has 2.85 million inhabitants, peaking 4.6 
million if all the metropolitan area is considered. The 
municipality extension is about 1290 km² and a density 
of about 2200 inhab/km². Rome has extensive green 
areas but essentially located in the extreme periphery 
of the municipality territory; in fact, the urban green 
areas account for the 3.1% of the city surface only. The 
urban texture and the characteristics of the building 
stock are complex and stratified, consequence of a 
history lasting close to three millennia. 

 
Table 1: Average and peak values of the main weather 
variables recorded at the Boncompagni station during July 
2020. 

Parameter Unit Average Maximum 
Air temperature °C 27.0 37.4 
Air relative humidity % 52.3 88.4 
Wind speed m/s 1.6 3.9 
 
The present study is based on the weather data of 

July 2020, whose main characteristics are reported in 
Table 1. The analysis is focused these 31 days to 
balance the huge calculation effort needed to carry out 
meso-scale with a period long enough to assess the 
impact on the building energy performance. 

 
2.2 The reference building 

The building consists of three floors, with two 
apartments per floor. It is one of the reference 
buildings studies for the energy performance analyses 
in the framework of the Italian national implementation 
of the EPBD [9]. This building was already used for 

energy and thermal performance analysed in previous 
works [10]. 

Each apartment has net floor area and volume of 
89m2 and 242m3, respectively; the total windows area 
is 13.6m2, distributed across three different 
orientations for each apartment. The height of each 
floor is three meters (including 30cm of masonry). The 
layout of the typical floor of the building is presented in 
Figure 1.  

 

 
Figure 1. Plan of the typical floor of the reference building 
 

Table 2: Main thermal properties of the building envelope 
components. 

Envelope 
component 

Insulation 
Y/N 

U 
W/m2K 

R 
m2K/W 

CT 
kJ/K 

Vertical wall Y 0.29 2.98 330 
Roof  Y 0.26 3.13 221 
Ground floor Y 0.29 2.98 635 
Window Y 1.85 0.37 --- 
Vertical wall N 0.96 0.87 302 
Roof  N 0.99 0.84 289 
Ground floor N 1.14 0.71 264 
Window N 5.60 0.01 --- 

 
Two building configurations are considered: with 

and without thermal insulation, representative of new 
and renovated buildings, and existing one, respectively. 
This choice allows to evaluate how the climatic 
conditions affect the performance buildings 
constructed and managed according to different 
standards and construction period. The main thermo-
physical parameters (thermal transmittance U, 
resistance R and heat capacity CT) of the two building 
configurations are reported in Table 2. 

In accordance with the requirements of the Italian 
building code for the assessment of the energy 
performance of buildings [11, 12], the following settings 
are defined for the building operation: 
• Internal sensible heat gains equal to 5 W/m2 and 
• Internal latent heat gains equal to 2.5 W/m2; 
• Windows g-value equal to 0.89 and 0.60 for the 

single glazed unit of the uninsulated building and for 
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the month of July to generate the modified climatic 
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the energy performance of a typical residential Italian 
buildings, whose cooling energy performance is 
calculated modifying the albedo of the building roof 
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history lasting close to three millennia. 
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conditions affect the performance buildings 
constructed and managed according to different 
standards and construction period. The main thermo-
physical parameters (thermal transmittance U, 
resistance R and heat capacity CT) of the two building 
configurations are reported in Table 2. 

In accordance with the requirements of the Italian 
building code for the assessment of the energy 
performance of buildings [11, 12], the following settings 
are defined for the building operation: 
• Internal sensible heat gains equal to 5 W/m2 and 
• Internal latent heat gains equal to 2.5 W/m2; 
• Windows g-value equal to 0.89 and 0.60 for the 

single glazed unit of the uninsulated building and for 

 

the low-e double glazing unit of the insulated 
building; 

• 0.75 shading coefficient for external solar protection 
devices activated during daytime in summer. 

• Set points for the net cooling energy need: 26°C for 
air temperature and 60% for air relative humidity, 
with the system always switched on. 

• Natural ventilation 0.5 h-1 Air Change per Hour 
(ACH). 
 

2.3 Definition of the “what-if” scenarios 
The set of runs carried out for the meso-scale and 

building analyses includes a control case and three 
"what-if" scenarios simulating the application of cool 
materials on different types of urban surfaces, namely 
roads, urban pavements and roofs. In detail, the three 
scenarios have been implemented by assigning 
increasing albedo values to these surfaces with respect 
to the control case, from 0.15 to 0.5 for roads and 
pavements and from 0.2 to 0.8 for roofs (Table 3). The 
building energy performance calculations are carried 
out using the weather data obtained by the meso-scale 
simulations, as well as by changing the roof albedo 
values as defined in Table 1 in the control case weather 
conditions. It is here reminded that albedo is a synonym 
of solar reflectance, being the former used in urban 
studies and the latter in building elements 
characteristics. This modelling approach based on the 
execution of UHI mitigation scenarios performed with 
WRF presents numerous recent examples also 
regarding the application of cool materials [0,0]. 
 
Table 3: Control case and “what-if” scenarios form meso-scale 
simulations and for roof albedo variants in the control case. 

Scenario Road/Pavement Roof 
Control case 0.15 0.2 

S1 0.3 0.4 
S2 0.4 0.6 
S3 0.5 0.8 

 
3. CALCULATION 

This section in split in two sub-sections; the first one 
describes in detail the city model carried out with the 
meso-scale software, whose outputs are used as inputs 
for the energy calculation carried out at building scale. 
 
3.1 The city model  

The Weather Research and Forecasting (WRF) 
model [0] is used here to simulate the atmospheric 
dynamics over the urban area of Rome. The model 
setup consists of four two-way nested domains 
covering most of the peninsular Italy (d01), central Italy 
(d02), Lazio region (d03) and the metropolitan area of 
Rome (d04); the scheme is graphically presented in 
Figure 2. Such domains have a horizontal grid size 

decreasing from 13.5km of the outermost domain to 
0.5 km of the innermost domain and a vertical grid of 
33 levels with the maximum resolution of about 12m 
near the ground. The physical configuration includes: 
the revised MM5 surface layer scheme, the Noah Land 
Surface Model, the Bougeault-Lacarrère Planetary 
Boundary Layer scheme coupled with the Building 
Effect Parameterization scheme, the Single-Moment 6-
class microphysics scheme, the RRTM and the Dudhia 
schemes for long and short wave respectively [0]. Final 
operational global analysis data of the National Center 
for Environmental Prediction (0.25°× 0.25°, every 6 
hours) are the initial and boundary conditions [0]. 

 

 
Figure 2: Geographical areas covered by the WRF 
computational domains.  
 

 
Figure 3: Urban land use categories in the domain over Rome 
according to the LCZ classification. The black dot identifies the 
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Boncompagni weather station whose acquisitions are used to 
validate the numerical results. 
 
The land use dataset is derived from MODIS for non-
urban cells, while it is derived from the World Urban 
Database and Access Portal Tools project 
(https://www.wudapt.org/) [0] based on the Local 
Climate Zones - LCZ [0,0] for the urban cells. Figure 3 
shows the urban land use map embedded in the 
innermost domain over Rome. 

 
3.2 The building model 

The simulations are run using TRNSYS 17, a widely 
used and calibrated tool for thermal analyses in 
transient regime [0]. Each TRNSYS project consists of 
several routines linked together, each with a specific 
calculation task.  

This project includes the following routines: a) the 
data reader for Generic Data Files, used to input the 
weather data; b) the radiation processor to calculate 
the solar irradiation; c) the psychometrics used to 
calculate moist air properties; d) the effective sky 
temperature for long-wave radiation exchange, v) the 
Multi-Zone building model; e) the slab on grade, to 
model the heat transfer to soil below.  

14 simulations are run, considering the different 
building configurations, climatic data set and roof 
albedo variants. The simulations are run for 38 days; 
the first week is used to thermally charge the building 
according to the season conditions, next the 31 days of 
July are simulated. Simulation are sun in transient 
regime with one hour resolution step. The total net 
cooling energy need is the sum of the sensible and the 
latent heat to be removed from each apartment at the 
given set-points during the calculation period. 

 
4. RESULTS  
 
4.1 Evaluation of the model performances 

The reliability of the WRF model in reproducing the 
thermal and dynamical fields over Rome in the control 
case is tested through the comparison of the timeseries 
of near-surface temperature  and wind speed simulated 
(T2 and WS10) and that recorded by the Boncompagni 
downtown weather station of the network belonging to 
the regional environmental protection agency (ARPA 
Lazio). Such network includes fixed micro-
meteorological stations with instrumental equipment 
compliant with the indications of the WMO 
(https://www.arpalazio.it/, in Italian). Figure 4 displays 
the average daily cycles of these variables and Table 4 
summarizes some statistical parameters used for the 
quantification of the model performances. Specifically, 
the bias, the Pierson correlation coefficient (R) and the 

fraction of predictions within a factor of two of 
observations (FAC2). A perfect model would have bias 
equal to 0 and R and FAC2 to 1. The WRF performances 
in simulating the temperature are very satisfactory, 
while wind speed still has margins for improvement. 
Such discrepancy between the two quantities is a well-
known feature of the WRF model.  

 

 
Figure 4: Average daily cycles of the observed and simulated 
air near-surface temperature for July 2020.  

 
Table 4: Statistical parameters in the comparison between 
observed and simulated of near-surface temperature and 
wind speed at Boncompagni weather station. 

Parameter Temperature Wind Speed 
Bias -0.24 0.39 

R 0.96 0.77 
FAC2 0.98 0.78 

 
4.2 Near-surface temperature and wind speed  

This conference paper is focused on the energy 
performances of buildings, therefore only an overview 
of the effect of the increased albedo on the urban 
climate will be provided here, referring the reader to 
another work (currently in preparation) specifically on 
the urban climate for such insights. Figure 5 show the 
average daily cycles of T2 for the control case (CTRL, in 
black) and the "what-if" scenarios. These cycles are 
averaged both in time over the month of July 2020 and 
in space across all cells characterized by urban land use 
categories. In the control case T2 ranges from about 
22.5°C in the early morning to almost 30°C at 1pm. The 
maximum difference value is at 12pm in the scenarios. 
These values amount to 1.41°C, 0.93°C and 0.4°C for S3, 
S2 and S1 respectively.  Concerning the wind speed, it 
found that WS10 is between approximately 1m/s at 
night and 3.3m/s at 4pm in the control case. The 
increase in albedo in “what-if” scenarios lead to a 
progressive decrease in WS10 in the central hours of 
the day. The maximum difference is observed at 2 pm 
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These values amount to 1.41°C, 0.93°C and 0.4°C for S3, 
S2 and S1 respectively.  Concerning the wind speed, it 
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and is equal to 0.2 °C, 0.34 °C, 0.48 °C for scenarios S1, 
S2 and S3. 

 

 
Figure 5: Average daily cycles of T2 in the control case and 
“what-if” scenarios.  
 
          4.3 The building energy performance  

Tables 5 and 6 report the energy performance of 
the reference building in the insulated and not 
insulated configurations; the former presents the 
results in case of the modified albedo at urban scale; 
the latter 6 refers to the solar reflectance change at the 
single building scale. The quantity expressed in 
megawatt hour refers to the all building for easiness of 
comparison. It can be observed that the net cooling 
energy is about 15% for the not insulated building 
configuration, depending on the higher solar and 
thermal gains through the low thermal resistance of the 
building envelope. Such differences diminish with the 
increase of the albedo in both cases, due to the 
increase of the albedo of the roof. 

 
Table 5: Energy Performance (EP) of the building with the 
urban modified abled. 

Albedo scenario EP_insulated 
[MWh] 

EP_not_insulated 
[MWh] 

Control case 16.6 19.7 
S1 16.0 18.5 
S2 14.9 16.5 
S3 14.3 15.0 

 
Table 6: Energy Performance (EP) of the building with 
difference solar reflectance of the roof 

Albedo values EP_insulated 
[MWh] 

EP_not_insulated 
[MWh] 

0.2 16.6 19.7 
0.4 16.2 18.7 
0.6 15.8 17.6 
0.8 15.3 16.5 

 

The impact of the albedo on the energy 
performance can be observed in relative terms in Figure 
6. The energy saving achievable for the insulated 
building is about 8% increasing the albedo from the 
initial 0.2 up to 0.8 with linear tendency; the cooling 
saving raises up to 14% when the increase of the albedo 
is applied at city scale. It can be observed in this case 
that the trend is not linear, as the slope of the line in 
the 0.4-0.6 albedo variations is higher than those 
calculated in the other ranges. Beside this aspect, the 
high impact of the urban modified albedo can be easily 
inferred. The trend is similar, but the savings are more 
relevant for the not-insulated configuration. The 
cooling energy performance decrease peaks about 16% 
for the single building and savings are close to 24% for 
the urban-modified albedo case. Albedo values of 0.8 
can be basically achieved with white materials, which 
often have several architectural and policy constraints 
in towns and cities. Interestingly, the building cooling 
energy performance achieved with the scenario 2 
equals or improves those calculated for the 0.8 albedo 
in the single building case. This is a significant 
achievement as 0.6 albedo can be reached by several 
construction materials, as well by cool coloured 
materials, whose high near-infrared reflectance ensure 
adequate albedo values also for non-white colours. 
 

 
Figure 9: Energy performance of the building in the insulated 
and not insulated configuration. The roof reflectance refers to 
reference case, S1, S2, and S3 scenario for the city scale case.  

 
5. CONCLUSION  

This study presents the impact of the urban 
modified albedo on the energy performance of 
residential buildings in a Mediterranean metropolis. 
The urban model of Rome is implemented in WRF, and 
validated against ground measurements of the air 
temperature and the wind speed. The current 
configuration and three modified albedo scenarios are 
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modelled. The peak air temperature in the city can be 
lowered up to 1.41°C. The energy performance analysis 
of a reference building, carried out in transient regime, 
shows that energy savings up to 14% and 24% can be 
reached for insulated and not insulated buildings, 
respectively. These results outperform the savings 
achievable increasing the roof albedo of the single 
building, peaking 8% and 16%, respectively. The role of 
the modified urban albedo is thus crucial in a 
framework aimed at the decarbonisation of the building 
stock, threatened by the increase of the cooling energy 
in overheated cities in an overheated planet.  
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ABSTRACT: The construction industry, accounting for a significant portion of energy consumption and greenhouse 
gas emissions, is pivotal in achieving Europe's ambitious climate neutrality goal by 2050. Circular Economy (CE) 
principles and the renovation of existing buildings are identified as promising strategies to reduce raw material 
and energy consumption. However, the lack of knowledge and guidelines for effective CE design and construction 
in the built environment, along with heterogeneous metrics and standards, pose challenges. The research outlines 
an investigation study aimed at developing Key Performance Indicators (KPIs) for evaluating building products 
based on CE principles, focusing on façade renovation. The study emphasizes the need for a holistic approach, 
considering both material input and output flows, and introduces qualitative and quantitative KPIs addressing 
aspects such as recyclability, modularity, and local materials. The research proposes established frameworks like 
Life Cycle Assessment (LCA), Material Flow Analysis (MFA), and the Level(s) framework, but recognizes their 
limitations in assessing circularity comprehensively. The methodology involves a comprehensive analysis of 
material streams and circularity potential for nine components crucial to achieving a net-zero façade renovation. 
Results from the material flow analysis demonstrate the environmental impact of selected building products, such 
as insulation panels and photovoltaic panels. The research underscores the importance of informed design choices, 
leveraging adaptable KPIs, and visualizing resource flows to enhance decision-making for sustainable construction 
practices aligned with CE principles. 
KEYWORDS: Circularity, Material Flow Analysis (MFA), Façade Renovation, Life Cycle Assessment (LCA), Key 
Performance Indicators (KPI) 

 
 
1. INTRODUCTION 

The construction industry plays a key role in 
influencing responsible and sustainable production 
and consumption of resources as it significantly 
contributes to energy use and greenhouse gas 
emissions, accounting for approximately 40% of the 
EU's energy usage and 36% of its greenhouse gas 
emissions. The built environment is also major 
consumer of extracted materials (50% by mass) and is 
responsible for generating 37% of the total waste in 
Europe [1]. 

Europe's ambitious goal is to achieve climate 
neutrality by 2050 requires significant decarbonization 
efforts and a reduction in raw materials and energy 
consumption. In this context, a calculation of life-cycle 
Global Warming Potential (GWP) will be obligatory [2] 
from 2027 on. Adopting Circular Economy (CE) 
principles and renovating existing buildings is a 
promising approach to meet this target. The 
mandatory inclusion of Life Cycle Assessment (LCA) 
and a recycling quota for building products has the 
potential to drive a significant influence toward the 

conservation and maintenance of the current building 
inventory [3].   

Today, over 85% of Europe's existing buildings 
lacks energy efficiency standards [4]. Achieving net-
zero energy buildings involves on-site generation of 
energy from clean, renewable resources, equaling the 
total energy consumed on-site. This necessitates deep 
renovation, capable of reducing energy consumption 
by 60% to 90%.[5]. However, the annual rate of deep 
building renovations in the EU falls far short of the 
recommended target. To address this, the European 
Commission initiated the Renovation Wave in 2020, 
aiming to double the annual rate of energy-based 
building renovations by 2030 [4]. In the context of 
upscaling facade renovation that incorporates various 
technologies, higher amounts of material will be 
required. This demand for resources makes it 
imperative that the early design phases for the 
renovation products and systems incorporate CE 
design objectives, considering end-of-life scenarios, as 
these activities significantly affect resource utilization, 
environmental impact [6] and embodied energy 
demand.  

Up to now, the focus of sustainable development 
has been directed towards the energy consumption 
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incurred during the operational phase of buildings [7] 
leading to missing knowledge and guidelines 
supporting effective design and construction for a CE 
[8]. Moreover, assessing the impact of the design 
decision on the environmental impact is currently 
hindered by heterogeneity in metrics and standards 
[9] and missing user friendly guidelines. Besides, 
existing methods like LCA, Material Flow Analysis 
(MFA) or the European Commission's Level(s) 
framework [10] have limitations in evaluating 
circularity.  
 
1.1 Objectives 

This research belongs to the Horizon Europe 
project “Digital and physical incremental renovation 
packages/systems enhancing environmental and 
energetic behavior and use of resources”, AEGIR [11], 
which focuses on implementing CE practices in the 
built environment by strategically selecting building 
materials and components during the early stages of 
the renovation process. The aim is to establish a 
closed-loop system throughout the façade renovation 
value chain. To this end, the first step is to develop Key 
Performance Indicators (KPIs) for supporting the 
design process in line with CE principles. This involves 
defining a comprehensive CE concept, reviewing 
common circularity measurement approaches, and 
presenting a practical method for validating building 
products in terms of material flows and use of 
secondary raw materials. KPIs shall be derived from 
methodologies assessing the environmental impact of 
materials and construction methods, contributing to a 
more sustainable decision-making process in façade 
renovation solutions. The overarching aim is to 
provide KPIs that function as a structured framework 
for directing decision-making procedures during the 
design phase. This process is complemented by the 
application of a standardized methodology at the 
product level to assess environmental impact and raw 
material utilization. The application of a standardized 
methodology during product selection, coupled with 
the integration of a comprehensive framework 
throughout the entire design process, is anticipated to 
generate a solution in line CE. 

The research specifically applies this concept to a 
net-zero façade renovation solution, representing an 
innovative, modular, renewable, and industrialized 
building envelope for low-energy renovation. The 
research supports decision-making in product 
selection process of four façade renovation solutions 
by analyzing five building product groups specialized 
for achieving net-zero solutions. The objective is to 
comprehensively grasp the composition of two 
representative products of two selected groups and 
identify the associated material flows. This analysis is 
crucial for formulating strategies to establish closed-
loop re-use systems for products that aim to achieve a 
net-zero façade renovation, such as PV panels, 

insulation, ventilation, windows, and energy storage 
batteries. 

 
2. METHODS 

This research focuses on implementing CE 
strategies by supporting the development of an 
industrialized building envelope solution for low-
energy renovation by a holistic analysis of the material 
streams and circularity potential of construction 
products. To achieve this, KPIs based on the CE 
concept will be developed in section 3. In section 3.1 a 
review on the most common methods to assess 
circularity will be presented supporting the 
development of the KPIs. In section 3.2, the level of 
functionality to assess material streams will be 
defined, enabling the selection of an appropriate 
method for evaluating each product and its 
environmental impact in part 4. In this part results 
from the MFA will be presented and conclusions will 
be presented in part 5.  

 
2.1 Review of sustainability frameworks  

Standardized methods that measure the resource 
consumption and future waste streams of building 
products have been developed in the past such as LCA 
(ISO 14040:2006/14044:2006 and EN 15804) or 
Level(s) methodology [12], supported by programs 
and guidelines, such as the EU Action Plan for a Circular 
Economy [13] or the Green Taxonomy [14].  

The definition of indicators within Level(s) remains 
adaptable, particularly in terms of methodology. An 
example of this is evident in the use of Level(s) 2.4, 
focusing on design for deconstruction. While Level(s) 
outlines a calculation workflow for the circularity 
score, certain aspects, such as the circularity 
coefficient assigned to specific building components, 
are left open, based on the "best possible outcome" of 
the component. Determining such characteristics 
involves expert judgment and additional 
considerations.  

Material Flow Analysis (MFA) is another key 
method for quantifying the movement of materials 
within defined systems, including flows and stocks. It 
is essential in understanding the bio-physical aspects 
of human activities at various scales. Initially 
introduced in 1969 [15], MFA is now commonly used 
to track national material flows and plan waste 
management and recycling systems [16]. It 
complements other industrial ecology methodologies 
like LCA and input-output models [17], although they 
differ in objectives, level of functionality, and data 
requirements.  

The LCA and MFA represent the most frequently 
used methodologies. However, there are many more 
circularity metrics that have been developed by 
companies, governments, and academics in the recent 
past. However, these metrics frequently exhibit 
contradictions in both their form and content, leading 
to confusion and misunderstandings regarding the CE 
concept. Additionally, there is a growing number of 
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frameworks, creating an excess of indicators aimed at 
measuring resource efficiency and assessing circularity 
performance [18]. 

 
2.2 Material Flow Analysis  

To determine the raw material composition of a 
building component, the product substance is 
categorized into two main types i) primary and ii) 
secondary raw material. Primary raw material includes 
renewable and non-renewable materials. Secondary 
material includes reused and recycled material.  

Furthermore, material streams are categorized 
into material in- and output streams. Material Input 
refers to the resources used to produce a component. 
Material output refers to resources being available 
after the End-of-Life (EoL) phase of products and can 
be categorized into three categories: i) transformation 
into other products, ii) disposal in landfills and iii) 
returning to the product's own material cycle as 
secondary material. 

Material flows can be quantified by measuring 
mass or other indicators such as GWP. In this research 
GWP is utilized to assess the environmental impact of 
components during their production phase (LCA 
module A1-A3 as per EN 15804 definitions) in terms of 
CO2 equivalent. Data is sourced from the German 
Ökobaudat.de or available EPDs. The proportions of 
primary and secondary resources within the product 
are determined based on mass (kg) in percentage. The 
system is visually presented within a Sankey diagram. 

This research concentrates on existing recycling 
methods and does not predict future material output 
flows. Uncertainty arises from the unknown 
connecting joint to the façade module. Further specific 
details can be evaluated through an assembly-level 
analysis. 
 
3. RESULTS 

LCA incorporates various indicators quantifying 
the potential environmental impact of a product or a 
service during different life cycle stages (module A-C in 
EN 15804). Within the Level(s) framework, several 
indicators correspond to the ones developed in the 
LCA such as:  

 Global Warming Potential (GWP) 
 Construction & demolition waste and 

materials (Hazardous substances) 
 Durability. 

Besides, indicators within the scope of EN 15804-
based LCA that directly contribute to a CE are: 

 Use of renewable resources 
 Use of recycled material 
 Use of reused material 
 Materials for recycling or reuse.  

The Level(s) methodology, introduced by the EU, 
goes far beyond those circularity evaluation practices. 
It can be used to report on and improve the 
performance of new-build and major renovation 
projects [12]. This framework comprises an extra 
range of indicators and standardized metrics to assess 

the sustainability performance of buildings in addition 
to LCA, of which we chose: 

 Bill of quantities 
 Design for adaptability and deconstruction. 

While existing methods like LCA and the Level(s) 
framework are valuable for assessing the 
environmental impact of building products, there is a 
need for additional indicators that align with the 
holistic approach of the CE. The following aspects take 
a broader perspective and draw inspiration from two 
core concepts of the CE: the R-Strategies (Reduce, 
Reuse, Recycle) embedded in the Waste Directive [19] 
and the Cradle-to-Cradle concept [20]: 

 Financial concept for multiple life circles [21]. 
 Modularity [22] 
 Local Material [19] 
 Low-Tech [20] 
 Purity [20] 
 Compostability [20]. 

Many of the above present KPIs are widely 
employed in the environmental assessment of specific 
objectives within various policies and regulatory 
frameworks. Such as the Environmental Product 
Declaration (EPD) by EN 15804 (CEN, 2012), providing 
a consistent and recognized methodology for 
evaluating the environmental performance of 
construction materials. 

Similarly, aspects such as the bill of quantities, the 
ease of demountability, and other indicators 
pertaining to end-of-life (EoL) stages of construction 
products are integrated into the technical criteria of 
the Green Taxonomy, especially within the "Transition 
to a Circular Economy" aspect. Compliance with 
specific threshold values related to these indicators is 
typically required to access green financing 
instruments. 

A comprehensive perspective on CE considers both 
the EoL phase and the manufacturing/extraction 
phase. Nevertheless, indicators that focus on future 
material output at the EoL are predominantly 
quantitative, making them challenging to benchmark, 
particularly in terms of disassembly or durability. 

The presented KPIs are organized according to 
their qualitative or quantitative characteristics and 
their emphasis on either the material in- or output 
flow. These are outlined in table 1, which also includes 
their respective sources. This approach aims to 
provide a more comprehensive and nuanced guideline 
for the building product selection process. 
 
Table 1: Qualitative (Ql) and quantitative (Qn) KPIs 
addressing material in- and output flows based on (1) LCA, 
(2) Level(s) or (3) CE definition 
 

Input Output 
GWP (1,2) Ql Demountability (2,3) Qn 

Renewable resources (1) 
Ql Durability (1) Qn 

Recycled material (1) Ql Modularity (3) Qn 
Reused material (1) Ql Low-Tec (3) Qn 
Local material (3) Qn Bill of quantities (2) Qn 
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 Financial concept (3) Qn 

 Hazardous substances (1,3) 
Ql 

 Materials for 
reuse/recycling (2,3) Qn 

 Purity (3) Qn 
 Compostability (3) Qn 

 
 
3.1 Assessing Circularity Across Multiple Scales 

Each of the mentioned methodologies has its 
limitations when it comes to assessing circular 
performance characteristics on various scales. It is 
recognized that sustainable manufacturing is 
comprised of three core levels: [23] “building, 
assembly, component”. Each of these levels has its 
own distinct characteristics and limitations. As the 
selection of an appropriate component assumes to 
have a critical role in the environmental impact of a 
building [24], a common method specifically tailored 
for assessing the circularity of components will be 
selected. Table 2 shows instruments that assess 
circularity in relation to the level of functionality.   

 
Table 2: directly (x) and indirectly (/) related frameworks to 
assess different level of functionalities 

 
Instrument Component Assembly Building 

LCA x x x 
EPD x - - 

Level(s) - / x 
MFA x x x 

 
While LCA and EPDs are primarily utilized as an 

assessment tool at the component level, it has the 
flexibility to transition to a macro-level perspective 
when facilitating decisions on a larger scale. This 
includes supporting macro-level considerations 
concerning national policies or sector strategies 
related to technologies, services, or a collection of 
products. Nevertheless, it's crucial to note that LCA is 
not suitable for evaluating the overall performance of 
the global economy. In such cases, alternative tools 
like MFA would be more fitting and effective as it even 
goes beyond building level [18].  

When considering priorities for circularity 
assessment, whether from a regulatory or strategic 
perspective, it is essential to emphasize that the 
analysis should always include a holistic view on all 
represented level of functionalities. In addition, 
qualitative KPIs, as for now, lack translation into 
quantitative analysis, introducing uncertainties. The 
choice of the circularity assessment framework should 
align with business, commercial, reputational, or 
regulatory priorities. For instance, if a construction 
product's commercialization strategy is to 
demonstrate compliance with specific indicators 
within Level(s) under the green taxonomy, the 
assessment should be conducted within the Level(s) 
methodological framework. However, if the emphasis 
lies on the utilization of secondary materials and the 

visualization of material streams, opting for a MFA 
proves to be the more fitting choice. 

The MFA applied in this research assesses the 
material input (KPI Recycled/reused material) using 
GWP as an indicator at component level and will be 
used to critically evaluate the circularity of nine 
building products that are essential for the 
achievement of a circular facade renovation solution. 
The term component is defined as part of an assembly 
that is required for functionality, performs a unique 
and necessary function in the operation of the 
assembly, is removed in one piece and is indivisible for 
the use of the overall assembly [25].  

 
3.2 Material Flow Analysis of insulation  

Displayed are the outcomes of four selected 
components, encompassing both active (such as PV 
panels) and passive (like insulation) characteristics 
(figure 1). 

 

 

The insulation panels are characterized using 
secondary materials (Product A: recycled cotton) and 
renewable materials (Product B: cellulose). Both 
products exhibit similar characteristics in terms of 
thermal conductivity (A 0.034 W/mK and B 0.041 
W/mK) density (A 50/60 kg/m3 and B 45 kg/m3) and 
thickness (A/B 40 mm). Over a life span of 50 years 
Product A emits CO2 emissions (1.85 kg CO2/m2) during 
product phase whereas Product B captures carbon 
emissions (-0.35 kg CO2/m2) due to the use of 
renewable material. Both have a high amount of 
secondary material, as 89% of Product B uses waste 
from paper production and Product A up to 90 % waste 
from textile production and 10 % of primary material 
(phenolic resin). Reuse and recycling options are 
restricted by the presence of fire-retardant substances 
like boron salt, which poses health risks. Consequently, 
owing to the absence of recycling systems, insulation 
is primarily disposed of in landfills or incinerated.  

 
3.3 Photovoltaic (PV) Panels  

The analyzed PV panels (Error! Reference source 
not found.) are a standard PV panel (PV1) and a 
flexible thin film PV panel (PV2) which are specialized 

Figure 1: Material Flow Analysis of fabric (Product A) and 
biobased insulation (Product B) 
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GWP as an indicator at component level and will be 
used to critically evaluate the circularity of nine 
building products that are essential for the 
achievement of a circular facade renovation solution. 
The term component is defined as part of an assembly 
that is required for functionality, performs a unique 
and necessary function in the operation of the 
assembly, is removed in one piece and is indivisible for 
the use of the overall assembly [25].  

 
3.2 Material Flow Analysis of insulation  

Displayed are the outcomes of four selected 
components, encompassing both active (such as PV 
panels) and passive (like insulation) characteristics 
(figure 1). 

 

 

The insulation panels are characterized using 
secondary materials (Product A: recycled cotton) and 
renewable materials (Product B: cellulose). Both 
products exhibit similar characteristics in terms of 
thermal conductivity (A 0.034 W/mK and B 0.041 
W/mK) density (A 50/60 kg/m3 and B 45 kg/m3) and 
thickness (A/B 40 mm). Over a life span of 50 years 
Product A emits CO2 emissions (1.85 kg CO2/m2) during 
product phase whereas Product B captures carbon 
emissions (-0.35 kg CO2/m2) due to the use of 
renewable material. Both have a high amount of 
secondary material, as 89% of Product B uses waste 
from paper production and Product A up to 90 % waste 
from textile production and 10 % of primary material 
(phenolic resin). Reuse and recycling options are 
restricted by the presence of fire-retardant substances 
like boron salt, which poses health risks. Consequently, 
owing to the absence of recycling systems, insulation 
is primarily disposed of in landfills or incinerated.  

 
3.3 Photovoltaic (PV) Panels  

The analyzed PV panels (Error! Reference source 
not found.) are a standard PV panel (PV1) and a 
flexible thin film PV panel (PV2) which are specialized 

Figure 1: Material Flow Analysis of fabric (Product A) and 
biobased insulation (Product B) 

 

for façade application. PV1 is a standardized roof panel 
that has been adapted for use as a façade module in 
the case study, eliminating the need for a specialized 
and typically more expensive module. Both products 
encompass a series of production stages which result 
in high amount of CO2 emission for PV1 (68.9 
kgCO2eq./m2), PV2 emits up to 80 % less CO2 
emissions (14 kg CO2eq./m2) over a lifespan of 30 
years. However, its power rate is 7 times less (63,1 
Wp/m2 compared to a standard PV1 (212,8Wp/m2). 
Both mainly consists of glass (up to 76-88%) and 
aluminum (7-8%) which accounts mostly for the CO2 
emissions. According to manufacturer data, PV2 is 
composed of nanoscale carbon-based (organic) 
molecules that facilitate the production of thin 
products. Compared to a standard PV which typically 
has a thickness of between 200 and 
300 μm,  PV2  typically has a thickness of anywhere 
from a few nanometers to tens of micrometers which 
results in lower energy efficiency [26].  

 

Figure 2: Material Flow Analysis of standard (PV1) and 
flexible (PV2) PV panels 

Thin film technologies require less material overall 
compared to crystalline silicon. Flexible PV panels 
contain about 88-89% glass, 7% aluminum, 4% 
polymer with less than 1% semiconductor material 
(indium, gallium, selenium) and other metals (e.g. 
copper) [27]. Approximately 80 percent of a solar 
panel's weight comprises energy-intensive materials 
like aluminum and glass, posing recycling challenges 
due to the difficulty of separating glass from silicon, 
and the remaining 20 percent can be challenging to 
recover. However, materials like copper, plastics 
(including cables and junction boxes), and silver can be 
efficiently repurposed with careful separation, 
necessitating time and expertise to prevent 
contamination and safely dismantle the panels into 
raw components [28].  

 
4. CONCLUSION  

Currently, the use of methodologies that assess the 
use of secondary resources in the built environment is 
a novel area in architectural discourse. Yet, a 

comprehensive, user-friendly method that holistically 
assesses the circularity potential of products is lacking. 
This necessitates architects and manufacturers to 
make informed design choices during early stages 
based on holistic KPIs. The presented KPIs act as a 
guide during the design phase of a façade renovation 
project. Nevertheless, a comprehensive method to 
assess the circularity of products is necessarily which 
also includes additional information about parameter 
such as costs.  
A pivotal element for comprehending circularity 
involves the visualization of resource flows. Displaying 
the utilization of primary and secondary material 
flows, alongside CO2 emissions, using MFA as a 
standardized method supports the decision-making 
process and contributes to the preservation of natural 
resources for future generations. However, 
characterization of MFA requires expertise and further 
deliberation. In addition, the decision-making process 
needs further support by a variety of more indicators, 
especially focusing on the future material output. For 
example, flexible photovoltaic (PV) panels, in addition 
to the implemented MFA demonstrating low 
embodied carbon emissions, it is crucial to consider 
indicators like health related KPIs (hazardous 
substances) and other KPIs such as recyclability and 
reusability that provide insights into future material 
output flows. Therefore, this study introduced holistic 
KPIs that can guide the design process towards a 
circular solution. Future research could focus on the 
development of a tool that incorporates all presented 
KPI’s and facilitates comparisons between products 
and includes additional parameters, such as cost.  

Thus far, a combination of analytical assessments 
using standardized methods like MFA, alongside 
qualitative approaches represented by the KPIs 
identified in this research, is recommended for 
achieving a solution of a circular building component. 
This integrated approach enables a more thorough 
evaluation, considering both quantitative and 
qualitative aspects, leading to informed decision-
making in sustainable construction practices. 
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1. INTRODUCTION  
1.1 Context 

While the built environment directly or indirectly 
emits almost 40% of global greenhouse gases 
(GHG)[1], the way we design our cities is being 
questioned. Mitigating the effects of climate change 
requires an immediate paradigm shift to reduce 
anthropogenic emissions [2]. However, a long-term 
view is also essential to find solutions for adaptation, 
to inform projects and to avoid greenwashing.  

To be climate resilient, architecture must not only 
enable people to adapt to climate change by providing 
them with comfortable places to thrive, but also offer 
concrete solutions to permanently reduce the carbon 
emissions associated with construction. 

Public projects, such as school buildings, are 
presented as examples and are given special attention 
from architects and engineers. With millions of schools 
worldwide, the classroom is undoubtedly one of the 
most common type of space in these buildings. It also 
has a very high occupancy density, with an average of 
up to 31 students per classroom in some countries [3]. 

Ventilation is one of the key elements in the  
indoor-outdoor relationship, ensuring a healthy 
environment and the ability to adapt to changing 
thermal conditions. While extensive research 
promotes passive cooling against overheating, less is 
known about passive strategies to provide fresh air in 
non-domestic buildings to further reduce emissions 
associated with heating, ventilation and air 
conditioning (HVAC). Case studies show the potential 
to return to the basic principles of passive ventilation 
to reduce operational and embodied carbon emissions 
while improving indoor air quality (IAQ) and wellbeing. 

 
1.2 Objectives 

The objectives are to investigate the drivers and 
barriers to the implementation of passive ventilation  
strategies in classrooms, to identify the characteristics 
of four ventilation systems and their implementation 
in the design process, and to assess the embodied 
carbon emissions associated with three systems. 
 
1.3 Structure and Methodology 

Following a literature review highlighting the 
technical and cultural aspects of air quality, ventilation 
systems and carbon reporting, the paper is divided 
into both fieldwork and analytical work. 

The fieldwork was carried out through a qualitative 
analysis involving the selection of four educational 
case studies with the following criteria: temperate 
climate, fresh air system, heat recovery and carbon 
dioxide (CO2) sensors, delivered less than five years 
ago, variety of educational stage. Twenty participants 
were selected on the basis of their experience in the 
design of the selected buildings. Four semi-structured 
interviews with engineer or architect were conducted, 
organised in a general-to-specific order so as not to 
influence the interviewee and get representative data 
for all typologies. In addition, internal and external site 
visits and five unstructured interviews took place. 

The analytical work consisted of an assessment of 
the life cycle embodied carbon emissions of three 
selected ventilation systems. This was done through a 
quantitative analysis involving data collection, 3D 
modelling and measurement. The CIBSE Technical 
Memoranda 65 (TM65) was used in the absence of 
environmental product declarations (EPDs). 
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1. INTRODUCTION  
1.1 Context 

While the built environment directly or indirectly 
emits almost 40% of global greenhouse gases 
(GHG)[1], the way we design our cities is being 
questioned. Mitigating the effects of climate change 
requires an immediate paradigm shift to reduce 
anthropogenic emissions [2]. However, a long-term 
view is also essential to find solutions for adaptation, 
to inform projects and to avoid greenwashing.  

To be climate resilient, architecture must not only 
enable people to adapt to climate change by providing 
them with comfortable places to thrive, but also offer 
concrete solutions to permanently reduce the carbon 
emissions associated with construction. 

Public projects, such as school buildings, are 
presented as examples and are given special attention 
from architects and engineers. With millions of schools 
worldwide, the classroom is undoubtedly one of the 
most common type of space in these buildings. It also 
has a very high occupancy density, with an average of 
up to 31 students per classroom in some countries [3]. 

Ventilation is one of the key elements in the  
indoor-outdoor relationship, ensuring a healthy 
environment and the ability to adapt to changing 
thermal conditions. While extensive research 
promotes passive cooling against overheating, less is 
known about passive strategies to provide fresh air in 
non-domestic buildings to further reduce emissions 
associated with heating, ventilation and air 
conditioning (HVAC). Case studies show the potential 
to return to the basic principles of passive ventilation 
to reduce operational and embodied carbon emissions 
while improving indoor air quality (IAQ) and wellbeing. 

 
1.2 Objectives 

The objectives are to investigate the drivers and 
barriers to the implementation of passive ventilation  
strategies in classrooms, to identify the characteristics 
of four ventilation systems and their implementation 
in the design process, and to assess the embodied 
carbon emissions associated with three systems. 
 
1.3 Structure and Methodology 

Following a literature review highlighting the 
technical and cultural aspects of air quality, ventilation 
systems and carbon reporting, the paper is divided 
into both fieldwork and analytical work. 

The fieldwork was carried out through a qualitative 
analysis involving the selection of four educational 
case studies with the following criteria: temperate 
climate, fresh air system, heat recovery and carbon 
dioxide (CO2) sensors, delivered less than five years 
ago, variety of educational stage. Twenty participants 
were selected on the basis of their experience in the 
design of the selected buildings. Four semi-structured 
interviews with engineer or architect were conducted, 
organised in a general-to-specific order so as not to 
influence the interviewee and get representative data 
for all typologies. In addition, internal and external site 
visits and five unstructured interviews took place. 

The analytical work consisted of an assessment of 
the life cycle embodied carbon emissions of three 
selected ventilation systems. This was done through a 
quantitative analysis involving data collection, 3D 
modelling and measurement. The CIBSE Technical 
Memoranda 65 (TM65) was used in the absence of 
environmental product declarations (EPDs). 
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2. BACKGROUND 
2.1 Air Quality and Well-being 

Air pollution is a major environmental risks to 
health [4]. Five major pollutants cause cardiovascular 
and respiratory chronic conditions in urban areas: 
carbon monoxide (CO), sulphur dioxide (SO2), nitrogen 
dioxide (NO2), ground level ozone (O3), and particulate 
matters (PM2.5, PM10) [5]. Recent studies show that the 
surroundings of 2,000 schools and nurseries in the UK 
have dangerous levels of air pollution [6]. To bring in 
fresh air, the outdoor air should be of good quality. 

Europeans spend 90% of their time inside buildings 
[7] and pollutants reduce attendance and affect pupils’ 
performance [8]. IAQ should be maintained to both 
reducing contaminants from the building products 
(e.g., formaldehyde, volatile organic compound) and 
from the occupants [9]. Confined spaces require the 
removal of CO2 produced by occupants. Oxygen 
concentrations below 12%, or CO2 above 5% are 
hazardous [10]. CO2 levels are used as an indicator to 
adjust ventilation rates to the occupancy (Fig. 1). 

Simple manual controls are valuable in limiting the 
performance gap and avoiding frustration for building 
occupants [11]. Furthermore, as wellbeing is a state 
influenced by human multisensory perceptions [12], 
building design should facilitate flexibility and diversity 
of indoor environments, in connection to the outdoor. 

 

 
Figure 1: CO2 sensor with traffic light display in a classroom 
(Site visit A, 2023) 

2.2 Ventilation Systems and Carbon Emissions 
Developed to create a more comfortable indoor 

environment, active ventilation systems have reached 
an extreme. The “exclusive mode” theory relies on 
technology to overcome climatic variations and to 
provide a constant indoor environment [13]. However, 
the huge amount of energy required to ‘neutralise’ the 
external environment is no longer ethical nor aligned 
with the net zero targets, even with a decarbonised 
grid. On the other hand, passive systems remind us of 
the potential offered by the fundamental principles of 
wind and buoyancy. Used for centuries, they provide 
fresh air and cooling [14] without active energy.  

Besides operational energy, embodied carbon 
emissions are being examined over the whole lifecycle 
of the building [15]. The lack of EPDs suggests that the 
assessments of MEPs are underexamined [16]. 

3. FIELDWORK: FOUR CASE STUDIES 
3.1 Climates and Typologies  

The four case studies are located within 50 km of 
London or Paris and share a comparable sun path, with 
a significant contrast between the summer and winter 
solstices. Falling in the KöppenGeiger classification 
“Temperate, No Dry Season, Warm Summer”, their 
climate may evolve if the representative concentration 
pathway 8.5 is followed [17]. This is essential to keep 
in mind as the applicability of the study, which looks at 
specific ventilation systems, depends on the climate in 
which the buildings are located. Heat recovery systems 
are useful where there is a great difference between 
indoor and outdoor air temperatures during winter. 
This is the case in both cities, with a heating period 
over several months, the coldest months being 
January and February. However, temperatures in Paris 
are more extreme in both winter and summer. 
Overheating during warm seasons is a growing 
concern as temperature records are being broken 
frequently (e.g., 46.0 °C in June 2019 in France [18] and 
40.3°C in July 2022 in the UK [19]). Paris has warmer 
summers than London, but school breaks start at the 
beginning of July whereas at the end of the month in 
the UK. The evaluated systems include summer 
strategies, with heat exchanger bypass and operable 
windows to allow night-time purge ventilation. 

The four buildings represent the range of 
educational stages in the region: nursery (A), primary 
(B), secondary (C) and high school (D). The annual 
occupancy pattern is largely in the heating period, 
making the use of heat recovery systems relevant. 

 
3.2 Components and Indoor Air Quality 

Building Bulletin (BB) 101 reminds us that there is 
a large variety of systems, between mechanical and 
natural ventilation [20]. The selected sample includes 
passive (A, C) and hybrid modes (B, D). 

The system in building A is made of a horizontal 
supply duct and a vertical exhaust chimney. Each 
classroom is served by two branches. Each consists of 
an inlet located on the facade and an outlet on the 
roof, to benefit from both buoyancy and wind forces. 

The system in building C only uses vertical ducts, 
connected to a wind-driven roof mounted cowl unit. 
Four vertical ducts reach the classroom: two supply 
ducts deliver fresh air at a low level, and two return 
diffusers are located in the ceiling.  

The system in building B is made of a facade unit. 
This hybrid ventilation system runs with a fan in 
winter. Louvres integrated on the facade allow a 
passive ventilation in summer via buoyancy effect.  

The system in building D is an evolution of the one 
described above in building C, as it includes a roof 
mounted fan on top of the exhaust stack which runs 
on windless days. With an L-shape duct supply, this 
system needs only one branch per classroom. 

 

In a post-pandemic context, IAQ became an 
essential topic, especially in high-density classrooms. 
CO2 concentration is monitored in the selected 
buildings via sensors to meet local targets (e.g., a 
naturally ventilated space in the UK, daily average 
<1,500 ppm, >2,000 ppm for <20 consecutive minutes, 
<1200 ppm for the majority of the time [20]). This shift 
from a minimum air flow rate to a maximum CO2 
concentration promotes natural or hybrid ventilation 
systems and the use of demand-controlled ventilation 
(DCV). Precedent studies demonstrate that CO2 levels 
remain below local thresholds in cases A and C [21, 
22]. Other investigations show that airflow rates are 
more delicate to achieve due to the poor system 
airtightness or the diversity of monitoring tools [23]. 

Hybrid systems can do both. Based on the 
occupancy derived from CO2 concentration, they 
provide sufficient outdoor air via fans when passive 
strategies alone are not effective enough. However, 
analysis of tender documents for the hybrid case 
studies reveals that the transition from passive to 
hybrid mode needs to be taken very carefully. While 
system B is integrated into the project as part of 
passive ventilation strategies, the fully passive mode 
of operation is limited to only part of the year in 
warmer months. In addition, drawings from  system D 
indicate that the roof-mounted fan reduces the 
operative aperture area of the chimney and limits in 
the same way the potential for stack effect. While 
mechanical ventilation components are beneficial in 
developing innovative hybrid systems, it is critical to 
ensure that the fundamental principles of natural 
ventilation are applied and prioritised. 
 
3.3 Space Implications of Systems 

“The whole building is designed around natural 
ventilation!” mentioned an interviewee. The large 
duct size required for natural ventilation imposes 
considerable constraints on the design, especially 
when an air-to-air heat exchanger means that the 
supply and return flows must meet at the same point. 
However, these systems are often well integrated into 
the architectural design, with constraints varying for 
each case study. 

The volume used by the distribution system is one 
of the first constraints. While a mechanical system 
with heat recovery would require dual ducts in the 
corridor, system D allows a generous floor-to-ceiling 
height and potentially inhabited circulations. 
However, the use of large ducts requires higher storey 
heights to limit the impact on the volume of the 
classrooms (D), at the risk of having to duplicate the 
system to reduce the size of ducts and, at the same 
time, duplicating the quantity of raw materials used 
(C). In some cases, the clear height under the false 
ceiling is a constraint imposed by the client, where it is 
considered that low elements could be excessively 

damaged (C), or used to hide objects without the 
knowledge of the school's supervisors (D). 

The aesthetic aspect is related, even though the 
industrial look is sometimes deliberately pursued in 
projects, with visible ducts and a minimal amount of 
false ceiling (D). This aesthetic challenge applies both 
to the interior, where it can be very delicate to hide a 
hybrid box mounted on the facade (B), and to the 
exterior, with these facade units that imposes a 
window pattern (B), or with impressive chimneys that 
architects often choose to magnify (A).  

Finally, the analysis of the drawings also revealed 
some crucial technical aspects. Mechanical ventilation 
systems are criticised by interviewees for the amount 
of floor space taken up by plant rooms. This must be  
considered when carrying out a full analysis, especially 
when these systems are not on the fifth facade but 
installed indoors, in place of useful space. It should be 
noted, however, that some passive ventilation systems 
require a very large number of service risers (A, C, D), 
taking up usable space on several floors, and involving 
additional costs and materials for structural 
reinforcements. 

 

Figure 2: Assumed air quality in front of a park, England (Site 
visit C, 2023) 
 
3.4 Barriers and Drivers of Natural Ventilation 

The first two questions in the semi-structured 
interviews aimed to identify the barriers and drivers to 
passive strategies, before exploring in more detail the 
design specificities of the system and typology of the 
project in which the interviewee was involved. 

The drawback of heat loss in the exhaust air and 
lack of control of IAQ were not relevant with heat 
exchangers and CO2 sensors and, therefore, have not 
been mentioned. The irregularity and unpredictability 
of passive ventilation was the most frequently 
identified obstacle. While the buoyancy effect can be 
simulated, it is true that the wind is not a constant 
parameter. In addition, acoustic and air pollution from 
the surroundings of the building were often 
mentioned by interviewees. Finally, the lack of 
precedents and the client's reluctance was another 
point of difficulty mentioned. 
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2. BACKGROUND 
2.1 Air Quality and Well-being 

Air pollution is a major environmental risks to 
health [4]. Five major pollutants cause cardiovascular 
and respiratory chronic conditions in urban areas: 
carbon monoxide (CO), sulphur dioxide (SO2), nitrogen 
dioxide (NO2), ground level ozone (O3), and particulate 
matters (PM2.5, PM10) [5]. Recent studies show that the 
surroundings of 2,000 schools and nurseries in the UK 
have dangerous levels of air pollution [6]. To bring in 
fresh air, the outdoor air should be of good quality. 

Europeans spend 90% of their time inside buildings 
[7] and pollutants reduce attendance and affect pupils’ 
performance [8]. IAQ should be maintained to both 
reducing contaminants from the building products 
(e.g., formaldehyde, volatile organic compound) and 
from the occupants [9]. Confined spaces require the 
removal of CO2 produced by occupants. Oxygen 
concentrations below 12%, or CO2 above 5% are 
hazardous [10]. CO2 levels are used as an indicator to 
adjust ventilation rates to the occupancy (Fig. 1). 

Simple manual controls are valuable in limiting the 
performance gap and avoiding frustration for building 
occupants [11]. Furthermore, as wellbeing is a state 
influenced by human multisensory perceptions [12], 
building design should facilitate flexibility and diversity 
of indoor environments, in connection to the outdoor. 

 

 
Figure 1: CO2 sensor with traffic light display in a classroom 
(Site visit A, 2023) 

2.2 Ventilation Systems and Carbon Emissions 
Developed to create a more comfortable indoor 

environment, active ventilation systems have reached 
an extreme. The “exclusive mode” theory relies on 
technology to overcome climatic variations and to 
provide a constant indoor environment [13]. However, 
the huge amount of energy required to ‘neutralise’ the 
external environment is no longer ethical nor aligned 
with the net zero targets, even with a decarbonised 
grid. On the other hand, passive systems remind us of 
the potential offered by the fundamental principles of 
wind and buoyancy. Used for centuries, they provide 
fresh air and cooling [14] without active energy.  

Besides operational energy, embodied carbon 
emissions are being examined over the whole lifecycle 
of the building [15]. The lack of EPDs suggests that the 
assessments of MEPs are underexamined [16]. 

3. FIELDWORK: FOUR CASE STUDIES 
3.1 Climates and Typologies  
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solstices. Falling in the KöppenGeiger classification 
“Temperate, No Dry Season, Warm Summer”, their 
climate may evolve if the representative concentration 
pathway 8.5 is followed [17]. This is essential to keep 
in mind as the applicability of the study, which looks at 
specific ventilation systems, depends on the climate in 
which the buildings are located. Heat recovery systems 
are useful where there is a great difference between 
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40.3°C in July 2022 in the UK [19]). Paris has warmer 
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strategies, with heat exchanger bypass and operable 
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The four buildings represent the range of 
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3.2 Components and Indoor Air Quality 
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system needs only one branch per classroom. 
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system B is integrated into the project as part of 
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of operation is limited to only part of the year in 
warmer months. In addition, drawings from  system D 
indicate that the roof-mounted fan reduces the 
operative aperture area of the chimney and limits in 
the same way the potential for stack effect. While 
mechanical ventilation components are beneficial in 
developing innovative hybrid systems, it is critical to 
ensure that the fundamental principles of natural 
ventilation are applied and prioritised. 
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However, these systems are often well integrated into 
the architectural design, with constraints varying for 
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The volume used by the distribution system is one 
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with heat recovery would require dual ducts in the 
corridor, system D allows a generous floor-to-ceiling 
height and potentially inhabited circulations. 
However, the use of large ducts requires higher storey 
heights to limit the impact on the volume of the 
classrooms (D), at the risk of having to duplicate the 
system to reduce the size of ducts and, at the same 
time, duplicating the quantity of raw materials used 
(C). In some cases, the clear height under the false 
ceiling is a constraint imposed by the client, where it is 
considered that low elements could be excessively 

damaged (C), or used to hide objects without the 
knowledge of the school's supervisors (D). 

The aesthetic aspect is related, even though the 
industrial look is sometimes deliberately pursued in 
projects, with visible ducts and a minimal amount of 
false ceiling (D). This aesthetic challenge applies both 
to the interior, where it can be very delicate to hide a 
hybrid box mounted on the facade (B), and to the 
exterior, with these facade units that imposes a 
window pattern (B), or with impressive chimneys that 
architects often choose to magnify (A).  

Finally, the analysis of the drawings also revealed 
some crucial technical aspects. Mechanical ventilation 
systems are criticised by interviewees for the amount 
of floor space taken up by plant rooms. This must be  
considered when carrying out a full analysis, especially 
when these systems are not on the fifth facade but 
installed indoors, in place of useful space. It should be 
noted, however, that some passive ventilation systems 
require a very large number of service risers (A, C, D), 
taking up usable space on several floors, and involving 
additional costs and materials for structural 
reinforcements. 

 

Figure 2: Assumed air quality in front of a park, England (Site 
visit C, 2023) 
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The first two questions in the semi-structured 
interviews aimed to identify the barriers and drivers to 
passive strategies, before exploring in more detail the 
design specificities of the system and typology of the 
project in which the interviewee was involved. 

The drawback of heat loss in the exhaust air and 
lack of control of IAQ were not relevant with heat 
exchangers and CO2 sensors and, therefore, have not 
been mentioned. The irregularity and unpredictability 
of passive ventilation was the most frequently 
identified obstacle. While the buoyancy effect can be 
simulated, it is true that the wind is not a constant 
parameter. In addition, acoustic and air pollution from 
the surroundings of the building were often 
mentioned by interviewees. Finally, the lack of 
precedents and the client's reluctance was another 
point of difficulty mentioned. 
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All these points were largely outweighed by 
positive arguments in favour of passive strategies. 

In response to energy losses, all interviewees 
mentioned the potential for operational energy 
savings: “Indoor air quality is an important element in 
any ventilation system, not using electricity to do it is 
by far the best way if we can”. Surprisingly, efforts into 
the reduction of embodied carbon linked to building 
services were only mentioned once, which suggests 
that this topic has yet to be fully explored. 

In response to the unpredictability, stakeholders 
were keen to share the potential for greater user 
control, even if this can lead to performance gaps and  
higher energy consumption than predicted in some 
cases (A). The “psychological benefit” is also 
mentioned as referring to wellbeing: “Seeing through 
an openable window, feeling the breeze”. 

In response to the microclimate constraints, the 
architects and engineers cited cases where favourable 
conditions were a driver to passive strategies: long 
distance from main roads, proximity to natural areas 
considered beneficial to the project (Fig. 2). 

Finally, in response to the lack of precedents or lack 
of involvement from stakeholders, examples of 
collaboration between architect, mechanical engineer, 
sustainability specialist and contractor were shown. In 
one case (A), the project was made possible by the 
creation of an independent entity (including the client, 
architects and engineers) to push the boundaries of 
sustainable design and multidisciplinary work. It is 
interesting to note that in half of the cases, the passive 
and hybrid strategies were initiated by the architect. In 
the other two cases, it was motivated by the 
sustainability expert, via a certification scheme. 

 
4. ANALYTICAL WORK: EMBODIED CARBON 
4.1 Objective 

The objective of the analytical work is to assess the 
life cycle embodied carbon emissions (LCEC) over 60 
years of the systems used in building C (passive) and in 
building D (hybrid), in comparison to a conventional 
“reference” system (balanced mechanical ventilation 
with heat recovery) (Fig. 3). 

 
4.2 Precedents and Methods 

Previous research estimated the carbon footprint 
of a UK educational building [24], but it did not include 
MEP systems and did not evaluate the impact per floor 
area unit. Benchmarks such as the London Plan 
Guidance suggest that the LCEC of schools should be 
below 1,000 kgCO2e/m² Gross Internal Area (GIA), with 
15% attributed to MEP services [25]. 

The assessment of the LCEC emissions, which 
includes modules A1-C4 and excludes B6-B7, is carried 
out over a 60-year period. The calculation covers at 
least 95% of the components using the CIBSE TM65 
basic calculation when EPDs are missing. 

A hypothetical school building is designed 
according to BB 103, with 16 classrooms of 30 people 
(8.6 x 7.2 x 3.0 m), arranged over two storeys of eight 
rooms with a central corridor [26]. The sizing is based 
on a common airflow rate of 8 l/s/p. 3D modelling with 
the software Rhino made it possible to list and 
measure all components. Three lifespan scenarios are 
considered. Two new parameters are proposed: the 
service risers’ structural reinforcement (steel profile 
31 kg/m), and the wasted floor area taken up by 
service risers and plant rooms (461 kg CO2e/m²). The 
results are normalised in kg CO2e/m² GIA. 

 

 
Figure 3: Axonometry of the passive (C), hybrid (D) and active 
(Ref) ventilation systems in a classroom 

4.3 Results  
Overall, the hybrid system D had the lowest LCEC 

values in all scenarios, between 30% and 43% lower 
than the reference active system, while the passive 
system C was in second place in the conventional and 
optimistic component life expectancy scenarios. This 
study demonstrates that the lifetime of the unit 
considered in the assessment had a significant impact 
on the results over a 60-year period (Fig.4). The 
assessment also reveals the variable impact of other 
components: the hybrid system D wasted 11 times less 
floor area, and used glass wool ducts that were half as 
carbon-intensive as the galvanised steel ones in the 
reference active system (Table 1). 
 
Table 1: Life Cycle Embodied Carbon of the passive (C), hybrid 
(D) and active systems (Ref) over 60 years (kgCO2e/m² GIA) 

Part C D Ref 
DUCTS 5.72 28.40 30.72 
UNITS 76.68 41.07 63.05 

RISERS 4.58 5.63 0.95 
WASTED AREA 6.09 1.29 14.65 

TOTAL 93.05 76.40 109.37 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: Life Cycle Embodied Carbon assessment over 60 
years according to three lifespan scenarios (kgCO2e/m² GIA)  
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All these points were largely outweighed by 
positive arguments in favour of passive strategies. 

In response to energy losses, all interviewees 
mentioned the potential for operational energy 
savings: “Indoor air quality is an important element in 
any ventilation system, not using electricity to do it is 
by far the best way if we can”. Surprisingly, efforts into 
the reduction of embodied carbon linked to building 
services were only mentioned once, which suggests 
that this topic has yet to be fully explored. 

In response to the unpredictability, stakeholders 
were keen to share the potential for greater user 
control, even if this can lead to performance gaps and  
higher energy consumption than predicted in some 
cases (A). The “psychological benefit” is also 
mentioned as referring to wellbeing: “Seeing through 
an openable window, feeling the breeze”. 

In response to the microclimate constraints, the 
architects and engineers cited cases where favourable 
conditions were a driver to passive strategies: long 
distance from main roads, proximity to natural areas 
considered beneficial to the project (Fig. 2). 

Finally, in response to the lack of precedents or lack 
of involvement from stakeholders, examples of 
collaboration between architect, mechanical engineer, 
sustainability specialist and contractor were shown. In 
one case (A), the project was made possible by the 
creation of an independent entity (including the client, 
architects and engineers) to push the boundaries of 
sustainable design and multidisciplinary work. It is 
interesting to note that in half of the cases, the passive 
and hybrid strategies were initiated by the architect. In 
the other two cases, it was motivated by the 
sustainability expert, via a certification scheme. 
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Guidance suggest that the LCEC of schools should be 
below 1,000 kgCO2e/m² Gross Internal Area (GIA), with 
15% attributed to MEP services [25]. 

The assessment of the LCEC emissions, which 
includes modules A1-C4 and excludes B6-B7, is carried 
out over a 60-year period. The calculation covers at 
least 95% of the components using the CIBSE TM65 
basic calculation when EPDs are missing. 

A hypothetical school building is designed 
according to BB 103, with 16 classrooms of 30 people 
(8.6 x 7.2 x 3.0 m), arranged over two storeys of eight 
rooms with a central corridor [26]. The sizing is based 
on a common airflow rate of 8 l/s/p. 3D modelling with 
the software Rhino made it possible to list and 
measure all components. Three lifespan scenarios are 
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31 kg/m), and the wasted floor area taken up by 
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assessment also reveals the variable impact of other 
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4.4 Limitations  
It is important to note that this study considers 

only three specific systems, and the results cannot be 
generalised as typical values for types of ventilation 
strategies. The main limitation is the lack of available 
data in MEPs. More information could be obtained 
from manufacturers but this is a resource intensive 
task outside the scope of this study. This study does 
not include operational energy, and therefore 
excludes refrigerants. Beyond fresh air, this would 
have required heating and cooling strategies to be 
considered with a thermal analysis throughout the 
year, which was outside the scope of the study. In 
addition, schools are protected and difficult to visit. 
Continuous monitoring and post-occupancy 
evaluation could not take place. 

 
5. DISCUSSION 

Interpretation of the assessment should consider 
the additional operational energy emissions. While the 
passive system does not require energy, the hybrid 
one runs fans when natural ventilation is insufficient 
and the reference active system always consumes 
electricity when it runs. We also draw lessons from the 
intersection of fieldwork and analytical work. 

The passive system C is mainly wind-driven. Its 
localised fresh air supply may be heterogeneous and 
cause discomfort during winter. The component life 
expectancy impacts the emissions associated with the 
system. Ducts and chimneys could be integrated as 
building elements with high upfront carbon emissions 
that become viable over time. However, the impact of 
this vertical system on the space would worsen, 
further limiting layout evolution. Consideration of 
operational energy emissions could highlight more 
benefits, as this system is also effective for passive 
cooling with a heat exchanger bypass. 

 

 
Figure 4: Photo of a passive chimney seen through an 
operable window, France (Site visit C, 2023) 

In the hybrid system D, the weak link is the roof fan, 
as it reduces the area of the exhaust chimney and 
therefore, the potential for stack effect. Fans ensure 
IAQ continuity even on windless days. They are likely 
to determine the life expectancy of the system if not 
maintained. A larger fan to facilitate natural 
ventilation or a photovoltaic panel for a self-generated 
system could be explored, but both solutions will 
increase the embodied carbon. Another solution to 
reduce emissions would be to combine fresh air and 
cooling strategies. 

The reference active system offers a homogeneous 
airflow, but the unit is only used for fresh air, as 
radiators are considered in parallel. Its combined use 
for heating, cooling and fresh air would increase its 
efficiency and reduce the carbon impact associated 
with HVAC, but would also require the use of carbon-
intensive refrigerants and an increase in the dimension 
of the ducts. Other strategies could involve several 
lighter units made of more plastic than metal. 

Overall, this study reminds us of the potential of 
passive strategies (Fig.4) to limit the embodied carbon 
emissions related to MEPs (Fig.5). 

The applicability of this research is not limited by 
its scope. Although it focuses only on ventilation to 
provide fresh air in London and Paris, it informs other 
projects in similar temperate climates where heat 
recovery is appropriate. It is essential to note that if 
the external temperatures when the rooms are 
occupied do not justify the use of a heat exchanger, 
then other strategies should be considered. 

Moreover, the study only considers general 
classrooms in new build, with good airtightness and a 
localised system. Other typologies, with a different 
occupancy density, larger spaces or multiple storeys, 
could require longer lengths of ductwork which would 
increase pressure loss in passive ventilation systems.  
 

 
Figure 5: Mechanical, Electrical and Public health 
components in a construction site, France (Site visit E, 2023) 
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6. CONCLUSION 
This paper illustrates that mechanical ventilation 

systems are not the only solution, at a time when 
natural-based solutions are coming back on the 
agenda to improve wellbeing and limit emissions 
associated with the built environment. Designers 
working on public educational building projects are 
uniquely placed to offer innovative solutions which are 
exemplars in preserving the health of future 
generations and implementing climate-resilient 
architecture. 

Based on both fieldwork and analytical work, this 
research contributes to expanding the knowledge on 
ventilation systems to provide fresh air in classrooms. 
The authors recommend the following hierarchy. 
Firstly, natural ventilation should be facilitated as early 
as possible in the design process, with simple solutions 
that do not require active energy. The passive system 
C is an effective option for small classrooms if made to 
last, and CO2 sensors are an interesting way to monitor 
indoor air quality. Secondly, heat recovery and other 
controls are implemented only when required by the 
climate and the occupancy. Indeed, they lead to air 
being ducted. The exchanger is made of carbon-
intensive materials but reduces the heating loads. 
Thirdly, hybrid systems, which combine strategies 
rather than multiplying them, are used to support 
passive principles. The hybrid system D offers an 
interesting balance between embodied and 
operational carbon, but the mechanical component 
should not reduce the passive potential. Lastly, 
mechanical ventilation should be used when specific 
requirements must be met, with appropriate sizing 
and a decentralised system where it is more efficient. 
The reference system considered is heavy in both 
operational and embodied carbon emissions, even if it 
provides a homogeneous and controlled air flow. 

In future investigations, it might be possible to also 
explore operational carbon emissions, cost analysis, 
maintenance and circular economy. 
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6. CONCLUSION 
This paper illustrates that mechanical ventilation 

systems are not the only solution, at a time when 
natural-based solutions are coming back on the 
agenda to improve wellbeing and limit emissions 
associated with the built environment. Designers 
working on public educational building projects are 
uniquely placed to offer innovative solutions which are 
exemplars in preserving the health of future 
generations and implementing climate-resilient 
architecture. 

Based on both fieldwork and analytical work, this 
research contributes to expanding the knowledge on 
ventilation systems to provide fresh air in classrooms. 
The authors recommend the following hierarchy. 
Firstly, natural ventilation should be facilitated as early 
as possible in the design process, with simple solutions 
that do not require active energy. The passive system 
C is an effective option for small classrooms if made to 
last, and CO2 sensors are an interesting way to monitor 
indoor air quality. Secondly, heat recovery and other 
controls are implemented only when required by the 
climate and the occupancy. Indeed, they lead to air 
being ducted. The exchanger is made of carbon-
intensive materials but reduces the heating loads. 
Thirdly, hybrid systems, which combine strategies 
rather than multiplying them, are used to support 
passive principles. The hybrid system D offers an 
interesting balance between embodied and 
operational carbon, but the mechanical component 
should not reduce the passive potential. Lastly, 
mechanical ventilation should be used when specific 
requirements must be met, with appropriate sizing 
and a decentralised system where it is more efficient. 
The reference system considered is heavy in both 
operational and embodied carbon emissions, even if it 
provides a homogeneous and controlled air flow. 

In future investigations, it might be possible to also 
explore operational carbon emissions, cost analysis, 
maintenance and circular economy. 
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ABSTRACT: The demand for housing that is both affordable and sustainable is a prevalent global phenomenon. 
Despite the multiple challenges, there is room for realizing advancements through innovative design methods, 
building materials, and technologies. This study delves into analyzing the energy performance and optimization 
strategies for three distinct housing prototypes in San Antonio, Texas, USA, as part of the “Single-Family Prototype 
Pilot Project” initiated by San Antonio Affordable Housing Inc. (SAAH). The three prototypes include a conventional 
wood-frame construction (control prototype), an optimized wood-frame construction, and a rammed-earth 
construction. Using DesignBuilder simulation software, the study evaluates and compares their energy 
performance, considering factors including cooling and heating loads, solar heat gains, indoor temperatures, and 
annual cooling costs. The results highlight significant energy savings achieved through optimization in the wood-
frame prototype and prove the energy efficiency of natural construction typologies such as rammed earth. These 
findings demonstrate the feasibility of constructing energy-efficient and affordable housing in a hot and humid 
climate and contribute valuable insights for future sustainable housing practices. 
KEYWORDS: Energy efficiency, Affordable housing, Sustainable construction, Energy optimization. 
 
 

1. INTRODUCTION 
It is well proven that research on constructing 

highly performing buildings and retrofitting existing 
ones is fundamental for decreasing global greenhouse 
emissions, curbing energy consumption, and 
enhancing the health and wellbeing of occupants [1]. 
As cities grow, the need for sustainable living solutions 
becomes a crucial necessity. In particular, San Antonio, 
Texas, USA, ranks among the fastest-growing cities in 
the United States [2] and is actively pursuing strategies 
to improve the environmental performance across 
multiple sectors, including housing. Addressing the 
pressing need for deeply affordable homeownership in 
San Antonio, specifically for families at or below 80% 
of the Area Median Income (AMI), the nonprofit 
organization San Antonio Affordable Housing Inc. 
(SAAH) [3] has launched "The Single-Family Prototype 
Pilot Project" (Pilot Project). This initiative involves 
collaborations with multiple entities to develop 
housing prototypes that are both sustainable and 
affordable, utilizing diverse materials and construction 
methods. SAAH is committed to providing affordable, 
quality housing to all citizens, regardless of their 
income levels, while ensuring the safety of the public. 
The authors of this paper served as the partners 
responsible for conducting an analysis of the energy 

performance and optimization of different housing 
prototypes which is crucial for the success of the Pilot 
Project.  

The literature on energy optimization and 
affordability in housing underscores a critical 
intersection between sustainability and social equity in 
the built environment [4]. As the demand for energy-
efficient housing grows, researchers are increasingly 
investigating strategies to optimize energy 
consumption without compromising affordability. 
Successful energy optimization in affordable housing 
requires a holistic approach, considering factors such 
as building materials, construction methods, and the 
unique local socio-economic context [5]. 

The study outlined in this paper focuses on the 
outcomes of phase 1 of the Pilot Project, 
encompassing the analysis of energy efficiency and 
design optimization of three prototypes chosen by the 
organization. One existing residential unit was 
selected as the control prototype for comparison 
purposes, while the other two houses are in the 
construction stage (phase 2), with on-site energy 
performance assessment planned for phase 3. 
Furthermore, post-occupancy evaluations are planned 
for phase 4 to validate the study's results on-site. 

 

1225



 

2. MATERIALS AND METHODS 
The primary objective of this investigation is to 

evaluate, compare, and optimize the energy 
performance of the three specified prototypes before 
construction, using the energy simulation tool 
DesignBuilder [6], with EnergyPlus as calculation 
engine. Following the development of the energy 
models, a series of sensitivity analyses, including 
model calibration, were carried out. The outcomes for 
each prototype were analyzed with regard to cooling 
and heating loads, solar heat gains, temperatures, and 
annual cost of cooling (both sensible and latent). 
 
2.1 Location and climate 

The studied housing prototypes in this Pilot Project 
are located in San Antonio, Texas, USA. The area is 
characterized by a hot and humid climate, aligning 
with climate zone 2A as per The American Society of 
Heating, Refrigerating and Air-Conditioning Engineers 
(ASHRAE) Standard 169 [7]. Figure 1 illustrates the 
monthly distribution of air dry-bulb temperature and 
relative humidity based on the Typical Meteorological 
Year TMY3 data obtained from the San Antonio 
International Airport weather station [8]. The annual 
mean temperature in San Antonio, which suffers from 
hot summers, ranges between 16.1°C and 26.3°C, 
whereas the average relative humidity is 67.5%, with 
drier conditions during July and August.  

The primary concern in this climate zone revolves 
around managing cooling and dehumidifying loads 
within indoor spaces. Passive design strategies, on 
their own, can only achieve a minimal percentage of 
comfortable hours inside buildings in this climate area. 
Therefore, additional solutions are required to ensure 
the thermal comfort of occupants, necessitating the 
incorporation of adequate active systems. 

 

 

 
Figure 1: Monthly averages of air dry-bulb temperature and 
relative humidity from the TMY3 weather data for San 
Antonio, Texas, USA. 
 
2.2 The housing prototypes 

The three housing prototypes examined in this 
study are equivalent single-family houses designed 
and constructed by SAAH (except prototype A) as 
illustrative models for achieving affordable housing 

with improved energy performance. The prototypes 
are delineated in what follows. 

 
2.2.1 The control prototype (Prototype A)  

This prototype is an existing one-story residence 
featuring conventional American wood framing 
construction. Its shape is rectangular, measuring 11.6 
m in both the front and rear dimensions, and 11.3 m 
on the sides, resulting in a total area of 131.1 m2. The 
walls and roof are constructed with wood framing, and 
batt insulation is placed between the flat ceiling joists. 
The floor is a slab-on-grade, and the windows are 
single-hung, featuring a white vinyl frame and double-
pane glazing. The house includes a living room, a 
kitchen, and a dining space designed with an open 
layout, along with a utility closet, three bedrooms and 
two bathrooms. Additionally, it is shaded with two 
porches, one at the front (3 m x 1.8 m) and one at the 
back (2.7 m x 1.8 m) of the house. 
 
2.2.2 The wood-frame prototype with optimized 

energy efficiency (Prototype B) 
This building is a one-story residence designed with 

a simple rectangular shape, measuring 14.5 m in both 
the front and rear dimensions, and 7.2 m on the sides, 
resulting in a total area of 104.4 m2. The construction 
materials and methods are identical to those in the 
control prototype. This house includes a living room, a 
kitchen, and a dining space designed with an open 
layout, along with a utility closet, two bedrooms, and 
one bathroom. Additionally, it features a porch 
situated at the west entrance of the house (7.6 m x 2.4 
m). The layout is designed to accommodate a potential 
building extension in the future, if deemed necessary. 
 
2.2.3 The rammed earth prototype (Prototype C) 

This prototype is a one-story residence designed 
with a simple rectangular shape, measuring 15.1 m in 
both the front and rear dimensions, and 7.5 m on the 
sides, resulting in a total area of 113.3 m2. The 
construction of this house involves rammed earth 
walls, a slab-on-grade floor slab, and a roof structure 
composed of structural insulated panels. The windows 
are single-hung, featuring a vinyl frame and double-
pane glazing. Moreover, the building includes a porch 
at the west entrance (7.6 m x 2.4 m). The layout closely 
resembles that of Prototype B. 

 
The envelope characteristics of the housing 

prototypes are outlined in Table 1. The designations A, 
B1, B2, and C correspond to the control prototype, the 
wood-frame prototype before the energy optimization 
analysis, the wood-frame prototype after the energy 
optimization analysis, and the rammed-earth building, 
respectively.  
 
 

Min. Temp.  Max. Temp. RH 
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Min. Temp.  Max. Temp. RH 
 

 

Table 1: Envelope characteristics of the different prototypes. 
U-factor units are in W/(m2 K). 
Element A B1       B2 C 

Walls  U-0.37 U-0.37 U-0.24 U-0.32 
Roof  U-0.14 U-0.14 U-0. 14 U-0.14 
Floor  U-0.53 U-0.53 U-0.53 U-0.53 

Infiltration 
(ACH) 8.50 4.00 0.60 0.60 

Windows U-1.42 
SHGC-0.25 

U-2.16 
SHGC-0.25 

U-1.42 
SHGC-0.25 

U-2.27 
SHGC-0.25 

 
2.3 Building energy modelling 

Detailed energy models for the three prototypes 
were developed using DesignBuilder software [6], as 
depicted in Figure 2. To facilitate comparison, some 
parameters were fixed across all the models. For 
instance, the occupancy density was set at 0.02 
people/m2, and the heating and cooling 
setpoint/setback were established at 20°C/17.8°C and 
22.2°C/25.6°C, respectively. On the other hand, 
various characteristics, including materials, activity, 
construction typology, and mechanical systems, were 
varied to align with the unique design of each 
structure, as specified by the architectural, structural, 
and mechanical designs and drawings. 

 

 
Figure 2: Three-dimensional rendering of the buildings in 
DesignBuilder: A) control prototype, B) wood-frame 

prototype with optimized energy efficiency, and C) rammed-
earth prototype. 

 
Prototype B has both cases—before (B1) and after 

(B2) the energy efficiency optimization—included in 
the analysis. As per the provided designs, prototypes A 
and B1 are equipped with a standard air conditioning 
and electric resistance heating system without 
mechanical ventilation as they represent conventional 
building typologies. In contrast, prototypes B2 and C 
feature a ducted mini-split air conditioning and electric 
resistance heating system with an energy recovery 
ventilator and dehumidifier. 

2.4 Optimization of Prototype B 
Multiple simulations were carried out on Prototype 

B with the objective of assessing and selecting 
optimizing strategies to enhance the energy efficiency 
of a conventional building assembly, all while 
considering affordability. The considered components 
included walls, roof, and floor insulation, airtightness, 
window glazing type, and roof overhang for shading. 
Through simulations and discussions with partners 
responsible for addressing affordability, it was 
determined that the best-balanced upgrades for 
Prototype B include the following (thermal 
transmittance, U-values, in W/(m2 K)): 

 
 An increase in wall insulation thermal 

transmittance beyond the code requirement 
of U-0.44 to U-0.25. Further increases in the 
U-value results in modest energy savings but 
escalated costs, leading to their exclusion.  

 No additional increase in roof insulation 
thermal transmittance beyond the code 
requirement of U-0.15. Further 
enhancements in the U-value result in 
modest energy savings but escalated costs, 
leading to their exclusion. 

 Reduction in the air infiltration rate from 4 
ACH to 0.6 ACH by ensuring the building is 
airtight using house wrap with tape sealing 
and limiting openings for mechanical 
systems. 

 Improvement in glazing conductivity from U-
2.157 to U-1.420. Further reductions in the U-
factor yield modest energy savings while 
increasing costs, resulting in their exclusion. 

 Extension of the roof overhang on the south 
façade from 30 cm to 60 cm to decrease solar 
heat gain through the windows.  

 
3. RESULTS AND DISCUSSION 

This section delineates the outcomes of the 
comparative analysis of the different prototypes. The 
parameters subjected to comparison encompass 
loads, heat gains, indoor temperatures, and the annual 
cost of cooling. 

A) 
 

C) 
 

B) 
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3.1 Cooling and heating loads 
To enhance energy efficiency, employing predictive 

control based on cooling and heating load prediction 
proves effective for demand and load reduction [9]. 
Figure 3 presents a comparative analysis of the annual 
cooling (sensible and total) and heating loads from 
building energy simulations across the different 
prototypes. 

 Prototypes A and B1 exhibit the highest loads due 
to the inefficient construction materials and methods. 
Notably, Prototype A's elevated infiltration rate, 
namely 8.5 ACH, contributes to significantly higher 
loads compared to Prototype B1, with an infiltration 
equal to 4 ACH. Optimization efforts on Prototype B, 
which corresponds to B2, demonstrate a remarkable 
reduction in cooling and heating loads by around 80% 
and 40% when compared to B1. Compared to the 
control Prototype A, these loads were also decreased 
by around 93% and 88%, respectively. Moreover, 
Prototype C proves to be exceptionally energy-
efficient, displaying loads comparable to optimized 
Prototype B. In contrast to the control Prototype A, 
Prototype C exhibits approximately 95% lower 
sensible and total cooling loads and an 88% reduction 
in heating loads. 

 
Figure 3: Annual cooling and heating loads for the different 
prototypes. 

 
3.2 Solar heat gains  

Reducing solar heat gain through the building 
fabric is a key strategy for decreasing energy demand 
in a building [10]. Therefore, this study also compared 
annual solar heat gains through the windows, exterior 
walls, and ground floor across the various prototypes, 
as depicted in Figure 4.  

Prototype B pre-optimization, B1, experiences the 
highest solar gains through the windows, closely 
followed by Prototype C. The optimization process 
further decreases gains in Prototype B by 53%. 
Conversely, due to its efficient windows (Table 1), 
Prototype A records lower gains. 

On the other hand, Prototype C registers the 
highest heat gains through walls, namely 5.5 times the 
ones for control Prototype A. This increase could be 
attributed to the characteristics of the wall material 
(rammed earth) and its thermal inertia, that absorbs 
solar radiation through the day and releases it at night 
when outdoor temperature drops. Additionally, these 
earthy walls do not have any insulation materials 
installed avoiding thermal absorption. The heat gains 
through walls were also higher in prototype B post-
optimization (B2) compared to pre-optimization, B1.   

Finally, all prototypes with a slab-on-grade 
experience heat dissipation through the ground floor. 
In particular, Prototype C has the most substantial 
losses, namely 5.4 times the ones in Prototype A, 
which positively impacts the reduction of cooling 
loads. 

 

 
Figure 4: Comparison of the annual heat gains among the 
different prototypes. 

 
3.3 Indoor operative temperatures 

The indoor operative temperature is a critical 
indicator of human thermal comfort within air-
conditioned spaces, making it an essential 
consideration [11]. The indoor operative temperatures 
for the different prototypes are presented in Figure 5. 

Simulation findings for the annual average indoor 
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6. The results reveal that Prototype A accrues an 
approximate cost of $794 per year. In contrast, 
Prototype B, before optimization, incurs a 42% lower 
cost than Prototype A, due to reduced cooling loads 
associated with the infiltration rate. Following 
optimization, the annual cost for Prototype B 
significantly decreases to approximately $86 (81% 
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most economical scenario, boasting the lowest annual 
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4. SUMMARY AND CONCLUSIONS 

This study analyzed and compared the energy 
performance of three distinct housing prototypes in 

San Antonio, Texas, USA. The research was 
commissioned by the San Antonio Affordable Housing 
Inc. (SAAH), a non-profit organization, as part of "The 
Single-Family Prototype Pilot Project". The first 
prototype features an existing conventional wood-
frame construction type (control prototype), the 
second incorporates a conventional wood-frame 
construction type with optimized energy performance, 
and the third utilizes a rammed-earth construction 
type. The following conclusions can be deduced from 
the findings of this study:  

 
 As expected, the control prototype 

(Prototype A) exhibits the least energy 
efficiency, primarily due to an elevated 
infiltration rate. However, the existing 
efficient windows result in lower heat gains in 
this prototype.  

 Optimizing the wood-frame prototype 
(Prototype B) results in substantial energy 
savings, reduces heat gains, and indoor 
operative temperatures, leading to significant 
decrease in the annual cost of cooling.  

 The rammed-earth prototype (Prototype C) 
demonstrates energy performance 
comparable to the optimized wood-frame 
prototype, achieving notable savings in 
cooling and heating loads, as well as the 
annual electricity cost for cooling when 
compared to the control prototype. 

 
These results provide valuable insights into best 

practices for constructing family housing that is both 
energy-efficient and affordable. The next steps of this 
project involve completing the construction of the 
wood-frame prototype with optimized energy 
efficiency and the rammed earth prototype. This will 
be followed by an on-site energy efficiency evaluation 
to confirm the results of the simulations. Finally, post-
occupancy evaluations are planned to monitor the 
performance of these prototypes.  
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1. INTRODUCTION  
Over the last decades, detailed individual building 

energy modelling has become an established mode of 
analysis for building designers. But since buildings 
cannot be assumed standing-alone in an urban context, 
meteorological loads cannot be estimated generically as 
they are particular for each building. In order to consider 
the microclimate in building energy simulation studies, 
urban climate modelling (UCM) and BES have to be 
chained or linked together. 

The Building Control Virtual Test Bed (BCVTB) is a 
software environment that allows users to couple 
difference simulation programs for simulation [1]. A 
general schematic of a coupling of 2 clients, 𝑥𝑥� and 𝑥𝑥�, is 
shown in Figure 1. A fortified example of the application 
of the BCVTB is that of Ramesh [2] upon which this 
research methodology builds upon. As such, this 
research aims to develop and test a coupling method 
between EnergyPlus and ENVI-met and evaluate its 
performance in terms of cooling energy consumption. 
The objectives of this research are: 

 To generate a modified weather file using the 
Urban Weather Generator (UWG) 

 Create a coupling model between EnergyPlus 
and ENVI-met using the BCVTB. 

 Evaluate the performance of the coupling 
method 

 Evaluate the impact of avenue trees on the 
buildings cooling energy demand. 

 

 
Figure 1 Data synchronization and function calls between 
Ptolemy II middleware and two simulation actors 

2. MATERIALS AND METHODS 
This research method involves 3 main sections that 

involve 4 simulators in order to complete the objectives.  
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2. MATERIALS AND METHODS 
This research method involves 3 main sections that 

involve 4 simulators in order to complete the objectives.  
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2.1 Case Study 
The location of the building model is Taipei, Taiwan, 

R.O.C. and is represented as a typical office building with 
5 floors (Figure 2) with a total floor area of 2000 m2. 
These floors are divided into 5 zones. Since the building 
is considered to be in a relatively dense urban 
environment, adjacent buildings were placed on all sides 
of the building, which is typical of Taipei’s urban 
structure.  

 
Figure 2 Case study building specifications. 

2.2 Urban Weather Generator (weather file 
modification) 

A crucial part of this study was modifying the typical 
meteorological weather file (Taipei TMY3.epw) used by 
the building energy simulation model so that it reflected 
the urban environment. The UWG was developed by 
Bruno Bueno [3] and has since been improved by Aiko 
Nakano [4], and Joseph Yang [5]. The type of building, 
road material, albedo and other properties had to be 
defined. An important advantage of the UWG to other 
weather file modifies was that it can account for 
anthropogenic heat flux from. The anthropogenic heat 
from traffic was taken from estimations of 
anthropogenic heat flux (AHF) in urban Taiwan from [6].  
 
2.3 Microclimate Domain (ENVI-met) 

To establish accurate boundary conditions for the 
study area, we employed ENVI-met, a widely-used 
dynamic simulation tool for microclimate analysis [7]. 
ENVI-met accounts for exchanges of energy and mass 
between vegetation and its surroundings. The domain of 
this simulation was modelled and is presented in Figure 
3. The configuration of the simulation domain in ENVI-
met was such that it closely approximated the scenario 
in EnergyPlus. As such, the location was the same. Trees 
being defined differently in ENVI-met were made to have 
a general cylindrical structure with an albedo of 0.12 and 
a leaf area index of 2.3 m2m2. The trees had a 
transmittance of 0.1. Simulations were carried out for 
the coldest and the hottest day of each month, totally 24 
simulations for a typical year. A python script was coded 
to extract and map important microclimate data into 
text files for recovery and exchange. 

 
Figure 3 ENVI-met domain: (a) top-view of study target building 
model; (a) 3D view of  the domain 

2.4 Energy Domain 
EnergyPlus is one of the most robust and used energy 

simulation tools available both at academic and 
commercial levels [8]. An disadvantage with EnergyPlus 
is that it simplifies the parameters like ground 
reflectance and tree transmittance [9]. Specifically, 
EnergyPlus represents tree transmittance as static 
obstructions with a constant transmittance value, a 
recognized limitation inherent in the tool. In an effort to 
surmount this constraint, a proposition for overcoming 
this limitation is presented in 2.5 which is generally 
based on an external interface in EnergyPlus that allows 
users to link it with other programs. The geometry of the 
EnergyPlus building model was presented in Figure 2. 
The EnergyPlus simulation was located in Taipei city. The 
building model represents a typical office building in the 
downtown area of the city, having an area of 2000m2. 
The window-to-wall ratio is 0.4 and the zones are 
equipped with variable-air-volume type HVAC systems 
with chiller coefficient of performance of 5.0.   Instead of 
running standard EnergyPlus simulations, a BCVTB 
framework was developed that coupled variables from 
both EnergyPlus and ENVI-met at synchronized time 
intervals.  
 
2.5 Correspondence between ENVI-met and EnergyPlus 

The coupling strategy that is employed by this 
research follows the method developed by Ramesh, S 
[2]. The BCVTB is the platform where this coordinated 
solution is built and simulated. To properly account for 
the microclimate in the energy simulation of the building 
was the EnergyPlus calculation of its internal load for 
zones which follows Equation (1):  

𝑄𝑄�������� �����  =  𝑞𝑞��� + 𝑞𝑞� + 𝑞𝑞��
+ ∆𝐸𝐸���  

(1) 

where  
𝑄𝑄�������� ����� −  Building’s cooling or heating loads 
𝑞𝑞��� −  Internal heat gain 
qc −  Convective heat transfer (W) 
𝑞𝑞�� −  Heat transfer due to infiltration 
∆𝐸𝐸��� −  Energy change of air in the zone 
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The balance equation for the outside face of a building is 
calculated by Equation (2): 

𝑞𝑞���� + 𝑞𝑞��� + 𝑞𝑞� − 𝑞𝑞�� = 0 (2) 

where  
𝑞𝑞����
− Absorbed direct and diffuse solar radiation heat flux  
𝑞𝑞��� −  Net longwave radiation heat exchange 
qc −  Convective heat transfer (W) 
𝑞𝑞�� −  Conduction heat flux (q/A) 
 

The coupling method was developed based on 
Equation (1) and Equation (2). The variables in both 
equations were used selectively in the coupling platform 
where the nature of their calculation determined 
whether they were used or improved by a more accurate 
procedure. The variables calculated in the coupling 
platform and their input source are organized under 3 
main sections: the direct and diffuse radiation section, a 
surface boundary conditions section, and an infiltration 
section. The incident radiation was attained from 
EnergyPlus as well as shadowing effects. For the surface 
boundary conditions, the surface temperature was 
calculated by EnergyPlus, however, the variables air 
temperature and wind speed were provided by ENVI-
met. For the infiltration sections, the indoor zone-air 
temperatures were calculated by EnergyPlus, whilst the 
outdoor dry-bulb temperatures and the wind speed 
were given by ENVI-met.    
 
The EnergyPlus calculation for convective heat flux (qc) 
of building exterior surfaces can be defined by Equation 
(3): 

qc =hcA (Tsurf - Tair) (3) 

where 
qc −  Convective heat transfer (W) 
hc −  Convective heat transfer coefficient (W/m� · K) 
A −  Surface area (m�)  
Tsurf −  Temperature of building surface (°C) 
T��� −  Temperature of outside air (°C) 
 

The convective heat transfer coefficient (CHTC) 
calculation developed by the international standard ISO 
6946 [10] was used due to its suitability in a wind speed 
range of 1-10 m/s [9]. The calculation for the CHTC is 
given by Equation (4): 
 

hc = 4 + 4v (4) 

where 
hc −  Convective heat transfer coefficient (W/m� · K) 
v −  Wind speed (m/s)  
 

Equation (4) is a linear law and its accuracy heavily 
depends on the wind speed value at the building surface. 
Using wind speed data from ENVI-met is essential for 
determining CHTC due to its inherent consideration of 

the flow field around the building, presenting a more 
practical approach as oppose to utilize the CHTC 
correlations provided in EnergyPlus. To overwrite the 
CHTC calculated by EnergyPlus, it was necessary to 
employ the ExternalInterface object in 
EnergyPlus which allows EnergyPlus to couple with 
BCVTB at each time step. The radiative heat transfer 
coefficient (RHTC) was also considered in determining 
the surface boundary conditions and thus was 
implemented in the coupling solution. In EnergyPlus, the 
calculation for the RHTC is governed by Equation (5): 

ℎ� =  
𝜀𝜀 · 𝜎𝜎 · 𝐹𝐹����𝑇𝑇����

�  − 𝑇𝑇���
��

𝑇𝑇����  −  𝑇𝑇���
 (5) 

where 
ℎ� −  Radiative heat transfer coefficient (W/m� · K) 
𝜀𝜀 − emissivity 
𝜎𝜎 −  Stefan –  Boltzmann Constant (W/m� · K�) 
F��� −  Sky temperature  (°C)  

 
 
3. RESULTS AND DISCUSSION 
3.1 UWG generated weather results 

The ambient temperature results of both the a 
standard Taipei TMY3 and the UWG modified TMY3 are 
presented in Figure 4. Observing the figure, it is evident 
that air temperature differed between both, with the 
UWG generated air temperatures (red curve) having a 
higher lower bound than the standard TMY3 (blue 
curve), especially for the warmer months of June to 
September.   
 

 
Figure 4 Ambient temperature comparisons between standard 
TMY3 data and UWG-generated TMY3 data. 

3.2 ENVI-met microclimate results 
Figure 5 compares the ENVI-met and TMY3 wind 

speed results for the warmest months of the year; the 
months between April and September. Notably, TMY3 
exhibited significantly higher wind speeds than ENVI-
met throughout all months, with TMY3's average wind 
speed at 2.66 m/s, demonstrating that wind speed is 
over-exaggerated. In August, both TMY3 and ENVI-met 
recorded their highest wind speeds, with TMY3 values 
being nearly 3.5 times larger than ENVI-met. This 
difference is possibly influenced by the obstructive 
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impact of 15-meter trees surrounding the target building 
in the ENVI-met simulation scenarios. 
 

Figure 5 ENVI-met average wind speed results for north, south, 
east, and west façades of building model and the wind speed 
results of the standard TMY3 for Taipei. 
 
3.3 BCVTB-coupling microclimate variable matrices 

A Pearson’s correlation matrix with pairwise 
scatterplots was created to assess the statistical 
significance of the BCVTB-coupling simulation variables, 
presented in Figure 6. Collinear variable pairings such as 
CHTC and wind speed were expected due to Equation 
(4). The plots Reveal a high significant positive 
correlation between air temperature and surface 
temperature, with an r value of 0.97. The figure also 
presents a negative CHTC and air temperature, 
supported by r values of 0.5 for both pairings. Such 
values express that as the convection coefficient which 
governs heat transfer increases, air temperature and 
surface temperature decreases. This may be due to the 
wind tunnel effect which removes hot air from the 
canyon subsequently lowering air temperatures. 
Correlations were strongly positive between RHTC, 
surface temperature, and air temperatures. A basic 
sensitivity analysis of sky temperature and surface 
temperature on RHTC indicated that when surface 
temperature is lower than sky temperature, 𝐡𝐡𝐫𝐫 
increases, particularly on very cold days. 

  

 
Figure 6 A correlation matrix of variables that were a part of 
the BCVTB-coupling simulation for the east façade of July 31st 

 
3.4 BCVTB-coupling simulations surface temperature 
with Trees vs surface temperature results without trees  

To show the effect of trees on microclimate, all the 
vegetation from the model was removed and the BCVTB-
coupling simulations were re-run. The differences 
between the results from these simulations are 
summarized in Figure 7. The figure shows the months 
that are typically energy intensive. The difference was 
attained from subtracting the values of BCVTB-coupling 
simulations with Trees from BCVTB-coupling simulations 
without trees. These values are shown as ΔT. Positive ΔT 
values indicate that simulations without trees have 
higher surface temperatures than those simulations 
where vegetation was present. In contrast, negative ΔT 
values indicate that surface temperature values from 
simulations with trees are higher than those without 
trees. As such, the results generally show that surface 
temperatures were higher when vegetation was 
removed. The results also indicate that heat mitigation 
by trees varies depending of the time of year and time of 
day. From Figure 7, it is evident that the summer months 
of July to September have larger surface temperature 
differences compared to the months of May and June. 
With the transitions from summer to cooler months, the 
impact of trees on surface temperatures diminishes 
which coincides with a reduction of incoming solar 
radiation and subsequently cooler temperatures. A 
particular phenomenon can be observed during night 
time and early morning hours for all months. This is that 
the ΔT indicates that surface temperatures are higher for 
simulations with trees at nighttime or early morning 
hours. This coincides with the results presented in 3.3. 
Similar observations have been documented by [9]. The 
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results suggest that trees contribute to daytime cooling 
but retain nocturnal warmth. This warming effect is as a 
result of their canopy blocking heat elevation towards 
the cooler sky.  

 
Figure 7 Surface temperature differences between BCVTB 
simulations with trees and without trees. 
 
3.5 Impact of trees on Energy Use Intensity (EUI) and 
contributions of the proposed coupling method 

The EUI of 3 simulation scenarios are presented in 
Table 1; BCVTB-coupling simulations with trees, BCVTB 
simulations without trees, and EnergyPlus-only 
simulations with trees. The represent the monthly EUI. 
An analysis of the performance of the co-simulation 
system in terms of its EUI output revealed that 
vegetation plays a huge impact on the cooling load of a 
building. July being the hottest month, showed a 
reduction potential of over 23% if trees are present. The 
simulations with trees and the simulations without trees 
in in the BCVTB cases showed differences close to 17%. 
Comparing BCVTB simulations with trees against 
EnergyPlus-only simulations with trees represented as 
reflective surfaces showed that EnergyPlus 
underestimated EUI by more than 9%. Such differences 
are attributed to the sophistication of the algorithms in 
the coupling strategy that exchange vital microclimate 
factors at synchronized time-steps. This enables 
provides a more accurate thermophysical boundary 
condition for enabling better building energy 
simulations. 
 
4. CONCLUSION 

This paper presented a methodology that bridges the 
existing gap between building energy simulation and 
urban climate modelling. This was achieved by devising 
a coupling strategy using the BCVTB Several conclusions 

were made from this study. Some of the primary findings 
of this research are as follows:  

 A modification of the weather file corrected the 
air temperature, with average air temperatures 
being 23.96°C which is was higher than the 
standard TMY3 weather files showing the latter 
does not capture urban weather conditions. 

 ENVI-met simulation microclimate data showed 
vast deviations from standard weather files 
especially for wind speed, where values were 
less than 3 times what the weather file 
suggested. 

 A Pearson’s r correlation matrix of variables 
from the BCVTB-coupling simulation results 
showed a strong positive statistical relationship 
between air temperature and surface 
temperature with an R of 0.97. The pairwise 
scatterplots also showed CHTC negatively 
correlated with surface temperatures which 
coincides with the findings of other studies. 

 A modification of the CHTC and surface 
temperature using the BCVTB-coupling strategy 
improved the resolution of the microclimate 
impact of avenue trees on buildings. The 
removal of vegetation vastly increased surface 
temperatures up to 9% for some surfaces, 
especially during summer months. At nighttime 
however, trees canopies blocked the ascension 
of heat thereby increasing surface 
temperatures beyond the temperature of 
surfaces where vegetation was not present. 

 Trees accounted for a EUI reduction of about 
17%, on average for energy intensive months. 
Only utilizing EnergyPlus to make these 
determinations lead to the underestimation of 
the cooling effects of trees of up to 9% which 
shows that properly accounting for the 
microclimate improves building energy 
simulation accuracy. 

 
Table 1 Total EUI comparison between BCVTB-coupling 
simulations with trees, BCVTB-coupling simulations without 
trees, and EnergyPlus-only simulations 

Month 

Total Energy Use Intensity (Wh/m2·month) 
BCVTB 
simulations 
with Trees 

BCVTB 
simulations 
without 
Trees 

EnergyPlus 
simulations 
with Trees 

May 412.1 464.1 408.8 
June 282.0 340.5 215.1 
July 571.5 746.0 670.0 
August 518.6 592.9 521.9 
September 358.9 442.0 273.8 
October 524.5 632.9 482.9 
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ABSTRACT: This study delves into the optimization of rooftop and façade photovoltaic (PV) design for building 
integration, aiming to maximize energy generation and reduce building carbon footprints. Providing renewable 
energy on-site and integrated into the design is the final step in the design process to minimize building emissions. 
The research proposes a method that combines parametric PV design with solar radiation simulation and 
optimization, which proves to be a useful tool for maximizing rooftop and façade PV energy generation. This 
method introduces a methodology, utilizing Grasshopper in Rhino, Ladybug package, and Python code, to optimize 
parametric PV panel placement on building facades and rooftops by considering azimuth, tilt angle, panel size, 
count, spacing, integrating solar radiation simulation and optimization for increased energy generation. The study 
also explores the daylight performance for optimized façade PV. The adaptability of the methodology revealed 
through different weather files highlights its versatility for application in different geographic locations. Results 
indicate that the optimized designs outperform baseline configurations, emphasizing the importance of precise PV 
panel placement. This study not only advances the effectiveness of PV integration and improves the potential of 
PV systems to improve energy efficiency and performance significantly. 
KEYWORDS: Photovoltaic, Solar Energy, Optimization, Simulation, Radiation 
 
 

1. INTRODUCTION 
With increasing concerns about global warming, 

industries are investing heavily in environmental 
solutions. To combat climate change, it is important to 
reduce energy consumption and non-renewable 
energy consumption in buildings. Photovoltaic (PV) 
solar energy substitutes traditional electricity sources 
[1] and provides clean energy on-site.  

On-site PV systems have the potential to reduce 
electricity losses that occur during the conventional 
transmission process utilized by central power plants 
for distributing electricity through long and complex 
power lines. When the photovoltaic system is installed 
in buildings, it is common practice to install PV 
modules on rooftops and facades. This approach 
minimizes the need for extensive mounting structures 
and reduces land requirements [2].  Integrating solar 
photovoltaic (PV) systems into building design has 
become an essential approach for achieving net-zero 
energy consumption by harnessing solar energy to 
generate electricity. The design of PV systems for 
building integration has become a critical research 
area that involves optimizing PV systems on building 
facades and rooftops.  

However, implementing an inefficient design can 
significantly reduce the performance of the PV system. 
This paper proposes a PV design approach that 
optimizes the size and placement of PV panels to 
maximize energy generation by integrating parametric 
PV design with solar radiation simulation. The 
proposed method is expected to contribute to the 
wide-scale implementation of efficient and 
sustainable building design strategies that integrate 

PV systems, which is essential for creating energy-
efficient buildings while reducing carbon footprints. 

 
2. BACKGROUND AND LITERATURE REVIEW 

Solar energy is a renewable power source derived 
from harnessing direct sunlight and converting it into 
electricity. It is clean and sustainable energy because it 
produces no harmful emissions compared to 
conventional fossil fuel-based electricity generation. 
Solar energy holds the highest potential for global 
popularization, especially when compared to other 
sources like biomass, which isn't entirely clean or 
readily replenished, and geothermal energy, which are 
constrained by location feasibility [3].   

The site assessment is one of the most important 
tasks during the predesign phase of a photovoltaic (PV) 
system, serving to ascertain the suitability and value of 
both the site and building for PV installation. 
Environmental factors such as solar insolation, shading 
throughout the year, and cloud cover play a crucial 
role and necessitate thorough evaluation in this 
assessment [4]. In this context, the primary 
environmental assessment is the solar analysis, which 
measures the amount of solar irradiance, representing 
the sun's radiant energy received at a specific site on 
Earth. This solar analysis considers the impact of 
surrounding shading elements and the presence of 
diffuse and direct solar radiation and cloudiness to 
provide a more precise assessment of feasibility [5]. 

The design of photovoltaic (PV) solar collectors 
involves relationships between field and collector 
parameters and solar radiation data. The impact of 
shading and masking, expressed through the view 

1237



 

factor to the sky by adjacent collector rows, can 
significantly impact the energy output of the PV field 
by diminishing the incident radiation on the collector 
surfaces. The use of numerous rows of collectors, 
closely spaced together, can improve the overall 
energy generated. However, if they are too close 
together, they can also reduce direct beam incident 
radiation on the collectors due to shading and a 
decrease in the diffuse incident radiation as the view 
factor between the collectors and the sky diminishes. 
As a result, an optimal arrangement exists for 
collectors in a field, which can be designed to achieve 
varying optimal objectives, whether focused on energy 
output or economic considerations [6]. Previous 
studies delved into theoretical and practical 
optimizations for photovoltaic fields, focusing on four 
objective functions: maximizing annual incident 
energy, minimizing field area, reducing overall cost, 
and minimizing the cost of unit energy. The theoretical 
optimization results highlighted that the optimal 
designs are achieved when adhering to the minimal 
allowed distance between collector rows, employing 
the maximum allowable collector width, and fully 
utilizing the entire field length [6]. However, this study 
specifically focuses on maximizing the annual incident 
energy for solar panels. The variables under 
consideration include the number of modules, module 
spacing, tilt angles, and azimuth orientation. 

 
3. METHODOLOGY 

Integrating parametric PV design with solar 
radiation simulation and optimization could 
significantly increase energy generation for rooftop 
and facade PV systems. The research objective was to 
propose a method for optimizing the placement and 
configuration of PV panels on building facades and 
rooftops using Grasshopper in Rhino, Ladybug 
package, and Python code (Figure 1).  

The proposed method consists of four main steps 
illustrated in Figure 1. The first step involves creating a 
parametric PV model in Grasshopper and Rhino, which 
enables the generation of thousands of iterations with 
different input variables, including azimuth, tilt angle, 
panel size, panel count, spacing, and PV panel type. 
The generated iterations represent various PV panel 
designs that optimize the energy generation of the 
building. 

 
Figure 1 Methodology flow chart for PV optimization 

 
The second step involves simulating the solar 

radiation incident on the PV panels for each generated 
iteration using the Ladybug package in Grasshopper. 
The inputs for the simulation include the EPW weather 
file, sky matrix, analysis period, grid size, and offset. 
The solar radiation simulation calculates the incident 
solar energy for each iteration, providing a measure of 
the energy generation potential of each PV panel 
design. 

The third step involves recording the iteration 
number, aligning the input variables with the iteration 
number, and recording the corresponding energy 
generation for each PV panel design. The data is then 
filtered to find the iteration with the highest energy 
generation and its corresponding input variables. The 

 

incident solar radiation can be calculated using the 
solar radiation simulation in the second step, and the 
PV panel efficiency and system losses are determined 
based on the characteristics of the PV panel and the 
system. The study assumed 20% efficiency for façade 
PV and 22% efficiency for rooftop PV energy 
generation. 
 
3.1 Parametric PV variables 

The tilt angle (β) is the angle between the panel 
and the horizontal plane. Solar azimuth angle (φ) is the 
angle between the direction of the panel and true 
south. Usually, panels with a shallow tilt generate 
greater energy output during the summer, while 
steeper angles are more efficient in the winter. The 
optimal fixed angle falls between these two extremes, 
resulting in the highest annual energy yield [7], usually 
close to latitude. The spacing between modules (D) 
significantly influences energy production. In PV 
arrays, row-to-row shading is a common issue that can 
diminish system efficiency. Increasing the number of 
collector rows (K) is likely to result in a net gain in 
incident energy, even when accounting for the shading 
losses that may occur from bringing the rows closer 
together [6]. The parametric PV field (Figure 2) 
comprises variables, including the number of panel 
rows (K), spacing between modules (D), tilt angles (β), 
and azimuth angle (φ). Other parameters contain 
panel length (L), width (H), and field width (W) (Table 
1). 

 

 
Figure 2 The variables of the parametric PV filed [6] 

3.2 Simulation and optimization 
TMYx format data is typical meteorological data 

derived from hourly weather data through 2021, 
available from US NOAA's Integrated Surface Database 
[8], which includes the local solar insolation in three 
ways: beam solar insolation (Ib) sometimes called the 
direct normal (IDN), diffused solar insolation (Id), and 
reflected insolation (Ir) [9]. The global insolation (I) is 
the sum of the three types of insolation. The following 
equations can calculate all three types of insolation on 
the receiving surface [10] [11]. See below Equation (1) 
(2) (3): 

𝑰𝑰𝒃𝒃𝒃𝒃

= 𝑰𝑰𝒃𝒃 [𝐜𝐜𝐜𝐜𝐜𝐜 𝐜𝐜 𝐜𝐜𝐜𝐜𝐜𝐜 𝐜𝐜 𝐜𝐜𝐜𝐜𝐜𝐜�𝝋𝝋𝒔𝒔 − 𝝋𝝋𝒑𝒑�

+ 𝐜𝐜𝐜𝐜𝐜𝐜 𝐜𝐜 𝐜𝐜𝐜𝐜𝐜𝐜 𝐜𝐜]                                   (𝟏𝟏) 

Where Ibc is the insolation on a specific surface; 
α - solar altitude angle 
β - tilt angle of panels 
φs - solar azimuth angle in the winter solstice 
φp - azimuth angle of the solar panel 
 

𝑰𝑰𝒅𝒅𝒃𝒃

= 𝑰𝑰𝒅𝒅  � 
𝟏𝟏 + 𝐜𝐜𝐜𝐜𝐜𝐜 𝐜𝐜

𝟐𝟐
 �                                                     (𝟐𝟐) 

Where Idc is the diffused insolation on surfaces; 
 

𝑰𝑰𝒓𝒓𝒃𝒃 =

𝑰𝑰𝒓𝒓  �𝟏𝟏�𝐜𝐜𝐜𝐜𝐜𝐜 𝐜𝐜
𝟐𝟐

�                                                                 (𝟑𝟑)    

Where Irc is the reflected insolation from surrounding 
surfaces; 

The total insolation harvested by the system is the 
sum of the three types of insolation times the total 
area of the PV module. Defining the objective function 
as maximum annual incident energy (Ei) on the 
parametric PV field, the optimization problem is 
formulated as following Equation (4): 
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This study calculated annual PV solar system 
output using the simplified function of the following 
Equation (5): 

 
𝐄𝐄

= 𝑬𝑬𝒊𝒊 ∗ 𝒓𝒓                                                                            (𝟓𝟓) 

Where E is the energy generation from PV; 
Ei - Maximum annual incident energy (kWh) 
r -  Solar panel efficiency (%) 
 

The method involves creating a parametric PV 
model and inputting it into a solar radiation simulation 
to calculate the incident energy. The optimal rooftop 
PV design options are then determined based on the 
iteration with the highest energy generation. Because 
the facade PV is also in front of windows and works as 
a shading device, the optimal facade PV design options 
aim to achieve lower summer solar gain on glazing and 
higher solar radiation on each PV panel by finding the 
optimal spacing of panels. This ensures that the 
building's interior is not impacted by solar radiation 
while maximizing energy production. Daylight was also 
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factor to the sky by adjacent collector rows, can 
significantly impact the energy output of the PV field 
by diminishing the incident radiation on the collector 
surfaces. The use of numerous rows of collectors, 
closely spaced together, can improve the overall 
energy generated. However, if they are too close 
together, they can also reduce direct beam incident 
radiation on the collectors due to shading and a 
decrease in the diffuse incident radiation as the view 
factor between the collectors and the sky diminishes. 
As a result, an optimal arrangement exists for 
collectors in a field, which can be designed to achieve 
varying optimal objectives, whether focused on energy 
output or economic considerations [6]. Previous 
studies delved into theoretical and practical 
optimizations for photovoltaic fields, focusing on four 
objective functions: maximizing annual incident 
energy, minimizing field area, reducing overall cost, 
and minimizing the cost of unit energy. The theoretical 
optimization results highlighted that the optimal 
designs are achieved when adhering to the minimal 
allowed distance between collector rows, employing 
the maximum allowable collector width, and fully 
utilizing the entire field length [6]. However, this study 
specifically focuses on maximizing the annual incident 
energy for solar panels. The variables under 
consideration include the number of modules, module 
spacing, tilt angles, and azimuth orientation. 

 
3. METHODOLOGY 

Integrating parametric PV design with solar 
radiation simulation and optimization could 
significantly increase energy generation for rooftop 
and facade PV systems. The research objective was to 
propose a method for optimizing the placement and 
configuration of PV panels on building facades and 
rooftops using Grasshopper in Rhino, Ladybug 
package, and Python code (Figure 1).  

The proposed method consists of four main steps 
illustrated in Figure 1. The first step involves creating a 
parametric PV model in Grasshopper and Rhino, which 
enables the generation of thousands of iterations with 
different input variables, including azimuth, tilt angle, 
panel size, panel count, spacing, and PV panel type. 
The generated iterations represent various PV panel 
designs that optimize the energy generation of the 
building. 

 
Figure 1 Methodology flow chart for PV optimization 

 
The second step involves simulating the solar 

radiation incident on the PV panels for each generated 
iteration using the Ladybug package in Grasshopper. 
The inputs for the simulation include the EPW weather 
file, sky matrix, analysis period, grid size, and offset. 
The solar radiation simulation calculates the incident 
solar energy for each iteration, providing a measure of 
the energy generation potential of each PV panel 
design. 

The third step involves recording the iteration 
number, aligning the input variables with the iteration 
number, and recording the corresponding energy 
generation for each PV panel design. The data is then 
filtered to find the iteration with the highest energy 
generation and its corresponding input variables. The 

 

incident solar radiation can be calculated using the 
solar radiation simulation in the second step, and the 
PV panel efficiency and system losses are determined 
based on the characteristics of the PV panel and the 
system. The study assumed 20% efficiency for façade 
PV and 22% efficiency for rooftop PV energy 
generation. 
 
3.1 Parametric PV variables 

The tilt angle (β) is the angle between the panel 
and the horizontal plane. Solar azimuth angle (φ) is the 
angle between the direction of the panel and true 
south. Usually, panels with a shallow tilt generate 
greater energy output during the summer, while 
steeper angles are more efficient in the winter. The 
optimal fixed angle falls between these two extremes, 
resulting in the highest annual energy yield [7], usually 
close to latitude. The spacing between modules (D) 
significantly influences energy production. In PV 
arrays, row-to-row shading is a common issue that can 
diminish system efficiency. Increasing the number of 
collector rows (K) is likely to result in a net gain in 
incident energy, even when accounting for the shading 
losses that may occur from bringing the rows closer 
together [6]. The parametric PV field (Figure 2) 
comprises variables, including the number of panel 
rows (K), spacing between modules (D), tilt angles (β), 
and azimuth angle (φ). Other parameters contain 
panel length (L), width (H), and field width (W) (Table 
1). 

 

 
Figure 2 The variables of the parametric PV filed [6] 

3.2 Simulation and optimization 
TMYx format data is typical meteorological data 

derived from hourly weather data through 2021, 
available from US NOAA's Integrated Surface Database 
[8], which includes the local solar insolation in three 
ways: beam solar insolation (Ib) sometimes called the 
direct normal (IDN), diffused solar insolation (Id), and 
reflected insolation (Ir) [9]. The global insolation (I) is 
the sum of the three types of insolation. The following 
equations can calculate all three types of insolation on 
the receiving surface [10] [11]. See below Equation (1) 
(2) (3): 

𝑰𝑰𝒃𝒃𝒃𝒃
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+ 𝐜𝐜𝐜𝐜𝐜𝐜 𝐜𝐜 𝐜𝐜𝐜𝐜𝐜𝐜 𝐜𝐜]                                   (𝟏𝟏) 

Where Ibc is the insolation on a specific surface; 
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β - tilt angle of panels 
φs - solar azimuth angle in the winter solstice 
φp - azimuth angle of the solar panel 
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𝟐𝟐
 �                                                     (𝟐𝟐) 

Where Idc is the diffused insolation on surfaces; 
 

𝑰𝑰𝒓𝒓𝒃𝒃 =

𝑰𝑰𝒓𝒓  �𝟏𝟏�𝐜𝐜𝐜𝐜𝐜𝐜 𝐜𝐜
𝟐𝟐

�                                                                 (𝟑𝟑)    

Where Irc is the reflected insolation from surrounding 
surfaces; 

The total insolation harvested by the system is the 
sum of the three types of insolation times the total 
area of the PV module. Defining the objective function 
as maximum annual incident energy (Ei) on the 
parametric PV field, the optimization problem is 
formulated as following Equation (4): 
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Equation (5): 
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Where E is the energy generation from PV; 
Ei - Maximum annual incident energy (kWh) 
r -  Solar panel efficiency (%) 
 

The method involves creating a parametric PV 
model and inputting it into a solar radiation simulation 
to calculate the incident energy. The optimal rooftop 
PV design options are then determined based on the 
iteration with the highest energy generation. Because 
the facade PV is also in front of windows and works as 
a shading device, the optimal facade PV design options 
aim to achieve lower summer solar gain on glazing and 
higher solar radiation on each PV panel by finding the 
optimal spacing of panels. This ensures that the 
building's interior is not impacted by solar radiation 
while maximizing energy production. Daylight was also 
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measured with and without the PV shade. This method 
provides an efficient way to optimize the placement of 
PV panels on building facades and rooftops. 

 
4. CASE STUDIES AND RESULTS 

The first case study is a project for an office 
building in Malaga, Spain, focusing on optimizing 
photovoltaic (PV) systems on both the rooftop and 
facade.  The second case study is the same building but 
now using a Seattle weather file for rooftop PV 
optimization. The parameter for simulations is shown 
in Table 1. 

 
Table 1 Simulation Parameters 

Simulation Parameters 

Timestep Hourly 

Analysis period Annual 

Sky matrix Cumulative sky matrix 

Grid Offsite 0.001m 

Gird size 0.4 m 

EPW weather 
file 

ESP_AN_Malaga.AP.084820_TMYx.2
007-2021                                                                                                   
USA_WA_Seattle-
King.County.Intl.AP-
Boeing.Field.727935_TMYx.2007-
2021 

 
4.1 Facades PV optimization 

This study conducted 140 iterations to optimize the 
height and spacing of south-facing façade photovoltaic 
(PV) panels. The parameters and variables for the 
parametric façade PV are shown in Table 2.  

 
Table 2 The parameters and variables for the parametric 
façade PV 

Parametric PV filed variables - Façade 

Azimuth angle (φ)  0° 

Modules spacing (D)  2.65m, 1.98m, 1.59m, 1.32m, 
1.13m, 0.99m 

Number of PV rows 
(K)  

1 - 7 

Panel length (L) 1 m 

Panel Width (H) 6.25 m 

Field width (W) 2.65m, 3.96m, 4.77m, 5.28m, 
5.65m, 5.94m 

PV efficiency  20% 

 
The objective was to maximize solar radiation 

received by the PV panels while minimizing radiation 
on the glazing that would enter the space and increase 
the cooling load. The optimized design achieved lower 
annual solar radiation on the glazing surface and 
higher solar radiation on each PV panel, indicating 
improved energy harvesting. The findings highlight the 
potential for enhancing solar energy systems by 

carefully optimizing PV panel parameters (Figure 3 and 
Figure 4). 

 

 
Figure 3 Iteration results for facade PV optimization 

 
Figure 3 illustrates the iterations of facade PV 

optimization, highlighting the optimal design with 
lower annual solar radiation on the glazing surface 
(depicted by the blue line) and higher solar radiation 
on each PV panel (represented by the orange line), 
revealing the identification of four optimal designs. 

 

 
Figure 4 Proposed optimal design options for facade PV 
 

The daylight study for optimal design option 1 was 
conducted to explore daylight penetration for 
transparent photovoltaic (PV) facades. The results of 
the daylight study show that the percentage of floor 
area that surpasses 300 lux during 50 percent of 
regularly occupied hours is 70%, which is considered 
“Nominally Acceptable” daylighting conditions based 
on IES LM-83-12 criteria (Figure 5).  

 

 

 
Figure 5 Daylight study for Optimal design option 1  - sDA 
=70% 

Indeed, Optimal Design Option 1 represents a 
solution that not only maximizes photovoltaic (PV) 
energy generation but also effectively reduces 
excessive solar radiation on the glazing, 
simultaneously achieving the goal of providing ample 
and high-quality daylight within the building. 

 
4.1 Rooftop PV Optimization 

Another study on the rooftop focused on 
comparing various configurations of PV panel tilt 
angle, azimuth (orientation), and division (spacing 
between panels) to identify the best-performing 
combination of these parameters (Table 3).  

 
Table 3 The parameters and variables for the parametric 
rooftop PV 

Parametric PV filed variables - Rooftop 

Tilt angle (β)  0° - 55.0° 

Azimuth angle (φ)  28.7° - 36.2° 

Modules spacing (D) Not less than 0.1016 m 

Number of PV rows 
(K)  

11 - 16 

Panel length (L) 18 m 

Panel Width (H) 3.49 m 

Field width (W) 44 m 

PV efficiency  22% 

 
In a comprehensive simulation-based study, 6,090 

iterations were performed to determine a PV panel 
system's optimal tilt angle, azimuth, and division to 
maximize energy generation (Figure 6) (Figure 7).  
 

 
Figure 6 Iteration results for rooftop PV optimization 
(Malaga) 
 

 
Figure 7 Proposed optimal design option for rooftop PV 
(Malaga) 
 

By applying the same roof model with different 
weather files, this study highlights its potential for 
application across these two geographical locations, 
Malaga and Seattle. This study observes 
improvements in energy generation with the 
optimized designs. In Malaga, the optimized design, 
featuring a tilt angle of 3.43 degrees, an azimuth angle 
of 28.73 degrees, and 13 PV panels, produced 328,856 
kWh of energy, outperforming the baseline design's 
271,304 kWh, which has a 21.2% improvement.  

The optimal rooftop PV using both Malaga and 
Seattle weather files is shown in Figure 8 and Figure 9.  

 

 
Figure 8 Iteration results for rooftop PV optimization 
(Seattle) 
 

 
Figure 9 Proposed optimal design option for rooftop PV 
(Seattle) 
 

While, in Seattle, the optimized design, with a tilt 
angle of 4.01 degrees, an azimuth angle of 32.16 
degrees, and 13 PV panels, generated 225,258 kWh, 
surpassing the baseline design's 191,178 kWh, which 
has a 17.8% improvement (Table 4). 
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improved energy harvesting. The findings highlight the 
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The daylight study for optimal design option 1 was 
conducted to explore daylight penetration for 
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“Nominally Acceptable” daylighting conditions based 
on IES LM-83-12 criteria (Figure 5).  
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Indeed, Optimal Design Option 1 represents a 
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energy generation but also effectively reduces 
excessive solar radiation on the glazing, 
simultaneously achieving the goal of providing ample 
and high-quality daylight within the building. 
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Another study on the rooftop focused on 
comparing various configurations of PV panel tilt 
angle, azimuth (orientation), and division (spacing 
between panels) to identify the best-performing 
combination of these parameters (Table 3).  
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11 - 16 

Panel length (L) 18 m 

Panel Width (H) 3.49 m 

Field width (W) 44 m 

PV efficiency  22% 
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iterations were performed to determine a PV panel 
system's optimal tilt angle, azimuth, and division to 
maximize energy generation (Figure 6) (Figure 7).  
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By applying the same roof model with different 
weather files, this study highlights its potential for 
application across these two geographical locations, 
Malaga and Seattle. This study observes 
improvements in energy generation with the 
optimized designs. In Malaga, the optimized design, 
featuring a tilt angle of 3.43 degrees, an azimuth angle 
of 28.73 degrees, and 13 PV panels, produced 328,856 
kWh of energy, outperforming the baseline design's 
271,304 kWh, which has a 21.2% improvement.  

The optimal rooftop PV using both Malaga and 
Seattle weather files is shown in Figure 8 and Figure 9.  
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While, in Seattle, the optimized design, with a tilt 
angle of 4.01 degrees, an azimuth angle of 32.16 
degrees, and 13 PV panels, generated 225,258 kWh, 
surpassing the baseline design's 191,178 kWh, which 
has a 17.8% improvement (Table 4). 
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Table 4 The summary and comparison of rooftop PV results 
 

Location Design 
Option 

Tilt 
Angle 

Azimuth 
Angle 

PV 
Panel  

Energy 
(kWh) 

Malaga Baseline 36.67 28.73 12 271,304 
Optimal 3.43 28.73 13 328,856 

Seattle  Baseline 47.55 28.73 12 191,178 
Optimal 4.01 32.16 13 225,258 

 
These findings indicate the potential for this 

adaptable methodology to improve rooftop PV design, 
aligning configurations with specific geographical 
conditions. 

 
5. CONCLUSION 

The integration of parametric PV design and solar 
radiation simulation have been combined in a method 
to optimize energy generation for PV. Results indicate 
that the optimized designs outperform baseline 
configurations, improving the design through a more 
precise PV panel placement. The case study with 
façade PV design accomplishes several key objectives. 
It reduces annual solar heat gain on the glazing, 
increases energy production from the PV panels, and 
ensures effective daylighting. The results of 
optimizations from simulation demonstrate the 
importance of optimizing PV panel placement to 
maximize solar energy generation and improve the 
performance of solar panels.  

While the optimal PV design shows the most 
energy generation, it's crucial to weigh the associated 
costs. The design option may require more PV panels, 
impacting project expenses. Achieving a balance 
between enhanced energy production and cost-
effectiveness is essential for practical and 
economically viable solutions. A thorough evaluation, 
considering both energy performance and economic 
aspects, is necessary to ensure the selected PV design 
aligns with budget constraints. 

Further research in this field could explore 
additional factors, such as cost, type and efficiency of 
PV panels, temperature, inverter efficiency, wiring and 
electrical losses, battery storage, and load profile, to 
refine the optimization process and achieve even 
higher levels of energy generation. The outcomes of 
such research will advance the feasibility and viability 
of solar energy as a major contributor to renewable 
energy needs and reduction of building carbon 
footprint. 
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APPENDIX 
As a service to the community, the link below includes the 
Grasshopper scripts: 
https://drive.google.com/drive/folders/1iORsbMuL1jPJJV1
ml-qtJhV7-Ns5JKzG?usp=drive_link 
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ABSTRACT: The Double C-Block (DCB) is an innovative Concrete Masonry Unit (CMU) with embedded insulation 
developed to provide, through its geometry, both thermal and acoustic performance, apart from its established 
load bearing capacity. The DCB is a proven faster construction process as it eliminates the need for 
external/internal insulation cladding. The first load-bearing prototype developed at the University of Malta was 
made of two concrete C-shaped skins bonded with sprayed polyurethane foam (PUF) as the insulation layer. 
Earlier studies through full-scale in-situ test cells reported thermal transmittance value UDCB of 1.47 W/m2K, 
already outperforming the local building energy code. When running steady-state simulations Finite Element 
Method (FEM), results persistently showed a difference in U-values, when compared to field studies. The 
methodology was therefore revisited to combine these field studies with hot-box apparatus as well as 
performing a new set of steady-state FEM simulations by using experimental values of concrete and PUF’s 
thermal conductivity (TC). The latest U-value is now proven to be 1.40 W/(m2K) thanks to the use of Heat Flux 
Method (HFM) inside a hot box apparatus. This brings the performance gap down from 51% to a more precise 
11%. This establishes the DCB as an alternative to the standard hollow core blocks plus insulation cladding. 
These results now push it up the technology readiness levels scale(TRL), from TRL4 to TRL6, thus lined up for 
commercial production. 
KEYWORDS: Energy Efficiency, Thermal Conductivity, Heat Flux Method (HFM), Hot Box, Finite Element Method 
(FEM). 

1. INTRODUCTION
The International Energy Agency (IEA) has 

demonstrated that the use of more efficient building 
envelopes is a technical solution to improve the 
energy efficiency of buildings [1], and as a 
consequence the energy-related CO2 emission of the 
building industry [2]. Mandatory and demanding 
building energy codes for new and retrofitted 
buildings are now requiring high performing building 
materials. The development of new technical 
solutions like the DCB must undergo a thorough 
testing phase, through different robust scientific 
methodologies, especially for the steady state heat 
transfer performance of the wall. 

2. LITERATURE REVIEW
2.1 Hot Box and thermal conductivity assessment 

Hot boxes are well-known standardized 
laboratory-graded tests that assess the steady-state 
thermal transmittance (U-value) of external walls 
according to ISO 8994:1994 [3]. The U-value is 
obtained by measuring the heat transferred from a 
hot to a cold chamber, both divided by a mock up 
wall. Heat flux is a temperature gradient difference. 
The hot box apparatus is essentially a temperature-
controlled space with minimum flanking heat losses 
to make sure there is an effective one directional 

heat transfer within the wall. For example, in 2015, 
Pavlík et al. [4] performed an experiment on a 500 
mm width fired clay masonry units filled with 
hydrophobic mineral wool. The blocks were neither 
plastered nor rendered. The blocks were successfully 
tested against different hygro-thermal climatic 
conditions inside a climatic chamber, an enhanced 
version of hot-boxes, capable of replicating not only 
the dry bulb temperature (DBT) but also the variation 
of indoor and outdoor relative humidity (RH). 

Heat flux meters (HFM) are a well-established 
non-destructive technique aimed at measuring in-situ 
thermal transmittance of existing walls. The scientific 
set is well described by ISO 9869-1 [5] and include a 
heat-flux meter that passively measures the density 
of heat flux (expressed in W/m2) through the wall and 
thermocouples (e.g. type T), to obtain the thermal 
conductance, or via ambient thermometers to 
establish the thermal transmittance. The whole set 
up is usually to dataloggers to record the practically 
instant recorded values to accumulate a dataset of 
not less than 72 hours.  

The HFM measurement is typically known for 
being particularly sensitive to the variation of outdoor 
and indoor temperature conditions, thus influencing 
the speed at which the measurement reaches the 
convergence towards a stable U-value as emphasized 
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by Desogus et al. [6]. This is why Meng et al. [7] 
installed a small hot box to surround the HFM and 
thermocouples to their advantage: a temperature-
controlled set-up guaranteed the conditions to have 
faster and more reliable measurements. 

Asdrubali et al. [8] investigated the methodology 
described by all the international standard available 
on this topic, including the GOST standard that 
recommends the use of HFM apparatus. They 
deployed 12 heat fluxes and 142 thermocouples to 
precisely measure the thermal transmittance of a 
window inside a hotbox. 

Caruso et al. [9] measured the in-situ UDCB and 
compared to a theoretical threshold calculated using 
steady-state FEM based on handbook data of the 
thermal conductivity (TC) for concrete and PUF. 
Results pointed to a performance gap of 51% 
between in-situ UDCB of 1.47 W/(m2K) versus a UDCB of 
0.71 W/(m2K) obtained via FEM. 

It is important to point out that, TC (also denoted 
as k or λ) is one of the main thermophysical property 
of building materials. The concrete typically used in 
CMUs can be compared to the value listed in EN 1745 
[10]:  TC of the concrete block is reported to be 
between 0.82 and 1.11 W/(mK) in the range of 
density from 1800 to 2100 kg/m3. ISO 10456 [11] is 
instead a valid reference to compare the TC of 
commercial PUF, and it was found that tabulated 
design value of the PU foam’s TC is 0.05 W/(mK) with 
a density of 70 kg/m3. 
 
3. METHODOLOGY  
3.1 Materials’ mix design 

The concrete used for the DCB is a typical no 
slump mix design with a declared net density of 
concrete of 2047 kg/m3. For the DCB insulation layer 
a conventional PU soft foam commercially branded as 
Pattex PF100 with a declared density of circa 16-20 
Kg/m3. Fig. 1 gives an idea of the prototype under 
study. 

  
Figure 1: a) The DCB geometry: overall dimension of the 
multi-layered block; b) the manufactured DCB prototype. 
 
3.1 Dry materials’ density and thermal conductivity 

The procedure to obtain the dry thermal 
conductivity and density, valid for both concrete and 
PU samples, was structured as follows. Samples were 
randomly extracted directly from the block and cut to 
the dimensions recommended by the manufacturer 
of the thermal conductivity analyser. For the concrete 

the sample was 10x10x4 cm and PUF was 10x10x1 
cm, with the latter then stacked with other PUF 
samples to reach at least 5 cm thickness. During the 
measurement of the dry mass it was necessary to 
keep the sample in the oven at 40°C for cycles of 24 
hours until the mass variation was stable around 
±0.1% compared to previous readings. Once ready 
the samples were stored in desiccator filled with silica 
salt (< 3% of RH) to cool down to laboratory 
conditions 23±1°C before starting the TC 
measurements. 

A TC apparatus, commercially known as ISOMET 
2114, was used and it is based on a dynamic and 
transient measurement method where the sample is 
subjected to heat flow impulses and the relative 
temperature response is analysed. The apparatus has 
two type of sensor: a needle probe, used for the soft 
PUF, and a disk sensor for concrete. During the 
measurement both samples were kept in a sealed box 
with silica salts to maintain the RH < 3% at room 
temperature, 23±1°C, hence to guarantee dry TC 
conditions. The calculation of the extended 
uncertainty related to TC measurements was 
calculated as per [12] also include the limitations of 
the TC. 
 
3.3 FEM Steady State thermal analysis  

The DCB’s complex geometry and the association 
of different materials requires an advanced 
calculation – according to the detailed method 
described in ISO 6946:2017 [13]. The dimensions of 
the simulated block are shown in Fig. 1.a). 
A steady-state FEM software Therm v.7.8 © was used 
to numerically resolves the steady state two-
dimensional heat radiation–conduction problem. The 
numerical solutions are provided under the 
assumption of (i) constant physical material 
properties for isotropic medium; (ii)no heat is stored 
in the cross-section, and so all energy that enters the 
cross section on the interior surface leaves through 
the exterior surface. The boundary conditions —
corresponding to the notional winter conditions ISO 
6946 — are listed in Table 1 as follows: 
 
Table 1: FEM winter boundary conditions as per ISO 6946. 
 

Boundary 
Condition Name 

DBT 
[°C] 

Surface 
Resistance 
[m2K/W] 

hse/hsi 
[W/(m2K)] 

Adiabatic 0 0 0 
Exterior Surface 

Resistance— 
   

(Horizontal) 10 0.04 25 
Indoor Surface 
Resistance— 

   

(Horizontal) 20 0.13 7.69 
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The solution provided by FEM software is associated 
to a mesh, and this must be adapted to the geometry 
inputted through several iterations, up to the desired 
accuracy.  According to ISO 10211 [14]: 10 iterations 
and 5% max error were the criteria to accept results.  
 
3.4 Description of the hot box apparatus 

The experiment was carried out with a setup 
consisting of a 20 cm thick XPS insulated volume with 
a frontal aperture of circa 2.56 m2. The data 
acquisition comprised two HFMs, and eight surface 
thermocouples type T (installed on either side of the 
specimen DCB wall). These thermocouples were 
evenly distributed across the wall as per Fig. 2. All 
sensors were attached the bare wall (without 
plastering) in order to (i) ensure direct measurements 
through the bare DCB only, (ii), to avoid anomalous 
heat flux variations, such as fixing sensors in close 
proximity to mortar joints, because of their different 
TC. (iii) to eliminate any inconsistency in plastering 
thickness. Without such precautions, data acquisition 
may have been jeopardised.  The distance between 
the two HFMs was 10 cm (centre to centre).  

 
Figure 2: The set of thermocouples and heat flux sensors 
applied in the mock up wall inside the hotbox apparatus. 

 
The power supply was provided to ceramic 

heaters via voltage and amperage meters and the 
cooling unit was a portable air conditioner with a 
fixed setpoint of 16°C to stabilize DBT inside the cold 
chamber. 

 
Figure 3: the hot side of the hot box with the sensors 
installed. 

Computer fans were also used to ensure a 
homogeneous temperature distribution inside the 
chamber and avoid air stratification when the heaters 
were on, in order to get steady-state conditions in 
every point of the wall. The data logging system is the 
same described in [9] compliant with ISO 9869. 
Portable stand-alone thermo-hygrometers measured 
the ambient conditions inside the hot and cold 
chamber to facilitate the calculation of overall wall 
thermal transmittance. 

Some thermal images were taken to identify heat- 
losses through the hot box perimeter, and to 
facilitate the interpretation of the final results. It can 
be observed that the central part of the hotbox is 
thermally homogenous, Fig. 4.  

 

  
Figure 4: Central part of hotbox and infrared (IR) picture. 

  
Figure 5: bottom right part of the hotbox and IR picture . 

 
The major effort was to improve the sealing of the 

corners of the enclosure. While on the right-hand 
side there were no evident leaks besides the  
common geometrical thermal bridge, Fig. 5. Instead, 
the top and bottom part of the left side of the 
aperture when in operation showed few thermal 
leaks, Fig. 5. 

 

  
Figure 6: Top left part of the hotbox door with IR image. 

  
Figure 7: Bottom left part of the hotbox door with IR 
image. 
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4. RESULTS 
4.1 Thermal conductivity assessment 

The materials measured in this research are quite 
different from each other and all of them have their 
own specificities to be considered. All the samples 
were visually inspected to identify any potential 
defects that could influence the measurement, e.g. 
Fig. 8 for concrete.  

 
Figure 8: The concrete being tested with disk sensor. 
 
The full list of the measured TC for the concrete is 

included in Table 2. The concrete samples did not 
have an even surface and small pockets of air, due to 
the superficial aggregates, may have influenced the 
contact with the sensor (RC 11, highest TC and lowest 
TC for RC 12 and 16). The measured dry density is 
1837 kg/m3 circa 11% less than declared value. Also, 
RC 12 and 16 had also the lowest density of concrete 
thus confirming the association between low density 
and low TC. 

 
Table 2: Measured dry TC on concrete sample at DBT 
23±1°C and RH <3%. 
 

Sample  ρ [kg/m3] λ [W/(m K)] 
UM-RC-10 1838 0.883 
UM-RC-11 1949 1.014 
UM-RC-12 1725 0.724 
UM-RC-13 1795 0.869 
UM-RC-14 1802 0.799 
UM-RC-15 1934 0.950 
UM-RC-16 1757 0.716 
UM-RC-17 1820 0.863 
UM-RC-18 1876 0.923 
UM-RC-19 1879 0.854 
Average  1837.522 0.86 

Ext. Uncertainty k=2  0.13 
 
The concrete TC has an average value of 

0.86±0.13 W/(mK) with a dry density of 1838 kg/m3. 
This value is in line with the standard EN 1745 [10] for 
CMUs. 

The measuring set up for the PUF samples’ TC is 
shown in Fig.9. A rather uniform conductivity is 

observed for the PUF notwithstanding the high 
porosity of the surface texture, as reported in Table 3.  

 

 
Figure 9. The PUF being tested with needle probe. 

Compared to literature value the λfoam is very 
close to the design value of thermal conductivity of 
polyurethane foams, 0.05 W/(mK) with densitiy of 70 
kg/m3. 
Table 3: Measured thermal conductivity on Foam and 
concrete sample at DBT 23±1°C and RH <3%. 
 

Sample  ρ [kg/m3] λfoam [W/(m K)] 
UM-PU-00 109.10 0.040 
UM-PU-01 100.52 0.039 
UM-PU-02 110.43 0.039 
UM-PU-03 116.49 0.038 
UM-PU-04 110.38 0.040 
UM-PU-05 125.92 0.040 
UM-PU-06 94.21 0.040 
UM-PU-07 104.11 0.038 
UM-PU-08 96.23 0.040 
UM-PU-09 103.69 0.039 

Average 107.11 0.039 
Ext. Unc. k=2  0.006 
 
 The PUF manufacturer did not declare the λfoam so 

the only meaningful comparison can be made with 
dataset from handbooks or international standards. 
Moreover, the evident change in density may be 
associated to peculiar boundary conditions of the 
foaming process, characterized by the s-shaped cavity 
of the DCB, with 10 mm thickness, an evident 
restriction to the free-foaming process. Also, this may 
have caused the creation of smaller pores, hence the 
low TC notwithstanding the density, where the solid 
part developed more than the gaseous phase. 
Indeed, the higher the density, smaller the foam 
pores are, hence the higher the thermal conductivity. 

 
4.2 FEM steady state results 

The experimental values of PUF and concrete’s TC, 
as per Table 4, were included as input data in the 
numerical solution to Fourier's equations; this steady-
state FEM analysis also included the impact of 
mortars. Since concrete has a noticeable extended 
uncertainty and the PU thickness may vary inside the 
cavity (via visual inspection sometimes the thickness 
was less than 5 mm), the simulations needed to be 
repeated using maximum and minimum thermal 
conductivity values.  
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Table 4: List of material properties used in steady state FEM 
analysis. 
 

Material Name Thickness 
[mm] 

λd 
[W/(mK)] 

e [-] Source 

Cement Mortar  10 0.72 0.93 [12] 
Lime and 

Cement Render  
    

(Fassa Bortolo 
KC1) 

10 0.55  0.91 Product 
Datasheet  

Gypsum Plaster 
(Alcitek Gold) 

10 0.43 0.91 Product 
Datasheet  

PU foam  8 0.039 
±0.01 

0.93 Experimen
tal value 

Concrete (Load 
Bearing) 

40 0.86 
±0.13 

0.9
3 

Experimen
tal value 

 
The complex geometry of the DCB indicate that 

three heat transfer paths are possible, hence three 
different UDCB. This can be observed by repeating the 
simulations for all the most representative sections 
involved in the heat transfer process as per Fig. 10. 

 

   
a) b) c) 

Figure 10. DCB wall: the three sections used to calculate the 
UDCB; a) plan section; b and c) vertical section. All units in °C. 

Winter condition: Outdoor 10°C, indoor 20°C. 
 

For this reason a weighted average was applied in 
vertical section Fig. 9(c,b) using the lenght of the 
block, 45 cm, as weight reference: section AA and CC 
are 5 cm long and the one related to section BB is 35 
cm. Then an arithmetic average was performed to 
combine heat flux on plan and on vertical section. 

Table 4 presents the overall outcomes for the UDCB 
based on the FEM study. Three simulation were 
launched: one with maximum TC values, the second 
at minimum TC and the last with average values.  

 
Table 4: UDCB calculated via FEM according to ISO 6946’s 
“detailed method” using maximum and minimum TC values. 
 

Iteration UDCB [W/(m2K)] 
Average TC 1.238 

Max TC 1.404 
Min TC 1.050 

 
The scope is to have the widest theoretical range 

of the theoretical UDCB to define the performance gap 
and also account for the limitation of HFM in-situ. 
Despite the different TCs, it can be observed that 

overall, the DCB isotherms exhibit a change in the 
heat flux that is caused by the presence of materials 
with different thermal conductivities (concrete, foam, 
and cement mortar).  Near the insulating layer's 
change of direction, the fluctuations are also more 
pronounced, Fig. 10 a,b and c). 
 
4.3 Hot Box measurements 

The eight surface temperature gradients were 
averaged in a way to obtain three equivalent ΔTs 
representative of the temperature gradient observed 
across the hot and cold chamber. The hourly average 
of the temperature shows a step like variation of 
temperature after 24 and 48 hours, Fig. 11. This can 
be explained because of the incremental power given 
to the ceramic heaters from an initial value of 101.90 
W to 143.77 W over the first 48 hours, and then kept 
until completion of the test.  

 

 
Figure 11: Temperature gradients across the hot and cold 
sides recorded during the first 5 days of the campaign. 
 

It can be observed that after 48 hours the 
temperature gradient was more than 9°C between 
the hot and cold chamber while the lowest surface 
temperature gradient circa 7°C. The daily averages of 
the total R-value and hence the U-value is obtained 
with “average method” described in ISO 9869-1 [5] in 
different ways as plotted in Fig. 12.  
 

 
Figure 12. The daily U-value measurements compared to 
insitu value and FEM. 
 

The UΔT chamber was obtained from the total 
resistance using ambient temperature of the hot and 
cold rooms.  The U-values, associated to the different 
surface temperatures, were obtained by summing the 
measured R-value (related to the wall’s conductance), 
and by adding the notional ISO 6946 surface 
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resistances. In both cases since the hot box 
measurements were done on a non-plastered wall it 
was thus necessary to add the thermophysical 
parameters of the plaster and render in order to 
make a meaningful comparison with FEM simulations. 
The list of convergence value of the UDCB plotted in 
Fig. 12, were obtained after 5 days compared to the 
12 days needed for the in-situ measurements, are 
listed in Table 5.  

 
Table 5: UDCB at which hotbox measurement converged. 
 

Measurement point UDCB [W/(m2K)] 
ΔT1,6 1.41 

ΔT2,4,5,7 1.40 
ΔT3,8 1.72 

ΔTchamber 1.99 
In situ [9] 1.47 

 
5. DISCUSSION  

From figure 9 it can be observed that the upper 
part of the theoretical range obtained by FEM is 
much closer to the u-values calculated through 

ΔT2,4,5,7 and ΔT3,8 while ΔT1,6 is well outside this 
theoretical threshold. The first two are matching with 
the highest thermal conductivity values and hence 
the two methodologies are comparable. Hence 
UΔT2,4,5,7 can be considered the most appropriate 
measuring point to calculate the thermal 
transmittance value of hotbox apparatus.  

 
6. CONCLUSIONS 

The declared in situ value 1.47 W/(m2K) is now 
much closer to the most accurate U-value, and the 
performance gap is reduced from 51% to 11% using 
UDCB-FEM 1.24 W/(m2K) and U ΔT2,4,5,7  1.40 W/(m2K). 
This performance gap also include the accumulation 
of errors related to different methodologies used. 
These results confirm that in-situ measurements are 
giving acceptable U-values, given that previously [9], 
theoretical PUF and concrete TC values were 
assumed being taken from manufacturer’s 
specification, website and handbooks — often taken 
for granted.  

The experimental set-up may therefore be 
established as a rigorously tested methodology, and 
robust enough to use for alternative geometry 
configurations, also with different re-engineered 
materials or building elements. Equally there are 
plans to test this further in a real building, namely the 
SLC (Sustainable Living Complex) at the University of 
Malta Campus, due for completion by end of 2025. 
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1. INTRODUCTION
Current building design practice involves 

distributed teams, given the specialization of different 
professions and their inclination to form independent 
companies. These teams communicate product design 
details through technical drawings and specifications. 
In any discipline with distributed design teams, the 
timely exchange of information among the involved 
stakeholders is vital for the progress of the project [1-
4]. Several studies on product and design development 
highlight sources of waste in the process. This includes 
inefficiencies stemming from subpar engineering 
leading to inadequate product or process 
performance, as well as waste within the development 
process. These studies advocate that emphasizing flow 
and value generation serves as a crucial complement 
for comprehending the process. In fact, it forms the 
foundation for analysis and subsequent improvement 
efforts in the process development [4, 5]. 

Furthermore, the process of digitalization is 
offering fresh possibilities and streamlining the overall 
construction process by generating intangible assets, 
which in turn enable more cost-effective and rapid 
design and production. Despite the progressive 
transformation of traditional design practices and 
communication methods through advancements in 
computer-aided design (CAD) software and building 
information modeling (BIM), several studies have 
indicated that the architecture, engineering, and 
construction sector is relatively slow in embracing 

digitalization, particularly concerning the creation of 
digital assets, the expansion of digital utilization, and 
the development of a highly digital workforce, when 
compared to many other manufacturing industries [6-
8]. In fact, both researchers and practitioners have 
recognized the imperative need for a swifter pace of 
digitalization in the construction sector. It's worth 
noting that, in contrast to the extensive research and 
implementation efforts in the design and construction 
phases, there is a notable lack of attention in the area 
of renovation, retrofitting, and refurbishment, which 
are integral components of facility management [9-
11]. 
Digitalization is revolutionizing the construction 
industry, speeding up design and production while 
reducing costs. However, the sector lags behind other 
industries in adopting digital technologies [9-11]. 
Embracing these technologies can boost innovation, 
enable local firms to access global advancements, and 
enhance productivity. To facilitate digitalization, the 
industry needs digital tools that provide common 
services and data for all stakeholders throughout the 
construction value chain [12].  

Furthermore, several studies have shown that 
early-stage decisions have a significant impact on the 
overall duration and cost of the renovation project. A 
well-implemented framework in the early stages 
streamlines processes, reducing the time required for 
decision-making and minimizing unnecessary 
delays[13-15].  
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resistances. In both cases since the hot box 
measurements were done on a non-plastered wall it 
was thus necessary to add the thermophysical 
parameters of the plaster and render in order to 
make a meaningful comparison with FEM simulations. 
The list of convergence value of the UDCB plotted in 
Fig. 12, were obtained after 5 days compared to the 
12 days needed for the in-situ measurements, are 
listed in Table 5.  

 
Table 5: UDCB at which hotbox measurement converged. 
 

Measurement point UDCB [W/(m2K)] 
ΔT1,6 1.41 

ΔT2,4,5,7 1.40 
ΔT3,8 1.72 

ΔTchamber 1.99 
In situ [9] 1.47 

 
5. DISCUSSION  

From figure 9 it can be observed that the upper 
part of the theoretical range obtained by FEM is 
much closer to the u-values calculated through 

ΔT2,4,5,7 and ΔT3,8 while ΔT1,6 is well outside this 
theoretical threshold. The first two are matching with 
the highest thermal conductivity values and hence 
the two methodologies are comparable. Hence 
UΔT2,4,5,7 can be considered the most appropriate 
measuring point to calculate the thermal 
transmittance value of hotbox apparatus.  

 
6. CONCLUSIONS 

The declared in situ value 1.47 W/(m2K) is now 
much closer to the most accurate U-value, and the 
performance gap is reduced from 51% to 11% using 
UDCB-FEM 1.24 W/(m2K) and U ΔT2,4,5,7  1.40 W/(m2K). 
This performance gap also include the accumulation 
of errors related to different methodologies used. 
These results confirm that in-situ measurements are 
giving acceptable U-values, given that previously [9], 
theoretical PUF and concrete TC values were 
assumed being taken from manufacturer’s 
specification, website and handbooks — often taken 
for granted.  

The experimental set-up may therefore be 
established as a rigorously tested methodology, and 
robust enough to use for alternative geometry 
configurations, also with different re-engineered 
materials or building elements. Equally there are 
plans to test this further in a real building, namely the 
SLC (Sustainable Living Complex) at the University of 
Malta Campus, due for completion by end of 2025. 
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1. INTRODUCTION
Current building design practice involves 

distributed teams, given the specialization of different 
professions and their inclination to form independent 
companies. These teams communicate product design 
details through technical drawings and specifications. 
In any discipline with distributed design teams, the 
timely exchange of information among the involved 
stakeholders is vital for the progress of the project [1-
4]. Several studies on product and design development 
highlight sources of waste in the process. This includes 
inefficiencies stemming from subpar engineering 
leading to inadequate product or process 
performance, as well as waste within the development 
process. These studies advocate that emphasizing flow 
and value generation serves as a crucial complement 
for comprehending the process. In fact, it forms the 
foundation for analysis and subsequent improvement 
efforts in the process development [4, 5]. 

Furthermore, the process of digitalization is 
offering fresh possibilities and streamlining the overall 
construction process by generating intangible assets, 
which in turn enable more cost-effective and rapid 
design and production. Despite the progressive 
transformation of traditional design practices and 
communication methods through advancements in 
computer-aided design (CAD) software and building 
information modeling (BIM), several studies have 
indicated that the architecture, engineering, and 
construction sector is relatively slow in embracing 

digitalization, particularly concerning the creation of 
digital assets, the expansion of digital utilization, and 
the development of a highly digital workforce, when 
compared to many other manufacturing industries [6-
8]. In fact, both researchers and practitioners have 
recognized the imperative need for a swifter pace of 
digitalization in the construction sector. It's worth 
noting that, in contrast to the extensive research and 
implementation efforts in the design and construction 
phases, there is a notable lack of attention in the area 
of renovation, retrofitting, and refurbishment, which 
are integral components of facility management [9-
11]. 
Digitalization is revolutionizing the construction 
industry, speeding up design and production while 
reducing costs. However, the sector lags behind other 
industries in adopting digital technologies [9-11]. 
Embracing these technologies can boost innovation, 
enable local firms to access global advancements, and 
enhance productivity. To facilitate digitalization, the 
industry needs digital tools that provide common 
services and data for all stakeholders throughout the 
construction value chain [12].  

Furthermore, several studies have shown that 
early-stage decisions have a significant impact on the 
overall duration and cost of the renovation project. A 
well-implemented framework in the early stages 
streamlines processes, reducing the time required for 
decision-making and minimizing unnecessary 
delays[13-15].  
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The development and implementation of a 
structure workflow will facilitate a systematic and 
efficient flow of information among stakeholders, 
ensuring that the right data is collected, processed, 
and utilized in a timely manner. This optimization will 
help preventing bottlenecks and communication gaps 
[16]. Therefore, the aim of this study is to develop a 
workflow framework that supports and expedites 
early-stage renovation process through the analysis 
and enhancing of the information flow. This 
framework aims to be integrated in digital tools that 
will support the renovation process by providing the 
different users with tailored solution packages 
combining the technologies that are best suited to the 
specific case considered. 
 
2. METHOD 

With the goal of assisting early-design choices in 
renovation processes, this paper determines the key 
parameters and the information flow of the 
renovation process among the different stakeholders 
and with the objective to accelerate and facilitate the 
decision-making process in the early stages of the 
design. This workflow framework is based on a process 
of analysing the key parameters required in the early 
stages from the design team and delivered by the 
client, and the outputs of the information processing. 
In essence, this outline requires comprehensive data 
gathering on the existing building to establish the most 
plausible current scenario and generate diverse 
renovation scenarios. These scenarios align with the 
goal of achieving energy savings while accommodating 
or enhancing user preferences. Evaluations, including 
energy performance simulation, Life Cycle Assessment 
(LCA), and Life Cycle Cost (LCC), discern 
environmentally and economically viable options, 
thereby elucidating key parameters influencing 
decisions in the early project stages. This approach 
allows for preliminary estimations of the 
intervention's viability. Consequently, three main 
steps were executed: (1) definition of information flow 
and KPIs, (2) creation of input databases, and (3) 
implementation in a digital tool. 
 
2.1. Information Flow and KPIs Definition: 

The first step is to define the key parameters that 
the renovation process requires to start the (re) design 
with obtaining the data from the building in a first 
iteration, maximizing the reduction of time and costs 
of the decision-making process and optimizing the 
information to be provided to the potential client, 
aiming to achieve a contract with that client.  

The outputs obtained by the data processing are 
used to generate retrofitting scenarios that will be 
alternative solutions to renovate the building with the 
main goal to upgrade the building up to a highly energy 
efficient concept considering a life cycle perspective, 
calculating KPIs for embodied and operational energy, 

associated greenhouse gas emissions, comfort 
impacts, and economic viability.  
 
2.2.  Implementation of Databases: 

To establish the scenario generation framework, it 
was essential to define and implement different 
databases. In the previous step key parameters were 
defined and it was established that there will be inputs 
provided by the client directly and some inputs will be 
a set of standard values that will support the  
estimation of the buildings’ construction technical 
parameters when little or no information about the 
building is available. 
 
2.3. Implementation in a Digital Tool 

 Once the steps of the information flow and the 
required databases are defined, the aim is to 
implement this framework in a tool that will be a web-
based tool that, by means of simplified calculations, 
simulates energy, cost, comfort, and environmental 
indicators. Besides the integration of databases, a 
communication protocol needs to be integrated to 
ensure data consistency and stakeholder collaboration 
throughout the project. 
 
3. RESULTS 

To create a systematic workflow for generating 
renovation scenarios (Figure 1), it was crucial to 
delineate and integrate various databases. 
Consequently, it became imperative to identify 
essential parameters and establish a set of standard 
values. These values enable the estimation of technical 
parameters related to the construction of buildings, 
particularly in cases where limited or no information 
about the building is accessible (Table 1). Besides the 
building characteristics’ database, a library of 
technologies was defined that includes technical 
information about the different technologies that will 
be considered for the generation of renovation 
scenarios. Finally, an LCA/LCC database and 
framework was established to execute calculations 
related to the environmental impact and cost analysis 
of the different scenarios. The evaluation of the 
scenarios also pointed towards the direction of the 
renovation technologies that provide the best 
performance over the life cycle of the renovated 
building.  
Figure 1. Information flow scheme 
 

 

3.1 Implementation of Databases: 
It is important to establish some key parameters or 

static information that is necessary for the calculations 
performed by the different tools: (1) a Building 
characteristic database setting standard values that 
help the system make an estimation of the buildings’ 
construction technical parameters when no 
information about the building is available; (2) a 
Library of technologies database including technical 
information about the different technologies that will 
be considered for the generation of renovation 
scenarios; (3) an LCA/LCC database with the data 
necessary for the calculations related to the 
environmental impact and economic analysis of the 
technologies.  
 
3.2 Information flow framework description: 

Initially, the user inputs fundamental building 
parameters like shape, age, and location. These details 
are utilized by the designated database system (Table 
1) to estimate probable values for various inputs, such 
as construction features or existing heating systems. 
Users can either accept these default values or provide 
more precise information if available. A preliminary 
simulation is conducted using these parameters and 
presented to the user/client for validating their 
comfort and energy consumption experience. Users 
can then make adjustments, which calibrate the 
baseline model. This functionality offers greater 
accuracy compared to more intricate building 
modeling software that lacks such feedback. The 
calibrated model undergoes another simulation, and 
the results are used to automatically generate 
proposed renovation scenarios involving a mix of 
renovation technologies. These suggestions are 
presented to the user before simulation, allowing 
them to discard options based on personal 
preferences or unforeseen constraints. Accepted 
renovation scenarios are simulated for energy and 
comfort performance, with an additional assessment 
of their life cycle’s economic and environmental 
aspects. Lastly, a multi-criteria assessment is 
conducted to rank these renovation options according 
to the user’s anticipated preferences regarding 
comfort, financial cost, and environmental 
performance. Alongside results presentation, users 

can adjust their preferences and observe the impact 
on the ranking of renovation scenarios. Notably, users 
only interact with the web frontend, while the web 
backend sequentially triggers the calculation modules 
without requiring user intervention. 

 
3.3 Implementation of the methodological 
framework in a digital tool: 

The integration of this information flow is 
incorporated into a methodological framework (Figure 
2), executed through a digital tool. The comprehensive 
structure of this framework has been arranged using a 
layer model, illustrated in Figure 2. Each layer 
represents a specific set of tools and modules with 
varying purposes: User information layer, Data layer, 
and Processing layer. 

Figure 2 presents the workflow and the 
communication among the layers. Communication 
between layers is provided through REST web services, 
providing a standard interface that ensures the correct 
communication between the different modules of the 
platform. 

 
USER INFORMATION LAYER 
The User Information Layer is the direct connection 

between the technical user and the digital tool. It is 
composed of the different user interfaces (or 
alternatively, front-end) that enable end users to 
interact with the platform and includes the interfaces 
of the platform and the tools developed. It allows the 
communication of: 

 Inputs from the user regarding the building 
 Outputs from the digital tool regarding the 

renovation process 
All the inputs introduced by the users are stored in 

the databases. 
 
DATA LAYER 
The data layer corresponds to the common 

databases that store all the information necessary for 
the correct functioning of the platform and is used to 
share the information among the different modules 
and platform components.  
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The development and implementation of a 
structure workflow will facilitate a systematic and 
efficient flow of information among stakeholders, 
ensuring that the right data is collected, processed, 
and utilized in a timely manner. This optimization will 
help preventing bottlenecks and communication gaps 
[16]. Therefore, the aim of this study is to develop a 
workflow framework that supports and expedites 
early-stage renovation process through the analysis 
and enhancing of the information flow. This 
framework aims to be integrated in digital tools that 
will support the renovation process by providing the 
different users with tailored solution packages 
combining the technologies that are best suited to the 
specific case considered. 
 
2. METHOD 

With the goal of assisting early-design choices in 
renovation processes, this paper determines the key 
parameters and the information flow of the 
renovation process among the different stakeholders 
and with the objective to accelerate and facilitate the 
decision-making process in the early stages of the 
design. This workflow framework is based on a process 
of analysing the key parameters required in the early 
stages from the design team and delivered by the 
client, and the outputs of the information processing. 
In essence, this outline requires comprehensive data 
gathering on the existing building to establish the most 
plausible current scenario and generate diverse 
renovation scenarios. These scenarios align with the 
goal of achieving energy savings while accommodating 
or enhancing user preferences. Evaluations, including 
energy performance simulation, Life Cycle Assessment 
(LCA), and Life Cycle Cost (LCC), discern 
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thereby elucidating key parameters influencing 
decisions in the early project stages. This approach 
allows for preliminary estimations of the 
intervention's viability. Consequently, three main 
steps were executed: (1) definition of information flow 
and KPIs, (2) creation of input databases, and (3) 
implementation in a digital tool. 
 
2.1. Information Flow and KPIs Definition: 

The first step is to define the key parameters that 
the renovation process requires to start the (re) design 
with obtaining the data from the building in a first 
iteration, maximizing the reduction of time and costs 
of the decision-making process and optimizing the 
information to be provided to the potential client, 
aiming to achieve a contract with that client.  

The outputs obtained by the data processing are 
used to generate retrofitting scenarios that will be 
alternative solutions to renovate the building with the 
main goal to upgrade the building up to a highly energy 
efficient concept considering a life cycle perspective, 
calculating KPIs for embodied and operational energy, 

associated greenhouse gas emissions, comfort 
impacts, and economic viability.  
 
2.2.  Implementation of Databases: 

To establish the scenario generation framework, it 
was essential to define and implement different 
databases. In the previous step key parameters were 
defined and it was established that there will be inputs 
provided by the client directly and some inputs will be 
a set of standard values that will support the  
estimation of the buildings’ construction technical 
parameters when little or no information about the 
building is available. 
 
2.3. Implementation in a Digital Tool 

 Once the steps of the information flow and the 
required databases are defined, the aim is to 
implement this framework in a tool that will be a web-
based tool that, by means of simplified calculations, 
simulates energy, cost, comfort, and environmental 
indicators. Besides the integration of databases, a 
communication protocol needs to be integrated to 
ensure data consistency and stakeholder collaboration 
throughout the project. 
 
3. RESULTS 

To create a systematic workflow for generating 
renovation scenarios (Figure 1), it was crucial to 
delineate and integrate various databases. 
Consequently, it became imperative to identify 
essential parameters and establish a set of standard 
values. These values enable the estimation of technical 
parameters related to the construction of buildings, 
particularly in cases where limited or no information 
about the building is accessible (Table 1). Besides the 
building characteristics’ database, a library of 
technologies was defined that includes technical 
information about the different technologies that will 
be considered for the generation of renovation 
scenarios. Finally, an LCA/LCC database and 
framework was established to execute calculations 
related to the environmental impact and cost analysis 
of the different scenarios. The evaluation of the 
scenarios also pointed towards the direction of the 
renovation technologies that provide the best 
performance over the life cycle of the renovated 
building.  
Figure 1. Information flow scheme 
 

 

3.1 Implementation of Databases: 
It is important to establish some key parameters or 

static information that is necessary for the calculations 
performed by the different tools: (1) a Building 
characteristic database setting standard values that 
help the system make an estimation of the buildings’ 
construction technical parameters when no 
information about the building is available; (2) a 
Library of technologies database including technical 
information about the different technologies that will 
be considered for the generation of renovation 
scenarios; (3) an LCA/LCC database with the data 
necessary for the calculations related to the 
environmental impact and economic analysis of the 
technologies.  
 
3.2 Information flow framework description: 

Initially, the user inputs fundamental building 
parameters like shape, age, and location. These details 
are utilized by the designated database system (Table 
1) to estimate probable values for various inputs, such 
as construction features or existing heating systems. 
Users can either accept these default values or provide 
more precise information if available. A preliminary 
simulation is conducted using these parameters and 
presented to the user/client for validating their 
comfort and energy consumption experience. Users 
can then make adjustments, which calibrate the 
baseline model. This functionality offers greater 
accuracy compared to more intricate building 
modeling software that lacks such feedback. The 
calibrated model undergoes another simulation, and 
the results are used to automatically generate 
proposed renovation scenarios involving a mix of 
renovation technologies. These suggestions are 
presented to the user before simulation, allowing 
them to discard options based on personal 
preferences or unforeseen constraints. Accepted 
renovation scenarios are simulated for energy and 
comfort performance, with an additional assessment 
of their life cycle’s economic and environmental 
aspects. Lastly, a multi-criteria assessment is 
conducted to rank these renovation options according 
to the user’s anticipated preferences regarding 
comfort, financial cost, and environmental 
performance. Alongside results presentation, users 

can adjust their preferences and observe the impact 
on the ranking of renovation scenarios. Notably, users 
only interact with the web frontend, while the web 
backend sequentially triggers the calculation modules 
without requiring user intervention. 

 
3.3 Implementation of the methodological 
framework in a digital tool: 

The integration of this information flow is 
incorporated into a methodological framework (Figure 
2), executed through a digital tool. The comprehensive 
structure of this framework has been arranged using a 
layer model, illustrated in Figure 2. Each layer 
represents a specific set of tools and modules with 
varying purposes: User information layer, Data layer, 
and Processing layer. 

Figure 2 presents the workflow and the 
communication among the layers. Communication 
between layers is provided through REST web services, 
providing a standard interface that ensures the correct 
communication between the different modules of the 
platform. 

 
USER INFORMATION LAYER 
The User Information Layer is the direct connection 

between the technical user and the digital tool. It is 
composed of the different user interfaces (or 
alternatively, front-end) that enable end users to 
interact with the platform and includes the interfaces 
of the platform and the tools developed. It allows the 
communication of: 

 Inputs from the user regarding the building 
 Outputs from the digital tool regarding the 

renovation process 
All the inputs introduced by the users are stored in 

the databases. 
 
DATA LAYER 
The data layer corresponds to the common 

databases that store all the information necessary for 
the correct functioning of the platform and is used to 
share the information among the different modules 
and platform components.  
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Table 1. Information flow parameters considered for the scenario generation in the early phases of the renovation process. 
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Table 1. Information flow parameters considered for the scenario generation in the early phases of the renovation process. 
 

 

 

Figure 2. Workflow and the communication among the layers 
and how the different databases exchange information 
where the user introduces the firsts inputs of the building and 
how this information is generating different renovation 
scenarios.  
 

The data layer is defined to store all the 
information necessary for the correct functioning and 
for the calculations that need to be executed by the 
different processes, including information about the 
users and their projects (inputs, calculation results, 
project information related to each phase in the 
renovation process, etc.). Within this data layer, there 
is a database of building characteristics [17, 18] of 
residential buildings that includes a set of standard 
values that help the framework to make an estimation 
of the buildings’ construction technical parameters 
when no information about the building is available, 
including also static information that is necessary for 
the calculations performed by the different processes 
in the scenario generation. Furthermore, this data 
layer contains a ‘Library of technologies’ which is a 
catalogue that includes technical information about all 
technologies considered for the generation of 
renovation scenarios. Finally, there is an LCA/LCC 
database which includes the data necessary for the 
calculations related to the environmental impact and 
cost analysis of the technologies and the generated 
scenarios.  

LCA calculations require the following data to be 
stored in the database: 

 Material information of façade panels and 
systems 

 Environmental impacts of materials for the 
various life cycle stages and other material 
properties 

 Maintenance impacts of different panel types 
 Carbon emission factors of electricity grids 

across Europe. 

Environmental impacts of materials are sourced 
from EPDs, or average of EPDs or other generic 
databases in compliance with EN 15804. Carbon 
emission factors of electricity grids are sourced from 
the International Energy Association database or other 
national or international databases in Europe. 

The LCC calculation will require the following 
additional data to be stored in a database: 

 Procurement and installation cost of 
materials and façade panels. 

 Cost of operational energy 
 Cost of maintenance of façade panels 

 
PROCESSING LAYER 
The processing layer refers to the software 

modules that perform the main system processing and 
calculations and includes the digital tools that will 
generate different renovation scenarios with that will 
support the decision-making process in the early 
stages of the renovation. With very few inputs (e.g., 
location, age of building, simplified geometry, number 
of floors, use, etc.), this outline would suggest default 
options (Figure 1) that are most likely to be 
representative of the building, to perform simplified 
simulations (i.e., energy simulations, LCA, LCC) that 
might not be precise but are representative. At a later 
stage, if a design team gets involved, they could make 
a more accurate use of the tool for assessing design 
alternatives. Besides, it is essential that this framework 
is being implemented as a user-friendly tool that can 
be used without any specific expertise in building 
renovation or the construction process. 

 
3.2 Communication and Coordination Protocol: 

Another important finding is the establishment of 
a clear communication protocol among all the 
stakeholders in the renovation process to facilitate the 
coordination of the project. This protocol is an 
informative tool where critical aspects are shown and 
they must be approved by all the stakeholders to be 
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able to access the new phase or stage of the 
renovation process, generating agreement files and 
backup. It also helps the decision-making process by 
helping the design team or the project manager in 
providing a continuous overview of the process to 
guarantee that every decision made has been 
approved and accepted from all the parties, thus, 
avoiding future disagreements. It also provides all the 
information of the project, including logistics, 
technical responsibilities, changes in the budget/costs, 
timings on production, deliveries, regulations, etc. 
Additionally, it can show different levels of 
information to different stakeholders which will be 
assigned by the project manager (design team). 
 
4. CONCLUSION 

The main objective of this study is to support the 
renovation project in its early design phases and to 
facilitate the communication and coordination of the 
different stakeholders. Overall, this framework 
involves gathering data on the existing building to 
establish the most likely current scenario and to 
generate different renovation scenarios based on 
predefined databases and constraints. The scenarios 
are formulated based on the objective of achieving 
energy savings while maintaining or improving users’ 
preferences, and they are evaluated through energy 
performance simulation, Life Cycle Assessment (LCA) 
and Life Cycle Cost (LCC). By examining these 
scenarios, the study identifies feasible environmental 
and economic options and determines the key 
parameters influencing early-stage decisions.  
It was found out that it is necessary to develop and 
integrate different databases to facilitate the decision-
making process in the earlier stages of the renovation 
process and to incorporate a clear communication and 
coordination protocol that will help managing the 
project. The framework aims to provide meaningful 
reductions in cost and time. 
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ABSTRACT: The control of glare in office environments is often retrospectively improvised using shading devices, 
typically internal blinds. Despite the leap towards energy efficiency goals, visual comfort is still being 
compromised in climates with high solar insolation resulting in intolerable glare. This paper discusses the visual 
performance of a novel glazing assembly comprising of two, independently switchable (solar Polymer Dispersed 
Liquid Crystal and Suspended Particle Device) interlayers intended to control the visible light transmittance into 
an indoor space. Readings of DGP in a full-scale test cell are presented together with an analysis of the visual 
appearance of the glass. 
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1. BACKGROUND  
Excessive levels of daylighting in buildings having 

high glazing ratios in climates with high insolation 
levels is a matter that is frequently overlooked. The 
control of glare is often retrospectively improvised 
using shading devices, typically internal blinds. This 
means also blinding the view, with an unwarranted 
artificial lighting load during broad daylight. To 
address overheating issues, glazing technology of an 
insulated glazing unit (IGU) has evolved particularly 
through the use of static selective coatings on glass, 
thus delivering much of the expected performance in 
terms of low U-values, g-values, and visible light 
transmittance (VLT). However, despite the leap 
towards energy efficiency goals, visual comfort has 
often been compromised with lower daylight levels 
and partial blockage of external views. Internal 
shading devices, typically louvres or roller blinds are 
considered as cheap, quick-fix solutions for glare 
control and solar rejection of a façade. External 
shading devices are typically fixed and sometimes 
moveable to allow for their adjustment according to 
the external day-to-day climatic conditions. 
 
1.2 The Research Gap: Problem defined. 

In a cooling-oriented central Mediterranean 
climate, the main thrust in design trends is verging 
towards fully fletched glazed façades with a design 
‘overkill’ in terms of daylighting requirements, while 
generating unwarranted cooling gains. Although 
yearning for unobstructed distant views, occupants 
often experience glare, distracting them from their 
daily tasks, while also impacting their overall health, 
well-being, and productivity. 

This research has established gaps in the body of 
knowledge in that independent of how energy 

efficient they may be, static facades still have a 
limited degree of adaptability and tend to provide 
limited performance in adverse daytime conditions. 
The daylight and visual performance of a static façade 
is limited to basic control by blinds, often limiting 
views. This points to the need to reduce glare and the 
associated discomfort, without compromising the 
views which often come at a premium in real estate 
terms.  This may be achieved by optimizing daylight 
levels and provide for appropriate shading while 
decreasing the need for daytime artificial lighting. The 
restrictions of conventional static facades therefore 
need to be overcome to avoid discomfort glare, 
protect views, and encourage productivity to prop up 
overall occupant well-being. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Buildings with a high glazing ratio in Malta, relying 
on indoor blinds for the control of glare. 
 
2 ADAPTIVE GLAZING FOR VISUAL COMFORT 

Buildings are naturally subjected to diurnal and 
seasonal changes. The concept of a responsive, 
adaptive building façade as opposed to spaces 
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protected only by static enclosures, relying on active, 
climate-controlling systems for the attainment of 
comfort, makes more sense now than ever. Glazing 
appears to be following the trend and need, of 
adaptability as technology seeks to address the need 
to bridge the gap between transparency and 
opaqueness. 

Chromogenic glass is a generic term that refers to 
glass that can change its optical properties. The main 
functions of chromogenic glass when applied to 
architectural glazing is to control the flow of light and 
heat into and out of a glazing, according to the 
requirements of building occupants. The change of 
optical properties in chromogenic glazing can be in 
the form of absorptance, reflectance or scattering. 
Thermotropic materials allow for a change in state of 
the polymeric material, which affects its refractive 
index turning it from a solar transmitting material to a 
solar absorbing one, thus from transparent to 
translucent (Compagno, 1999), whereas 
thermochromic materials are based on the features 
of transition metal oxides which transforms the 
material from a solar transmitting to a solar reflective 
one (Granqvist, 2007). Photochromic materials alter 
their properties through the UV radiation in the solar 
spectrum, whereas electrochromic materials can alter 
their optical properties when triggered by an electric 
current. The most common of the electrically 
activated types are phase dispersed liquid crystals 
(PDLC), dispersed particle system (DPS) and 
electrochromics. 

The UV-resistant PDLC privacy film (solar-PDLC) 
and SPD tinting technologies are two of the most 
established, commercially available products on the 
market today. These have the added advantage of 
being assembled in conventional glass-assembly 
factories without the need of any specialized 
equipment. Switchable dynamic glass appears to have 
a great potential at achieving privacy and daylight 
control, where besides having the ability to be 
manually controlled by building occupants, can in 
turn be pre-set on the basis of an automated control 
strategy. 

 
3. AN INNOVATIVE GLAZING ASSEMBLY 

The diverse properties of both solar PDLC and SPD 
technologies has prompted the author with an idea of 
possibly an innovative combination of technologies 
within a single laminate. Having a glass laminate with 
both solar-PDLC and SPD interlayers potentially 
allows for the external laminated sheet of glass in an 
IGU to offer both privacy and tinting properties 
according to the requirements of the building 
occupants. The solar PDLC film can be maintained in 
two states (ON [transparent] and OFF [translucent]), 
whereas the SPD can retain a variable tint by means 
of its electronic controllers. Different applications of 

how this glazing assembly can be set within an 
external façade are substantial and is believed that 
this combination of technologies, if proven to be 
effective at reducing overheating and glare for 
facades in a cooling-dominated climate, may push 
away conventional indoor blinds and shades, and 
given time, may possibly render them obsolete. In 
addition, having this technology capable of being 
connected to smart systems of buildings and the IoT, 
the possibilities of integration and control of this 
form of switchable glass assembly are practically 
endless. 

 
3.1 Experimental Setup 

For the scope of this study, two twin full-scale test 
cells were set up within the grounds of the University 
of Malta to carry out a series of comparative 
experiments between the prototype switchable 
glazing assembly and other forms of conventional, 
static facades (Figure 2).  

The test cells were installed on precast concrete 
foundations laid out to permit the rotation of the test 
cells to face different orientations as required. A 
comparative testing approach as described by 
(Cattarin et.al., 2015) is being adopted, wherein the 
performance of a component, in this case the 
prototype glazing assembly, is assessed in relative 
terms to a reference element being tested at the 
same time.  

For the assessment of the visual suitability of the 
indoor environment, the Daylight Glare Probability 
(DGP) metric developed by (Wienold & 
Christoffersen, 2006) will be measured using a state-
of-the-art, calibrated luminance photometer, 
TechnoTeam© LMK Mobile 6 equipped with a SIGMA 
fish-eye lens, coupled with the proprietary LMK 
Labsoft© glare analysis suite. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 2: Photos the full-scale, twin test cells installed at the 
University of Malta grounds. 
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protected only by static enclosures, relying on active, 
climate-controlling systems for the attainment of 
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the polymeric material, which affects its refractive 
index turning it from a solar transmitting material to a 
solar absorbing one, thus from transparent to 
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thermochromic materials are based on the features 
of transition metal oxides which transforms the 
material from a solar transmitting to a solar reflective 
one (Granqvist, 2007). Photochromic materials alter 
their properties through the UV radiation in the solar 
spectrum, whereas electrochromic materials can alter 
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occupants. The solar PDLC film can be maintained in 
two states (ON [transparent] and OFF [translucent]), 
whereas the SPD can retain a variable tint by means 
of its electronic controllers. Different applications of 

how this glazing assembly can be set within an 
external façade are substantial and is believed that 
this combination of technologies, if proven to be 
effective at reducing overheating and glare for 
facades in a cooling-dominated climate, may push 
away conventional indoor blinds and shades, and 
given time, may possibly render them obsolete. In 
addition, having this technology capable of being 
connected to smart systems of buildings and the IoT, 
the possibilities of integration and control of this 
form of switchable glass assembly are practically 
endless. 

 
3.1 Experimental Setup 
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Christoffersen, 2006) will be measured using a state-
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Figure 2: Photos the full-scale, twin test cells installed at the 
University of Malta grounds. 
 
 
 

 

4. METHODOLOGY 
For the scope of this research, two pairs of films, 

each having dimensions of approximately 1.0m x 
2.0m were cut to fit an overall glazed area of 
approximately 2.0 x 2.0m, both laminated in between 
an 8mm glass with a low emissivity coating on surface 
two and a 6mm extra clear glass with EVA interlayers 
in between the films. This glass laminate intends to 
combine both solar-PDLC and SPD films into a single 
laminate, and since the scope of this study focused 
solely on the visual performance of these films, their 
assembly into an insulated glass unit (IGU) for the 
assessment of their thermal performance, fall beyond 
the scope of this study. (Figure 3). 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Schematic section of the novel switchable 
laminate. 

 
Prior to lamination, both switchable films were 
prepared for the installation of the copper busbars 
through an edge deletion process, wherein the 
protective polyethylene terephthalate (PET) coating 
of the films and the actual formulation were carefully 
removed at two specific locations to expose the 
underlying conductive indium tin oxide (ITO). This 
allowed for the required space to attach the copper 
busbars to permit electric current to power-up the 
films. (Figure 4).  Following the adhesion of the 
busbars with the ITO of the switchable films, two 
copper contact points for each film, of sufficient 
length to protrude from the edges of the laminate, 
were then soldered to the busbars themselves to 

provide for connecting the necessary wiring from the 
films to their proprietary electronic controllers 
(Figure 5). Two different controllers were required, 
one for each film, thus allowing for the control of 
each film independently. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Preparing films for busbar installation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Preparing films for busbar installation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Placement of films in between the interlayers prior 
to lamination. 
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5. PILOT STUDY: PRELIMINARY RESULTS 
5.1 Suitability of the Testing Setup. 
    An initial DGP pilot study was conducted on a partly 
cloudy day in March 2023 to collect preliminary DGP 
readings inside the test cells without any glazing 
installed, this to assess the geometry and finishes of 
the test cells (Figure 7). The objective was to 
familiarize with the operation of the TechnoTeam© 
LMK mobile luminance photometer and its software 
for the analysis of the luminance maps generated by 
the camera itself and to obtain a preliminary 
indication of the DGP without any filtering provided 
by any of the glazing assemblies. The luminance 
photometer was mounted on a secure tripod and 
readings taken at three different positions within the 
cells: 1.5m, 3.0m and 4.5m away from the opening.  
The luminance maps generated for the two extreme 
distances showed a remarkable difference in both the 
DGP readings and the number of light sources 
detected by the software. As expected, the closer the 
distance of the building occupant to the opening, the 
greater is the DGP (79.38 at 1.5m; 34.39 at 4.5m) 
with a value in region of 30, being the threshold 
beyond which an occupant tends to perceive a scene 
as being too bright. It was also noted that the 
distance of a building occupant from the opening of 
the test cell had a substantial effect on the number of 
light sources in the field of view, perceived as being 
too bright (115 light sources at 1.5m; 5 light sources 
at 4.5m). Figure 8 refers. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Placement of the luminance photometer within 
one of the test cells (no glazing installed) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.2 DGP Measurements for the switchable laminate. 
Following the installation of the switchable 

laminate within one of the test cells (Figure 9), 
readings were taken on a clear, sunny day in 
November 2023, with the position of the sun 
perpendicular to the laminate. The scope of these 
field tests was to measure take readings of the DGP 
under different states of the films and to assess the 
visual quality of the test façade and that of the indoor 
environment within the cell itself. The luminance 
photometer was mounted on a secure tripod and 
readings taken at the centre of the test cell - 3.0m 
away from the opening.  The luminance maps 
generated for two switching states (solar-PDLC OFF; 
SPD OFF) and (solar-PDLC ON; SPD OFF) are as shown 
in Figure 10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: The prototype switchable laminate installed within 
a test cell. 
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Figure 10: Readings for (solar-PDLC OFF; SPD OFF). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: Readings for (solar-PDLC ON; SPD OFF). 
 

When both films were switched off, the darkest 
state of the glazing was achieved. Measurements of 
the VLT through the laminate showed that in this 
state, the laminate blocked up to 99% of the visible 
light. The DGP reading of the scene taken from the 
viewing angle under consideration was 22.74, hence 
less than the recommended threshold of 30. The 
opacity of the glazing and its effectiveness at blocking 
visible light resulted in the photometer detecting the 
entire glazing areas as one light source (Figure 10). 
When the solar-PDLC was switched on to omit 
translucency of the file, the DGP reading showed a 
slight increase to read 22.84, with the glazing area 
still read as one light source by the luminance 
photometer (Figure 11). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: View from the test cell (solar-PDLC OFF; SPD 
OFF). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: View from the test cell (solar-PDLC ON; SPD OFF). 
 
 
 
 
 
 
 
 
 
 
Figure 14: Solar disc as seen with the naked eye. LEFT: solar-
PDLC OFF - SPD OFF. RIGHT: solar-PDLC ON - SPD OFF.  
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Figure 15: View from the test cell (solar-PDLC OFF; SPD ON). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: View from the test cell (solar-PDLC ON; SPD ON). 
 
 
 
 
 
 
 
 
 
 
Figure 17: Solar disc as seen with the naked eye. LEFT: solar-
PDLC - OFF; SPD - ON. RIGHT: solar-PDLC - ON; SPD - ON.  
 
 
6. DISCUSSION 

When both films were switched off (State-1), a 
complete visual disconnection could be noted within 
the test cell to the outside (Figure 12). A feeling of 
complete enclosure was observed, resulting in a 
sense of total privacy. The solar disc could be 
comfortably looked at directly with the naked eye 
(Figure 14 - left). In a state where the solar-PDLC film 
was switched on (State-2), only a marginal visual 
connection to the outside could be achieved. Results 
show that the blue SPD film in its OFF state tends to 
visually overpower the solar-PDLC privacy film in its 
ON state (Figure 13). In this state, the solar disc could 
also be comfortably observed with the naked eye 
(Figure 14 – right). 

When the solar-PDLC film was switched OFF and the 
SPD film switched on (State-3), the blue tint of the 
SPD film was noted to disappear completely, save for 
a slight tint along the edges of the films. The 
translucency provided by the solar-PDLC film again 
provided for a complete visual disconnection from 
the outside, hence providing privacy (Figure 53). 
When observed with the naked eye under this state, 
the solar disc could also be comfortably looked at 
directly with the naked eye (Figure 17 – left). With 
both films switched on (State-4), bright and direct 
sunlight penetrated the test cell allowing for direct 
internal illumination of the internal space.  

A visual connection to the outside was now noted, 
albeit with a degree of visual haze comparable to that 
provided by a transparent sheer curtain behind a 
conventional glass pane. This visual effect is likely to 
be caused by internal reflection of incident light onto 
the formulation particles of the solar-PDLC film itself 
when oriented horizontally (film switched ON). Under 
this state, the solar disc was visually unbearable to be 
directly looked at. (Figure 17–right). 

 
7. CONCLUSIONS 

Switchable solar-PDLC and SPD films have the 
potential of being integrated for the control of 
daylight. A prototype glazing assembly comprising 
both solar-PDLC and a tinting SPD within a single 
laminate was assembled and installed within a full-
scale test cell.  

Measurements of the DGP showed promising 
results in achieving a value within acceptable limits 
with both films allowing for a high degree of 
protection from the adverse effects of the solar disc 
causing disability glare when falling within the field of 
view.  

This study has shown that in its bleached (quasi-
clear) state, the switchable laminate did not offer full 
clarity of the view normally associated with clear 
glazing, potentially creating a degree of human 
dissatisfaction. This merits further investigation by 
conducting occupant satisfaction studies on a select 
number of participants working from the test cell 
itself. 
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Figure 16: View from the test cell (solar-PDLC ON; SPD ON). 
 
 
 
 
 
 
 
 
 
 
Figure 17: Solar disc as seen with the naked eye. LEFT: solar-
PDLC - OFF; SPD - ON. RIGHT: solar-PDLC - ON; SPD - ON.  
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ABSTRACT: This paper describes the technical and conceptual development of the ‘LuminLab’ platform, an online 
tool that integrates a purpose-fit human-centric AI chatbot and predictive energy model into a streamlined 
front-end that can rapidly produce and discuss building retrofit plans in natural language. The platform provides 
users with the ability to engage with a range of possible retrofit pathways tailored to their individual budget and 
building needs on-demand. Given the complicated and costly nature of building retrofit projects, which rely on a 
variety of stakeholder groups with differing goals and incentives, we feel that AI-powered tools such as this have 
the potential to pragmatically de-silo knowledge, improve communication, and empower individual homeowners 
to undertake incremental retrofit projects that might not happen otherwise.  
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1. INTRODUCTION 
Energy use in buildings represents a significant 

proportion of both household expenses and carbon 
emissions. European electricity prices have been 
steadily rising over the past 15 years, hitting an all-
time high of €28.4 per 100 kWh in 2022 [1]. According 
to the International Energy Agency (IEA), operational 
building use amounts to almost 30% of global energy 
consumption [2]. To reach the IEA’s 2030 net zero 
emissions target, buildings’ operational energy use 
must be reduced by about 25%, requiring significant 
retrofit investment for existing building stock. 

Unfortunately, the pursuit of net zero emissions 
targets and operational energy use in Ireland, and 
globally, is often restricted by the pressure of 
practical considerations and the misalignment of 
incentives and behaviours in policy creation. The 
expected benefit of retrofit packages for policy-
makers often does not match with householders’ 
thermal comfort demands [3] or the widespread 
availability (and cost) of conventional materials [4]. 

In addition, the building retrofit process in Ireland 
is complicated and costly for individual homeowners. 
As Figure 1(A) shows, required knowledge is often 
siloed in stakeholder groups and, despite the 
perceived linearity of retrofit processes diagrammed, 
phased service provision can further compound 
information incompatibility between stakeholders, 
further fragmenting information flow across time [5].  

In most cases, even basic energy assessments can 
entail specialised design professionals and in-person 
energy audits that can cost in the range of €600-
€800. Should a homeowner decide to proceed, they 
can spend significant time and effort pursuing 
individual quotes, planning and managing the project, 
not to mention temporary loss of use of their home. 

Crucially, the options design professionals and 
home contractors offer often focus on deep retrofit 
solutions that may lack significant investment return 
for individual homeowners, even in the current high 
energy cost environment. Amid the availability of a 
broad range of technologies and major efforts to 
promote and accelerate retrofit activities, identifying 
the most effective retrofit strategies that meet 
investment criteria remains a significant challenge for 
homeowners [6]. There is very little information 
provided on smaller-scale solutions and simple fixes 
that could result in energy efficiency increases [7]. 

The development of new artificial intelligence (AI) 
technologies, such as large language models (LLM) 
like ChatGPT, provides a significant opportunity to 
improve this building retrofit process. By informing 
retrofit decisions across domains, AI can potentially 
help identify effective retrofit strategies [8], which 
could also support the shared creation of statistical 
models and cost-benefit estimation [9] for energy and 
economic efficiency [10] alike.  

However, given the very recent development of 
many of these AI technologies, from a theoretical 
perspective there has been relatively little work 
contextualising the use of AI for building retrofit in 
general or understanding the extent to which AI-
driven decision support systems can improve energy 
efficiency and stakeholder engagement in home 
retrofit projects. Here we conceptualise AI’s use for 
building retrofit as a pragmatic solution to the 
communication and knowledge barriers that arise in 
these projects. As posited by Hillier [11], in order “to 
understand building, then, we must understand it 
both as a product and as a process”. Pragmatism, as a 
knowledge claim based on “practical problem solving 
and real-world research” [12] offers considerable 
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utility in addressing such measures as it is not 
committed to any specific school of thought, enabling 
researchers and designers to adopt the methods that 
best improve outcomes. Extending from this open 
and pluralistic epistemology, we envision AI tools as a 
part of a pluralistic methodology that can be used to 
help overcome the gaps in knowledge for individual 
homeowners, as well as the qualitative complexities 
of coordinating between stakeholder groups involved 
in retrofit projects. This offers particular significance 
in the multifaceted context within which energy 
retrofit research is nested, allowing for integration of 
practical action with the physical properties of 
retrofit packages — emphasising interconnectedness 
of buildings, systems, technologies and, critically, the 
stakeholder diversity required in retrofit solutions’ 
design, production and eventual sustainment.  

 
(A) 

 
(B) 
 

Figure 1(A)-(B): Current vs. proposed homeowner retrofit 
management process. 
 

Given this pragmatic conceptual underpinning, 
the purpose of this paper is to describe the technical 
development of the ‘LuminLab’ AI-powered building 
retrofit platform created by the authors. This online 
tool integrates a purpose-fit human-centric AI 
chatbot and predictive energy model into a 
streamlined front-end that can rapidly produce and 
discuss building retrofit plans in natural language. As 
shown in Figure 1(B), the focus is on streamlining the 
end-to-end retrofit process by recognising its 
inherently recursive nature and eventually 
incorporating AI communication, modelling, and 
coordination tools at every stage, from project 
conception through planning, design, contractor 
assignment, coordination, and even monitoring. 
Providing an ‘intelligent’ chatbot agent that the user 
can interrogate helps to de-silo stakeholder 
knowledge and enable users to better understand the 
cost trade-offs inherent in the retrofit process. 

Currently (as described below) the platform engages 
users with a range of possible retrofit pathways 
tailored to their individual building needs on-demand.  

We finish the paper with reflections on the 
process and our ongoing engagements with relevant 
stakeholders in Ireland. While the tool is not yet 
widely implemented, our pragmatic, stakeholder-
driven development approach provides useful lessons 
and a roadmap for future AI-driven support systems 
in the design professions within Ireland, and beyond.  
 
2. METHODS 

The LuminLab platform is an online application to 
streamline the home retrofit process, primarily for 
homeowners in Ireland. In Section 2.1 we describe 
the platform’s front-end design and its integration 
with the LLM chatbot and back-end databases and 
processing. Then, in Section 2.2 we describe specifics 
of the energy model used to optimise retrofit 
configurations under a range of budget conditions. 
 
2.1 Platform and LLM 

At its core, the LuminLab platform uses a fine-
tuned LLM as an intelligent interface to offer 
contextualised guidance for the entire retrofit 
process. The application is designed with a user-
friendly front-end; upon accessing the platform, users 
encounter a dashboard which encompasses four 
primary components: 
1. Chat Assistant: the LLM interface is the 

cornerstone of the LuminLab application, which 
acts as a central gateway to its various features 
and functionalities. Its integration with advanced 
models and technologies positions it as a dynamic 
and intelligent assistant, guiding users through 
every aspect of their home retrofitting journey. 

2. Reports and Plans: this section aggregates all 
documents and plans generated during the user-
chatbot interaction. It acts as an organised 
repository of platform-generated user-specific 
retrofit plans, analytical reports of the analysis of 
user-provided data (e.g. from their home’s BER 
certificate), and tailored recommendations from 
the Chatbot based on respective user questions. 

3. My City in 3D: this module (under development) 
allows users to explore their home’s urban 
context in a dynamic 3D visualisation. In the 
future it will integrate geospatial data with LLM-
aided analysis, presenting crucial information in 
an immersive and informative manner. Other 
planned future extensions include 3D modelling 
software integration to create detailed renderings 
of individual buildings using only homemade 
videos of the premises, a novel approach to 
significantly enhance visualisation and support the 
planning process. The underlying technology 
based on Neuralangelo, developed by NVIDIA, can 
be tailored to architecture modelling applications. 
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4. Useful Resources: to allow users to explore the 
information underpinning the LLM’s responses, 
the platform also provides an extensive library of 
resources, including regulatory frameworks, 
retrofitting guidelines, and environmental data. 
This data is actively referenced by the LLM. 

 
The front-end interface, crafted using React and 

Material-UI (MUI), is specifically designed to cater to 
a diverse user base. MUI's versatile component 
library allows rapid iteration of interface designs, 
ensuring an intuitive and accessible user experience. 
This adaptability is crucial in addressing users’ varied 
technological comfort levels. To accommodate 
different user preferences, the application offers two 
modes of interaction: a structured multiple-choice 
form and a text-based chatbot. The multiple-choice 
form provides a clear, guided experience, asking 
specific questions with defined options for ease of 
data entry. The chatbot allows users to input data 
conversationally, capturing detailed retrofit 
information, also complementing data from the form. 
Users can utilise both modes concurrently, ensuring a 
comprehensive and tailored data submission process 
for various technological comfort levels. The specifics 
and methodologies employed in the multiple-choice 
form are further elaborated in Section 2.2 below. 

The back-end of the platform, implemented using 
Flask, handles data processing and API interactions. 
The integration of the LLM, using the Langchain 
library, with vector databases hosted on Pinecone, 
enables access to a wide range of information sources 
which can include generated reports, government 
retrofit and building regulations, as well as previous 
conversations. At the time of writing, all development 
and testing has been carried out using the GPT-3.5 
model, while also exploring open-source alternatives 
such as Llama2 13B and Mistral 7B. This facilitates the 
delivery of personalised and accurate retrofitting 
advice via a single unified communication system. 

The chatbot is enhanced with access to an energy 
modelling machine learning model, capable of 
leveraging user-provided information to generate 
personalised home retrofit plans. Once the energy 
model generates the plans, they are initially 
structured JSON files, comprised of key-value pairs 
representing distinct plan components. To ensure 
compatibility and seamless integration with the LLM, 
these JSON files are transformed into a text-based 
format, where additional context is provided for each 
feature. This modified plan is incorporated into the 
LLM knowledge base, utilising a methodology 
consistent with the integration of user messages and 
additional input data. Following this process, the 
model is equipped to interpret these plans and 
provide the user with detailed explanations and 
responses to their queries. The LLM reads and 
interprets these plans, responding to users’ queries 

with detailed explanations. This seamless interaction 
between the deep learning model and LLM allows for 
a comprehensive and user-friendly advisory system. 

To improve user interaction and response 
nuances, a secondary LLM instance is trained on a 
large database of questions and corresponding 
follow-up queries, employing a vector similarity 
search approach to generate contextually appropriate 
and relevant follow-up questions shown in Figure 2.  

 

 
 

Figure 2: Chatbot interface showing an example of an initial 
query,  data visualisations, and follow-up questions. 
 

This feature is crucial in facilitating more 
meaningful interactions with users, ensuring their 
queries are comprehensively addressed by providing 
conversation paths they may not be aware of. 
 
2.2 Energy Model 

The energy model is used to help select 
appropriate retrofit components, generate detailed 
retrofit plans, and predict resulting energy ratings 
using deep learning methods. To do this, we use a 
classification model to predict the building features 
most related to increasing the building’s energy 
performance rating, along with data on associated 
prices.  This allows the user to select retrofit packages 
that correspond to their budget requirements.  

The classification model is trained on the Energy 
Performance Certificates (EPC) dataset from the 
Sustainable Energy Authority of Ireland (SEAI) [13]. 
This contains over 1 million entries, categorised into 
15 classes that correspond to different energy rating 
levels (‘A1’ being the best and ‘G’ being the worst). To 
build the predictive model we form 80%/10%/10% 
train/validation/test splits, where a different split is 
generated for each trial and all methods use the same 
splits. From the original 211-feature set that describe 
the individual building, we selected 41 features with 
both engineering and data-driven methods [14,15], 
ensuring the most relevant chosen features for our 
study. These 41 features are categorised into distinct 
groups based on different building aspects, including 
building envelope features like area of wall, roof, and 
door; building fabric features such as U-values for 
wall, roof, and door; heating system characteristics, 
notably main heating system efficiency; hot water-
related attributes, including water storage volume; 
and spatial features such as the county code [14]. 
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This project employs four deep learning 
algorithms to devise the classification model, namely 
multi-layer perceptron (MLP), self-supervised 
contrastive learning using random feature corruption 
(SCARF) [16], and coarse-to-fine-grained versions of 
MLP and SCARF. The MLP classifier is designed to 
determine the energy rating from selected building 
features. As Figure 3 shows, it consists of four hidden 
layers, with the input layer handling 41 feature 
dimensions. The data is passed through these hidden 
layers, with the class label predicted at output layer.  
 

 
Figure 3: Diagram showing multi-layer perceptron (MLP). 
 

We use the cross-entropy loss function to 
measure and minimise the difference between 
predicted and actual labels, aiding in the model’s 
weight optimization. The subsequent stage involves 
fine-tuning, similar to the MLP classification process 
but with the initial phase's encoder translating input 
data into representations before MLP processing. 

Meanwhile, SCARF operates in two stages, as 
shown in Figure 4. The initial unsupervised stage 
involves altering a randomly selected and replaced 
portion of the features — 30% in our case — based 
on a distribution derived from the training data [16]. 
Both the original and modified inputs are processed 
through an MLP-based encoder, generating 
respective representations. Here, the InfoNCE loss 
function is used, ensuring similarity between both 
corrupted and original inputs’ representations [17]. 

 

 
(A) 

 
(B) 
 

Figure 4(A)-(B): Diagram showing unsupervised SCARF pre-
training (A) and subsequent supervised finetuning (B). 
During pre-training, the encoder f is trained to learn a good 
representation for the input data. After pre-training, 
classification head g is applied on the top of f, and both g 
and f are subsequently fine-tuned for classification. 

 

The complexity in distinguishing between, e.g., 
classes A1, A2, and A3 in the EPC data led us to adopt 
a coarse-to-fine approach. Initially, we consolidated 
several classes into broader categories, reducing the 
original 15 classes to 5. This process involved two 
stages: first, training a coarse-grained classifier on the 
merged classes, followed by the development of five 
fine-grained classifiers for the subdivided classes, as 
depicted in Table 1. These coarse categories were 
then used in both the MLP and SCARF models.  

  To assess the highest performing method for 
use in the platform, we compare the MLP and SCARF 
deep learning approaches against three other popular 
machine learning algorithms used for classification 
problems, namely decision tree, gradient boosted 
tree and random forest. The performance results for 
each model are given in Table 2 (for macro F1 score 
and accuracy), demonstrating deep learning methods’ 
outperformance of traditional machine learning 
methods when applied to the EPC dataset. MLP 
achieves the highest accuracy overall.  

However, it is important to note that MLP shows 
limited accuracy in predicting certain classes, such as 
A1 in Table 3. This discrepancy can be attributed to 
the highly imbalanced nature of the EPC dataset, as 
there are very few A1 observations. In such datasets, 
accuracy may not be the most effective metric for 
assessing the model’s performance on minority 
classes. Interestingly, SCARF and coarse-to-fine-
grained classification significantly enhanced the 
model's performance on challenging classes like A1. 

 

Table 1: Mapping of original energy ratings (A1, A2, ..., G) 
to coarse categories (A, B, C, CD, EFG). 
 

 
 
 

Despite these advancements, our models’ overall 
performance is still not optimal. This limitation is 
largely due to the presence of missing fields and noise 
within the EPC dataset. For instance, we observed 
anomalies in the data, such as 10% of the floor area 
and floor U-values being recorded as zero. These 
missing observations are problematic, especially for 
U-values, where zero is not a plausible measurement. 

 

Table 2: Macro F1 scores and accuracies on the EPC test set. 
All results are averaged over 5 runs with different seeds. 

 
 

Table 3: Accuracies on the EPC test set for class A1, A2 and 
A3. All results are averaged over 5 runs with different seeds. 

 

 
 

Substantively, our analysis revealed that building 
insulation features, particularly the U-values of walls 
and floors, have the most impact on these models. 
Note that model explanation tools such as LIME [18] 
and SHAP [19] are less reliable and effectively applied 
to deep learning models compared to linear or tree-
based models. Therefore, we used the decision tree 
model’s results to determine feature importance.  

On the front-end, the LuminLab platform connects 
to the energy model; enabling users to retrofit homes 
by choosing from four key components: insulation 
(encompassing wall, roof, floor, window, door, and 
attic), boiler heating controls for temperature 
regulation, Mechanical Ventilation with Heat 
Recovery (MVHR) systems for air circulation, and 
solar panels (varying in number and power output)1. 

Within each component category, a variety of 
items are available for selection, each with associated 
characteristics and costs. For instance, in the category 
of door insulation, users can choose a door with 
specific properties, such as one made of aluminium 
with a U-value of 1.7, offered at a price of €1099. The 
system assumes a default comprehensive retrofitting 
approach, encompassing all components from wall 
insulation to the installation of solar panels. This 
default setting, however, may not align with users’ 
actual requirements or preferences. Therefore, we 
empower users to customise retrofit components 
based on their unique needs and circumstances. 

For each combination of items within different 
retrofit components, the model calculates a predicted 
energy rating. Each item in the combination 
influences specific home features. For example, 
selecting a roof with a U-value of 1.3 will adjust the 
home's original roof U-value to this new figure. 
Consequently, the model reflects such changes in 
home features which recalculates the energy rating 
accordingly. In addition, each item combination’s cost 
is calculated, summing prices of all items in the plan. 
For each distinct energy rating obtained, we retain 
the combination with the lowest cost. Consequently, 
this determines the most cost-effective retrofit plan 
corresponding to each potential new energy rating. 
Moreover, any applicable grants from SEAI are also 
shown, aggregating item price minus potential grants. 
Figure 5 shows this general energy modelling process. 

 

                                            
1 Note: User inputs to the energy model are restricted to the information collected in the BER 
assessment, because the energy model uses only those features in the BER dataset to predict the 
best combination of elements (under the budget constraint) to improve BER. This means the 
information provided by the user is limited in terms of the level of detail (e.g., door jamb, glazed 
openings, etc.) to what is collected by BER assessors. However, future extensions of this project 
seek to be able to collect and incorporate finer levels of detailed information on the 
retrofit/configuration characteristics of homes. 

 
Figure 5: Schematic of the energy modelling process. 
 

Ultimately, this system provides users with both 
energy rating post-retrofit and associated cost 
estimates for each proposed plan, enabling better-
informed decisions for energy-efficient upgrades,  
particularly for fine-grained cost/efficiency trade-offs 
which are not always easy to estimate (even for 
knowledgeable homeowners) within the Irish market. 

 
3. INITIAL FINDINGS AND CONCLUSIONS 

While we have not yet widely tested the usage of 
the LuminLab platform in practice, initial findings and 
conclusions are presented from the development 
that may benefit retrofit scholars and practitioners.  

First, from a global perspective: the platform’s 
development – including everything from overall 
problem delineation to specific front-end design 
choices in the online tool – has been informed by 
conversations with a range of retrofit stakeholders in 
Ireland. These include government agencies and non-
profit organisations such as the Sustainable Energy 
Authority of Ireland (SEAI), Dublin City Council (DCC), 
and Irish Green Buildings Council (IGBC), as well as 
individual homeowners, contractors, and architects. 

Broadly, our stakeholder engagement attests to 
the lack of alignment between policy and practice. 
Given the technical nature of retrofit and 
decarbonisation policy, different groups perceive and 
engage with retrofit practice and measures of success 
differently. Despite each stakeholder group’s 
perceived solutions to retrofit, each is often unaware 
of their disconnect with others’ needs, priority areas, 
and lived experiences [20], attesting to the 
information fragmentation mentioned, compounded 
by the perceived linearity of the process in Figure 
1(A) and ‘phased’ approach to service provision. For 
instance, policymakers create goals and standards 
that may have unintended consequences for 
contractors performing the work; homeowners may 
have alternate project goals (e.g., comfort) than what 
grants incentivise; and some specialised design 
knowledge may not be accessible in a small-scale 
project. This disconnection means that knowledge, 
resources, policies, and actions are siloed within 
stakeholder groups, making it difficult for individual 
homeowners to make sense of the complicated 
landscape that any retrofit project must traverse. 

As for the specific technical components of the 
platform itself, we have found that enhancing LLMs 
with government data and regulations, carefully 
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This project employs four deep learning 
algorithms to devise the classification model, namely 
multi-layer perceptron (MLP), self-supervised 
contrastive learning using random feature corruption 
(SCARF) [16], and coarse-to-fine-grained versions of 
MLP and SCARF. The MLP classifier is designed to 
determine the energy rating from selected building 
features. As Figure 3 shows, it consists of four hidden 
layers, with the input layer handling 41 feature 
dimensions. The data is passed through these hidden 
layers, with the class label predicted at output layer.  
 

 
Figure 3: Diagram showing multi-layer perceptron (MLP). 
 

We use the cross-entropy loss function to 
measure and minimise the difference between 
predicted and actual labels, aiding in the model’s 
weight optimization. The subsequent stage involves 
fine-tuning, similar to the MLP classification process 
but with the initial phase's encoder translating input 
data into representations before MLP processing. 

Meanwhile, SCARF operates in two stages, as 
shown in Figure 4. The initial unsupervised stage 
involves altering a randomly selected and replaced 
portion of the features — 30% in our case — based 
on a distribution derived from the training data [16]. 
Both the original and modified inputs are processed 
through an MLP-based encoder, generating 
respective representations. Here, the InfoNCE loss 
function is used, ensuring similarity between both 
corrupted and original inputs’ representations [17]. 
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Figure 4(A)-(B): Diagram showing unsupervised SCARF pre-
training (A) and subsequent supervised finetuning (B). 
During pre-training, the encoder f is trained to learn a good 
representation for the input data. After pre-training, 
classification head g is applied on the top of f, and both g 
and f are subsequently fine-tuned for classification. 

 

The complexity in distinguishing between, e.g., 
classes A1, A2, and A3 in the EPC data led us to adopt 
a coarse-to-fine approach. Initially, we consolidated 
several classes into broader categories, reducing the 
original 15 classes to 5. This process involved two 
stages: first, training a coarse-grained classifier on the 
merged classes, followed by the development of five 
fine-grained classifiers for the subdivided classes, as 
depicted in Table 1. These coarse categories were 
then used in both the MLP and SCARF models.  

  To assess the highest performing method for 
use in the platform, we compare the MLP and SCARF 
deep learning approaches against three other popular 
machine learning algorithms used for classification 
problems, namely decision tree, gradient boosted 
tree and random forest. The performance results for 
each model are given in Table 2 (for macro F1 score 
and accuracy), demonstrating deep learning methods’ 
outperformance of traditional machine learning 
methods when applied to the EPC dataset. MLP 
achieves the highest accuracy overall.  

However, it is important to note that MLP shows 
limited accuracy in predicting certain classes, such as 
A1 in Table 3. This discrepancy can be attributed to 
the highly imbalanced nature of the EPC dataset, as 
there are very few A1 observations. In such datasets, 
accuracy may not be the most effective metric for 
assessing the model’s performance on minority 
classes. Interestingly, SCARF and coarse-to-fine-
grained classification significantly enhanced the 
model's performance on challenging classes like A1. 

 

Table 1: Mapping of original energy ratings (A1, A2, ..., G) 
to coarse categories (A, B, C, CD, EFG). 
 

 
 
 

Despite these advancements, our models’ overall 
performance is still not optimal. This limitation is 
largely due to the presence of missing fields and noise 
within the EPC dataset. For instance, we observed 
anomalies in the data, such as 10% of the floor area 
and floor U-values being recorded as zero. These 
missing observations are problematic, especially for 
U-values, where zero is not a plausible measurement. 

 

Table 2: Macro F1 scores and accuracies on the EPC test set. 
All results are averaged over 5 runs with different seeds. 

 
 

Table 3: Accuracies on the EPC test set for class A1, A2 and 
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Substantively, our analysis revealed that building 
insulation features, particularly the U-values of walls 
and floors, have the most impact on these models. 
Note that model explanation tools such as LIME [18] 
and SHAP [19] are less reliable and effectively applied 
to deep learning models compared to linear or tree-
based models. Therefore, we used the decision tree 
model’s results to determine feature importance.  

On the front-end, the LuminLab platform connects 
to the energy model; enabling users to retrofit homes 
by choosing from four key components: insulation 
(encompassing wall, roof, floor, window, door, and 
attic), boiler heating controls for temperature 
regulation, Mechanical Ventilation with Heat 
Recovery (MVHR) systems for air circulation, and 
solar panels (varying in number and power output)1. 

Within each component category, a variety of 
items are available for selection, each with associated 
characteristics and costs. For instance, in the category 
of door insulation, users can choose a door with 
specific properties, such as one made of aluminium 
with a U-value of 1.7, offered at a price of €1099. The 
system assumes a default comprehensive retrofitting 
approach, encompassing all components from wall 
insulation to the installation of solar panels. This 
default setting, however, may not align with users’ 
actual requirements or preferences. Therefore, we 
empower users to customise retrofit components 
based on their unique needs and circumstances. 

For each combination of items within different 
retrofit components, the model calculates a predicted 
energy rating. Each item in the combination 
influences specific home features. For example, 
selecting a roof with a U-value of 1.3 will adjust the 
home's original roof U-value to this new figure. 
Consequently, the model reflects such changes in 
home features which recalculates the energy rating 
accordingly. In addition, each item combination’s cost 
is calculated, summing prices of all items in the plan. 
For each distinct energy rating obtained, we retain 
the combination with the lowest cost. Consequently, 
this determines the most cost-effective retrofit plan 
corresponding to each potential new energy rating. 
Moreover, any applicable grants from SEAI are also 
shown, aggregating item price minus potential grants. 
Figure 5 shows this general energy modelling process. 

 

                                            
1 Note: User inputs to the energy model are restricted to the information collected in the BER 
assessment, because the energy model uses only those features in the BER dataset to predict the 
best combination of elements (under the budget constraint) to improve BER. This means the 
information provided by the user is limited in terms of the level of detail (e.g., door jamb, glazed 
openings, etc.) to what is collected by BER assessors. However, future extensions of this project 
seek to be able to collect and incorporate finer levels of detailed information on the 
retrofit/configuration characteristics of homes. 

 
Figure 5: Schematic of the energy modelling process. 
 

Ultimately, this system provides users with both 
energy rating post-retrofit and associated cost 
estimates for each proposed plan, enabling better-
informed decisions for energy-efficient upgrades,  
particularly for fine-grained cost/efficiency trade-offs 
which are not always easy to estimate (even for 
knowledgeable homeowners) within the Irish market. 

 
3. INITIAL FINDINGS AND CONCLUSIONS 

While we have not yet widely tested the usage of 
the LuminLab platform in practice, initial findings and 
conclusions are presented from the development 
that may benefit retrofit scholars and practitioners.  

First, from a global perspective: the platform’s 
development – including everything from overall 
problem delineation to specific front-end design 
choices in the online tool – has been informed by 
conversations with a range of retrofit stakeholders in 
Ireland. These include government agencies and non-
profit organisations such as the Sustainable Energy 
Authority of Ireland (SEAI), Dublin City Council (DCC), 
and Irish Green Buildings Council (IGBC), as well as 
individual homeowners, contractors, and architects. 

Broadly, our stakeholder engagement attests to 
the lack of alignment between policy and practice. 
Given the technical nature of retrofit and 
decarbonisation policy, different groups perceive and 
engage with retrofit practice and measures of success 
differently. Despite each stakeholder group’s 
perceived solutions to retrofit, each is often unaware 
of their disconnect with others’ needs, priority areas, 
and lived experiences [20], attesting to the 
information fragmentation mentioned, compounded 
by the perceived linearity of the process in Figure 
1(A) and ‘phased’ approach to service provision. For 
instance, policymakers create goals and standards 
that may have unintended consequences for 
contractors performing the work; homeowners may 
have alternate project goals (e.g., comfort) than what 
grants incentivise; and some specialised design 
knowledge may not be accessible in a small-scale 
project. This disconnection means that knowledge, 
resources, policies, and actions are siloed within 
stakeholder groups, making it difficult for individual 
homeowners to make sense of the complicated 
landscape that any retrofit project must traverse. 

As for the specific technical components of the 
platform itself, we have found that enhancing LLMs 
with government data and regulations, carefully 
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refined from web and document sources, is key to 
ensuring accurate and relevant responses in 
regulatory contexts. In addition, creating user-friendly 
default prompts for LLM-integrated websites is 
crucial, considering that most users might not be 
familiar with advanced prompting techniques. This 
approach aims to optimise tool performance and 
effectiveness for typical user interactions. For the 
energy model, we found that data irregularities from 
provided ‘real-world’ sources highlight the need for 
robust data pre-processing and model development 
to accommodate or correct data inconsistencies. 
While in this context the coarse-to-fine-grained 
SCARF model performs best, future work may focus 
on improving data quality and exploring models that 
are more resilient to data imperfections, thereby 
enhancing the reliability and applicability of our 
system in commercial settings. Substantively, our 
analysis also shows that the U-values of walls and 
floors have the most significant impact on improving 
the energy performance rating of a given building 

Collectively, these learnings offer a critical path 
for de-siloing retrofit and AI’s role in achieving this. 
Moreover, the pragmatist framework’s conceptual 
distinctions underscoring our approach could better 
position further research inquiry, freeing researchers 
and participants to engage in a pluralism of 
approaches and methods to best serve the research 
question; the same pluralism underscoring the 
misalignment between technology and policy, and 
qualitative complexities of stakeholders involved. If 
properly channelled, an AI-informed and sufficiently 
multi-stakeholder-engaged retrofit can offer an 
alternative to extant policy and practice. This would 
enable reciprocal learning not otherwise possible for 
stakeholder groups individually for extended retrofit 
sustainment at both national and international levels. 
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ABSTRACT: This paper presents a research-informed teaching (RIT) and learning approach that fosters 
interdisciplinary collaboration and hands-on experimentation for a dynamic advancement of academic research 
in the field of sustainable architecture. Additionally, transdisciplinary collaborations with various research partners 
and funding bodies within academic education underline the relevance of the teaching results and the importance 
of building and testing the developed concepts at architectural scale. This paper presents the example of 
interdisciplinary teaching courses that are part of a strategy for rapid innovation at the intersection of research 
and teaching at the Professorship for Digital Design and Fabrication (DDF) at the Karlsruhe Institute of Technology 
(KIT). They enable students to gain transformative knowledge in interdisciplinary teamwork focused on the 
intertwined topics of architecture, digital construction technology and sustainability. Here presented is one case 
study of the resulting student work, which addresses challenges in the construction sector through the exploration 
of low-emissions processing for circular materials such as willow, highlighting its rapid regrowth and adaptability 
of digital fabrication processes. The knowledge gained through these research-informed teaching methods is 
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sustainability the Professorship for Digital Design and 
Fabrication (DDF) at the Karlsruhe Institute of 
Technology (KIT) promotes the development and 
implementation of practical solutions and concepts for 
a resilient future of the construction sector. 

The linear approach of today’s construction sector 
results in significant waste generation and is 
responsible for over a third of global resource 
demands [1]. Consequently, the sector stands at the 
forefront of the global shift towards a circular 
economy, for example through natural and 
regenerative materials based on local sourcing and 
processing of rapidly renewable materials. Digital 
design and fabrication methods emerge as key 
enablers for the industrialization of such natural 
materials, addressing their scalability in construction. 
Digital methods contribute to a shift from 
standardized serial production to individualized mass 
production of resource and climate-adapted building 
components. With a research-informed teaching 
concept, DDF’s research-informed teaching can 

empower future generations with the knowledge and 
skills necessary to address these challenges. 

2. RESEARCH AND TEACHING
The teaching concept focuses on developing 

individual competencies within interdisciplinary teams 
at the intersection of research and teaching. In the 
context of the dynamic field of digital design and 
fabrication, this means not only mastering current 
tools but further contributing to the development of 
novel approaches. Digital technologies in architecture 
enable the exploration of the broad spectrum of 
possibilities within the entire design, planning and 
construction process. The inclusion of research into 
teaching underlines the importance of maintaining 
flexibility and curiosity to adapt to upcoming changes 
through constantly evolving technologies. 

The integration of digital technologies, tools and 
methods into architectural studies enables and is 
enabled through interdisciplinary collaboration with 
other departments, which is ensured by forming 
multidisciplinary teaching, research and student 
teams within the courses. 
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refined from web and document sources, is key to 
ensuring accurate and relevant responses in 
regulatory contexts. In addition, creating user-friendly 
default prompts for LLM-integrated websites is 
crucial, considering that most users might not be 
familiar with advanced prompting techniques. This 
approach aims to optimise tool performance and 
effectiveness for typical user interactions. For the 
energy model, we found that data irregularities from 
provided ‘real-world’ sources highlight the need for 
robust data pre-processing and model development 
to accommodate or correct data inconsistencies. 
While in this context the coarse-to-fine-grained 
SCARF model performs best, future work may focus 
on improving data quality and exploring models that 
are more resilient to data imperfections, thereby 
enhancing the reliability and applicability of our 
system in commercial settings. Substantively, our 
analysis also shows that the U-values of walls and 
floors have the most significant impact on improving 
the energy performance rating of a given building 

Collectively, these learnings offer a critical path 
for de-siloing retrofit and AI’s role in achieving this. 
Moreover, the pragmatist framework’s conceptual 
distinctions underscoring our approach could better 
position further research inquiry, freeing researchers 
and participants to engage in a pluralism of 
approaches and methods to best serve the research 
question; the same pluralism underscoring the 
misalignment between technology and policy, and 
qualitative complexities of stakeholders involved. If 
properly channelled, an AI-informed and sufficiently 
multi-stakeholder-engaged retrofit can offer an 
alternative to extant policy and practice. This would 
enable reciprocal learning not otherwise possible for 
stakeholder groups individually for extended retrofit 
sustainment at both national and international levels. 
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1. INTRODUCTION
In the context of architecture, digital design and 

sustainability the Professorship for Digital Design and 
Fabrication (DDF) at the Karlsruhe Institute of 
Technology (KIT) promotes the development and 
implementation of practical solutions and concepts for 
a resilient future of the construction sector. 

The linear approach of today’s construction sector 
results in significant waste generation and is 
responsible for over a third of global resource 
demands [1]. Consequently, the sector stands at the 
forefront of the global shift towards a circular 
economy, for example through natural and 
regenerative materials based on local sourcing and 
processing of rapidly renewable materials. Digital 
design and fabrication methods emerge as key 
enablers for the industrialization of such natural 
materials, addressing their scalability in construction. 
Digital methods contribute to a shift from 
standardized serial production to individualized mass 
production of resource and climate-adapted building 
components. With a research-informed teaching 
concept, DDF’s research-informed teaching can 

empower future generations with the knowledge and 
skills necessary to address these challenges. 

2. RESEARCH AND TEACHING
The teaching concept focuses on developing 

individual competencies within interdisciplinary teams 
at the intersection of research and teaching. In the 
context of the dynamic field of digital design and 
fabrication, this means not only mastering current 
tools but further contributing to the development of 
novel approaches. Digital technologies in architecture 
enable the exploration of the broad spectrum of 
possibilities within the entire design, planning and 
construction process. The inclusion of research into 
teaching underlines the importance of maintaining 
flexibility and curiosity to adapt to upcoming changes 
through constantly evolving technologies. 

The integration of digital technologies, tools and 
methods into architectural studies enables and is 
enabled through interdisciplinary collaboration with 
other departments, which is ensured by forming 
multidisciplinary teaching, research and student 
teams within the courses. 
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2.1 Research-informed teaching 
Research-informed teaching (RIT) describes 

different approaches in which research is integrated 
into teaching in higher education [2,3]. It encompasses 
the concepts of research-led, -tutored, -based and -
oriented, which reflect different levels of practice and 
theory involvement and further vary by the student’s 
participation (Fig.1). All these practices play a 
significant role in the teaching of DDF, focusing 
especially on the active participation of students in the 
research projects and their development, through 
research-oriented and research-based teaching. 
Research-oriented teaching emphasizes constructing 
knowledge through research and inquiry skills [4]. 
Based on this idea, the students are guided through a 
series of specific research questions to understand the 
existing state of art regarding materials, construction 
systems and digital fabrication processes. In addition, 
research-based teaching highlights the opportunity 
that students can independently generate scientific 
knowledge, by going through the entire research 
process [5]. 

Figure 1: Healey, M., Jenkins, A., Developing undergraduate 
research and inquiry, The Higher Education Academy, Heslington 
(2009).  

DDF offers the opportunity for students to 
participate in all phases of the research and project 
development within one semester, by developing a 
clear aim and framework for each class, while also 
ensuring knowledge transfer for the students of the 
consecutive semester projects. These learning styles 
encourage curiosity, problem-oriented, critical 
thinking and creativity to enhance subject 
comprehension. The autonomy of the students is 
supported by the opportunity to develop their own 
concepts and inform them through hands-on 
experiments, explorative prototyping [see paragraph 
4.2] and individual research. Based on a widespread 
exploration of the emerging novel architectural design 
and construction repertoire through individual design 
work, resources are subsequently focused on the 

development of the most promising concepts in 
interdisciplinary group work.  

In conclusion, research-informed teaching involves 
students actively participating in the research process 
- bridging the gap between teaching and research by 
combining theory and hands-on experimentation. 

The interdisciplinary teaching and student teams 
actively merge architecture, engineering, mechanical 
engineering and automation, while further including 
experts in materials, structures and circularity.  

2.2 Teaching methods 
Within the course structure, students are guided 

through various “development phases”. These phases 
encompass investigations on state of the art, 
architectural and structural design, concept 
exploration (Fig. 2), rigorous testing, the construction 
of customized machinery, hands-on digital fabrication 
and the construction of 1:1 scale research 
demonstrators (Fig. 3). Throughout the semester, skill-
building tutorials introduce the students to 
computational design and digital fabrication tools, 
without requiring any prior knowledge. 

In an initial investigation phase, students 
individually dive into specific topics related to the 
context and the state of the art concerning the aspects 
of the course. They then form groups to focus on 
advancing the state of the art in various development 
areas, applying a research-oriented and design-
through-making approach. These groups also explore 
the architectural potential and possible further 
research tracks. Finally, students collaborate closely as 
one large group, merging knowledge from previous 
phases, to work on the final developments for a 
research demonstrator. This includes producing 1:1 
scale building components through digital fabrication, 
conducting structural and assembly tests, as well as 
planning for exhibiting the final results. By following all 
these stages of the process, the students gain hands-
on knowledge about research, digital design, 
fabrication and construction methods and at the same 
time generate valuable research questions for follow-
up projects. 

In this  research-informed teaching approach, both 
group work and individual work hold relevance. 
Multiple individual investigations are gradually 
combined to form strong ideas through discussions, 
testing and refinement. These ideas then branch out 
into various research paths that lead to further 
concepts resulting in iterative research and learning 
loops. These loops involve distinct work phases, 
punctuated by meetings and discussions with all 
participants, followed by further work phases, which 
foster knowledge refinement and ensure continuous 
improvement. This research-informed teaching 
approach actively promotes a wide range of 
interdisciplinary and collaborative groups, cultivating 
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context and the state of the art concerning the aspects 
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phases, to work on the final developments for a 
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scale building components through digital fabrication, 
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planning for exhibiting the final results. By following all 
these stages of the process, the students gain hands-
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time generate valuable research questions for follow-
up projects. 
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group work and individual work hold relevance. 
Multiple individual investigations are gradually 
combined to form strong ideas through discussions, 
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into various research paths that lead to further 
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punctuated by meetings and discussions with all 
participants, followed by further work phases, which 
foster knowledge refinement and ensure continuous 
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effective communication, diverse perspectives and 
collective problem-solving. These groups benefit not 
only from the diverse focus areas and expertise but 
also from the processes, approaches and soft skills 
contributed by the various backgrounds of the 
individuals within the group. 

 

 
Figure 2: Exhibition of conceptual student work. 

 
 
 
 
 
 
 

 
Figure 3: Transfer into 1:1 scale utilizing research facilities. 
 
3. CASE STUDY: CIRCULARITY THROUGH DIGITAL 
DESIGN AND FABRICATION 

The built environment is currently experiencing a 
growing awareness of the overdue digital 
transformation towards a circular economy. This 
momentum has been triggered by initiatives such as 
the European Green Deal and circular economy plans 
developed by governments at various levels, including 
national, regional and local actors. According to the 
World Economic Forum, the built environment is one 
of the sectors with the greatest opportunities for 
making a circular economy a reality. However, to 
accelerate the adoption of circular practices in the 
built environment, scalable innovation and the 
development of more ambitious regulations need to 
be at the forefront. 

The principle of circularity focuses on the 
minimization of waste and the reduction of the 
environmental impact of products and systems. 
Circularity requires the material, the process and the    
product to be understood as a unit. By considering 
environmental impacts from the earliest design 
stages, the use of rapidly regrowing materials such as 
willow is an excellent foundation to facilitate long-
term circularity in construction and enable short-term 
emission reductions through scalable but energy-
efficient processing. This commitment to 
environmental responsibility aligns seamlessly with 
the deployment of digital design tools. By 
incorporating circularity into digital design processes, 
designers can create products that are more 
sustainable from the outset. Digital tools allow for the 

exploration of alternative design options, optimization 
of material usage and evaluation of environmental 
impacts, enabling the development of products that 
are environmentally responsible throughout their 
lifecycle. These tools empower designers to optimize 
their creations and make well-informed decisions 
throughout the design process. In this context, willow 
is well suited to both criteria, as it meets sustainability 
requirements and has great flexibility to be processed 
with various digital methods. 

It is crucial to acquaint students with digitally 
enabled circularity concepts within architectural 
design studios to emphasize their grasp of innovative 
prospects. Connecting consecutive courses and 
utilizing results from previous courses fosters a 
complex and comprehensive perspective. Courses 
thereby do not only have educational value but 
generate relevant research results as a base for future 
students' work. This research-informed teaching 
approach also reinforces a pragmatic mindset towards 
repurposing existing resources, including existing 
knowledge and encourages students to think 
creatively about materials and processes, 
transcending their originally intended use.  
 
3.1 Materiality 

As an example of such digitally-enabled sustainable 
material choices, willow is a rapidly-renewable 
material that is widely available in Europe. It is thereby 
a great option to substitute conventional building 
materials. Willow regenerates quickly, allowing for 
multiple harvests within a short period of time. This 
fast regrowth makes it a highly efficient and renewable 
source for various applications with reduced ecologic 
impact, lessening the need for more finite building 
materials.  

Wetland environments, commonly categorized as 
swamp areas, traditionally deemed unsuitable for 
standard agricultural or forestry practices due to their 
waterlogged nature, offer a promising opportunity for 
cultivating willow. The utilization of these specific 
terrains presents a distinctive prospect to optimize 
land-use efficiency in a way that diverges from 
conventional practices. It serves as a pioneering 
solution to effectively cater to the escalating need for 
renewable materials without engendering 
competition with established realms such as 
traditional food production or forestry operations. The 
unique ecosystem of swamp areas, with their inherent 
characteristics as carbon storage in combination with 
the high carbon sequestration potential of willow 
plantations could provide ecologically favorable 
material streams on multiple levels. The cultivation of 
willow typically involves fewer chemical inputs and 
less energy compared to the production of more 
conventional building materials. It has a lower carbon 
footprint, contributing to sustainability goals. 

1269



 

Additionally, willow is highly flexible, which makes it 
suitable for various digital and textile construction 
techniques, such as weaving and braiding (Fig. 4.). 
Weaving with willow involves using individual willow 
branches or twigs to create various woven objects, 
typically baskets and other small structures. Willow’s 
flexibility further allows for the creation of curved and 
intricate structures, making it a versatile choice for 
certain designs. Untreated, the material is 
biodegradable, meaning it can decompose naturally 
over time, reducing the environmental impact when 
structures reach the end of their lifespan. 
 

 

 

 
Figure 4: Bending of braided willow branches. 
 
 
3.2 Digital fabrication 

Digital fabrication offers numerous advantages, 
such as increased precision, customization and 
efficiency. Natural materials often have variations in 
their properties, composition and dimensions, which 
can pose challenges in industrialized fabrication 
processes, as the machines and software are typically 
optimized for standardized materials. In an initial 
design studio of DDF, students tried to rethink 
established digital methods and transfer them for the 
use of willow. For this purpose, tests were carried out 
with individual and combined willow branches to see 
what behavior they show. The advantages of digital 
fabrication were tested for dealing with willow in 
order to understand how this natural material 
behaves, especially its irregularities (Fig. 5). For 
example, individual willow branches were braided by 
raspberry pi controlled robots or pulled through a self-
made splicing machine to connect them and create an 
infinite filament. Over the following semesters, the 
machines underwent refinements and adjustments, 
gradually evolving and enabling novel design and 
construction concepts (Fig. 6). 

Digital weaving, also known as computer-
controlled weaving, involves the use of computer 
technology to control weaving looms and create 

woven textiles with precise and intricate patterns. 
However, weaving a larger structure from willow with 
digital machines is unusual and therefore requires 
research and testing.  

In weaving, there are typically two sets of threads: 
the warp threads (vertical threads) and the weft 
threads (horizontal threads). The warp threads are 
mounted on the loom and are attached to a warp 
beam, while the weft threads are inserted by the 
weaving mechanism. The weaving process as well as 
the mechanized weaving process must be adapted and 
optimized for working with willow and material-
specific irregularities.  

During the test phases in the courses, students 
took a close look at how the material can be processed 
more efficiently and the scalability of the process.  
 

 
Figure 5: Digital fabrication concept from interdisciplinary 
student work. 
 

 
Figure 6: Digital prefabrication of willow structures as scalable 
construction technology based on initial student work and 
subsequent development within interdisciplinary research. 
 
3.3. Prototyping, evaluation and research transfer  

The obtained knowledge about circular material 
systems and digital fabrication methods are directly 
integrated into the production and construction of 
experimental prototypes. Thus, direct discoveries and 
references are taken up and tested in small-scale 
models and experiments. Individual findings from 
smaller prototypes are subsequently combined into 
circular digital construction concepts by the students 
and the feasibility of the envisioned digital design and 
fabrication process as well as the technical 
performance are tested at a larger scale. Testing of 
building components at a 1:1 scale allows not only to 
evaluate the technical performance of novel 
construction methods but also to assess their 
architectural design qualities. The resulting research 
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performance are tested at a larger scale. Testing of 
building components at a 1:1 scale allows not only to 
evaluate the technical performance of novel 
construction methods but also to assess their 
architectural design qualities. The resulting research 

 

questions can form the base for third-party funding 
proposals and the teaching-based concept 
development serves as a base for interdisciplinary 
research projects in larger consortia. Integrating the 
expertise of these research partners into ongoing 
teaching activities closes the loop of an intertwined 
research and teaching strategy. 
Exploring novel architectural design and construction 
concepts and testing their application relevance can 
be massively accelerated through quick prototype 
iterations at various scales. This approach requires 
careful evaluation of the potential and limitations of 
the concept and an iterative framework in which 
concept development and hands-on prototyping 
alternate. Choices regarding fabrication and 
construction strategies can thus emerge through 
immersive, experiential learning as well as research- 
and experience-based decision making. During this 
process the validation of a concept is as valuable as 
unveiling of further relevant research questions. 
Within the first design studio initial questions about 
structure, circularity and digital fabrication methods 
were explored, which thereby raised further questions 
for the following semester on actual applications, 
integrating earth as the load-bearing component and 
optimizing the digital and circular production 
processes. Exploratory prototypes serve as concise 
experiments to gain insights into these questions and 
test important assumptions and concept properties. 
Initial explorations and prototypes on a smaller scale 
(Fig. 7) act as an immediate testing of basic theories 
and concept ideas, such as the general structure or 
processing options.  They further give valuable  
insights and conclusions to inform further exploration 
on a larger scale, which then act as a holistic proof-of-
concept validating design, material and fabrication 
choices. (Fig. 8).  

The development process of the prototypes 
considers reciprocal relationships of several topics 
such as material streams, production technology, 
structural design, construction detailing, building 
physics and architectural design on different scales, 
ranging from the hybrid material system to the 
detailed tailored arrangement in tailored and fully 
recyclable building components and their reversible 
assembly into a construction system [6]. This involves 
structural design and structural tests of plant-based 
building components through digital simulations and 
executing small-scale qualitative tests [7]. Material 
investigations concentrate on exploring the behavior 
of earth- and plant-based materials, conducting initial 
tests to identify effective combinations. Machine 
construction aims to design, test and operate custom 
machinery for the digital fabrication of demonstrator 
components.  

 
 

4 INNOVATION STRATEGY 
To ensure a societally relevant impact of our work 

we employ an innovation and research strategy at the 
interdisciplinary interface of research and teaching 
that rapidly turns speculative and future-oriented 
explorations into real-scale application-oriented 
prototypes through the following six steps: 
- Widespread concept exploration: rapid testing of 
speculative concepts in teaching formats. 
- Focused 1:1 prototyping: funneling resources 
towards promising concepts emerging from step 1. 
- Fundamental research: third party funded 
investigation of research questions emerging from 
step 2. 
- Applied research: evaluate technological and 
architectural potential in full-scale demonstrators. 
- Architectural building projects under the academic 
umbrella: evaluate economic and ecologic application 
potential under market conditions and provide a 
visible full-scale proof of concept implementation.  
- Technology transfer to industry partner or university 
spin-off. 

We are currently following and implementing 
these steps with two of our research endeavors: 
willow-earth hybrid structures and digital wood 
upcycling. While our digital wood research is currently 
within the earlier stages 2-3, our research into willow-
earth composite structures yielded rapid success:  
Within only two years we successfully passed steps 1 – 
4 starting with the master design studios 
“DigitalWicker” in winter term 2021/22 exploring 
digitally enabled concepts for design and fabrication of 
willow structures and “Digital Wicker 2.0” testing its 
combination with earth as hybrid material system in 
the 1:1 demonstrator “InterTwig” in summer term 
2022. In-depth research of the digital design and 
fabrication methods for willow/earth hybrid 
construction was subsequently funded through the 
research projects “ReGrow” and “WillowWeave” and 
successfully tested at the Bundesgartenschau 
Mannheim 2023 in the demonstrator project “ReGrow 
Willow”. The follow-up research grant “ReSidence” is 
focused on applied research and development of a 
ceiling construction component including structural, 
fire and sound certification. In parallel, we receive 
numerous requests for applications in architectural 
projects and are currently preparing step 5 as an 
architectural application of fully certified 
willow/earth/wood hybrid ceiling components and 
anticipate the exploration of its market potential in 
2025. 
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Figure 7:  Exploratory prototype in teaching context 
 

 
Figure 8: 1:1 scale research demonstrator “ReGrow Willow” at 
the Bundesgartenschau 2023 in Mannheim 
 
5. CONCLUSION 

Universities can play a pivotal role in shaping a 
sustainable future for the construction sector by 
challenging the linear approach in today's industry and 
advocating for low-emission and circular material 
cycles through the exploration of digital design and 
fabrication processes. The emphasis on materiality, 
exemplified by the case study of natural willow-earth 
composite, showcases the importance of 
environmental responsibility from the earliest design 
stages. The circularity of willow as a rapidly renewable 
construction material, particularly if grown in 
denaturalized former wetlands, holds enormous 
ecological potential. The development of bespoke 
digital fabrication processes enables a local low-
emissions processing of such harvested materials by 
addressing challenges posed by inhomogeneous non-
standardized grown building materials. In combination 
with digital design strategies, innovative circular 
construction concepts are enabled, simultaneously 
focussing on precision and efficiency while also 
incorporating concepts of redundancy and robustness 
in the design process. 

The integration of research into teaching, with a 
focus on interdisciplinary collaboration, proves 
instrumental in developing individual competencies 
and fostering a dynamic exchange between academia 
and practical application. The structured innovation 
pipeline, from knowledge discovery to 1:1 prototypes 
and large-scale demonstration objects, showcases the 
transformative potential of such teaching methods. 
Furthermore, the collaborative and explorative 
prototyping efforts demonstrate the practical 
application of sustainable design principles, by 

efficiently visualizing construction innovation in a 
public discourse. 

The presented research-informed teaching 
approach generates societally relevant innovations as 
a base for a digital transformation of the construction 
sector towards circular material streams and low-
emissions construction. At the same time, it enables 
students to gain first-hand learning experience for 
creative problem-solving in interdisciplinary and 
internationally diverse teams as key transformative 
competencies to  foster a culture of innovation and 
sustainability in practice and research. 
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ABSTRACT: Moisture-responsive bio-based materials, such as wood veneers, are abundant and have great 
potential to perform as breathable building systems due to their reversible shape change through 
continuous deflection under different wetting and drying conditions, enabling the building envelope to 
passively respond to the environment while avoiding the need for mechanical ventilation resulting in 
operational energy reduction. Wood has been used in buildings globally for centuries; however, it has not 
been used in its thin monolayer form, acting as a humidity-responsive structure within a passive night 
ventilation system. This study evaluates the moisture responsiveness and functionality of wood veneer 
structures as responsive systems with potential use in external building facades of South Asian megacities. 
Weather data from New Delhi, India, were collected and analysed to give the operational requirements for 
the material systems. The woven veneer structures were exposed between low (20%) and moderately high 
(70%) relative humidity in a climate chamber at a constant temperature 25℃. The results showed that 
larch woven veneers present significant, rapid, and reversible changes in deflection (6mm opening after 1 
hour at 50% humidity). The outputs of this study will inform the development and integration of wood 
veneer systems within breathable wall constructions for night ventilation. 
KEYWORDS: Wood veneer, Moisture-Responsiveness, Climate-responsive, Night ventilation, Adaptive façade  

1. INTRODUCTION
Extreme heat waves are becoming frequent and

severe due to global climate change [1] with South 
Asian megacities among the most severely affected 
[DOI: 10.1126/science.1098704 2]. Night ventilation 
is known to be an effective passive cooling strategy 
in the South Asian context [3], with night vents 
traditionally incorporated in the building skin in 
South Asian buildings. However, passive night 
ventilation is less common in modern buildings, 
particularly in air-conditioned spaces requiring 
airtightness. Furthermore, traditional night 
ventilation requires manual control to achieve 
ventilation at the correct times. 

Previous studies have shown that adaptive 
strategies can minimise the discomfort of indoor 
overheating through natural ventilation, which is 
offered by the effect of passive cooling [4]. In this 
study, the potential of a new generation of humidity-
responsive night ventilation systems using bio-based 
materials, which can be retrofitted to existing 
buildings in the context of India’s capital and 
megacity, New Delhi, is developed and explored.  
Responsive façade systems typically utilise complex 
control and actuation systems (which are expensive 

to install and require energy for operation), or 
materials such as shape memory alloys with high 
embodied energy and other negative environmental 
impacts [5] [6]. Using bio-based humidity-responsive 
materials has potential to provide a ventilation 
system which autonomously responds to the 
external environment, whilst minimising the cost 
and environmental impact of the retrofit 
intervention. 

Wood is an abundant, low-cost, bio-based 
material used extensively in construction. Wood also 
exhibits moisture-induced dimensional changes. The 
moisture content of wood changes in response to 
changes in ambient relative humidity (RH), 
expanding when wet and shrinking when dry. In a 
static building structure, any expansion or 
contraction of materials is seen as a problem, and 
carpenters and engineers have developed methods 
to minimise the impact of these dimensional 
changes on timber structures. However, the 
responsive nature of wood can be utilised to create 
facade elements which continuously respond to 
changing environmental conditions. Wood is 
anisotropic, with the greatest moisture-induced 
movement in the weak cross-grain direction: 
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typically, 8-10% expansion from oven dry to fully 
saturated, depending on species. The expansion 
along the grain is typically an order of magnitude 
lower [7]. The speed of response to moisture 
content changes depends on the wood's dimensions. 
A wooden board (e.g., 20mm thick) will take days to 
achieve equilibrium with the ambient RH, but a thin 
piece of wood veneer (e.g., 0.6-1.0mm thick) will 
start to respond in minutes and achieve equilibrium 
in hours. 

Previous research has explored the potential for 
using wood veneer as a responsive building element 
[8][9]. To amplify the 8-10% cross-grain expansion 
and contraction into a larger movement, researchers 
create a bilayer material consisting of a wood veneer 
bonded to a non-responsive material such as plastic 
or fibreglass [10]. This works well and gives very 
large deflections but increases the negative 
environmental impacts of these systems by using 
non-bio-based materials and creating a composite 
material that cannot be recycled at the end of life. In 
this study, a novel single-layer responsive wood 
veneer system has been designed and tested. Cyclic 
tests were conducted in a climate chamber based on 
operational requirements for a night ventilation 
system in New Delhi. 
 
2. MATERIALS AND METHODS  
2.1 Materials 

Wood bilayer systems have been developed in 
previous studies, and their hygroexpansion features 
are well explained [8]. A novel concept is presented 
here, involving a single-layer system of wood 
veneers. In this system, individual wood veneer 
strips, anchored at both ends, exhibit deflection 
under RH conditions higher than those at which they 
were initially secured, as shown in Fig. 1 (Up). Such 
veneer strips were placed in a woven pattern to 
create a woven veneer screen, which employs the 
dimensional response of wood to changes in RH to 
provide night ventilation.  

Different wood species, grain orientations, weave 
patterns and fabrication conditions were explored to 
achieve the correct air permeability levels at 
specified RH levels. Scottish larch, a softwood and a 
coniferous tree is more prone to moisture 
absorption and release presenting a tangential and 
radial expansion coefficient of 9.1% and 4.5% 
respectively. This characteristic makes it responsive 
to changes in ambient humidity, leading to 
observable effects such as swelling and shrinking 
[11]. Scottish larch, a durable softwood primarily 
utilized in external cladding, is locally sourced in the 
UK, making it an ideal choice for this project. For 
future large-scale applications, indigenous Indian 
wood species will be employed. 

Initially, this work involved a small-scale 
prototype made from a 6 mm thick, 180 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 

square plywood panel and a 0.6 mm thick, rotary-
cut, Scottish larch veneer sheet. Nine rectangular 
strips, each measuring 160 mm in length and 30 mm 
in width, were laser-cut with the grain orientation 
perpendicular to the direction of the cut to achieve 
maximum deflection at high RH. These veneer strips 
were bolted to a 6 mm thick plywood panel 
measuring 180 mm x 180 mm using bolts with a 
diameter of 2mm and 20mm spacing. The panel 
included an aperture opening measuring 150 mm x 
150 mm (Fig. 1: Down).  

Consequently, a large-scale prototype was 
created to evaluate the performance of the small-
scale one; 1 mm thick Scottish larch strips, 8.2 mm 
wide, and 44 mm long were fastened onto a 6 mm 
thick, 600 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 square plywood panel. The 
attachment was achieved by bolting the larch strips 
onto the plywood. This plywood panel also included 
a 500 mm x 500 mm aperture opening. Both 
experimental setups were placed in a climate 
chamber with a constant temperature of 25⁰C. 
During the small-scale tests, the RH was changed 
between four levels: 20%, 50%, 70% and 90%.  These 
settings were chosen to investigate the moisture 
responsivity magnitude of the larch veneer strips 
and to help understand the behaviour of the woven 
veneer system.  For the large-scale test, the RH 
range was reduced to 20% - 70% to fit with the 
climatic conditions in New Delhi (see 2.4). Previous 
tests on the effect of temperature on the wood 
panels gave negligible results, meaning focusing on 
the actual RH changes rather than the temperatures 
expected in New Delhi is useful. 

 

 

 
Figure 1: Up: Single layer system of larch veneer strips, 
fixed at both ends deflecting at RH = 90%. Down: Bio-HNV 
small-scale prototype (A) front, (B) back of the panel. 
Overall panel size= 180 mm x 180 mm, window size= 150 
mm x 150 mm, Strip width= 30 mm, Strip length= 160 mm, 
Strip thickness= 0.6 mm. 

 

2.2 Deflection measurements 
The out-of-plane deflection of the larch veneers 

was measured manually using an RS PRO Digital 
Calliper with an accuracy of 0.1 mm. The maximum 
deflection was observed at the centre of the panel. 
The deflection from the panel surface to the highest 
deflection point was measured to ensure accuracy. 
Three deflection measurements were taken at 
different locations surrounding the centre of the 
panel. The same locations were measured each time, 
and the results were reported as the mean of these 
three measurements.   
2.3 Cyclic tests 

The small-scale cyclic tests lasted 5 consecutive 
days, and each cycle lasted 4 hours. The first cycle 
started at a r RH of 20%, where the woven structure 
remained for 1 hour. During the wetting process, the 
RH was set at 50% for an hour and was again 
increased to 70% for another hour. The drying 
followed the exact pattern until the RH settings were 
back to 20%.  

Adjusting the RH settings in the climate chamber 
requires approximately 10 minutes for the system to 
reach a state of equilibrium at the desired RH level. 
Deflection measurements of the Bio-HNV were taken 
every 10 minutes until 30 minutes had passed, and 
then the Bio-HNV would be measured again at 1 
hour. The next cycle would start when the Bio-HNV 
remained for 1 hour at RH=20%. The first two cycles 
are shown in Fig. 3A. 
2.4 Dynamic Building Simulation Analysis for Night 
Ventilation 

In parallel with the experimental work, the 
operation and practicalities of retrofitting the Bio-
HNV systems were tested in the dynamic building 
simulation software DesignBuilder and EnergyPlus to 
evaluate their performance on indoor operative 
temperature and cooling energy demand on a 
building scale retrofit [12].  

For the Base case, a single zone indoor office 
space (with 100 m2 area) was modelled (A) with 10m 
length, 10m width and 3.5m height in Designbuilder 
with constructions and materials described in Table 
1. A window (2.7m X 1.2m) with single-layer clear 
glass and a shading horizontal lentil on the South 
façade. There was an air-conditioning (AC) unit —
Fan coil unit (4-Pipe) and air-cooled chiller— 
operating at 100% capacity (in summer) in the office, 
which operates during office hours from 9 am to 5 
pm. The AC unit started to work at 25% capacity at 
7-8 am and 50% by 9 am. The AC unit operated at 
75% capacity during lunch from 12 noon to 2 pm. 
Also, the AC unit started to work at 50% capacity 
between 5 and 6 pm and 25% by 6 pm. The AC unit 
was not operating outside of office hours, weekends, 
and holidays. The set point temperature for the AC 
unit was 26°C and cooling set back was 28°C. There 
was no night ventilation under the Base case. We 

used the ‘Generic office template’ and 0.1110 
people/m2 for the activity template. Also, we used 
office equipment with a power density of 11.77 
W/m2. While simulating, we created an adiabatic 
component around the simulation zone's east, north 
and west sides to expose only the south wall to the 
outdoors. 

The base case has only the window on the South 
façade, whereas there are Bio-HNV panels above the 
window in Scenario 1 (B&C). Under Scenario 1, the 
AC unit and Bio-HNV operated in three schedules: 7 
am, 8 am and 9 am. At 7 am, the AC operated like 
the base case, but the Bio-HNV was operational from 
7 pm-7 am. Under the 8 am schedule, the A/C unit 
started to work at 25% capacity up to 9 am and 50% 
by 10 am. The AC unit operated at 75% capacity 
during lunch from 12 noon to 2 pm. Also, the AC unit 
started to work at 50% capacity between 5 and 6 
pm. The Bio-HNV was operational after office hours 
(6 pm-8 am) at 100% capacity. Under the 9 am 
schedule, the A/C unit started to work at 25% 
capacity up to 10 am and 50% by 11 am. During 
lunch, the AC unit operated at 75% capacity from 12 
noon to 2 p.m. Also, the AC unit started to work at 
50% capacity between 5 and 6 pm. The Bio-HNV was 
operational after office hours (6 pm-9 am) at 100% 
capacity. Bio-HNV scenario 2 had Bio-HNV panels 
above and under the window on the south façade 
and maintained the schedules of 7 am, 8 am and 9 
am. Expanding of wood was not possible to be 
simulated directly into the model. We translated the 
opening of panel wood veneers into the percentage 
opening of the glazing area under the ‘free aperture’ 
option in the simulation model.    
 

 

A) 

B) 

1274
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in width, were laser-cut with the grain orientation 
perpendicular to the direction of the cut to achieve 
maximum deflection at high RH. These veneer strips 
were bolted to a 6 mm thick plywood panel 
measuring 180 mm x 180 mm using bolts with a 
diameter of 2mm and 20mm spacing. The panel 
included an aperture opening measuring 150 mm x 
150 mm (Fig. 1: Down).  

Consequently, a large-scale prototype was 
created to evaluate the performance of the small-
scale one; 1 mm thick Scottish larch strips, 8.2 mm 
wide, and 44 mm long were fastened onto a 6 mm 
thick, 600 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 square plywood panel. The 
attachment was achieved by bolting the larch strips 
onto the plywood. This plywood panel also included 
a 500 mm x 500 mm aperture opening. Both 
experimental setups were placed in a climate 
chamber with a constant temperature of 25⁰C. 
During the small-scale tests, the RH was changed 
between four levels: 20%, 50%, 70% and 90%.  These 
settings were chosen to investigate the moisture 
responsivity magnitude of the larch veneer strips 
and to help understand the behaviour of the woven 
veneer system.  For the large-scale test, the RH 
range was reduced to 20% - 70% to fit with the 
climatic conditions in New Delhi (see 2.4). Previous 
tests on the effect of temperature on the wood 
panels gave negligible results, meaning focusing on 
the actual RH changes rather than the temperatures 
expected in New Delhi is useful. 

 

 

 
Figure 1: Up: Single layer system of larch veneer strips, 
fixed at both ends deflecting at RH = 90%. Down: Bio-HNV 
small-scale prototype (A) front, (B) back of the panel. 
Overall panel size= 180 mm x 180 mm, window size= 150 
mm x 150 mm, Strip width= 30 mm, Strip length= 160 mm, 
Strip thickness= 0.6 mm. 

 

2.2 Deflection measurements 
The out-of-plane deflection of the larch veneers 

was measured manually using an RS PRO Digital 
Calliper with an accuracy of 0.1 mm. The maximum 
deflection was observed at the centre of the panel. 
The deflection from the panel surface to the highest 
deflection point was measured to ensure accuracy. 
Three deflection measurements were taken at 
different locations surrounding the centre of the 
panel. The same locations were measured each time, 
and the results were reported as the mean of these 
three measurements.   
2.3 Cyclic tests 

The small-scale cyclic tests lasted 5 consecutive 
days, and each cycle lasted 4 hours. The first cycle 
started at a r RH of 20%, where the woven structure 
remained for 1 hour. During the wetting process, the 
RH was set at 50% for an hour and was again 
increased to 70% for another hour. The drying 
followed the exact pattern until the RH settings were 
back to 20%.  

Adjusting the RH settings in the climate chamber 
requires approximately 10 minutes for the system to 
reach a state of equilibrium at the desired RH level. 
Deflection measurements of the Bio-HNV were taken 
every 10 minutes until 30 minutes had passed, and 
then the Bio-HNV would be measured again at 1 
hour. The next cycle would start when the Bio-HNV 
remained for 1 hour at RH=20%. The first two cycles 
are shown in Fig. 3A. 
2.4 Dynamic Building Simulation Analysis for Night 
Ventilation 

In parallel with the experimental work, the 
operation and practicalities of retrofitting the Bio-
HNV systems were tested in the dynamic building 
simulation software DesignBuilder and EnergyPlus to 
evaluate their performance on indoor operative 
temperature and cooling energy demand on a 
building scale retrofit [12].  

For the Base case, a single zone indoor office 
space (with 100 m2 area) was modelled (A) with 10m 
length, 10m width and 3.5m height in Designbuilder 
with constructions and materials described in Table 
1. A window (2.7m X 1.2m) with single-layer clear 
glass and a shading horizontal lentil on the South 
façade. There was an air-conditioning (AC) unit —
Fan coil unit (4-Pipe) and air-cooled chiller— 
operating at 100% capacity (in summer) in the office, 
which operates during office hours from 9 am to 5 
pm. The AC unit started to work at 25% capacity at 
7-8 am and 50% by 9 am. The AC unit operated at 
75% capacity during lunch from 12 noon to 2 pm. 
Also, the AC unit started to work at 50% capacity 
between 5 and 6 pm and 25% by 6 pm. The AC unit 
was not operating outside of office hours, weekends, 
and holidays. The set point temperature for the AC 
unit was 26°C and cooling set back was 28°C. There 
was no night ventilation under the Base case. We 

used the ‘Generic office template’ and 0.1110 
people/m2 for the activity template. Also, we used 
office equipment with a power density of 11.77 
W/m2. While simulating, we created an adiabatic 
component around the simulation zone's east, north 
and west sides to expose only the south wall to the 
outdoors. 

The base case has only the window on the South 
façade, whereas there are Bio-HNV panels above the 
window in Scenario 1 (B&C). Under Scenario 1, the 
AC unit and Bio-HNV operated in three schedules: 7 
am, 8 am and 9 am. At 7 am, the AC operated like 
the base case, but the Bio-HNV was operational from 
7 pm-7 am. Under the 8 am schedule, the A/C unit 
started to work at 25% capacity up to 9 am and 50% 
by 10 am. The AC unit operated at 75% capacity 
during lunch from 12 noon to 2 pm. Also, the AC unit 
started to work at 50% capacity between 5 and 6 
pm. The Bio-HNV was operational after office hours 
(6 pm-8 am) at 100% capacity. Under the 9 am 
schedule, the A/C unit started to work at 25% 
capacity up to 10 am and 50% by 11 am. During 
lunch, the AC unit operated at 75% capacity from 12 
noon to 2 p.m. Also, the AC unit started to work at 
50% capacity between 5 and 6 pm. The Bio-HNV was 
operational after office hours (6 pm-9 am) at 100% 
capacity. Bio-HNV scenario 2 had Bio-HNV panels 
above and under the window on the south façade 
and maintained the schedules of 7 am, 8 am and 9 
am. Expanding of wood was not possible to be 
simulated directly into the model. We translated the 
opening of panel wood veneers into the percentage 
opening of the glazing area under the ‘free aperture’ 
option in the simulation model.    
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Figure 2: A) Plan of the simulation space, B) Section and 
C) Designbuilder model of Base case, Scenario 1 and 2. 
The drawings are not drawn to scale. 

Table 1: Construction name, thickness, and materials; for 
the material properties, we used a software database. 

Name Thickn
ess (m) 

Materials U-Value 
(W/m2-K) 

Exterior 
walls 

0.280 Brick wall with 
cement plaster 
on both sides 

1.977 

Ground 
floor 

0.925 Solid basement 
ground floor, 
uninsulated  

1.066 

Flat roof 0.200 Concrete slab 2.422 
Glass 
window 

0.003 Single-layer Glass 
windows  

5.894 

Two temporal analyses were conducted to evaluate 
the impact of the Bio-HNV on the indoor operative 
temperature and cooling energy demand. First, we 
selected three dates in summer (1 April, 1 July, and 2 
September) to evaluate the impact on hourly indoor 
operative temperatures. Secondly, we analysed the 
effect of Bio-HNV on total summer (April 1-
September 30) cooling energy demand. 

3. RESULTS AND DISCUSSION 
The initial results from the wood veneer 

experiments showed a significant out-of-plane 
displacement in response to RH changes. When RH 
increased from 20% to 50%, the centre of the panel 
deflected 6 mm out-of-plane within 1 hour. When 
RH increased from 50% to 70%, the deflection 
increased to 9.5 mm within 1 hour (Fig. 3A). The Bio-
HNV structure deflects out-of-plane, generating 
spaces between the larch veneers (Fig. 3C), allowing 
air circulation through the screen at high RH. 

The deformation is reversible; when RH is 
reduced, the woven veneer screen returns to its 
original position. However, the drying process is 
slower than wetting. Additionally, in the second 
cycle, both the sorption and desorption periods are 
prolonged, indicating that the larch veneers might 
experience reduced responsiveness after prolonged 
cyclic changes. 

The aim was to illustrate that the woven wood 
veneer screen opens to allow air circulation when 
the RH exceeds 50%, reaching its maximum 
expansion at 70%. To validate this scenario, an extra 
RH step was introduced during the third cycle, 
extending its duration to 6 hours from the original 4 
hours, with the upper limit of RH set at 90%. After 1 
hour at RH = 90%, the Bio-HNV exhibits a greater 
deflection, measuring approximately 15 mm, as 
shown in Fig. 3B. The hysteresis curve depicted in 
Fig. 3B illustrates that, while drying, the wood 
retains a higher moisture content at a specific RH 
compared to wetting, a phenomenon attributed to 
sorption hysteresis [13]. 
(A) 

(B) 

(C) 

Figure 3: A) Bio-HNV small-scale prototype - Cyclic 
behaviour between RH = 20%, 50%, 70%. B) Hysteresis 
Curve of wood veneer swelling during one cyclic test at a 
constant temperature of 25 C and different RH levels: 20%, 
50%, 70% and 90%. C) Humidity responsiveness of the Bio-
HNV under different RH levels:  (1) 20%, (2) 50%, (3) 70%, 
(4) 90%. 
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Upon completion of the small-scale tests, the 
goal was to upscale the concept to form a bigger 
structure that would benefit the research by 
ensuring that the design and functionality of the 
large-scale prototype would offer similar outputs to 
the small-scale one. A large-scale prototype was 
created, as described in section 2.2, and the results 
illustrated in Fig. 4 reveal that the thick larch strips 
follow a similar trend to the small-scale, thin larch 
strips. However, there is a distinction in that the 
thicker larch strips exhibit a higher deflection, 
approximately 12 mm, which can be attributed to 
the expanded span associated with the increased 
size of the upscaled larch veneer strips. 

 

 
Figure 4: Bio-HNV large-scale prototype - Cyclic behaviour 
between RH = 20%, 50%, 70%. 

 
This humidity-responsive character of the woven 

veneer structure was quantified and utilised to 
design different HNV solutions modelled in 
DesignBuilder and simulated in Energy Plus to assess 
the impact on indoor operative temperature, 
mechanical ventilation, and cooling demand in 
summer in New Delhi. Considering the Base case, 
Scenario 1 and 2 with different operational 
schedules (7 am, 8 am and 9 am), three selected 
dates in summer: April 1 (starting for summer), July 1 
(peak summer), and September 2 (end of summer), 
the initial simulation results showed a smaller 
change in average operative temperature. The 
average operative temperature was 28°C (April 1), 
30.8°C (July 1) and 30.7°C (September 2) under the 
Base case, which flatulated between -1°C to 0.6°C 
difference under Scenario 1 (Fig. 5A) and 2 
compared to Base case, when the outdoor average 
temperature was 28.9°C (April 1), 32.9°C (July 1) and 
32.8°C (September 2).  

However, the significant impact of Bio-HNV-
induced night ventilation was observed on the total 
cooling energy demand in summer (April 1-
September 30). The total summer cooling energy 
demand was 9513.87kWh. If the Bio-HNV was 
operational up to 7 am, it could reduce the total 

cooling energy demand by 0.64% and 1.46% under 
Scenarios 1 and 2, respectively, compared to the 
Base case. However, when the Bio-HNV was 
operational up to 8 am, the total cooling energy 
demand was reduced by 6.00% and 6.67% under 
Scenarios 1 and 2 (Fig. 5B). The total cooling energy 
demand was reduced by 10.38% and 10.97% under 
Scenarios 1 and 2 compared to the base case when 
Bio-HNV was operational up to 9 am.  

Therefore, the initial simulation results showed a 
smaller change in average daily operative 
temperature due to the application of Bio-HNV units 
for night ventilation but a significant (more than 
10%) reduction in the cooling energy demand in the 
climatic context of New Delhi, India. Bio-HNV’s 
operation significantly impacted the cooling energy 
demand with a non-optimal ventilation system 
(south-facing façade, small openings, no cross 
ventilation, and no insulation). Fig. 5A showed that 
the timing of the night ventilation closing was 
critical, and tuning Bio-HNV’s humidity 
responsiveness for the opening/closing of the woven 
screen to specific humidity levels would be vital. 
Studies have shown that in India's hot-humid 
climatic context, cross-ventilation might increase the 
effectiveness of night ventilation with greater air 
circulation, ventilation strategies, building 
orientation and shape, wind speed, and wind 
direction [14, 15]. To improve the effectiveness of 
Bio-HNV, further studies on cross ventilation, room 
proportions, internal insulation, outdoor shading, 
opening sizes, and wind to induce air movement 
need to be explored with fluid dynamics simulation 
and physical prototype testing to develop a 
functional and high-performance bio-based 
responsive night vent for climate resilience to 
extreme heat in New Delhi [1].  
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Figure 2: A) Plan of the simulation space, B) Section and 
C) Designbuilder model of Base case, Scenario 1 and 2. 
The drawings are not drawn to scale. 

Table 1: Construction name, thickness, and materials; for 
the material properties, we used a software database. 

Name Thickn
ess (m) 

Materials U-Value 
(W/m2-K) 

Exterior 
walls 

0.280 Brick wall with 
cement plaster 
on both sides 

1.977 

Ground 
floor 

0.925 Solid basement 
ground floor, 
uninsulated  

1.066 

Flat roof 0.200 Concrete slab 2.422 
Glass 
window 

0.003 Single-layer Glass 
windows  

5.894 

Two temporal analyses were conducted to evaluate 
the impact of the Bio-HNV on the indoor operative 
temperature and cooling energy demand. First, we 
selected three dates in summer (1 April, 1 July, and 2 
September) to evaluate the impact on hourly indoor 
operative temperatures. Secondly, we analysed the 
effect of Bio-HNV on total summer (April 1-
September 30) cooling energy demand. 

3. RESULTS AND DISCUSSION 
The initial results from the wood veneer 

experiments showed a significant out-of-plane 
displacement in response to RH changes. When RH 
increased from 20% to 50%, the centre of the panel 
deflected 6 mm out-of-plane within 1 hour. When 
RH increased from 50% to 70%, the deflection 
increased to 9.5 mm within 1 hour (Fig. 3A). The Bio-
HNV structure deflects out-of-plane, generating 
spaces between the larch veneers (Fig. 3C), allowing 
air circulation through the screen at high RH. 

The deformation is reversible; when RH is 
reduced, the woven veneer screen returns to its 
original position. However, the drying process is 
slower than wetting. Additionally, in the second 
cycle, both the sorption and desorption periods are 
prolonged, indicating that the larch veneers might 
experience reduced responsiveness after prolonged 
cyclic changes. 

The aim was to illustrate that the woven wood 
veneer screen opens to allow air circulation when 
the RH exceeds 50%, reaching its maximum 
expansion at 70%. To validate this scenario, an extra 
RH step was introduced during the third cycle, 
extending its duration to 6 hours from the original 4 
hours, with the upper limit of RH set at 90%. After 1 
hour at RH = 90%, the Bio-HNV exhibits a greater 
deflection, measuring approximately 15 mm, as 
shown in Fig. 3B. The hysteresis curve depicted in 
Fig. 3B illustrates that, while drying, the wood 
retains a higher moisture content at a specific RH 
compared to wetting, a phenomenon attributed to 
sorption hysteresis [13]. 
(A) 

(B) 

(C) 

Figure 3: A) Bio-HNV small-scale prototype - Cyclic 
behaviour between RH = 20%, 50%, 70%. B) Hysteresis 
Curve of wood veneer swelling during one cyclic test at a 
constant temperature of 25 C and different RH levels: 20%, 
50%, 70% and 90%. C) Humidity responsiveness of the Bio-
HNV under different RH levels:  (1) 20%, (2) 50%, (3) 70%, 
(4) 90%. 
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Upon completion of the small-scale tests, the 
goal was to upscale the concept to form a bigger 
structure that would benefit the research by 
ensuring that the design and functionality of the 
large-scale prototype would offer similar outputs to 
the small-scale one. A large-scale prototype was 
created, as described in section 2.2, and the results 
illustrated in Fig. 4 reveal that the thick larch strips 
follow a similar trend to the small-scale, thin larch 
strips. However, there is a distinction in that the 
thicker larch strips exhibit a higher deflection, 
approximately 12 mm, which can be attributed to 
the expanded span associated with the increased 
size of the upscaled larch veneer strips. 

 

 
Figure 4: Bio-HNV large-scale prototype - Cyclic behaviour 
between RH = 20%, 50%, 70%. 

 
This humidity-responsive character of the woven 

veneer structure was quantified and utilised to 
design different HNV solutions modelled in 
DesignBuilder and simulated in Energy Plus to assess 
the impact on indoor operative temperature, 
mechanical ventilation, and cooling demand in 
summer in New Delhi. Considering the Base case, 
Scenario 1 and 2 with different operational 
schedules (7 am, 8 am and 9 am), three selected 
dates in summer: April 1 (starting for summer), July 1 
(peak summer), and September 2 (end of summer), 
the initial simulation results showed a smaller 
change in average operative temperature. The 
average operative temperature was 28°C (April 1), 
30.8°C (July 1) and 30.7°C (September 2) under the 
Base case, which flatulated between -1°C to 0.6°C 
difference under Scenario 1 (Fig. 5A) and 2 
compared to Base case, when the outdoor average 
temperature was 28.9°C (April 1), 32.9°C (July 1) and 
32.8°C (September 2).  

However, the significant impact of Bio-HNV-
induced night ventilation was observed on the total 
cooling energy demand in summer (April 1-
September 30). The total summer cooling energy 
demand was 9513.87kWh. If the Bio-HNV was 
operational up to 7 am, it could reduce the total 

cooling energy demand by 0.64% and 1.46% under 
Scenarios 1 and 2, respectively, compared to the 
Base case. However, when the Bio-HNV was 
operational up to 8 am, the total cooling energy 
demand was reduced by 6.00% and 6.67% under 
Scenarios 1 and 2 (Fig. 5B). The total cooling energy 
demand was reduced by 10.38% and 10.97% under 
Scenarios 1 and 2 compared to the base case when 
Bio-HNV was operational up to 9 am.  

Therefore, the initial simulation results showed a 
smaller change in average daily operative 
temperature due to the application of Bio-HNV units 
for night ventilation but a significant (more than 
10%) reduction in the cooling energy demand in the 
climatic context of New Delhi, India. Bio-HNV’s 
operation significantly impacted the cooling energy 
demand with a non-optimal ventilation system 
(south-facing façade, small openings, no cross 
ventilation, and no insulation). Fig. 5A showed that 
the timing of the night ventilation closing was 
critical, and tuning Bio-HNV’s humidity 
responsiveness for the opening/closing of the woven 
screen to specific humidity levels would be vital. 
Studies have shown that in India's hot-humid 
climatic context, cross-ventilation might increase the 
effectiveness of night ventilation with greater air 
circulation, ventilation strategies, building 
orientation and shape, wind speed, and wind 
direction [14, 15]. To improve the effectiveness of 
Bio-HNV, further studies on cross ventilation, room 
proportions, internal insulation, outdoor shading, 
opening sizes, and wind to induce air movement 
need to be explored with fluid dynamics simulation 
and physical prototype testing to develop a 
functional and high-performance bio-based 
responsive night vent for climate resilience to 
extreme heat in New Delhi [1].  
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Figure 5: A) Hourly indoor operative temperature on April 
1, July 1 and September 2 under the Base case and 

Scenario 1. Furthermore, we presented only the base case 
and Scenario 1 as the small differences between Scenarios 

1 and 2; B) Total summer cooling energy demand. 

4. CONCLUSION 
This study assessed the humidity responsiveness 

and cyclic behaviour of a woven structure composed 
of larch wood veneers. The primary goal was to 
develop a naturally moisture-responsive system with 
the potential for application as a bio-based 
responsive night vent in buildings in New Delhi. The 
study aimed to explore the optimal design and 
functionality of this smart system within the specific 
climatic conditions of New Delhi.  

The cyclic tests were conducted within a climate 
chamber at a consistent temperature of 25℃, 
varying between four specific RH levels: 20%, 50%, 
70%, and 90%. The tests aimed to explore the 
degree and duration the Bio-HNV system undergoes 
expansion and contraction in response to diverse RH 
conditions. Results obtained from the cyclic tests on 
both the small-scale and large-scale Bio-HNV 
prototypes exhibited promising humidity-responsive 
characteristics in larch woven veneer strips across 
four distinct RH levels: 20%, 50%, 70%, and 90%. 
Significant deformation was observed at elevated RH 
in both small-scale and large-scale prototypes, with 
an average deflection of 9.5 mm and 12 mm, 
respectively, indicating the robust responsiveness of 
the system. 

Initial simulation results showed a smaller impact 
on the average operative temperature due to the 
application of Bio-HNV units for night ventilation but 
a significant (more than 10%) reduction in the 
summer cooling energy demand in the climatic 
context of New Delhi, India. This study was the first 
step towards a functional and high-performance bio-
based responsive night vent for climate resilience to 
extreme heat in New Delhi. With further 
development, Bio-HNV, a passive design solution, 
could reduce the active cooling and mechanical 
ventilation energy demand and create a circular, 
lightweight, modular wall component to be 
retrofitted on existing building skins. 
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1, July 1 and September 2 under the Base case and 

Scenario 1. Furthermore, we presented only the base case 
and Scenario 1 as the small differences between Scenarios 

1 and 2; B) Total summer cooling energy demand. 

4. CONCLUSION 
This study assessed the humidity responsiveness 

and cyclic behaviour of a woven structure composed 
of larch wood veneers. The primary goal was to 
develop a naturally moisture-responsive system with 
the potential for application as a bio-based 
responsive night vent in buildings in New Delhi. The 
study aimed to explore the optimal design and 
functionality of this smart system within the specific 
climatic conditions of New Delhi.  

The cyclic tests were conducted within a climate 
chamber at a consistent temperature of 25℃, 
varying between four specific RH levels: 20%, 50%, 
70%, and 90%. The tests aimed to explore the 
degree and duration the Bio-HNV system undergoes 
expansion and contraction in response to diverse RH 
conditions. Results obtained from the cyclic tests on 
both the small-scale and large-scale Bio-HNV 
prototypes exhibited promising humidity-responsive 
characteristics in larch woven veneer strips across 
four distinct RH levels: 20%, 50%, 70%, and 90%. 
Significant deformation was observed at elevated RH 
in both small-scale and large-scale prototypes, with 
an average deflection of 9.5 mm and 12 mm, 
respectively, indicating the robust responsiveness of 
the system. 

Initial simulation results showed a smaller impact 
on the average operative temperature due to the 
application of Bio-HNV units for night ventilation but 
a significant (more than 10%) reduction in the 
summer cooling energy demand in the climatic 
context of New Delhi, India. This study was the first 
step towards a functional and high-performance bio-
based responsive night vent for climate resilience to 
extreme heat in New Delhi. With further 
development, Bio-HNV, a passive design solution, 
could reduce the active cooling and mechanical 
ventilation energy demand and create a circular, 
lightweight, modular wall component to be 
retrofitted on existing building skins. 
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The urbanization process based on the artificialization of the natural coverage of the environment, as well as the 
various anthropogenic activities and the urban structure, are the main reasons that give rise to the phenomenon 
of the Urban Heat Island, which is identified from the thermal differences existing between urban areas and their 
surroundings. Identifying these areas within cities is of utmost importance because it allows us to locate areas 
where there is greater thermal vulnerability associated with high temperatures and that may be related to 
socioeconomic deficiencies, characteristics of precarious housing and age of the local population. This work 
presents a visualization and analysis tool of the Urban Heat Island in the 100 most populated Mexican cities, based 
on the presentation of day and night Land Surface Temperature cartography and urban land use. 
KEYWORDS: Urban Heat Island, Visualisation Platform, Urban land use. 
 

 
1. INTRODUCTION  

Over the past seven decades, Mexico has 
experienced a rise of roughly 0.71 °C in average 
temperatures above the long-term climatic average 
[1]. This temperature increase is aligned with the 
global trend highlighted by the Intergovernmental 
Group of Experts on Climate Change (IPCC) [2]. Both 
minimum and maximum temperatures indicate a shift 
towards more warm and fewer cold nights across the 
nation. Projections suggest that between 2015 and 
2039, the average annual temperature in Mexico will 
have increased by 1.5 °C, with the northern regions 
experiencing an even more significant increase of 2 °C. 

Nonetheless, the way vulnerability and risk are 
distributed within urban areas is shaped by various 
individual and household factors, including income, 
the range of assets owned, health status, age, and 
gender. It is also influenced by their ability to 
anticipate, withstand, respond to, recover from, adapt 
to, and capitalize on hazards and stresses [3]. 

 
The Urban Heat Island (UHI) phenomenon has 

been studied extensively in various cities around the 
world. In Mexico, however, it is a topic of recent 
interest that has only been studied for some cities in 
the country. Most have focused on the analysis of the 
atmospheric UHI, its relationship with the urban 
environment, and the proposal mitigation strategies 
[4]. 

We study the phenomenon of surface UHI in the 
100 most populated cities in the country – including 
metropolitan areas, conurbations, and urban centers 
with a population greater than 2,500 inhabitants – (Fig 
1). This study focused on establishing the relationship 

between the intensity of thermal differences, urban 
form, functional structure, and climate. 

 

 
Figure 1. The 100 most populated Mexican cities from the 
2015  National Urban System definition. 
 

Based on the obtained results, a visualization 
platform of the heat island phenomenon was 
developed based on the analysis of daytime and 
nighttime land surface temperatures and urban land 
use determined for the 100 cities under study. On the 
one hand, this will allow decision makers to support 
the generation of  public policies regarding prevention, 
mitigation, and adaptation to high-risk urban thermal 
effects, and, on the other, aims at opening new 
research and collaboration niches in this area. 
2. METHODS 
 
Study location and period 

As previously mentioned, the study analyzes the 
100 most populated cities in Mexico according to the 
2015 National Urban System, which includes 59 
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metropolitan areas, 16 conurbations, and 25 urban 
centers [5]. 

 
Land use data 

Census data for 2020 from the National Institute of 
Statistics and Geography [6] were used, expressed 
through the Basic Geostatistical Areas (AGEB). The 
National Geostatistical Framework was used at the 
block level to identify housing use and define density. 
To identify the destinations of the land (equipment, 
various facilities and infrastructure), the specific 
geographic data contained in the Census Information 
Query System (particularly the Public Infrastructure 
System) is used and is complemented with points 
derived from the National Statistical Directory of 
Economic Units (DENUE) [7]. 

 
The primary land use classification for this study 

comprises ten categories that are commonly 
employed in Mexican urban planning (Table 1) and are 
adapted from [8]. 

 
Table 1. Land use categories 

Land Use Classification Code 

High Density Housing H-a 
Medium Density Housing H-m 

Low Density Housing H-b 
High Density Mixed Housing 

Mixed Medium Density Housing  
HM-a 
HM-m 

Specialized Mixed M 
Equipment E 

Commerce and Services CS 
Industry I 

Sports, Recreation and Green Areas AV 
 
Remote sensing information extraction and 
processing 

The methodology used for remote sensing was 
developed in four stages: download high (Landsat 8) 
and low resolution (MODIS) satellite imagery; calibrate 
Landsat bands; compute Land Surface Temperature 
(LST); and integrate results from different scales. 
 

For the 100 cities, 117 Landsat 8 scenes were 
downloaded from the United States Geological Survey 
(USGS) [9]. Daytime images were downloaded for 
dates between January and December, 2018 with 
processing levels generated by the USGS. 

Subsequently, the calibration of Landsat bands at 
reflectance levels was carried out, the calculation of 
the NDVI (Normalized Difference Vegetation Index) 
and the emissivity of the Earth's surface, from which 
the Land Surface Temperature was obtained. 
 

Land surface temperature (LST) for the Modis 
sensor was downloaded as products MOD11A2 v006 
and MYD11A2 v006, provided as an average of 8 days 
per pixel with a spatial resolution of 1 kilometer. 

Daytime LST data were obtained from Landsat 
imagery at 30 m resolution and nighttime LST from 
MODIS at 1 km resolution. Therefore, spatial thermal 
sharpening needs to be applied to Modis to achieve a 
finer spatial resolution. This is done using the TsHARP 
algorithm [10], a technique based on the assumed 
relationship between NDVI and LST within a sensor 
scene. However, the slope of this relationship varies 
with land cover and climate [11]. 
 

Results of the thermal sharpening technique were 
compared with the original LST result of the 
corresponding MOD11A2 v006 and MYD11A2 v006 
products. Agam [10] proposed the evaluation of the 
recovery precision by measuring the level of 
agreement between the reference temperature fields 
(𝑇𝑇� ���) and the temperature with the applied 
technique (𝑇𝑇� ����� ). They are evaluated using the Root 
Mean Square and the Mean Absolute Errors (RMSE 
and MAE, respectively) and are calculated using the 
following formulas: 

 

                𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = ��
�

∑�
��� �𝑇𝑇� ����� − 𝑇𝑇� �����

        

(1) 
 

              𝑅𝑅𝑀𝑀𝑅𝑅 = �
�

∑�
��� �𝑇𝑇� ����� − 𝑇𝑇� ����                  
(2) 

 
Isotherms 

Isotherms are imaginary lines that connect points 
with the same temperature on a map. The regions 
between these lines represent areas where the 
temperature remains constant. In this case, they are 
used to visualize and understand patterns of rise and 
fall of  temperature in cities. 

 
Calculating contour polygons for LST rasters 

varying by 1 °C yields isotherm regions for each city, 
for both day- and nighttime.  

After obtaining both day- and nighttime LST values 
for each pixel at 30m resolution, pixel values within 
each AGEB were averaged to enable direct 
comparisons with different land uses. 

Using the centroid of each AGEB, a continuous 
surface was interpolated using the inverse distance 
weighting method with a cell resolution of 100 m and 
an exponent of 2. From there, isotherms were 
obtained for every degree Celsius and vectorized to 
represent areas with a specific range of temperature.   

 
Platform development 

The platform is developed using JavaScript, both 
on the server and the client. NodeJS is used on the 
server to query vector tiles. On the client, Mapbox GL 
JS is used to render interactive maps and layers, 
allowing users to pan and zoom, as well as change the 
bearing and tilt the user’s horizontal orientation. 
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surface was interpolated using the inverse distance 
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an exponent of 2. From there, isotherms were 
obtained for every degree Celsius and vectorized to 
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Platform development 

The platform is developed using JavaScript, both 
on the server and the client. NodeJS is used on the 
server to query vector tiles. On the client, Mapbox GL 
JS is used to render interactive maps and layers, 
allowing users to pan and zoom, as well as change the 
bearing and tilt the user’s horizontal orientation. 

 

 
Users can scroll through the available cities or use 

the search box to limit the options. Whenever the user 
selects a city, the map is moved to the corresponding 
area of the country and displays the Landsat LST 
contours. Users can switch between Landsat and 
Modis to compare and explore the UHI phenomenon. 
Users can select from a list of predefined or draw their 
own transects to slice the city and populate a 
temperature-land use profile graph. This allows for 
quick identification of possible trends in land use and 
higher or lower temperatures. While hovering the 
mouse pointer over dots on the graph it is possible to 
locate where that point corresponds to the map. Users 
can also adjust transects’ distances to obtain a finer or 
coarser profile graph, ranging from 300 m to 2,500 m. 
Depending on the urban structure of the city and the 
transect used, the profile graph may not show a 
continuous curve, as it is populated using urban blocks 
only. Charts are created using amCharts and spatial 
operations are performed with Turf.js.  

 
Apart from using the land use categories from 

Table 1, depending on the extent of the selected 
transects, data from the European Space Agency’s 
WorldCover project [12] are also queried to populate 
the profile chart. However, because isotherms are 
available only for urban AGEBs, the chart may contain 
a discontinuous line. Land use categories on the x-axis, 
however, are complete. 
 
3. RESULTS 

The main goal of this platform is to serve as a 
resource for examining and analyzing the occurrence 
of UHI phenomena in the 100 most populated cities 
within the Mexican National Urban System. Potential 
users include researchers, students, urban planners, 
and policymakers. 

 
It allows for comparative analyses between 

daytime and nighttime LST and their relationship with 
land use. Furthermore, work is currently underway to 
incorporate a vulnerability index, together with a 
thermal well-being risk index, and accessibility to the 
nearest health infrastructure for early care and/or 
heat stroke emergencies. Another short-term goal is to 
enable automatic monthly imagery processing and 
isotherm extraction for the platform to stay up-to-date 
with relevant isotherms and allow the study and 
visualization of their spatio-temporal evolution. 

 
At its current development stage, it enables users 

to visualize and compare day and nighttime 
temperatures for the 100 cities assessed in 2018, 
specifically during their respective warmest months 
(Fig. 2). 

 

The platform allows users to observe the 
temperature distribution within the city, together with 
temperature ranges spanning from the highest to the 
lowest, both during the day and at night (Fig. 3). 

 
Figure 2: Diurnal Urban Heat Island Platform visualization. 
Example for the city of Hermosillo. 

 
Figure 3: Nocturnal Urban Heat Island Platform visualization. 
Example for the city of Hermosillo. 
 
3.1 Thermal profiles 
As part of the analyses that can be performed on the 
platform, thermal profiles allow for graphical 
representations of temperature variations in a specific 
geographical area of the cities, both during day and 
night. These profiles can illustrate how temperatures 
change along predefined or user-drawn transects. The 
spacing between each measurement point can be 
adjusted by the user (ranging from 300 to 2,500 
meters apart), or preloaded options can be used. 
Furthermore, the thermal profile, in its graphs, 
displays both daytime and nighttime temperatures 
along with their corresponding land use.  
 

Figure 4 shows examples for the city of Hermosillo, 
located in the State of Sonora, in the northern part of 
the country. It is characterized by an extreme hot-dry 
climate, with an average annual temperature of 24.82 
°C, a maximum annual average temperature of 32.2 °C, 
June is the warmest month of the year with an average 
monthly temperature of 39.6 °C, July has the highest 
average temperature of 32.6 °C, January registers the 
lowest average temperature of 16.6 °C, and, with 
respect to the average minimum monthly 
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temperature, August has the highest with 25.9 °C and 
January the lowest with 8.9 °C [13]. 

 
When tracing the thermal profile in the northern 

area of the city, it can be observed that the highest LST 
during the day occurs in mixed residential urban land 
use of medium intensity with 51 °C, but during the 
night it drops to 23 °C. Using the same profile, it is 
possible to identify the area with the lowest LST, which 
corresponds to equipment, with a daytime 
temperature of 47 °C and a nighttime temperature of 
25 °C. 
 

 

 
Figure 4: Thermal profile example for the city of Hermosillo. 
 
4. CONCLUSION 

This platform raises the possibility of socializing the 
results and information generated in different 
research projects related to Urban Heat Island, urban 
form, structure, and climate. The use of this platform 
and its associated results are helpful in developing 
mitigation strategies related to urban heat island and 
land use. When social, economic, and health indicators 
are incorporated into the platform, it becomes even 
more relevant to study the impact of where the most 
vulnerable population is located and their relationship 
with how they access public health services and 
infrastructure. With this, it is possible to make better 
decisions in terms of planning and designing more 
resilient cities that, in turn,  are better prepared to face 
climate change and its associated consequences. 
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ABSTRACT: This paper discusses the cooling potential of three types of green roofs: insulated, uninsulated, and 
air gap. Different rules and schedules were tested for irrigation, water movement through the radiant pipes, fan 
operation, and cooling with outside air. A total of three monitoring series are discussed in this paper between 
November of 2017 and June and July of 2018. Results indicate the uninsulated living roof works best on warm 
days with lower daily swings, the insulated living roof works best on hot days with lower daily swings, and the air 
gap living roof works best on hot days with high daily swings. Temperature and relative humidity ranges that 
define the optimum performance of the different types of green roofs are plotted on the Building Bioclimatic 
Chart, and a chart with daily swing and temperature defining the conditions under which they are most effective.   
KEYWORDS: Living Roofs, Passive Cooling, Green roofs, test cells, low carbon strategies.   
 
 

1. INTRODUCTION  
Following Anderson and Gough's classification [1], 

living or green roofs are a type of green 
infrastructure. Green infrastructure provides nature-
based solutions that address climate change 
mitigation and adaptation interventions and reduce 
the impact of atmospheric warming. 

A living roof is substantially covered with 
vegetation. They have been proven to have positive 
effects on buildings by reducing the stress on the roof 
surface, improving thermal comfort, reducing noise 
transmission into the building, reducing the urban 
heat island effect by reducing “hot” surfaces facing 
the sky, reducing stormwater runoff, reoxygenating 
the air and removing airborne toxins, and recycling 
nutrients and providing habitat for living organisms, 
supporting biodiversity and pollinators, all of this 
while creating peaceful environments. 

Comparative research on the thermal 
performance of green roofs with other types of roofs 
has been conducted and has shown contrasting 
results [2-3]. 

This paper discusses the cooling potential of 
different living roof configurations during summer 
and fall: A) An insulated living roof with insulation 
under the planting material. B) An uninsulated living 
roof with the planting material thermally coupled to 
the internal space via a metal plate; and C) An air gap 
living roof with an air space of 38mm in addition to 
the insulation layer and the planting material.  

These three configurations were tested over 
several months through different series to establish 
the most effective type of green roof for different 
temperature ranges during the testing period. The 

authors developed all configurations from previous 
prototypes [4-5] and tested them during the warm 
season in Pomona during the fall of 2017 and the 
summer of 2018. This work constitutes a line of 
research presented in previous PLEA conferences 
[6,8]. 
 
2. METHODOLOGY 
2.1. Experimental setup 

The test cells are located at the Lyle Center for 
Regenerative Studies at Cal Poly Pomona University, 
30 km east of Los Angeles, California. The climate is 
hot and dry, with an average high August 
temperature of 31.5◦C and an average low of 5.3 ◦C in 
January. (Fig. 1) 

 
Figure 1: Climate zone 9, location of the tests 

 
All modules are 1.35 m. × 1.35 m. × 1.35 m. with 

south-facing windows and similar envelope 
characteristics. (Fig 2). The test cell walls are 178 mm 
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thick, with drywall inside and 50.8 mm x 101.6 mm 
studs with glass wool insulation, OSB board, XPS 
insulation board, and plywood on the outside. The 
floor of the cell is OSB board and XPS insulation 
board. The U-value of the wall is 0.308 W/m2K, and 
the U-value of the floor is 0.299 W/m2K. The walls 
are painted white to reduce heat gain. A double-
glazed window 610 mm wide x 610 mm high was 
installed in the south wall and was tested with and 
without shade. (Fig 3). The design of the roof is the 
only difference between the cells. All series in this 
paper had night ventilation and shade. 
 

 
Figure 2: View of the Test Cells with Shade 
 
2.1 Monitoring System and Schedule  

Data were collected using HOBO-type data loggers 
by Onset computer (Model: U12-012, UX 120-006 M, 
TMC6-HD). These sensors were installed inside the 
cells in the middle of the space to monitor dry bulb 
temperature. Outdoor Dry Bulb Temperature and 
Relative Humidity were also collected on site. This 
paper discusses three monitoring series between 
November 2017 and June and July 2018.  

 
Figure 3: Horizontal section plan of the test cells 

3. LIVING ROOF SYSTEMS 
3.1. Insulated living roof. 
     This living roof had insulation underneath the 
planting material (See Fig. 4). With this type of roof, 
the aim is to evaluate the overall performance of the 
traditional thermal insulation available in any building 
and the substrate and layers necessary to build a 
green roof. The U-value of the insulated green roof, 
including the wood structure, was 0.282 W/m2 K (See 
Table: 1).  
 
Table 1: Insulated Living Roof U- Value 

Material mm W / mK U-Value 
(W / m2K) 

Soil 130 0.610  
Gravel 20 2.000  
Water 

Proofing 
Liner 

1 0.210  

Metal Pan 2 44.000 0.282 
OSB 11 0.130  

Glass Wool 21 0.044  
XPS 127 0.043  

Dry Wall 11 0.180  
 

 
Figure 4: Insulated Living Roof 
 
3.2 Uninsulated Living Roof 

In the uninsulated living roof, the planting 
material is thermally coupled with the space's interior 
via a metal plate under the green roof. There is no 
insulation between the living roof and the space 
below (See Fig: 5). With this type of roof, the goal is 
to evaluate the influence that the substrate and the 
vegetated layer on a green roof have on the 
temperature inside a building.  The U-value of the 
uninsulated living roof was 2.534 W/m2 K (See Table 
2). 
 
Table 2: Uninsulated Living Roof U- Value 
 

Material mm W / mK U-Value 
(W / m2K) 

Soil 130 0.610  
Gravel 20 2.000  
Water 

Proofing 
Liner 

1 0.210 2.534 

Metal Pan 1 44.000  
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Figure 4: Insulated Living Roof 
 
3.2 Uninsulated Living Roof 

In the uninsulated living roof, the planting 
material is thermally coupled with the space's interior 
via a metal plate under the green roof. There is no 
insulation between the living roof and the space 
below (See Fig: 5). With this type of roof, the goal is 
to evaluate the influence that the substrate and the 
vegetated layer on a green roof have on the 
temperature inside a building.  The U-value of the 
uninsulated living roof was 2.534 W/m2 K (See Table 
2). 
 
Table 2: Uninsulated Living Roof U- Value 
 

Material mm W / mK U-Value 
(W / m2K) 

Soil 130 0.610  
Gravel 20 2.000  
Water 

Proofing 
Liner 

1 0.210 2.534 

Metal Pan 1 44.000  
 

 

 
Figure 5: Uninsulated Living Roof 
 
3.2 Air gap living roof. 
      The air gap living roof had insulation underneath 
the planting material with a 100mm air space 
separating the planting material from the insulation. 
With this type of roof, the goal is to evaluate the 
influence of the substrate and the vegetal layer, with 
the addition of an air space. (See Fig: 6). The U-value 
of the air gap living roof was 0.270 W/m2 K (See table: 
3).  
Table 3: Air Gap Living Roof U- Value 
 

Material mm W / mK U-Value 
(W / m2K) 

Soil 130 0.610  
Gravel 20 2.000  
Water 

Proofing 
Liner 

1 0.210  

Metal Pan 2 44.000 0.270 
Air Space 100 0.20  

OSB 11 0.130  
Glass Wool 21 0.044  

XPS 127 0.043  
Dry Wall 11 0.180  

 

 
Figure 6: Air Gap Living Roof 
 
4. RESULTS AND DISCUSSION 

The three series tested had different conditions of 
outside temperature and swing. The results indicate 
that the three types of living roofs performed best 
under different conditions. Figure 7 shows the 
outdoor maximum and minimum temperature values, 
the swing, and the best performance of each type of 
living roof (overlaid in color rectangles). 

The insulated living roof performs best when the 
outdoor swing is between 4◦C and 28◦C, and outdoor 

maximum temperatures are between 22◦C and 47◦C, 
with indoor maximum temperatures between 19◦C 
and 36◦C.  

 

 
Figure 7: Outdoor maximum and minimum temperature 
and swing with the best-performing living roof 
 

The uninsulated living roof performs best when 
the outdoor swing is lower, between 7◦C and 11◦C, 
with the outdoor maximum temperature below 26◦C 
(23◦C to 26◦C), with indoor maximum temperatures 
between 19◦C and 22◦C. In this series of tests, there 
are not enough values to verify the behavior of the 
uninsulated living roof. However, previous research 
by La Roche demonstrated that the uninsulated green 
roof performs better in a warm or mild climate with 
cool nights [9]. When combined with night 
ventilation, coupling the soil layer with the interior of 
the building stores heat in the green roof during the 
day that is then dissipated at night. Furthermore, the 
vegetation in the canopy layer improves the system's 
performance by blocking solar gains.  

 
The air gap living roof performs best when the 

outdoor swing is between 12◦C and 25◦C and outdoor 
maximum temperatures are between 25◦C and 39◦C, 
with indoor maximum temperatures between 23◦C 
and 30◦C. 
 
5. APPLICABILITY OF LIVING ROOF SYSTEMS UNDER 
DIFFERENT OUTSIDE TEMPERATURE AND SWING 
VALUES 

To better understand the performance of the 
systems, daily recorded outdoor and indoor 
maximum temperature and relative humidity were 
plotted on the Building Bioclimatic Chart 
superimposed on the psychrometric diagram. 

Since no mechanical cooling is used, comparing 
indoor and outdoor temperatures allows us to 
understand the system's performance. A lower 
indoor maximum temperature than the exterior 
temperature indicates a better cooling performance. 
Thus, the applicable range of outdoor values for 
optimum performance for each system is determined 
by the relationship between the indoor temperature 
and the comfort zone for a given exterior maximum 
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temperature. If the indoor conditions are inside the 
comfort zone for a given outdoor value, then the 
strategy is assumed to be effective for exterior 
temperature and relative humidity [6,8]. 

Another goal of analyzing this data was 
determining the applicability of the different living 
roof strategies under various conditions of outside 
temperature and swing. Colors were used to 
represent each option (pink for the insulated living 
roof (Fig.8), green for the uninsulated living roof, and 
purple for the air gap living roof (Fig.9). If the indoor 
temperature was inside the comfort zone (up to 27 
°C) when the outdoor temperature was above the 
comfort zone, the strategy was considered to be 
effective in achieving thermal comfort. If the 
maximum temperature inside the cell was inside the 
comfort zone, the strategy was considered effective 
in achieving thermal comfort. If the values were 
between 27 °C and 31 °C, the strategy was 
“somewhat effective in achieving thermal comfort.” 
[6,8]  

The maximum temperature and minimum relative 
humidity outside were then plotted on the 
psychometric chart and compared with the interior 
data. For 31 selected days, 31 usable data points 
were plotted and tested under different conditions, 
considering the outside temperature and swing.   

 

 
Figure 8: Psychrometric Chart for insulated living roof  
 

5.1 Insulated Living Roof 
Fig. 8 shows the Building Bioclimatic Chart with 

the data for the cell with the insulated living roof. The 
area in which the insulated living roof effectively 
achieves thermal comfort is indicated by a pink line, 
between 22 °C and 33°C Dry Bulb Temperature, and 
below 19g/ Kg of Absolute Humidity and 
approximately below 60% Relative Humidity. The pink 
dotted line defines the period during which this 
design strategy is somewhat effective, between 35 °C 

and 47 °C Dry Bulb Temperature, and below 25g/ Kg 
of Absolute Humidity, and below approximately 60% 
Relative Humidity. 

 
5.2 Uninsulated Living Roof 

The uninsulated green roof performs better in a 
warm or mild climate with cool nights. According to 
previous research, the uninsulated living roof 
effectively achieves thermal comfort between 23◦C 
and 26◦C Dry Bulb Temperature. 
 

5.3 Air Gap Living Roof 
Fig. 9 shows the Building Bioclimatic Chart with the 
data for the cell with the air gap living roof. The area 
where the air gap living roof effectively achieves 
thermal comfort is indicated by a purple line, 
between 25 °C and 37°C Dry Bulb Temperature, and 
below 21g/Kg of Absolute Humidity and below 50% 
Relative Humidity. The pink dotted line defines the 
period during which this design strategy is somewhat 
effective, between 37 °C and 39°C Dry Bulb 
Temperature, below 21g/Kg of Absolute Humidity, 
and below 50% Relative Humidity. 
 

 
Figure 9: Psychrometric Chart for air gap living roof  
 
6. CONCLUSION 

Some experiments have been done to establish 
which configuration is the most appropriate for each 
temperature range during the analysis period, with 
night ventilation. Figure 10 shows the combination of 
maximum temperatures and daily swings under 
which the different types of living roofs perform best. 
The maximum and minimum values of the outside 
temperature with the best performance of each cell 
are plotted in the Y axis, drawing the average outside 
temperature with a line. The swing values are plotted 
on the X-axis with the best performance of each cell, 
drawing the swing average with a dotted line.  

Results indicate that no living roof configuration 
works best under all outdoor conditions tested. The 
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performance of the different living roofs varies as a 
function of temperature and daily swing, which is 
affected by relative humidity. The uninsulated living 
roof works best on warm days with enough daily 
swing to cool the living roof at night (9 ◦C or higher). It 
works best with temperatures up to 26 ◦C but will still 
work with temperatures up to 32◦C. Because the 
green roof is not insulated, it acts as a thermal mass 
that improves the performance with night cooling.  
Good leaf coverage is important since the lack of 
insulation makes the roof more susceptible to solar 
radiation and heat transfer by conduction if not 
sufficiently shaded by the vegetation. After 32◦C, 
insulation is needed to reduce the heat gain during 
the day because the living roof does not have enough 
thermal capacity to store and dissipate energy gains. 
Providing air exchange with the exterior is always 
beneficial when it is cooler outside than inside.   

Figure 10: Effects of the maximum temperature outdoors 
and the average swing in the performance for each 
evaluated living roof 
 

The insulated living roof works best on hot days 
(31◦C average) with lower daily swings (9 ◦C average) 
and is more effective than the uninsulated green roof 
during warmer temperatures. It works best with 
additional thermal mass inside the building space for 
night ventilation to be effective since the mass of the 
green roof is decoupled from the interior. It can work 
better than the uninsulated green roof with lower 
temperature swings. 

The air gap living roof works best on hot days 
(34◦C average) with high daily swings (19 ◦C average) 

but also works well with lower temperature swings. 
The green roof mass works as thermal storage, which 
can be insulated when helpful to reduce heat gains 
from the exterior in the summer and heat losses in 
the winter. The thermal mass of the green roof can 
be coupled or decoupled from the interior as needed. 
There is potential to improve thermal comfort by 
lowering ceiling temperature, affecting Mean Radiant 
Temperature. It must provide air exchange when it is 
cooler outside than inside.  It can recirculate air 
through its plenum when not collecting cool air from 
the exterior. 

Generally, the insulated green roof works well 
with a wide range of temperatures and swings 
representing temperate, hot, humid, and hot and dry 
climates. The uninsulated living roof works best with 
mild climates and moderate to high swings. The air 
gap living roof works in more conditions than the 
uninsulated living roof. 

Figure 11 shows the psychometric chart 
describing the conditions under which these three 
living roofs are most effective. This is a useful design 
guide for selecting the most effective living roof for 
cooling, considering the outside maximum 
temperatures and daily swings. 

 

 
Figure 11: Psychrometric Chart for each evaluated living 
roof 

 
The "insulated living roof” (Fig. 11) works best 

between 22 °C and 33°C DBT, below 19g/ Kg of 
Absolute Humidity and below 60% Relative Humidity. 
The reduced effectiveness area is from 35°C to 47 °C 
DBT, below 25g/ Kg of Absolute Humidity, and below 
60% Relative Humidity. 

The "living roof with air gap cooling" (Fig. 11) 
works best between 25°C and 37°C DBT, below 21 g/ 
Kg of Absolute Humidity and 50% Relative Humidity. 
The reduced effectiveness area is between 37 °C and 
39 °C DBT, below 21 g/ Kg of absolute humidity and 
50% Relative Humidity. 
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The "uninsulated living roof" works best between 
23°C and 26 °C DBT, below the 60% Relative 
Humidity. However, there are only two data days to 
support this performance. More research needs to be 
done to amplify and verify the behavior of the 
uninsulated living roof. 

Living roofs can augment indoor and outdoor 
cooling in buildings and outdoor spaces in warm 
climates. As with traditional passive cooling 
strategies, they work better in some climates with 
different conditions of temperature, relative humidity 
and solar radiation. In climates where most outdoor 
conditions are inside the applicability area, green 
roofs, when combined with night ventilation, can lead 
to more comfortable building conditions and 
increased energy efficiency. This should give them 
added value, thus increasing their applicability. 

The living roofs tested and discussed in this paper 
are a type of green infrastructure that provides 
multiple benefits. They create green space, mitigate 
the urban heat island effect, cool the environment, 
and remove air pollutants. They also help cool the 
buildings underneath, reducing their carbon 
footprint.  

Lastly, it is also important to integrate living roofs 
into the design process so they are not simply 
accessories attached to the project. They should be 
integral to the architectural design intent, as in 
Arcadis's Xylem designed for a project in a hot and 
humid climate (Fig 12) or in the Kaunas concert hall 
competition also by Arcadis, with an air gap green 
roof (Fig 13). 
 

Figure 12: The Xylem, a living roof system developed at 
CRTKL/Arcadis for outdoor cooling. 
 

 
Figure 13: Kaunas concert hall competition proposal by 
Arcadis that includes an air gap green roof. 
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The "uninsulated living roof" works best between 
23°C and 26 °C DBT, below the 60% Relative 
Humidity. However, there are only two data days to 
support this performance. More research needs to be 
done to amplify and verify the behavior of the 
uninsulated living roof. 

Living roofs can augment indoor and outdoor 
cooling in buildings and outdoor spaces in warm 
climates. As with traditional passive cooling 
strategies, they work better in some climates with 
different conditions of temperature, relative humidity 
and solar radiation. In climates where most outdoor 
conditions are inside the applicability area, green 
roofs, when combined with night ventilation, can lead 
to more comfortable building conditions and 
increased energy efficiency. This should give them 
added value, thus increasing their applicability. 

The living roofs tested and discussed in this paper 
are a type of green infrastructure that provides 
multiple benefits. They create green space, mitigate 
the urban heat island effect, cool the environment, 
and remove air pollutants. They also help cool the 
buildings underneath, reducing their carbon 
footprint.  

Lastly, it is also important to integrate living roofs 
into the design process so they are not simply 
accessories attached to the project. They should be 
integral to the architectural design intent, as in 
Arcadis's Xylem designed for a project in a hot and 
humid climate (Fig 12) or in the Kaunas concert hall 
competition also by Arcadis, with an air gap green 
roof (Fig 13). 
 

Figure 12: The Xylem, a living roof system developed at 
CRTKL/Arcadis for outdoor cooling. 
 

 
Figure 13: Kaunas concert hall competition proposal by 
Arcadis that includes an air gap green roof. 
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ABSTRACT: This paper reports on ongoing research into innovative methods for extruding cob and light earth 
building components, aiming to establish a cost-effective fabrication system. The paper provides a brief 
contextual overview of related work and outlines the research’s vision to create a low-cost fabrication system for 
experimenting with earthen-based composites in low-carbon construction. Various components of the 
fabrication system are presented, including a piston-based extrusion machine developed by the researchers. The 
use of low-cost filament 3D printers to create the extrusion profiles (known as dies) is also outlined, with details 
of printing parameters and die construction approaches. The paper reports on preliminary results of the 
characterisation of extruded samples in both dense cob and light earth composites, including shrinkage rates 
and compressive strength. Additionally, the paper presents experiments involving innovative interlocking brick 
designs and the production of earth bricks with cavities to illustrate the capabilities of the fabrication concept. 
KEYWORDS: Extrusion, Toolmaking, Earth Bricks, Cob, 3D Printing 
 
 

1. INTRODUCTION  
Earth-based materials have been used for house 

building for centuries across in many cultures around 
the world [1]. Such materials, which is utilised cob 
buildings and adobe bricks manufacture, is typically a 
basic mixture of subsoil and fibre. In western culture 
the use of earthen based building materials almost 
disappeared in the 20th century, however the 
emerging climate crisis has spurred a re-evaluation 
due to their exceptionally low environmental impact 
[2]. Equally, new digital fabrication technologies are 
delivering disruptive impact across numerous sectors. 
This research seeks to combine these developments 
into innovation opportunities with earth-based 
building materials to contribute to low-carbon and 
sustainable construction practices. Specifically, this 
paper convers ongoing research focussed on 
developing novel approaches of using 3D printing 
technology in a toolmaking situation to fabricate 
extrusion dies to manufacture cob and adobe building 
components. This approach is tested in combination 
with a concept for a low-cost hydraulic ram extruder, 
thus presenting a competitive earth brick 
manufacturing system. 
 
1.2 Context  

Several recent research projects have explored 
new approaches with cob, focussing on both 
composition and construction methods. The 
CobBauge project [2]–[5] has established cob 
compositions that meet contemporary building 
performance standards. Notably, the CobBauge team 
has introduced a dual-composition approach for 

constructing cob walls. One layer serves as a 
‘structural layer’, meeting loadbearing requirements 
using a dense earth composite (cob). The other layer, 
described as a ‘thermal layer’, is designed to provide 
insulation and is constructed with a light earth 
composite. In combination this hybrid cob/light earth 
wall concept has the capacity to perform to current 
building regulations standards [2].  

The results from the CobBauge team present an 
exciting potential for re-evaluating the use of cob in 
contemporary constructions. However, conventional 
methods of constructing cob buildings remain a time-
consuming affair, posing a potential limitation in 
adopting these new cob compounds. Typically, cob 
buildings are constructed by stacking cob in layers, 
known as ‘lifts’ [6], each 30–60 cm high. The 
construction process involves gradually building up 
the structure while tamping and shaping the cob 
walls to the desired form. Formwork can also be 
employed to enhance control over the dimensions of 
the cob wall and increase the speed of construction.  

Several projects have explored the integration of 
digital fabrication and robotic technology earthen 
constructions. These initiatives encompass 
investigations into additive layer manufacturing 
(ALM) using customised Cartesian 3D printing 
systems [7], [8] or delivery facilitated by multi-axis 
robotic arms [9], [10].  

This research takes a different approach from 
previous projects seeking to use new digital 
fabrication technologies, particularly 3D printing, in a 
toolmaking scenario, with profile extrusion as the 
production approach.  
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Extrusion is an extremely efficient manufacturing 
process that is used extensively to produce fired 
ceramic architectural components, such as bricks and 
tiles. However, in terms of unfired earth bricks, the 
use of extrusion as the manufacturing process 
appears to be significantly under-researched and 
underutilised [11], [12]. The underutilisation of 
extrusion to produce earthen building components 
could be due to difficulties in processing fibrous 
composites through extrusion machinery. 
Additionally, extrusion profiles (dies) typically require 
fabrication in steel by specialised engineering 
companies, making experimentation with the 
extrusion process expensive and with limitations to 
geometries that is achievable through convectional 
toolmaking technologies. Another potential 
contributing factor to the limited exploration of 
extruded earth composites is that industrial extrusion 
machines (such as those used in the ceramic industry) 
are costly and typically based on the auger principle 
(see Figure 1). While the auger extrusion approach 
provides a continuous extrusion flow that is 
advantageous for mass production, this approach is 
likely to be susceptible to jamming when exploring 
fibrous earth composites. An alternative extrusion 
method, based on the piston concept [13], illustrated 
in Figure 1, offers a simpler principle at significantly 
lower construction costs. Although the piston 
approach requires pausing the extrusion process for 
barrel refilling, it is very useful for experimentation in 
smaller and less standardised production situations, 
including trials with earth composite materials.  

 

 
Figure 1: Auger extrusion principle illustrated at the top, 
with piston extruder illustrated below.  
 
2. RESEARCH AIM, QUESTION AND OBJECTIVES  

This research aims to contribute to low-carbon 
construction by presenting a low-cost production 
system that enables researchers, architects and 
builders to utilise digital tools to design and 
prototype new cob and adobe brick components. The 
research question could therefore be articulated as: 
How can 3D printing technologies help facilitate the 
exploration of new earth-based construction units 
based on the extrusion production method? 

The objectives for addressing this research 
question/aim include the following: 
 To test the use of a low-cost extrusion machine 

for use with earth composites. 
 To develop a new toolmaking workflow using 

low-cost 3D printers to fabricate extrusion dies 
for earth composites.  

 To undertake practical tests of the complete 
workflow system, including exploration of 
innovative designs with earth bricks.  

 To undertake quantitative studies of the 
performance of the units produced by the 
system. 

 
3. RESEARCH EQUIPMENT AND PROCESSES 

This research is centred on the use of low-cost 
equipment with the aim of establishing a workflow 
that can be relatively easily replicated by other users 
who wish to explore extrusion of earth composites. 
The equipment pool consists of standard, consumer 
level, Fused Filament Fabrication (FFF) 3D printers, a 
forced action mixer and a piston-based extrusion 
machine constructed by the researchers. 

 
3.1 Low-cost, piston-based extrusion machine  

The extrusion machine utilised in this research has 
been constructed by the researchers primarily using 
off-the-shelf components, including a frame made 
from the Unistrut system [14] and extrusion barrels 
constructed from standard stainless-steel pipes. 
While the extruder design incorporated bespoke 
parts like pipe flanges and plunger brackets, these 
were fabricated locally by a metal fabricator via laser 
cutting. The piston’s movement is facilitated by a 
hydraulic power unit capable of supplying the piston 
cylinder with up to 230 bar of system pressure. 
Hydraulic systems are ubiquitous for powering all 
kinds of plant and heavy machinery, and 
consequently basic hydraulic power systems are 
widely available at relatively low cost. The parts for 
the entire extruding machine used in this study come 
at a cost of around €3000. 

 

 
Figure 2: Low-cost, piston-based extrusion machine with 
hydraulic power unit. Photo: T. Jorgensen, 2020. 

 

3.2 3D printing technology and parameters 
As a part of the complete design and production 

workflow developed in this research, low-cost FFF 3D 
printers play a central role in fabricating the extrusion 
dies. These dies have been developed a two-part 
construction approach: the core die body, known as 
the pressure plate, and the second part, the nozzle, 
which is attached with screws. Two different FFF 3D 
printers were utilised to optimise print quality and 
speed. For the pressure plates, a Creality CR10 S4 3D 
printer was used with a 0.8-mm nozzle to facilitate 
faster printing times. The commonly used Polylactic 
Acetate (PLA) biopolymer was used as the filament 
medium, with print settings including 0.6-mm layer 
heights, 3-layer perimeters, 3-layer top and base and 
a 20% infill. For the die nozzles, a Bambu X1 Carbon 
printer with a 0.4-mm print nozzle was used. ‘Tough 
PLA’ was selected for printing the extrusion nozzles 
due to its enhanced durability, particularly as the 
nozzle was identified as the most susceptible part to 
fracturing. The print settings for the nozzles included 
0.2-mm layer heights, 4-layer perimeters, 4-layer top 
and base and a 30% infill density. These settings were 
chosen to ensure a finer surface quality, as any visible 
layering resulting from the 3D printing process would 
likely have the most significant impact on this part of 
the die. The decision to use these specific print 
settings for the nozzle is informed by the literature on 
paste extrusion, which highlights the potential impact 
of die surface texture on extrusion rheology [15].  

 

  
Figure 3: 3D printing of extrusion dies. Photos: T. Jorgensen, 
2023. 
 
4. TEST SET-UP AND INITIAL FEASIBITITY RESULTS 

Initial feasibility experiments were carried out to 
test whether the cob recipes established by the 
CobBauge team [3] could be extruded using the set-
up. Initial tests focused on experiments with the light 
earth mixture. This composite was prepared with a 
commercial terracotta clay body (Valentine VC1D), 
which was mixed with additional water to create a 
clay slip with a consistency of 14 cm in diameter using 
a clay slip puddle test approach [2]. Using a forced 
action pan mixer, this slip was then mixed with hemp 
shiv with a ratio of 3 to 1 (hemp to clay slip by 
volume). The extruder was set up with a 250-mm 
pipe and a die with a square profile of 100 mm by 100 
mm. The pressure plate section was initially designed 

to have a relatively short depth of 100 mm with sides 
tapering from the 100-mm square profile out to a 
round profile matching the extrusion barrel wall.  

 
4.1 Establishing extrudability of light earth mixture  

The initial tests utilised the CobBauge team’s 
recipe for a light earth mixture. However, this 3:1 
hemp-to-clay slip ratio was found to be too fibrous 
and would jam in the extrusion die. Experiments with 
extrusion die geometry were undertaken to remedy 
the issue. The depth of the pressure plate was 
extended to 150 mm and 200 mm to provide a more 
gradual taper. However, these alterations still failed 
to solve the issue of the mixture’s extrudability. The 
slightly layered texture, which is characteristic of 3D 
printing, was also hypothesised to inhibit the flow of 
the earth composite but smoothing the surface of 
extrusion die with filler and subsequent sanding still 
failed to remedy the problem. Addressing the 
extrudability of the light earth composite was 
concluded to be unattainable through changes to 
extrusion die geometry or by improving the die 
surface. Altering the recipe of the composite 
appeared to be the only viable option to achieve 
extrudability. Several tests were undertaken in which 
the clay slip content of the mixture was gradually 
increased. Through these experiments, it was found 
that a ratio of 4 hemp shiv to 3 clay slip (57.4%–42.4% 
by volume) achieved a mixture that would extrude 
well. It was observed that adjusting the consistency 
of the clay slip had a positive impact on extrudability. 
Adjustment to the consistency of the clay slip was 
also found to aid the extrudability with a ‘wetter’ slip 
(determined by 14cm in the puddle test) found to 
separate from the hemp shiv in the extrusion 
situation. A ‘drier’ slip (8-10cm puddle test) was 
found to create a more extrudable composite. The 
initial tests in this investigation were carried out using 
a standard hemp shiv grade with pieces of up to 22 
mm. However, a finer hemp shiv of 3.5 mm pieces 
was explored and found to improve the extrudability 
even further. This finer hemp shiv allowed for an 
even greater ratio, achieving 60% hemp shiv to 40% 
clay slip.  
 
4.2 Extrusion of the standard cob mixture  

Initial extrusion experiments focused on the use 
of light earth composite with adjustments to the 
hemp-to-clay slip ratio having to be implemented to 
ensure extrudability. Challenges in terms of extruding 
the denser cob mixture were expected, but the 
standard recipe used by the CobBauge team was 
found to extrude very well without any adjustment to 
the recipe. This recipe consists of clay (47.5%), sharp 
sand (51.7%) and 2.5% straw (barley) – all dry 
weights. The clay utilised was a commercial 
stoneware body (Sibelco HZ 3215) with the ‘cigar test’ 

1296



 

Extrusion is an extremely efficient manufacturing 
process that is used extensively to produce fired 
ceramic architectural components, such as bricks and 
tiles. However, in terms of unfired earth bricks, the 
use of extrusion as the manufacturing process 
appears to be significantly under-researched and 
underutilised [11], [12]. The underutilisation of 
extrusion to produce earthen building components 
could be due to difficulties in processing fibrous 
composites through extrusion machinery. 
Additionally, extrusion profiles (dies) typically require 
fabrication in steel by specialised engineering 
companies, making experimentation with the 
extrusion process expensive and with limitations to 
geometries that is achievable through convectional 
toolmaking technologies. Another potential 
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extruded earth composites is that industrial extrusion 
machines (such as those used in the ceramic industry) 
are costly and typically based on the auger principle 
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provides a continuous extrusion flow that is 
advantageous for mass production, this approach is 
likely to be susceptible to jamming when exploring 
fibrous earth composites. An alternative extrusion 
method, based on the piston concept [13], illustrated 
in Figure 1, offers a simpler principle at significantly 
lower construction costs. Although the piston 
approach requires pausing the extrusion process for 
barrel refilling, it is very useful for experimentation in 
smaller and less standardised production situations, 
including trials with earth composite materials.  

 

 
Figure 1: Auger extrusion principle illustrated at the top, 
with piston extruder illustrated below.  
 
2. RESEARCH AIM, QUESTION AND OBJECTIVES  

This research aims to contribute to low-carbon 
construction by presenting a low-cost production 
system that enables researchers, architects and 
builders to utilise digital tools to design and 
prototype new cob and adobe brick components. The 
research question could therefore be articulated as: 
How can 3D printing technologies help facilitate the 
exploration of new earth-based construction units 
based on the extrusion production method? 

The objectives for addressing this research 
question/aim include the following: 
 To test the use of a low-cost extrusion machine 

for use with earth composites. 
 To develop a new toolmaking workflow using 

low-cost 3D printers to fabricate extrusion dies 
for earth composites.  

 To undertake practical tests of the complete 
workflow system, including exploration of 
innovative designs with earth bricks.  

 To undertake quantitative studies of the 
performance of the units produced by the 
system. 

 
3. RESEARCH EQUIPMENT AND PROCESSES 

This research is centred on the use of low-cost 
equipment with the aim of establishing a workflow 
that can be relatively easily replicated by other users 
who wish to explore extrusion of earth composites. 
The equipment pool consists of standard, consumer 
level, Fused Filament Fabrication (FFF) 3D printers, a 
forced action mixer and a piston-based extrusion 
machine constructed by the researchers. 

 
3.1 Low-cost, piston-based extrusion machine  

The extrusion machine utilised in this research has 
been constructed by the researchers primarily using 
off-the-shelf components, including a frame made 
from the Unistrut system [14] and extrusion barrels 
constructed from standard stainless-steel pipes. 
While the extruder design incorporated bespoke 
parts like pipe flanges and plunger brackets, these 
were fabricated locally by a metal fabricator via laser 
cutting. The piston’s movement is facilitated by a 
hydraulic power unit capable of supplying the piston 
cylinder with up to 230 bar of system pressure. 
Hydraulic systems are ubiquitous for powering all 
kinds of plant and heavy machinery, and 
consequently basic hydraulic power systems are 
widely available at relatively low cost. The parts for 
the entire extruding machine used in this study come 
at a cost of around €3000. 

 

 
Figure 2: Low-cost, piston-based extrusion machine with 
hydraulic power unit. Photo: T. Jorgensen, 2020. 

 

3.2 3D printing technology and parameters 
As a part of the complete design and production 

workflow developed in this research, low-cost FFF 3D 
printers play a central role in fabricating the extrusion 
dies. These dies have been developed a two-part 
construction approach: the core die body, known as 
the pressure plate, and the second part, the nozzle, 
which is attached with screws. Two different FFF 3D 
printers were utilised to optimise print quality and 
speed. For the pressure plates, a Creality CR10 S4 3D 
printer was used with a 0.8-mm nozzle to facilitate 
faster printing times. The commonly used Polylactic 
Acetate (PLA) biopolymer was used as the filament 
medium, with print settings including 0.6-mm layer 
heights, 3-layer perimeters, 3-layer top and base and 
a 20% infill. For the die nozzles, a Bambu X1 Carbon 
printer with a 0.4-mm print nozzle was used. ‘Tough 
PLA’ was selected for printing the extrusion nozzles 
due to its enhanced durability, particularly as the 
nozzle was identified as the most susceptible part to 
fracturing. The print settings for the nozzles included 
0.2-mm layer heights, 4-layer perimeters, 4-layer top 
and base and a 30% infill density. These settings were 
chosen to ensure a finer surface quality, as any visible 
layering resulting from the 3D printing process would 
likely have the most significant impact on this part of 
the die. The decision to use these specific print 
settings for the nozzle is informed by the literature on 
paste extrusion, which highlights the potential impact 
of die surface texture on extrusion rheology [15].  

 

  
Figure 3: 3D printing of extrusion dies. Photos: T. Jorgensen, 
2023. 
 
4. TEST SET-UP AND INITIAL FEASIBITITY RESULTS 

Initial feasibility experiments were carried out to 
test whether the cob recipes established by the 
CobBauge team [3] could be extruded using the set-
up. Initial tests focused on experiments with the light 
earth mixture. This composite was prepared with a 
commercial terracotta clay body (Valentine VC1D), 
which was mixed with additional water to create a 
clay slip with a consistency of 14 cm in diameter using 
a clay slip puddle test approach [2]. Using a forced 
action pan mixer, this slip was then mixed with hemp 
shiv with a ratio of 3 to 1 (hemp to clay slip by 
volume). The extruder was set up with a 250-mm 
pipe and a die with a square profile of 100 mm by 100 
mm. The pressure plate section was initially designed 

to have a relatively short depth of 100 mm with sides 
tapering from the 100-mm square profile out to a 
round profile matching the extrusion barrel wall.  

 
4.1 Establishing extrudability of light earth mixture  

The initial tests utilised the CobBauge team’s 
recipe for a light earth mixture. However, this 3:1 
hemp-to-clay slip ratio was found to be too fibrous 
and would jam in the extrusion die. Experiments with 
extrusion die geometry were undertaken to remedy 
the issue. The depth of the pressure plate was 
extended to 150 mm and 200 mm to provide a more 
gradual taper. However, these alterations still failed 
to solve the issue of the mixture’s extrudability. The 
slightly layered texture, which is characteristic of 3D 
printing, was also hypothesised to inhibit the flow of 
the earth composite but smoothing the surface of 
extrusion die with filler and subsequent sanding still 
failed to remedy the problem. Addressing the 
extrudability of the light earth composite was 
concluded to be unattainable through changes to 
extrusion die geometry or by improving the die 
surface. Altering the recipe of the composite 
appeared to be the only viable option to achieve 
extrudability. Several tests were undertaken in which 
the clay slip content of the mixture was gradually 
increased. Through these experiments, it was found 
that a ratio of 4 hemp shiv to 3 clay slip (57.4%–42.4% 
by volume) achieved a mixture that would extrude 
well. It was observed that adjusting the consistency 
of the clay slip had a positive impact on extrudability. 
Adjustment to the consistency of the clay slip was 
also found to aid the extrudability with a ‘wetter’ slip 
(determined by 14cm in the puddle test) found to 
separate from the hemp shiv in the extrusion 
situation. A ‘drier’ slip (8-10cm puddle test) was 
found to create a more extrudable composite. The 
initial tests in this investigation were carried out using 
a standard hemp shiv grade with pieces of up to 22 
mm. However, a finer hemp shiv of 3.5 mm pieces 
was explored and found to improve the extrudability 
even further. This finer hemp shiv allowed for an 
even greater ratio, achieving 60% hemp shiv to 40% 
clay slip.  
 
4.2 Extrusion of the standard cob mixture  

Initial extrusion experiments focused on the use 
of light earth composite with adjustments to the 
hemp-to-clay slip ratio having to be implemented to 
ensure extrudability. Challenges in terms of extruding 
the denser cob mixture were expected, but the 
standard recipe used by the CobBauge team was 
found to extrude very well without any adjustment to 
the recipe. This recipe consists of clay (47.5%), sharp 
sand (51.7%) and 2.5% straw (barley) – all dry 
weights. The clay utilised was a commercial 
stoneware body (Sibelco HZ 3215) with the ‘cigar test’ 
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[16] used to determine the suitable addition of sand. 
Water was added for the mix to achieve a consistency 
that adhered to the ‘drop ball test’ [17]. This test 
requires achieving a 21-cm diameter when a 2-kg cob 
ball was dropped from a height of 1 m.  

 

 
Figure 4: Extrusion tests with both standard cob mixture as 
well as light earth mixture. Photo: T. Jorgensen, 2020. 
 
4.3 Effect of die geometry on surface resolution 

After establishing the parameter of an extrudable 
light earth recipe and testing the extrudability of the 
cob mixture, tests on the effect of the extrusion die 
geometry on the surface fidelity of the extruded cob 
units were carried out. In particular, the impact of the 
length of the extrusion nozzle was investigated. Tests 
with 50-mm, 100-mm and 150-mm nozzles were 
undertaken, and it was found that there was clear 
visual evidence of improved surface fidelity with 
longer nozzles. The impact of the geometry of the 
pressure plate (the taper ratio in particular) was 
found to be less clear, and further testing is required 
to determine how this may affect the extrude parts. 

 

  
Figure 5: Tests with various extrusion nozzle lengths to 
improve surface fidelity. Photos: T. Jorgensen, 2023. 
 
5. CHARACTERISATION OF SAMPLES  

A full range of characterisation tests of extruded 
samples are now underway to determine the effects 
of the extrusion process on the earth brick units 
produced. These tests include compressive strength, 
flexural strength, shear strength, dry density and 
thermal conductivity. While some of these tests are 
still in process, some preliminary results concerning 
shrinkage and compressive strength can be reported, 
which have some noteworthy results. 

 
 
 

5.1 Shrinkage ratio of extruded earth brick units  
One of the most surprising test results is the 

shrinkage rate in earth bricks produced by the 
extrusion process. Measurements were taken at the 
wet forming stage and compared with measurements 
of the units in a completely dry state. The tests were 
carried out by making marks 1000 mm apart on 
extruded test bars with a square cross section of 100 
mm by 100 mm. Measurements of both light earth 
and cob mixtures showed surprisingly different 
shrinkage ratios in relation to the extrusion direction. 
For the cob mix, the shrinkage along the length of the 
extruded forms was under 1% (992 mm = 0.8%). In 
contrast, the cross section had an average of 7% 
shrinkage (93 mm). For the light earth composite, the 
shrinkage along the length of the extruded bars was 
recorded at 1.5% (985 mm). Measurements of the 
cross section recorded an average of 92 mm, 
indicating an 8% shrinkage. In conventional use of 
earth composites for in-situ construction (cob) or 
manufacture of adobe bricks, shrinkage rates of 1–4% 
have been reported [18]. The high level of shrinkage 
in measurements taken across the direction of 
extrusion and the difference in this rate compared 
with the shrinkage rate along the length of the 
extruded parts is significant and surprising. Additional 
tests on other extrude samples have been 
undertaken to validate these readings, with similar 
findings being recorded. The reason for this 
difference is not immediately clear, and further 
research is required.  
 
5.2 Compression strength tests  

Assessments of the structural performance of the 
extruded earth bricks produced in this research are 
not fully complete, but some recordings have been 
undertaken with results of potential significance. 
Samples for both the cob mix and the light earth mix 
were subjected to compression strength tests. 
Samples were produced with a 100 x 100 mm square 
profile extrusion die and then dried and cut into 100 
mm lengths. The samples were tested for 
compressive strength in both the vertical and 
horizontal orientations in relation to the extrusion 
direction. The cob mix performed best, with the 
samples being oriented horizontally in relation to the 
extrusion direction, with a maximum of 19.68-kN load 
recorded. With the samples placed in a vertical 
orientation, the performance was slightly lower at 
19.13 kN. The light earth mix recorded a maximum of 
12.01-kN load in the horizontal orientation and 11.62 
kN in the vertical orientation. All figures are based on 
an average of recordings from 3 test samples. 

Both the performance of the cob and the light 
earth mixtures are far better than commercial earth 
brick products manufactured by pressing or moulding 
in frames [19], [20]. The structural performance of 

 

the extruded samples also far exceeds that reported 
from in-situ cob building [5]. 

Similar to the results of the shrinkage tests, the 
findings from the compressive strength tests are 
surprising and potentially significant. The inherent 
alignment of clay particles and fibres in the extrusion 
process is hypothesised to be the core reason for this 
high level of performance. 

 
6. EXPLORATION OF INNOVATIVE BRICK DESIGN 
APPROACHES  

The extrusion process presents the potential for 
fast design exploration of geometries not easily 
achieved with traditional earth brick shaping 
methods, which typically utilise wooden frames or 
moulds [1]. To provide an initial exemplar of the new 
design possibilities using 3D printed dies in earth 
brick production via extrusion, initial design concepts 
explored interlocking bricks to facilitate rapid 
construction of earth buildings (see Figure 6).  

 

 
Figure 6: Experiments with interlocking earth brick designs. 
Photo: T. Jorgensen, 2023. 

 
This approach is proposed with either wet or dry 

brick units. Employing consumer-level 3D printing 
technology for die creation allows for the rapid 
exploration of a broad range of geometries at an 
exceptionally low cost. with material cost of a die 
approximately €15. This presents the potential of 
exploring innovative constructions approaches 
utilising different earth composites there, building on 
the hybrid wall layer approach established by the 
CobBauge team (design concept example illustrated 
in Figure 7). 
 

Figure 7: Extruded earth brick design concept, Photo: Simon 
Regan, 2023. 

6.1 Exploration of extruded earth bricks with cavities 
Using extrusion to create earth composite bricks 

presents a good opportunity for creating units with 
hollow sections. These cavities are created using 
cores suspended in the extrusion dies. This is a 
method that is widely used for conventional ceramic 
bricks, as this approach presents several advantages, 
including reduction in material use, quicker dying 
times, increased thermal performance and easier 
transport and handling. To create hollow sections in 
extruded parts, die cores must be suspended by a 
frame/bar commonly known as a bridge. The 
principle of crating hollow sections in extruded parts 
relies on the ability of the extrusion medium to be 
separated by a bridge and then forced together again 
through pressure so seamless walls can be achieved. 
To ensure thorough reunification of the extrusion 
medium, the bridge is typically designed to be 
positioned as far as possible from the extrusion 
orifice. For ceramic extrusion, significant structural 
integrity is required by the bridge element, and the 
polymer used for standard 3D filament printing does 
not have anywhere near structural performance of 
the tool steel, which is normally used for the bridge 
element. To overcome this issue, a hybrid approach 
was taken in this research with the 3D printed dies 
designed to incorporate a stainless-steel metal bar on 
which 3D printed cores could be suspended. This die 
design is illustrated in Figure 8.  
 

  
Figure 8: 3D printed extrusion dies with cores fitted to 
create earth bricks with cavities. Photo: T. Jorgensen, 2023. 
 

Several experiments with the light earth mixture 
were undertaken with dies that incorporated cores, 
all with a good level of success.  

 

  
Figure 9: Experiments with cavities in extruded earth bricks. 
Photos: T. Jorgensen, 2023. 
 

1298



 

[16] used to determine the suitable addition of sand. 
Water was added for the mix to achieve a consistency 
that adhered to the ‘drop ball test’ [17]. This test 
requires achieving a 21-cm diameter when a 2-kg cob 
ball was dropped from a height of 1 m.  

 

 
Figure 4: Extrusion tests with both standard cob mixture as 
well as light earth mixture. Photo: T. Jorgensen, 2020. 
 
4.3 Effect of die geometry on surface resolution 
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geometry on the surface fidelity of the extruded cob 
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Figure 5: Tests with various extrusion nozzle lengths to 
improve surface fidelity. Photos: T. Jorgensen, 2023. 
 
5. CHARACTERISATION OF SAMPLES  
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7. PRELIMINARY CONCLUSIONS AND DISCUSSION 
The research has successfully demonstrated a 

solid proof-of-concept that low-cost 3D printers can 
be used effectively in a toolmaking scenario for the 
extrusion of earthen-based brick units. A key aspect 
of the manufacturing concept developed in this 
research is the low cost. A complete extrusion set-up, 
like the one utilised in this research, can be acquired 
for less than €5000. Based on the low cost the 
authors argue that the using 3D printing for creating 
earth brick extrusion dies presents innovation 
opportunities for the design of cob and adobe 
buildings. The research also seems to indicate that 
the extrusion process delivers unexpected material 
characteristics in the resulting earth bricks. Some of 
these characteristics may pose challenges, such as 
high shrinkage rates across the width of the extruded 
parts. Other characteristics, such as high compressive 
strength, present significant advantages. The 
remaining characterisation tests should provide a 
clearer picture of the overall potential of the 
extrusion process to deliver innovation in the quest 
to deliver low-carbon and more sustainable 
construction approaches. 
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ABSTRACT: Policymakers in Europe and beyond prioritize nature-based solutions (NBS) as a crucial strategy to 
tackle societal challenges, including mitigating the impact of climate change and contributing to the achievement 
of international goals. Risk management and resilience can be improved over conventional approaches, which is 
of utmost importance today, as Europe is not only confronted with several natural hazards but also with man-
made threats. Therefore, to ensure the maximum effectivity of NBS, it is crucial to comprehend and enhance their 
capacity for preventing and enduring malicious attacks. Specifically, this paper lays the foundation for the Horizon 
Europe project titled "City nature-based solutions integration to local urban infrastructure protection for a climate-
resilient society" (NBSINFRA). The paper explores the role of NBS in safeguarding infrastructure against man-made 
hazards while simultaneously being susceptible to such threats. Results revealed NBS interventions that effectively 
mitigate such threats and other NBS more vulnerable to man-made hazards, jeopardizing public safety and 
contributing to criminal activities if inadequately designed. Based on this review of the literature, landscape 
architecture and NBS implementation seem to already exploring how the integration of nature and urban 
environments can safeguard cities and their inhabitants not only from natural hazards but also potential human-
made risks. 
KEYWORDS: Nature-based Solutions; NBS; Man-made Hazards; Literature Review; Infrastructure. 

1. INTRODUCTION
Critical infrastructure consists of assets or systems 

that are vital to the maintenance of certain societal 
functions. Natural disasters, criminal activity, or 
malicious behaviour may damage infrastructure, 
resulting in its destruction or disruption, which may 
severely impact the safety and well-being of citizens 
[1]. The protection of critical infrastructure as well as 
the mitigation of disaster impact are both dependent 
on constant innovation. The international community 
recognizes the imperative to diminish the risk posed 
by both natural and man-made hazards, a core 
principle underscored in the Sendai Framework for 
Disaster Risk Reduction [2]. 

In fact, policymakers in Europe and beyond 
prioritize nature-based solutions (NBS) as a crucial 
strategy to tackle various societal challenges, including 
addressing natural hazards, mitigating the impact of 
climate change, advancing sustainability goals, and 
contributing to the achievement of the United Nations' 
Sustainable Development Goals (SDGs) [3,4]. NBS are 
a cost-effective way to build infrastructure that is 
resilient to climate change-induced hazards while 
benefiting humans and biodiversity [5,6]. By 
combining NBS with local knowledge, critical 
infrastructure can be protected from natural and man-
made disasters.  

With solutions such as these, risk management and 
resilience can be improved over conventional 
approaches [7], which is of utmost importance today, 
as Europe is not only confronted with a number of 
natural hazards, including pandemics, droughts, heat 
waves, storms, floods, and wildfires but also with man-
made hazards [8].  

Nevertheless, disaster risk management and 
adaptation concentrate on minimizing exposure and 
vulnerability while enhancing resilience to the 
potential adverse effects of both natural and man-
made hazards. Although it is acknowledged that risks 
cannot be entirely eradicated, these efforts enable 
assets to better withstand and cope with such 
challenges [9]. 

2. NBSINFRA HORIZON EUROPE PROJECT
The protection of infrastructures against hazards 

and, in particular, man-made ones, such as terrorism, 
cyber-attacks, or malicious behaviour, has been a 
priority of the European Commission with the 
European Programme for Critical Infrastructure 
Protection (EPCIP) [10]. Although much effort is being 
expended in re-naturalizing the infrastructure with 
NBS (e.g., Langemeyer and Baró [11]), man-made 
threats, along with natural disasters, pose a potential 
danger to the operating and monitoring systems of the 
infrastructure.  
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Therefore, to ensure the maximum effectiveness 
of NBS, its capability for preventing malicious attacks 
and sustaining them must be understood and further 
developed.  

Specifically, this paper lays the foundation for the 
new Horizon Europe project titled "City nature-based 
solutions integration to local urban infrastructure 
protection for a climate-resilient society" (NBSINFRA) 
that just began in September 2023 (4-year project).  

There is indeed a focus on improving resilience in 
vulnerable infrastructure, and the project's main 
objective is to enhance the local urban infrastructure 
protection against natural and man-made hazards 
through NBS co-design and co-creation for a 
sustainable and resilient society developing a 
methodology and toolkit that could serve as a best 
practice guide.  

Existing and new approaches will be tested in five 
different locations, respectively, Aveiro (PT), Fingal 
(IE), Prague (CZ), Cologne (DE) and Ruse (BG), in the so-
called City Labs. 

In particular, a comparison of infrastructure 
vulnerabilities with and without NBS will be conducted 
via impact simulations and conditions comparisons. In 
addition to natural hazards, physical and cyber-
physical attacks will be considered threats to the 
infrastructure and the NBS. For instance, NBS 
monitoring systems, which would reveal their wider 
benefits and impacts, may be potential targets of 
cybercrime and other man-made hazards.   
 
2.1 Scope of the paper 

The paper explores the role of NBS in safeguarding 
specific infrastructure against potential manmade 
hazards while simultaneously being susceptible to 
such threats. The purpose of this study is to determine 
whether NBS for infrastructure is at risk from man-
made hazards or if NBS might offer protection from 
them by examining the available literature on the topic 
(Fig. 1). 
 
3. METHODOLOGY 

A manual review was conducted using three of the 
most widely used search engines, Web of Science, 
Google Scholar and Scopus. Keywords utilized in this 
search included 'Nature-based solution or NBS', 
‘landscape design’, 'man-made or man-made hazards', 
'cyber-attack* or cyber threat* or cybersecurity', 
'terrorism', 'war*', ‘crime’ 'infrastructure', 'monitor* 
OR sensor*', ‘risk management’. At the same time, 
information was collected from online newspapers 
which reported case studies of real attacks on such 
infrastructure. Information was collected and 
clustered into two options. From this operation, the 
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in mitigating different manmade hazards and at the 
same time, the most recurrent human threats they 
may face.  

Two distinct clusters concerning NBS and 
manmade hazards are delineated: the first cluster 
pertains to potential attacks on critical infrastructure, 
which could be mitigated through the deployment of 
NBS (for instance, the use of wetlands to ram a 
vehicle); the second cluster addresses the vulnerability 
of NBS, often monitored through measurements and 
sensors to counteract natural hazards like floods and 
heat waves, or disruptions to the functionality of NBS 
itself (such as cases where hackers may interfere with 
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people [14–17] 

Induced fire [18] 

Terrorism  
Vehicle-ramming [16,19–21] 
Explosive attack [22,23] 

 
Concerning Cluster 1, specifically within the 

"Crime" category, a thorough examination has been 
conducted on three principal issues. Cioffi [13] and 
Everard et al. [12] underscore the potential 
endangerment of water infrastructure, emphasizing 
its impact on water security. Additionally, they 
advocate for the integration of NBS and efficient water 
harvesting as viable measures to alleviate and diminish 
this vulnerability.  

An expanding body of literature is investigating the 
correlation between urban greenspaces and crime, 
producing contrasted findings [17]. Notably, Venter et 
al.  [15] observed that a greater prevalence of greenery 
in the vicinity of a building correlates with a decrease 
in reported crimes, including both violent and property 
offences; the same outcome resulted from the study 
of Wolfe and Mennis [14]. A significant correlation was 
found between the abundance of vegetation and a 
reduction in assaults, robberies, and burglaries, but 
not thefts. Urban planning policies could be influenced 
by this, especially as cities adopt green growth plans, 
emphasizing the importance of integrating sustainable 
crime prevention strategies into city planning. 

Conversely, Koskela & Pain [24] and Sonti et al. [25] 
emphasize the potential influence of perceptions or 
fear of crime stemming from vegetation in 
neighbourhoods, attributing it to issues such as blind 
spots and excessive density of vegetation. 

Furthermore, Regos [18] has underscored the 
potential of NBS as a preventive measure to mitigate 
wildfires increasingly instigated by human activities.  

In the context of acts of terrorism within urban 
environments, particularly in open spaces and 
pedestrian zones, numerous publications and 
examples of best practices incorporate NBS.  

Notably, Felix et al. [19] or the book of the Center 
for the Protection of National Infrastructure [20] 
exemplify how landscape design elements, such as 
trees and flower boxes, can function as defensive 
systems to enhance building security. They advocate 
for the incorporation of elements like elevated 
planters, trees, and benches or other street furniture 
as substitutes for bollards to offer perimeter 
protection for designated structures. These features 
may possess crash-resistant capabilities, providing the 
security benefits of crash-rated bollards without 
overtly signalling their protective function. Anti-
terrorism barriers of this nature have been deployed 
in numerous European cities. Fig. 2 illustrates an 
example wherein plants are positioned within 
weathering steel cylinders, striking a balance between 
accommodating security for critical buildings and their 

occupants, and preserving the vibrancy of the public 
space. 

 

 
 

Figure 2: Example of Nature-based solutions installed as 
anti-terrorism barriers in the city centre of Rimini, Italy. This 

was an initiative made in 2020 called “Incontro alle 
barriere” which means “meeting at the barriers”. Photo: 

Felicioni L. 
 
The relevance of landscaping in crime prevention is 

underscored by the RIBA report [21], providing 
another illustrative example. As an example, clearing 
or maintaining vegetation around parking lots may be 
necessary to ensure clear sightlines, create 
unobstructed camera views along perimeter fencing, 
provide patrol space for security guards, and eliminate 
potential shelter for intruders. Additionally, the 
addition of water features to the landscape enhances 
the site not only aesthetically, but also serves as both 
a habitat for wildlife and a physical barrier against 
intruders. 

Moreover, NBS can serve as effective impediments 
to establishing blast-resistant infrastructure or 
buildings, as demonstrated by Koccaz et al. [22]. The 
judicious selection of suitable vegetative species 
becomes crucial, particularly when employed as a 
perimeter barrier in the guise of thorny hedges and 
dense hedgerows. Considerations for the ultimate size 
and maintenance requirements are necessary to 
prevent the obstruction of critical sight lines or the 
creation of potential hiding places. In a broader 
context, the strategic placement of taller vegetation 
near buildings is recommended to ensure the 
preservation of open sight lines [16].  

In fact, the use of water and greenery for 
safeguarding against man-made hazards is not a 
recent concept in landscape architecture; people have 
employed this strategy for centuries, evident in 
structures like citadels or castles. The contemporary 
challenge lies in embracing an interdisciplinary 
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approach to adapt this traditional concept to the 
demands and knowledge of modern urban areas, 
considering the dynamics of current public spaces. 
Indeed, Fig. 3 exemplifies an ancient case showcasing 
the multifaceted application of NBS, extending beyond 
the mitigation of natural hazards, such as coastal 
flooding. Notably, the Citadel of Copenhagen in 1807 
serves as a historical testament to the dual purpose of 
NBS, both in defence against military conflicts – 
exemplified during the Battle of Copenhagen against 
the United Kingdom – and contemporary employment 
for flood hazard mitigation. Presently, the terrain 
depression serves a primary function in addressing 
flood-related risks.  

A contemporary example of NBS deployed for 
protective purposes is evident in the design of the US 
embassy in London, United Kingdom. The building is 
surrounded by a bioswale, primarily implemented for 
environmental considerations. However, the design is 
meticulously calibrated to effectively impede any 
moving vehicle attempting to breach the premises by 
strategically incorporating features capable of 
thwarting such attempts across the expanse of 
meadow grasses.  
 

 
 

Figure 3: Close-up detail of the terrain depression and the 
water moat that surrounds the Citadel of Copenhagen, 

Denmark. Photo: Rybova B.  
 
3.2 Cluster 2 - NBS threatened by manmade hazards 

The primary challenges identified within this 
second cluster revolve around Crime and Cyber 
Attacks, as illustrated in Table 2.  
 

Table 2 Cluster 2 regarding NBS potentially threatened by 
manmade hazards. 

Manmade 
threat 

Focus References 

Crime People [24,26,27] 

Cyber attack 
Monitoring 

systems [28,29] 

Poisoning [30] 
 

Concerning the "Crime" category, prominent 
themes consistently circled around the integration of 
vegetation characteristics, such as density and height, 
with factors including illumination, legibility of 
pedestrian routes, and maintenance practices. These 
factors, coupled with the absence of signs of 
incivilities, collectively contribute to a positive 
perception of space. It is crucial to note that an 
inadequately designed environment may engender a 
fear of potential attacks by strangers, as exposed by 
Koskela & Pain [24] and Hosseinalizadeh [26]. 

In the "Cyber attack" category, the use of Earth 
Observation (EO) tools, including satellites and drones, 
for monitoring distant spots may be susceptible to 
cyber threats and hacking. Notably, Chrysoulakis et al. 
[29] underscores that EO presents unexploited 
possibilities, supplying essential data for evaluating 
the influence of NBS on urban dynamics, particularly in 
relation to energy, water, and carbon balances. In the 
event of a technological breach, there exists the 
potential for malicious use to disrupt disaster 
management and relief operations, subsequently 
amplifying the extent of damage and casualties. 
Another example is the water infrastructure, which is 
susceptible to direct targeting or contamination 
through the introduction of toxic substances or 
disease-causing agents [30]. Instances of such 
malicious activities are exemplified by hacker attacks 
on blue infrastructures, particularly irrigation systems, 
resulting in the introduction of hazardous amounts of 
chemicals. A notable episode occurred in Florida in 
2021, and this was not an isolated occurrence, with 
several other incidents documented in Israel [31]. 

Noteworthy studies, such as those conducted by 
Koskela & Pain [24] and Ogletree et al. [17], explore 
public perceptions of greenery in urban environments 
and its capacity to mitigate criminality and other 
threats. For a considerable number of respondents, 
the presence of greenery contributes to a more 
pleasant and secure environment since the number of 
crimes reduced after the implementation of new 
green areas.  

Furthermore, proper maintenance of NBS is 
essential. For instance, inadequate planting of a tree 
barrier can lead to weakened roots, resulting in 
reduced shading benefits and a compromised wind-
barrier effect. Similarly, the use of low-quality 
substrate can impede rainwater retention, hindering 
effective evaporation and diminishing the cooling 
impact on the city during summer. Additionally, it may 
compromise trees’ ability to provide sufficient 
protection to pedestrians in the event of a vehicle 
attack. This principle can be extended analogously to 
swales and rain gardens.  

 
4. CONCLUSION 

This study investigates the dual aspects of NBS in 
relation to their potential mitigation of, or 
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resulting in the introduction of hazardous amounts of 
chemicals. A notable episode occurred in Florida in 
2021, and this was not an isolated occurrence, with 
several other incidents documented in Israel [31]. 

Noteworthy studies, such as those conducted by 
Koskela & Pain [24] and Ogletree et al. [17], explore 
public perceptions of greenery in urban environments 
and its capacity to mitigate criminality and other 
threats. For a considerable number of respondents, 
the presence of greenery contributes to a more 
pleasant and secure environment since the number of 
crimes reduced after the implementation of new 
green areas.  

Furthermore, proper maintenance of NBS is 
essential. For instance, inadequate planting of a tree 
barrier can lead to weakened roots, resulting in 
reduced shading benefits and a compromised wind-
barrier effect. Similarly, the use of low-quality 
substrate can impede rainwater retention, hindering 
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impact on the city during summer. Additionally, it may 
compromise trees’ ability to provide sufficient 
protection to pedestrians in the event of a vehicle 
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4. CONCLUSION 

This study investigates the dual aspects of NBS in 
relation to their potential mitigation of, or 

 

susceptibility to, man-made hazards. The literature 
review reveals two primary clusters: the first 
emphasizes NBS interventions that effectively mitigate 
such threats, while the second cluster consists of 
publications and examples highlighting the 
vulnerabilities of NBS to man-made hazards, which 
could pose risks to public safety and contribute to 
criminal activities if inadequately designed—such as in 
cases concerning dense vegetation that obscures blind 
spots.  

Based on this review of literature, it is evident that 
landscape architecture has begun exploring how the 
integration of nature and urban environments can 
safeguard cities and their inhabitants not only from 
natural hazards but also potential human-made risks. 
Nevertheless, there are relatively few concrete 
examples of NBS being employed to mitigate 
manmade hazards. 

The insights gathered from this study serve as 
foundational knowledge for the Horizon Europe 
NBSINFRA project, designed to enhance infrastructure 
resilience against both natural and man-made hazards. 
These findings will be instrumental in guiding the 
implementation of new NBS within the City Labs' 
locations but will also steer additional studies and 
applications of NBS for mitigating man-made hazards 
in various European contexts. 

Future work will delve into the specific 
probabilities of encountering man-made hazards 
within the City Labs. 
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ABSTRACT: This research explores the use of bamboo as a sustainable construction material in Brazil, particularly 
in the state of São Paulo. It systematically categorizes architectural typologies and design detailing of six case 
studies using full-culm bamboo as a structural primary element. The research employs a descriptive 
methodology, analysing bamboo structures in existing literature and through firsthand data gathered by the 
author via site visits and interviews. The paper highlights bamboo's versatility, demonstrating its use in various 
architectural types, from orthogonal to curvilinear, and connections ranging from low to high technological 
complexity. The case studies include an art gallery, residential and commercial spaces, and a cultural venue, 
which, when analysed under the proposed theoretical framework, reveal insights into the architectural 
characteristics and practical implementation of bamboo in the Brazilian scenario. This research underscores 
bamboo's potential as a key material for future environmentally-conscious architectural design in Brazil, while 
acknowledging current challenges in design processes and execution, due to its nascent status in the civil 
construction sector as a conventional material.   
KEYWORDS: Bamboo Architecture, Full-Culm Bamboo, Sustainable Construction, Brazilian Architecture, Building 
Techniques  

1. INTRODUCTION
Bamboo exhibits inherent sustainability evidenced 

by its global occurrence, rapid growth, and efficient 
carbon sequestration. Advancements in affordable 
treatment methods make bamboo both durable and 
accessible for construction [1]. The resilience of this 
bio-based material can be perceived from both an 
ecological and a social vantage point. In architecture, 
the use of bamboo is particularly advantageous for 
countries in the Global South, where its natural 
abundance and minimal processing requirements 
make it a viable building material [2]. 

Bamboo’s versatility spans from advanced 
products like plyboards to its natural cylindrical 
shape, termed full-culm bamboo. Even unprocessed, 
it has properties that make it suitable for a variety of 
structural applications. Countries like Indonesia have 
integrated bamboo into their recent architectural 
fabric by merging traditional construction techniques 
with contemporary design strategies [3]. In contrast, 
Brazil is at the early stages of exploring bamboo’s 
architectural potential and lacks a foundational 
bamboo-centric culture.  

The main objective of this study is to 
systematically categorize the structural systems and 
joint techniques in six case studies in the state of São 
Paulo that use full-culm bamboo as a main structural 
element. This aims to provide a comprehensive 
perspective on bamboo's role in Brazil's sustainable 

construction trends and to aid in interpreting these 
structures' contribution to the evolution of bamboo 
architecture in Brazil. 

2. MATERIALS AND METHODS
This study utilizes a descriptive approach, 

collecting technical information from existing 
literature on architectural projects and direct data 
acquisition by the author through site visits and 
interviews with architects responsible for the 
projects. Six case studies, built from 2016 onward, 
were selected based on their primary use of full-culm 
bamboo as a permanent structural element, their 
alignment with species recognized by the INBAR 
special economic interest list [4], and architectural 
significance. Professional architectural teams 
designed each case study, and they were built with 
supervised construction. The investigation excluded 
buildings created using algorithmic design approach, 
as they predominantly use forms of bamboo other 
than full-culm, such as splits, for construction 
purposes [5]. 

The analysis initiates by applying classification 
systems from three doctoral theses to categorize 
bamboo structures [6-8]. These systems, determined 
by recent studies, provide a comprehensive 
framework for understanding bamboo structures and 
connections, covering both broad structural concepts 
and a detailed overview of connections. Within this 
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in the state of São Paulo. It systematically categorizes architectural typologies and design detailing of six case 
studies using full-culm bamboo as a structural primary element. The research employs a descriptive 
methodology, analysing bamboo structures in existing literature and through firsthand data gathered by the 
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acknowledging current challenges in design processes and execution, due to its nascent status in the civil 
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bio-based material can be perceived from both an 
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the use of bamboo is particularly advantageous for 
countries in the Global South, where its natural 
abundance and minimal processing requirements 
make it a viable building material [2]. 
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products like plyboards to its natural cylindrical 
shape, termed full-culm bamboo. Even unprocessed, 
it has properties that make it suitable for a variety of 
structural applications. Countries like Indonesia have 
integrated bamboo into their recent architectural 
fabric by merging traditional construction techniques 
with contemporary design strategies [3]. In contrast, 
Brazil is at the early stages of exploring bamboo’s 
architectural potential and lacks a foundational 
bamboo-centric culture.  

The main objective of this study is to 
systematically categorize the structural systems and 
joint techniques in six case studies in the state of São 
Paulo that use full-culm bamboo as a main structural 
element. This aims to provide a comprehensive 
perspective on bamboo's role in Brazil's sustainable 

construction trends and to aid in interpreting these 
structures' contribution to the evolution of bamboo 
architecture in Brazil. 

2. MATERIALS AND METHODS
This study utilizes a descriptive approach, 

collecting technical information from existing 
literature on architectural projects and direct data 
acquisition by the author through site visits and 
interviews with architects responsible for the 
projects. Six case studies, built from 2016 onward, 
were selected based on their primary use of full-culm 
bamboo as a permanent structural element, their 
alignment with species recognized by the INBAR 
special economic interest list [4], and architectural 
significance. Professional architectural teams 
designed each case study, and they were built with 
supervised construction. The investigation excluded 
buildings created using algorithmic design approach, 
as they predominantly use forms of bamboo other 
than full-culm, such as splits, for construction 
purposes [5]. 

The analysis initiates by applying classification 
systems from three doctoral theses to categorize 
bamboo structures [6-8]. These systems, determined 
by recent studies, provide a comprehensive 
framework for understanding bamboo structures and 
connections, covering both broad structural concepts 
and a detailed overview of connections. Within this 
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framework, the case studies are examined to draw 
insights on characteristics of Brazilian bamboo 
architecture. 

The six architectural projects selected to illustrate 
the varied use of full-culm bamboo architecture in 
Brazil and to be analysed under the proposed 
theoretical framework by this research are: 

1. Galeria de Arte Catuçaba (2016) at São Luiz do 
Paraitinga by CRU! Architects: 110m² art gallery. 

2. Casa de Hóspedes Picinguaba (2017) at 
Picinguaba by CRU! Architects: 60m² guest house. 

3. Casa das Birutas (2019) at Piracaia by Gera 
Brasil: 212m² single-family residence. 

4. Loja FARM Moema (2021) in São Paulo city by 
Rosenbaum: 247m² clothing store. 

5. Casa da Música, Vitor Lotufo (2021): Botucatu - 
100m² cultural music venue. 

6. Unidade de Alimentação e Nutrição (UAN) at 
Fazenda Painal in Cravinhos by Niner Arquitetura: 
200m² support facility. 
 
3. CATEGORIES: STRUCTURE AND DETAIL 

Recognized in building design since the early 
2000s, and due to pioneering structures like the ZERI 
Pavilion built at the Expo Hannover by Simon Vélez 
[9], bamboo architecture merges bio-based materials 
with contemporary sustainable development needs. 
Despite its growing relevance, it remains largely 
absent from standard architectural education. 
However, the field's experts have been able to 
explore bamboo's versatile building potential, often 
through practical experience [6]. This section 
introduces categorizations for understanding the 
complexities of full-culm bamboo design and 
construction, offering a structured approach to this 
innovative architectural domain. 
 
3.1 Structural grouping system 

The first classification system, as outlined by 
Mouton (2021) [6], groups bamboo structures based 
on their level of orthogonality (Fig. 1). The study in 
question presented five structural groups as follows. 
The "organically woven freeform architecture" 
predominantly uses bamboo strips instead of full-
culm bamboo, incorporates algorithmic design, and 
most structures under this category are temporary; 
this classification is not applicable for this study. The 
"curvilinear architecture" is form-active, deriving 
stability from its shape, capable of bearing axial 
forces in tension or compression but not bending 
moments. Arch-based structures are under this 
category. The "truss architecture" employs plain 
geometrical triangulation systems for efficient force 
transfer. "Geometric structures" are grounded in 
mathematical principles, resulting in distinct 
geometries such as space frames and grid shells. Grid 
shells can further be of hyperbolic paraboloid, 

pantograph grid shell, diagrid, or geodesic dome 
types. Lastly, "orthogonal bamboo architecture" 
involves the use of bamboo either horizontally or 
vertically, typically serving as beams and columns 
without any diagonal or curved application.  

 
Figure 1: Bamboo structure typology progression [6]. 
 

The initial step for bamboo design may involve 
selecting a structural system based on project 
requirements and local resources. For example, 
different bamboo species suit specific structural types 
and force transfer requirements, besides presenting 
distinct aesthetic characteristics. The next phase in 
design focuses on the detailing of joints, where 
bamboo culms intersect and connect with other 
materials. Connectors are crucial for ensuring 
effective force transfer and the research conducted 
by Widyowijatnoko (2012) [7], proposes a 
classification system to guide these considerations. 
 
3.2 Connection Classification 

The second classification system discussed in this 
study addresses the connections of bamboo 
structures. As proposed by Widyowijatnoko (2012), 
connections are grouped based on the mechanisms 
of force transfer and the positioning of the connector 
(Fig. 2).  
 

 
 
Figure 2: Illustration of force transfer in the six groups of 
bamboo connectors [7]. 
 

The ‘Group 6’ connectors, a specific connection 
type developed for a particular thesis, is not 
considered in this paper. 

Bamboo structures often incorporate one or more 
connection groups. For instance, the widely used fish-

 

mouth connector combines elements of ‘Group 1 and 
4A’, and sometimes includes a mortar filling from 
‘Group 2’. The proposed systematization is essential 
for designing connectors and the execution of these 
can range from traditional manual labour to a more 
advanced technological fabrication. 
 
3.3 Technological Classification of connectors 

Furthermore, Larrinaga (2022) [8] classifies 
connections based on their technological complexity:  

▪ Low-tech connections: Embody traditional and 
vernacular techniques that rely predominantly 
on local resources and skills. 

▪ Medium-tech connections: Employ standardized 
materials, commonly supplied by the civil 
construction sector. These materials interface 
with bamboo but aren't necessarily bamboo-
specific. 

▪ High-tech connections: Require specialized 
fabrication and demand specialized labour that 
are not bamboo-related. 

The choice of connector technology affects the 
labour intensity and modernity of the fabrication 
process. Successful bamboo structures depend on a 
thoughtful process encompassing structural typology, 
force transfer at connection points, and effective 
fabrication methods of these connectors. The case 
studies are analysed across these categories. 
 
3.4. Case studies analysis 

The analysis categorized the gathered data based 
on structural systems [6], connection types [7], and 
connection technology levels [8], and resulted in the 
subsequent systematization shown in Table 1. 
 
Table 1: Systematic Classification of Case Study Attributes.  
 

Project Architecture  Joints Tech 
1 Orthogonal + Curvilinear 2 High 

2 Truss 2 and 4 High 

3 Geometric + Curvilinear 3 and 5 Low and 
Medium 

4 Truss 1 and 4 Medium 

5 Geometric 3 and 5 Low and 
Medium 

6 Truss 4 High 
 

Table 1 reveals a diverse application of full-culm 
bamboo in Brazilian architecture, including all 
typologies proposed by Mouton (2021) – from 
orthogonal to curvilinear. The joint types used vary, 
and also incorporate all joint types classified in study 
[7]. Some projects employ a single type of connector, 
while others use a combination of two types of 
connectors, mixing and matching types in order to 
ensure correct force transfer throughout the 
structure. Technologically, the connections range 

from low to high complexity, indicating a mix of 
traditional and advanced construction techniques in 
these bamboo connections, however with a clear 
inclination to a more technological approach. None of 
the structures rely solely on low technological 
connectors. 
 
4. ARCHITECTURAL FRAMEWORK EVALUATION 

This section delves into how the categorization 
systems from three doctoral theses apply to the six 
case studies. The process begins with a broad 
overview of each structure, gradually narrowing 
down to focus on finer details and fabrication 
techniques. This approach offers a comprehensive 
understanding of each case study, linking theoretical 
concepts to their practical implementation in bamboo 
architecture. It provides a structured analysis, from 
general structural elements to specific joint types and 
technological methods used in construction. 
 
4.1. Galeria de Arte Catuçaba 

In the art gallery, the orthogonal structure is 
enhanced by curvilinear arches that form a pathway 
(Fig. 3), guiding visitors through the exhibit. The 
'Group 2' violin connectors (Fig. 3), crafted from 
locally sourced hardwood, visually and functionally 
illustrate force distribution, creating a sense of 
suspension and lightness. This material and design 
fusion mirrors the estate's natural setting, offering an 
immersive experience akin to walking through 
bamboo portals. 
 

  
Figure 3: Art gallery architecture and violin connector. 
Source: Author, 2023. 
 
4.2. Casa de Hóspedes Picinguaba 

The guesthouse is designed in between a rammed 
earth wall and an opposite glass curtain wall, and 
features two distinct bamboo truss formations. The 
first, outside the rammed earth wall, bridges the 
main and guest houses, using 'Group 2' connectors 
(Fig. 4) for both structural support and decorative 
purposes. Inside, the minimalistic trusses (Fig. 4) 
maximize the 60m² space and pair a bamboo culm 
with a steel rod in a 'Group 4' connection forming an 
inverted truss, exemplifying bamboo's strength. This 
structure supports a green roof and offers 
unobstructed garden views, providing a comfortable 
and spacious guest shelter. 
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illustrate force distribution, creating a sense of 
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earth wall and an opposite glass curtain wall, and 
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first, outside the rammed earth wall, bridges the 
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Figure 4: Guest house architecture and ‘Group 2’ connector. 
Source: Author, 2023. 
 
4.3. Casa das Birutas 

This residence combines a geometric structural 
typology with curvilinear forms, resulting in a 
pantographic grid shell (Fig. 5) supported by bamboo 
arches for wide spans. The 100m² space, with an 
open floor plan, omits a traditional ceiling, integrating 
the bamboo structure into its interior design. Bamboo 
curving at the arches is achieved mechanically 
through V-section cuts. The assembly of the arches 
with the pantographic structure utilizes synthetic 
rope lashings typical of 'Group 3' and screws from 
'Group 5' (Fig. 5) for securing connections. This rustic 
design, blending complexity with traditional methods, 
creates a sustainable home that offers panoramic 
views into the ecovillage's natural environment. 
 

   
Figure 5: House architecture and ‘Group 3+5’ connector. 
Source: Gera Brasil, n.d. 
 
4.4. Loja FARM Moema 

At the clothing store in São Paulo, the renovation 
design concept introduced a new bamboo roof, 
enhancing the store's eco-conscious image. The roof's 
single plane trusses (Fig. 6), coupled with cross-
braced beams, offer slenderness – which is the main 
structural concept developed by the architect. 
Bamboo's natural colour contributes to the store's 
airy, well-lit ambiance. Structural integrity is ensured 
through ‘Group 1 + 4’ connectors (Fig. 6), commonly 
denominated as fish mouths, blending strength with 
the sleek design ethos of the brand. 
 

  
Figure 6: Store architecture and ‘Group 1+4’ connector. 
Source: Author, 2023. 

 
4.5. Casa da Música 

This music venue's structure, a geometric 
hyperboloid paraboloid (Fig. 7), is designed for 
optimal acoustics, utilizing bamboo's flexibility, 
specifically bending and torsion capacity. The use of 
‘Group 3’ and ‘Group 5’ connectors (Fig. 7), 
combining steel rods and cable lashings, enhancing 
the structure's rigidity. This approach, initially 
focused on lashings, evolved to integrate steel for 
practicality. The venue's design stands out for its 
double-curved surfaces in the roof and walls, 
showcasing a fusion of function and architectural 
form exploration with bamboo as the main structural 
element. 
 

  
Figure 7: Music venue and ‘Group 3+5’ connector. 
Source: Author, 2023. 
 
4.6. Unidade de Alimentação e Nutrição (UAN) at 
Fazenda Painal 

In the UAN project, the truss design, utilizing 
bamboo and steel, optimizes ceiling height (Fig. 8). 
Instead of bamboo, the lower chord of the truss is 
made out of steel and extends in one piece, 
circumventing eventual bamboo transportation issues 
and avoiding horizontal connections in bamboo 
culms. Bamboo, used for the triangular and upper 
chords, connects to the steel via gusset plates in 
'Group 4' joints (Fig. 8). This arrangement distributes 
stress, preventing damage in bamboo culms. The 
trusses are inclined, achieved by adjusting cross-
bracing dimensions, complementing to the design 
requirements of an inclined roof. The truss was 
assembled on-site and hoisted into place, facilitated 
by pre-perforated holes in the bamboo culms for 
steel rod fittings. 
 

  
Figure 8: UAN cafeteria and ‘Group 4’ connector. 
Source: Author, 2023. 
 
5. RESULTS 

The case studies include a variety of functions 
such as an art gallery, residential and commercial 
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practicality. The venue's design stands out for its 
double-curved surfaces in the roof and walls, 
showcasing a fusion of function and architectural 
form exploration with bamboo as the main structural 
element. 
 

  
Figure 7: Music venue and ‘Group 3+5’ connector. 
Source: Author, 2023. 
 
4.6. Unidade de Alimentação e Nutrição (UAN) at 
Fazenda Painal 

In the UAN project, the truss design, utilizing 
bamboo and steel, optimizes ceiling height (Fig. 8). 
Instead of bamboo, the lower chord of the truss is 
made out of steel and extends in one piece, 
circumventing eventual bamboo transportation issues 
and avoiding horizontal connections in bamboo 
culms. Bamboo, used for the triangular and upper 
chords, connects to the steel via gusset plates in 
'Group 4' joints (Fig. 8). This arrangement distributes 
stress, preventing damage in bamboo culms. The 
trusses are inclined, achieved by adjusting cross-
bracing dimensions, complementing to the design 
requirements of an inclined roof. The truss was 
assembled on-site and hoisted into place, facilitated 
by pre-perforated holes in the bamboo culms for 
steel rod fittings. 
 

  
Figure 8: UAN cafeteria and ‘Group 4’ connector. 
Source: Author, 2023. 
 
5. RESULTS 

The case studies include a variety of functions 
such as an art gallery, residential and commercial 

 

spaces, a cultural venue, and a support facility, 
spanning a wide range of dimensions from 60-247m². 
Central to their design is the use of bamboo, chosen 
for its sustainability and versatility. These buildings 
are located in diverse settings, from beaches and 
mountains to urban areas in São Paulo, showcasing 
bamboo's adaptability to different climates and 
environments.  
 
5.1. Structural typology analysis 

The case studies mainly feature orthogonal and 
truss structures, with trusses being the dominant 
typology. In contrast, curvilinear architecture, which 
is positioned in the opposite spectrum of the 
orthogonal style, is incorporated into two projects. 
However, it primarily serves to complement the main 
structural forms rather than being a central feature. 
These cases display unique bamboo curving 
techniques, but the presence of curvilinear elements 
in the overall designs is relatively minimal. 

The case studies reflect a preference for using 
bamboo as a linear element, likely due to labour 
constraints and the availability of skilled builders. 
Despite these constraints, the use of linear bamboo 
elements leads to innovative designs, such as the 
hyperbolic paraboloid structure in the music venue. 
This example demonstrates that linear bamboo can 
be used to create complex, double-curved surfaces, 
proving that labour limitations do not necessarily 
restrict the potential for architecturally interesting 
and innovative structures. 

Bamboo's versatility in different architectural 
styles highlights the complexity of designing and 
executing force-transferring connectors, yet such 
challenges are surmountable. The rise in connector 
sophistication indicates a shift in focus towards 
detailed design over general structural form. This 
variety in connector designs, from simple to complex, 
showcases Brazilian bamboo construction's 
adaptability and evolving nature. 

 
5.2. Connectors analysis 

In these bamboo structures, connectors are 
crucial yet challenging elements, revealing design and 
execution complexities. The study shows a prevalence 
of orthogonal and truss-architecture typologies and 
medium and high-tech joints in permanent 
constructions. In contrast, structurally complex 
designs often employ low to medium-tech methods. 
The use of diverse materials, other than bamboo in 
connections, demonstrates the varied adaptation 
strategies to local resources in the construction of 
these connectors, underscoring the challenges of 
specialized bamboo labour availability. 

The case studies generally show an avoidance of 
the 'fish-mouth' connector, likely due to execution 
challenges and potential issues if not properly done. 

Instead, customized solutions involving metal plates, 
wood, and steel for external connections are 
preferred, reflecting a trend towards less specialized 
and advanced bamboo-specific construction 
techniques. Illustrating the evolution of bamboo 
construction in Brazil and a shift away from 
traditional, less technologically developed bamboo 
connector fabrication.  

The varied structural uses of bamboo not only 
highlight its adaptability but also yield significant 
insights under systematic analysis. 
 
6. DISCUSSION AND FINAL REMARKS 

The study reveals that the design process in 
bamboo construction often necessitates creative 
solutions, especially during the execution phase. 
Given the lack of an established bamboo construction 
culture in Brazil, a wide range of strategies emerges 
to tackle contextual challenges. This diversity hinders 
the standardization and mass production of bamboo 
architectural typologies. While the findings highlight 
creativity, this aspect could limit the scalability of 
such projects. Overall, the study underscores 
bamboo's growing significance in Brazil's 
contemporary architectural landscape. 

In these bamboo projects, architects embraced an 
experimental approach, mindful of potential 
challenges and durability issues. The construction 
phase involved various obstacles, including sourcing 
quality bamboo and integrating it with other 
construction methods. Nonetheless, the innovative 
solutions highlight Brazil's potential in mainstreaming 
bamboo construction. These projects, led by 
renowned architects, mark a pioneering phase for 
bamboo in Brazilian architecture, combining 
creativity with practical technology application. 
However, the study's insights are limited due to its 
focus on São Paulo and the small number of case 
studies. 

The study concludes that full-culm bamboo in São 
Paulo demonstrates significant potential as a 
sustainable and adaptable construction material. 
Despite construction challenges and sourcing 
difficulties, innovative solutions and technological 
progress indicate a promising future for bamboo in 
both urban and rural architectural contexts. This 
research highlights the necessity for further 
exploration and development in bamboo 
construction, advocating for its broader integration 
into mainstream architecture. Bamboo's role in 
sustainable innovation positions it as a key material 
for the future of environmentally-conscious 
architectural design. 
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ABSTRACT: The aim of this study is to present the initial results of the evaluation of a radiant- capacitive heating 
and cooling system with low energy consumption applied to a climate chamber. It is based on the use of radiant-
capacitive modules that, through a hydronic circuit, take advantage of sky-radiative cooling at night and solar 
heating. Each of the components of the system is detailed and the results of the operation of the system in 
cooling and heating modes activated by the control system are analysed. Average daily cooling potential 
between 45 W/m² and 71 W/m² and an average heating power between 120-140 W/m² were found that allow 
maintaining thermal comfort conditions most of the time. 
KEYWORDS: Radiant-capacitive system. Night-time radiative cooling. Low-energy system. Solar heating. 
Experimental study 
 
 

1. INTRODUCTION 
The development of technologies that contribute 

to reducing energy consumption, especially non-
renewable primary energy, and that minimize 
greenhouse gas emissions became an increasingly 
pressing need. As up to 40% of the final electricity use 
in buildings is used for heating, ventilation and air 
conditioning (HVAC) systems, it is essential to reduce 
this consumption [1]. In this context, buildings that 
combine bioclimatic strategies with the application of 
passive heating and cooling techniques are promising. 
Radiant heating and cooling (RHC) systems have 
gained much popularity in recent decades due to 
their potential to provide thermal comfort with low 
energy consumption combined with silent operation 
and space savings [2]. 

Literature review of research on radiant heating 
and cooling systems points to possibilities of direct 
and indirect use of renewable energy as a heat source 
or for heat dissipation in these systems [3]. Among 
the advantages, environments provided with radiant 
conditioning systems promote thermal comfort with 
lower primary energy demand compared to systems 
that operate with conventional air conditioning [4]. 
The passive system analysed in the present study 
involves the cooling/heating of a fluid (water) 
coupled to the radiant cooling/heating of the interior 
space. In this case, the use of effective thermal mass 
leads to a greater energy efficiency and thermal 
stability as in Thermally Activated Building Systems, 
TABS [5]. 

The purpose of this paper is to describe and 
discuss results regarding the thermal behaviour of a 
low-energy radiant-capacitive heating and cooling 

system. The system is based on the use of radiative 
cooling at night and solar heating applied to a full-
scale test cell, a Cost-effective Bioclimatic Chamber, 
CBBC. This article presents a synthesis of the system 
and some relevant results related to the cooling and 
heating potentials of the system, as well as its 
performance to ensure indoor comfort conditions. 
 
2. METHODOLOGY 

This is an experimental project where the system 
was conceived, dimensioned and applied in one of 
the two test cells [6] (Figure 1), intended for studies 
on environmental comfort and passive thermal 
conditioning systems. The test cells (Figure 1) are 
located in Curitiba, Brazil, at 25°26’33.6”S and 
49°21’14.14”W, at an approximate altitude of 953 
meters above sea level. The local climate is 
predominantly mesothermal with cool summer (Cfb), 
according to the Köppen-Geiger’s classification.  

 

 
Figure 1: test cell used in experiments (CB1) and reference 
cell (CB2). 
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2.1 The RC-HCS 

The basic concept of the system, termed 
“Radiant-Capacitive Heating and Cooling System” (RC-
HCS), is based on passive radiant conditioning with 
very low energy consumption, basically relying on the 
use of renewable energy sources. The indoor radiant 
conditioning is based on the use of modular ceiling 
elements of high thermal capacity (“Radiant-Capacity 
Module” or RCM) through which the externally 
cooled or heated fluid (water) circulates, which 
thermally activates these elements [7]. 

Externally, the system uses panels facing the sky, 
which promote nocturnal radiative cooling or solar 
heating to the closed-circuit, hydronic system ("Sky 
Radiator/Solar Collector" or SR/SC). 

A small pump warrants water circulation between 
the SR/SC, through the indoor radiant-capacitive 
modules (RCM) and to a 1,000 l water tank used for 
energy storage (“Thermal Energy Storage” or TES). 

The implemented system comprises five groups of 
components (Figure 2): a) four Radiant-Capacitive 
Modules (RCM) indoors; b) five Sky Radiator/Solar 
Collector panels (SR/SC); c) a water tank for Thermal 
Energy Storage (TES); d) a Smart Control System (SCS) 
and e) a hydropneumatic pumping system with a set 
of pipes, hoses, valve switches, solenoid valves, 
connections and devices to measure water flow and 
volume. 

 

 
 

Figure 2: Scheme of RC-HCS components and water flow 
circuits. 
 
2.2 The Radiant-Capacity Modules (RCM) 

The RCMs, due to the enclosed water, offer 
thermal energy storage capacity to the environment, 
also increasing its overall thermal inertia, thus 
reducing indoor thermal fluctuation. 

Each of the four RCMs was manufactured with 0.9 
mm thick galvanized steel sheet and painted white, as 
shown in Figure 3. Their dimensions are 0.9 m x 0.9 m 

(radiant surface = 0.81 m2) with a height of 0.07 m. 
They are filled with water up to 0.065 m and covered 
with a galvanized steel sheet of the same thickness. 
Inside, the RCM has an aluminium coil ¾” in diameter 
and 13.5 m long as a heat exchanger (Figure 3). The 
total area occupied by the four RCMs is 3.24 m2. 
Considering the internal surface of the test room of 
5.33 m², the RCM surface represents 60.7% of it. The 
volume of water in each RCM is 52.65 l, with a total of 
210.6 l (0.2106 m3). 
 

  
Figure 3: RCMs as ceiling elements and the ¾” diameter 
aluminium coil inside the RCM as a heat exchanger. 
 
2.3 Sky Radiator/Solar Collector (SR/SC) 

The SR/SC is made up of five radiators measuring 
3.0 m x 0.49 m (1.47 m2), each made up of five 
extruded aluminium profiles measuring 3.0 m x 0.095 
m x 8.3 mm, painted in black, and supplied with 
water by interconnecting hoses (Figure 4). The SR/SC 
was placed on a 50 mm thick polystyrene thermal 
insulation layer, which sits on a supporting platform 
with a 10% slope. The total area of the five 
radiators/collectors (SR/SC) is 7.35 m2. 

 

  
Figure 4: Extruded aluminium profile used in the 
manufacture of the SR/SC and SR/SC on the supporting 
platform. 
 
2.4 Thermal Energy Storage (TES) 

As Thermal Energy Storage (TES), a polyethylene 
water tank with a nominal capacity of 1,000 l is used. 
This tank sits on top of a 50 mm thick polystyrene 
sheet that isolates it from a concrete slab. It is 
covered by a 50 mm thick layer of expanded 
polyurethane. 

The hydropneumatic system installed for pumping 
water consists of a 35 l pressure tank, with 1/4 hp 
(0.186 kW) water pump, pressure switch, pressure 
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This tank sits on top of a 50 mm thick polystyrene 
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covered by a 50 mm thick layer of expanded 
polyurethane. 
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gauge, flow meter, hydrometer and water filter. In 
addition to these components, the system has four 
solenoid valves, driven by the Smart Control System 
(SCS) and registration switches to facilitate different 
operating modes and experimental tests. 

 
2.5 Smart Control System (SCS) 

The RC-HCS is controlled by a Raspberry Pi 3 
microprocessor, connected to 12 DS18B20 
waterproof sensors, a four-channel relay and four 
Normally Closed (NC) solenoid valves. The installation 
architecture as well as the positioning of the sensors 
(Tw1, Tw2, Tw3, Tw4, Tw5, Tw6, Tw7, Ts, Tin, Tg, 
Tout and Tr) is illustrated in Figure 5. 

The temperature sensors are connected in parallel 
to a prototyping board powered by the Raspberry Pi 
(3.3V), which has the installation of a 1 kOhm pullup 
resistor. The DS18B20 sensors have a 1wire 
communication protocol with temperature recording 
directly in degrees Celsius. To recognize the sensors, 
it was necessary to install the adafruit-circuitpython-
ads1x15 library, created by the manufacturer of the 
ADC ADS1115 converter. 

From data collected by all sensors, the Neutral 
Temperature (Tn) based on the ASHRAE adaptive 
thermal comfort model [8], the Mean Radiant 
Temperature (Trm) based on [9] and the 
Temperature Operative (To) based on [8] were 
determined, which, combined, govern the SCS, as 
well as the tolerance, fault and data storage 
mechanisms. Such routine was implemented in 
Python programming language version 3.9.5. The 
system developed is responsible for reading and 
storing data both locally (SD card connected to the 
Raspberry Pi) and in the cloud, via the open-source 
library gspread. This independent and redundant 
mechanism increases security in storing information 
in addition to allowing real-time monitoring of 
measurements and system behavior remotely. 

 

 
Figure 5: Layout of SCS components. 

 
The system is programmed to perform checks 

every 5 minutes, which are responsible for activating 
the solenoid valves contingent on the operating rules 
established. At each time interval, the operating 

conditions are checked and the system generates a 
log (local and in the cloud) with recording of 
procedures, both for checking and operating circuits. 
This way, it is possible to monitor the functioning of 
the system as a whole. 

 
3. RESULTS AND DISCUSSION 

As a basis for further analyses, monitoring data for 
the reference test cell (CB2), identical to the 
experimental test cell (CB1), but without the passive 
system, are first discussed. The results of monitoring 
the RC-HCS in both cooling and heating modes are 
presented next. 

 
3.1 Thermal performance of the reference (CB2) and 
experimental (CB1, with RC-HCS) cells 

The thermal performance of CB1 is analysed in 
relation to CB2 in a free-running mode, without any 
cooling or heating by the RC-HCS. The test cells 
present two differences in their physical 
characteristics that need to be considered in the 
analysis. Regarding the type of window, CB2 has a 
doubled window, which provides double-glazing, 
against a single window with single glazing in CB1, 
which has the four ceiling-mounted RCMs. With the 
aim of comparing the thermal behaviour of the test 
cells in two periods (hot and cold), six days were 
selected as a sample, three in February and three in 
May. 

Table 1 shows similar behaviour during the 
different days analysed. There is a difference 
between indoor averages, which are 0.4 °C higher in 
CB1, possibly due to differences of the window 
characteristics. The temperature offset is relatively 
small and consistent. 
 
Table 1: Indoor temperatures in CB2 and CB1 on three hot 
days and three cold days.  
 

Indoor Temperatures CB2 Indoor Temperatures CB1
Date Tmax Tmin Tavg FDCB2 Tmax Tmin Tavg FDCB1

feb-01 28.4 22.0 25.0 0.46 27.6 23.2 25.2 0.32 -0.26 0.69

feb-02 28.8 23.6 26.2 0.51 28.3 24.8 26.6 0.34 -0.39 0.67
feb-03 28.1 23.2 25.7 0.45 27.9 24.7 26.4 0.29 -0.69 0.65

Average 28.4 22.9 25.6 0.47 27.9 24.2 26.1 0.32 -0.45 0.67

may-06 21.9 16.4 19.0 0.66 21.5 17.4 19.4 0.49 -0.37 0.75
may-07 20.7 15.6 18.3 0.55 20.6 16.8 18.7 0.41 -0.40 0.74

may-08 19.7 14.8 17.5 0.54 19.3 15.9 17.9 0.37 -0.44 0.70

Average 20.8 15.6 18.2 0.58 20.5 16.7 18.6 0.42 -0.40 0.73

DTavg DTCB1/DTCB2

 
 

The positive difference in the daily average 
temperature in the two test cells relative to outdoors 
is relevant and must be considered in performance 
analyses. Indoor temperatures are, on average, 3.7°C 
and 3.2°C higher than outdoors, in CB1 and CB2, 
respectively, with a consistent offset of 0.5°C  
between test rooms. The Decrement Factor (DF) 
(ratio between indoor and outdoor daily thermal 
fluctuations), in the case of CB1, is on average 0.37 
and in CB2, 0.53, due to the added thermal mass 
(water contained in the RCMs). 
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3.2 Thermal performance of RC-HCS in cooling mode 

Between March 26 and 29, 2022, the RC-HCS was 
evaluated under the following conditions: a) use of 
three of the five SR/SC radiators (4.41 m² of surface); 
b) average water flow of approximately 170 l/h; c) 
operation with control system in Circuit-1 (TES - 
SR/SC – RCM – TES) between 8:00 pm and 6:00 am. 
The average ambient temperature lied around 21°C, 
with maximum temperatures up to 29.7°C (Table 1), 
on days with relatively cloudy skies with daily values 
of global solar radiation between 3.6 and 5.2 kWh/m² 
and peak solar irradiance between 955 and 1075 
W/m². The average wind speed over the four days 
was 1.4 m/s with maximum values reaching 5.4 m/s. 

The nighttime radiative cooling potential of the 
SR/SC per unit area (CP) was calculated based on the 
difference in water temperature at the inlet and 
outlet of the radiator and the water flow through it, 
according to Erell and Etzion, [10], as follows: 

CPSR/SC = ṁ × cp × ∆T / A            (1) 

Where CPSR/SC (W/m²) is the instantaneous cooling 
power of the radiator per unit area, ṁ (kg/s) is the 
mass flow rate of water, cp (J/kg.K) is the specific 
heat of the water, ∆T (K) is the difference in water 
temperature between the inlet and outlet of the 
SR/SC and A (m²) is the surface area of the radiator. 
The results of these calculations are presented in 
Table 2. CPSR/SC values between 45 W/m² and 71 
W/m² can be observed, with maximum instantaneous 
values of up to 114 W/m². 

This cooling potential depends fundamentally on 
cloudiness, air temperature and humidity, and wind 
speed. In our study, the temperature of a metal plate 
(Tr) exposed to the sky was measured, and the 
difference between ambient temperature and that of 
the metal plate (DTr) was used as an indicator of 
nocturnal radiative cooling potential [11]. 

During the four days of the series, this potential 
was low. Only the night of 26-27/03 had DTr slightly 
higher than the others, with an average of 3.2 K and 
maximum values of up to 4.9 K. As expected, a high 
correlation was observed between DTr and CPSR/SC 

(with R² of 0.80). 

Another way to evaluate the thermoenergetic 
performance of the system is by analyzing the 
amount of energy that the RC-HCS is capable to 
remove from the RCM (QRCM) during nighttime, and 
compare it with the average cooling potential of the 
RCM (CPRCM). The heat dissipated in the RCMs was 
calculated for these four days, as follows: 

QRCM = m x cp x ∆T               (2) 

where QRCM (Wh) is the thermal energy removed, 
m (kg) is the mass of water contained in the RCM 

(210.6 l), cp (kJ/kg.K) is the specific heat of the water, 
∆T (K) the difference of water temperature in the 
RCM between the beginning and end of the thermal 
exchange period (20:00 – 06:00). Table 3 presents the 
results of these calculations. 

Table 2: Temperature reduction in the RCM, energy 
extracted from the RCM and average cooling capacity 
during the night period in the RCM and SR/SC.  
 

Date DTw7 QRCM CPRCM CPSR/SC 
K Wh W W/m2 

March 26 2.13 520 52 44.8 
March 27 3.85 942 94.2 62.6 
March 28 3.62 884 88.4 45.1 
March 29 4.21 1029 102.9 71.2 
Average 3.45 714 71.4 55.9 

 
Figure 6 shows that, in CB1, the air temperature 

and the operating temperature are within the 
comfort range when outdoor temperature exceeds 
Tn, and even the upper limit of adaptive thermal 
comfort, with the exception of some moments when 
indoor temperature is below the lower comfort limit. 
In this case, this does not represent a problem, as it 
shows the system's ability to reduce the average 
indoor temperature relative to CB2 and outdoors. 
While CB1, in free-running mode, had indoor 
temperatures, on average, 3.7°C above outdoors, 
with the RC-HCS in cooling mode this offset was 
reduced to 0.9°C, even with climatic conditions not 
entirely favorable for nighttime radiative cooling. The 
difference between indoor temperatures in CB2 and 
CB1 on these days was 1.5°C, with cooling taking 
place only in CB1. 

Note that the system's ability to reduce the 
maximum indoor temperature relative to outdoors 
(DTmax), is on average 4.2 K, varying from 3.1 K to 5.3 
K (Table 2). 

 

 
Figure 6: Indoor (Tin), outdoor (Tout), metal plate (Tr) 

temperatures, water temperatures in TES (Tw1) and in the 
RCMs (Tw7), neutral temperature (Tn) and adaptive 
comfort ranges, in cooling mode, between March 26th and 
29th, 2022. 
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Table 3: Indoor and outdoor temperatures and thermal 
performance indicators of the system in cooling mode. 
 

 
 

 
Figure 7: Indoor (Tin) and outdoor (Tout) temperatures, 
metal plate temperature (Tr), water temperatures in TES 
(Tw1), at the SR/SC exit (Tw4) and RCM (Tw7), in mode 
cooling, between March 26 and 27, 2022, with water 
circulation in Circuit-1. 

 
3.3 Thermal performance of RC-HCS in heating mode 

Between May 20 and 23, 2022, tests were carried 
out in heating mode, on days characterized by the 
entry of a cold front with daily minima between 4 and 
5 °C and maxima between 19 and 21 °C (Figure 8 and 
Table 4). The first three days had relatively clear skies, 
with total global radiation in the horizontal plane 
between 3.3 and 3.4 kWh/m², and maximum 
irradiance values between 610 W/m² and 620 W/m². 
The fourth day was a partly cloudy day, with 2.6 
kWh/m² of total irradiance and maximum values 
reaching 689 W/m². There were days without rain 
and wind with average speeds of around 0.8 m/s and 
maximum speeds of up to 3.3 m/s. 

 

 
Figure 8: Indoor (Tin), outdoor (Tout) temperatures, and 
temperature of the metal plate (Tr), water temperatures in 
TES (Tw1) and in the RCMs (Tw7), neutral temperature (Tn) 
and adaptive comfort ranges and solar radiation, in heating 
mode , between May 20 and 23, 2022. 

 

The RC-HCS worked on these four days driven by 
the automatic control system. During the four days, 
between 7:00 am and 10:00 am, heating Circuit-2 was 
activated (TES-RCM-TES, cf. Figure 2). Subsequently, 
Circuit-1 (TES-SR/SC-RCM-TES, cf. Figure 2) was 
automatically activated, with heated water from solar 
gains in the SR/SC to the through the RCMs following 
the guiding rules of the SCS. 

Compared to outdoor averages of 10-15°C, in CB1 
average temperatures varied between 18.5 and 22°C, 
that is, around 8°C above external temperatures. The 
heating observed in CB1 is mainly due to the solar 
heat supplied by the SR/SC to the RCMs either via 
Circuit 1 or Circuit 2. The heat supply in the RCMs was 
calculated for these four days (Table 4), according to 
equation 2. Considering differences in water 
temperatures between 11.5 K and 12.5 K, heat inputs 
in the order of 2,800 to 3,000 Wh per day were 
obtained, which represents an average heating power 
within the range of 380-440 W or 120-140 W/m², 
given the total area of the RCMs of 3.24 m². 
 
Table 4: Indoor and outdoor temperatures, energy supplied 
to the RCM, average heating power for the period. 
 

 
 
As for the Decrement Factor, due to additional 
heating, the average FD was 0.64, higher than CB1 
(FD = 0.42) when in free-running mode in the cold 
season. 

 
4. FUTURE PERSPECTIVES FOR A COMPARATIVE 
STUDY 

Some of the authors of this article (members of 
the Eduardo Torroja Institute of Construction 
Sciences, and belonging to the Higher Council for 
Scientific Research (IETCC-CSIC) of Spain), are 
currently participating in a European research 
project, EURAMET 21GRD03, called Metrological 
framework for passive radiative cooling technologies 
(PaRaMetriC). The overall goal of this project is to 
establish a metrological framework for comparable 
performance assessments of passive radiative cooling 
technologies. One of its specific objectives is "To 
develop setups and protocols for on-site testing of 
PRC materials, with a target uncertainty below 10% 
for the figures of merit." 

Within the framework of this project, the 
development of a prototype of a radiative cooling 
system is currently underway, based on the RC-HCS 
developed in Curitiba, Brazil, described in the present 
work. The new prototype will allow the thermal 
performance of the system to be analyzed in two 
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modes: 1. with nighttime radiative cooling and 2. with 
radiative cooling taking place 24 hours/day through 
the use of “passive radiative cooling material” (PRC). 

One of the aims of this research is to carry out a 
comparative study of the thermal performance of the 
two cooling systems accounting for differences 
between the components of the systems, the climatic 
conditions and the experimental cells used for their 
implementation. Figure 9 shows the experimental 
cells of the IETCC-CSIC, located in Arganda del Rey, 
Madrid, where the prototype of the radiative cooling 
system shall be implemented. 

 

 
Figure 9: Experimental cells in Arganda del Rey, Madrid, 
where the prototype of the radiative cooling system of the 
European PaRaMetriC project will be installed.  

 
5. CONCLUSION 

The study showed the advantages of the Radiant-
Capacity Heating and Cooling System used for both 
cooling and heating, confirming the dual applicability 
of the system. The smart control system, designed to 
optimize the operation of the system, contributed to 
the favourable results obtained. 

In cooling mode, average CPSR/SC values have been 
found between 45 W/m² and 71 W/m², with 
maximum instantaneous values of up to 114 W/m². 
The system's capacity to reduce the average internal 
temperature relative to the CB2 has been confirmed. 
In heating mode, average internal temperatures 
between 18.5°C and 22°C were observed, 
approximately 8°C above average external 
temperatures of 10-15°C. This is a consequence of the 
thermal input of around 2,800 to 3,000 Wh per day, 
which represents an average heating power between 
120-140 W/m². 
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ABSTRACT: Comfort is one of the main determinants of sustainable living with minimum resources. Urban built 
environment is responsible for the excessive energy use to ensure thermal comfort. In Dhaka (the capital of 
Bangladesh), the building guidelines can be rethought to affect the block morphology to facilitate outdoor 
comfort and reduce energy demand to improve the indoor environment. This paper aims to address the scope of 
change in Dhaka city's existing development policies that affect resilience through changes in the morphology 
for outdoor comfort affecting the existing neighborhoods. The methodology includes comfort analysis, 
parameter identification, study of the existing development policies, selection of the sample site; and simulation 
and analysis. Based on the simulation studies, the findings show a clear scope of possible change in the existing 
plot division policies. Implementing proposed guidelines in the building codes in existing neighborhoods to check 
the comfort situation of present and changed conditions for further validation, and exploring other parameters 
like shading devices, trees, waterbody, etc. for enhancing comfort are identified as the scope of the research. In 
conclusion, the research can be a database of urban coding and guidelines of building construction regulations 
of Dhaka city as the basis of future resilient design. 
KEYWORDS: Energy Efficiency, Comfort, Urban policies, Building Plot division, Simulation.  
 
 

1. INTRODUCTION  
Urban resilience depends on the ambient 

environment it provides for the users. In an urban 
context, the urban elements and their arrangement 
influence the morphology and ensuing microclimate 
impacting the environmental factors leading to 
outdoor thermal comfort [1]. Ensuring outdoor 
thermal comfort leads to sustainability and resilience 
by reducing energy demands while facilitating a 
comfortable environment [2]. This is particularly 
important in situations where urban heat islands tend 
to become a regular phenomenon. 

The four main factors affecting thermal comfort 
identified by ASHRAE (American Society of Heating, 
Refrigerating, and Air-Conditioning Engineers) are 
Temperature, wind movement, humidity, and solar 
radiation which can be controlled using urban 
morphology to lead to a resilient neighborhood by 
reducing the energy demand necessary for 
comfortable living [3]. 

To accommodate the overgrowing population of 
Dhaka, the population density is progressively 
challenging the urban infrastructure and affecting the 
environment with the Heat Island Effect with 
increasing demands on energy to ensure comfort [4]. 
The existing building code of the country has been 
updated since its first publication in 1993 to 
incorporate development and growth but still lags in 
addressing the environmental resilience issues [5].  

Most of the planned residential areas of Dhaka 
city are compact with rows of buildings having similar 
plot sizes and similar height ranges with only set back 

as the open space between the buildings. Figure 1 
shows a typical residential area of Mirpur DOHS. 

 

 
Figure 1: View of Mirpur DOHS (planned area of Dhaka) [6]. 
 

But the latest gazette DAP 2022 (Detailed Area 
Plan) provides a scope towards block-based 
development by creating an opportunity to plot 
unification to consider the unified plot as a block-
based development rather than a plot-based 
approach [7]. 

This paper aims to analyze the existing urban 
development policies of Dhaka City and identify the 
potential scope to rethink the guidelines based on 
urban morphology to ensure resilience through 
energy efficiency by enhancing thermal comfort in 
urban neighborhood block morphology.  

The outcome concludes by proposing changes in 
the planning guidelines for urban blocks in a 
residential neighborhood considering thermal 
comfort. 

 
2. METHODOLOGY 

The methodology includes mixed methods of 
experimental and simulation. Literature review and 
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weather study are used for contextual climatic 
analysis to identify the thermal comfort parameters 
of Dhaka city. Existing building codes are studied to 
identify development policies. Urban and 
environmental parameters are identified for 
simulation studies to analyze various combinations 
and identify the optimized case of urban 
microclimate to ensure comfort. Software used for 
simulation studies are ENVI MET (version 5.0.1), 
Rhinoceros (version 7.13) with additional plugins of 
climatestudio (version 1.8), and EDDY 3D [8–11]. 
Analyzing and comparing the simulation results of 
different case scenarios of the same site with varying 
parameters helps to provide specific guidelines for 
Dhaka city considering the climate and the context. 

 
2.1 Comfort and Context 

In the tropics, considering the bioclimatic chart of 
thermal comfort by Olgay, wind flow and solar heat 
gain by radiation can extend the thermal comfort 
range. Introducing wind flow can help tolerate higher 
air temperatures and increasing radiation can help 
tolerate lower temperatures [12]. So, in tropical 
climates when air temperature mostly remains higher 
than the comfort range, it can be extended by 
introducing wind flow and reducing heat gain by solar 
radiation. The wind flow will extend the comfort 
range to a higher temperature and the radiation 
decrease will extend it to a lower temperature. 

In Dhaka (the capital of Bangladesh), outdoor 
comfort has been reported to vary between 28.5oC 
and 32oC [2].  Analyzing the existing weather EPW 
(EnergyPlus Weather File) files of Dhaka, in 
Rhinoceros (version 7.13) with Climatestudio (version 
1.8) the maximum summer temperatures are often 
higher than the comfort range indicating the cooling 
need (Figure 2) [10, 13, 14]. 

 

 
Figure 2: Hourly average dry bulb, wet bulb, diurnal 
temperature range, and comfort range with weather EPW 
files of Shahjalal International Airport in Rhino- 
ClimateStudio throughout the year. [13]. 
 

Universal Thermal Climate Index (UTCI) with 
weather EPW file of Dhaka Shahjalal International 
Airport from ClimateStudio analysis in Rhinoceros 
(version 7.13) shows thermal stress conditions where 
heat stress days are 63.4% (Figure 3) considering 
extreme heat stress, very strong heat stress, strong 
heat stress and moderate heat stress [10, 13]. 

 

 
Figure 3: UTCI analysis with weather EPW file of Dhaka 
Shahjalal International Airport in climatestudio. [13]. 
 

In the tropics, the outdoor temperature influences 
indoor energy demand [2]. So, to reduce energy 
needs, the outdoor microclimate should be controlled 
by regulating urban block parameters. 
 
2.2 Parameter Identification 

Considering the tropical hot and humid climate of 
Dhaka city, the two main parameters affecting 
comfort are solar radiation and wind flow. The hot 
temperature feels even hotter due to heat gain by 
solar radiation, so it should be reduced; and wind 
flow can flow away hot humid air and facilitate 
evaporative cooling, so wind flow should be 
introduced to keep the temperature within the 
comfort range [12].  

The elements affecting the urban microclimate 
are buildings, roads, and open spaces [1]. For 
environmental considerations, control of solar 
radiation, and promoting wind flow; and for urban 
elements, orientation, building height, and open 
space must be considered. Of these, the 
environmental parameter of open space in different 
variations is considered to be the future research 
scope of this paper. The analysis of other parameters 
is simulated accordingly in this paper. 

 
2.3 Selecting the sample site 

The sample is a hypothetical site of 118.5m X 120 
m dimension (14220 sqm) with 60 plots of 3 katha 
(201 sqm) each for A2 (Residential apartment and 
flat) type buildings according to the Building 
Construction Regulations 2008 of Dhaka City [15].  

The site is prepared considering the general 
criteria of a planned urban residential neighborhood 
of Dhaka (like Figure 1) representing the urban 
morphology of the city.   From Dhaka’s Building 
Construction Regulations of 2008, access roads of 6m 
and 1.5m footpaths are considered. Building masses 
are included considering regulations of FAR (Floor 
Area Ratio) and MGC (Maximum Ground Coverage) 
(Figure 4) [15]. For the plot size of 201 sqm, FAR is 3.5 
and MGC is 62.5% of the lot area for buildings of A1-
A4 type.   

 

 

 
Figure 4: Hypothetical site considering building regulations 
of Dhaka (2008) [15]. 

 
The site with buildings is rotated at an interval 

angle of 22.50 to analyze the effect of building and 
road orientation on heat gain by solar radiation and 
wind movement using ENVI-MET (demo version 
5.0.1) and Rhinoceros with Ladybug for holistic and 
solar radiation respectively [8–11]. The building 
heights are changed based on the FAR and MGC using 
plot accumulation to simulate the effect of height 
variation on wind movement by increasing surface 
roughness and porosity. 
 
3. ANALYSIS AND FINDINGS  

A total of eight sights are considered after 
rotation to simulate wind velocity and solar radiation 
and compare the analysis results to select the 
optimized solution of orientation and building height. 

 
3.1 Orientation 

The initial rotation angle is the site is considered 0 
degrees where the roads are elongated in East-West 
and the buildings have larger façade to North-South 
that is, the building orientation is North-South. The 
other sites are 22.50 from North-South, 450 from 
North-South, 67.50 from North-South, 900 from 
North-South (East-West oriented Buildings), 112.50 
from North-South, 1350 from North-South, and 
157.50 from North-South.  

 

 
Figure 5: Hypothetical sites with a rotation of 22.5-degree 
intervals for environmental impact analysis. 
 

Now, the effect of solar radiation is analyzed to 
identify the site (/s) with minimum solar gain. The 
primary concern of solar heat radiation is the hottest 
months of the year, and so, the simulation period is 

considered to be from March to October and the 
considered hours are from 5 am to 7 pm. The 
software used is Rhinoceros (version 7.34) with 
Ladybug tools (version 1.6) as the plugin for 
simulation along with Shahjalal International Airport 
weather EPW (Energy Plus Weather file) for weather 
data of Dhaka City. For each site, the ground (road, 
footpath, setback), building façade, and roof are 
considered as the context, and all the elements and 
individual elements are considered as the analysis 
geometry. Dividing all the surfaces in a grid size of 0.2 
meters each, the mean radiation for each grid is 
analyzed and the results are added to get the total 
radiation for each element. The visualized radiation 
simulation is shown in Figure 6. The results are shown 
in Table 1. 

 
Figure 6: Solar radiation analysis for each site from March 
to October, from 5 am to 7 pm in Ladybug- Rhinoceros. 
 
Table 1: Solar radiation and Wind velocity change due to 
the variation in site orientation. 
 

Site 
Rotation 
Degrees 

Total Rad 
kWh/m2 

Ground 
Rad 

kWh/m2 

Façade 
Rad 

kWh/m2 

Avg 
velocity 

m/s 
00 from 

NS 
21009000 4219000 8690000 1.35 

22.50 
from NS 

20990000 3980000 8910000 1.21 

450 from 
NS 

21010000 4150000 8760000 1.13 

67.50 
from NS 

21065000 4380000 8585000 1.05 

900 from 
NS (EW) 

20956500 4776500 8080000 0.83 

112.50 
from NS 

21008000 4360000 8548000 0.97 

1350 from 
NS 

21022000 4134000 8788000 1.43 

157.50 
from NS 

21020000 3990000 8930000 1.73 

 
The results show that the radiation for the roof 

surface (without any vegetation and external 
elements) is constant and the total radiation for the 
simulation period is 8100000 kWh/m2-year. 
Variation is seen in the case of ground and façade 
surfaces due to variations in shadow angle due to the 
change in orientation. The three orientations for total 
minimum radiations are 22.50 from NS, 900 from NS, 
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weather study are used for contextual climatic 
analysis to identify the thermal comfort parameters 
of Dhaka city. Existing building codes are studied to 
identify development policies. Urban and 
environmental parameters are identified for 
simulation studies to analyze various combinations 
and identify the optimized case of urban 
microclimate to ensure comfort. Software used for 
simulation studies are ENVI MET (version 5.0.1), 
Rhinoceros (version 7.13) with additional plugins of 
climatestudio (version 1.8), and EDDY 3D [8–11]. 
Analyzing and comparing the simulation results of 
different case scenarios of the same site with varying 
parameters helps to provide specific guidelines for 
Dhaka city considering the climate and the context. 

 
2.1 Comfort and Context 

In the tropics, considering the bioclimatic chart of 
thermal comfort by Olgay, wind flow and solar heat 
gain by radiation can extend the thermal comfort 
range. Introducing wind flow can help tolerate higher 
air temperatures and increasing radiation can help 
tolerate lower temperatures [12]. So, in tropical 
climates when air temperature mostly remains higher 
than the comfort range, it can be extended by 
introducing wind flow and reducing heat gain by solar 
radiation. The wind flow will extend the comfort 
range to a higher temperature and the radiation 
decrease will extend it to a lower temperature. 

In Dhaka (the capital of Bangladesh), outdoor 
comfort has been reported to vary between 28.5oC 
and 32oC [2].  Analyzing the existing weather EPW 
(EnergyPlus Weather File) files of Dhaka, in 
Rhinoceros (version 7.13) with Climatestudio (version 
1.8) the maximum summer temperatures are often 
higher than the comfort range indicating the cooling 
need (Figure 2) [10, 13, 14]. 

 

 
Figure 2: Hourly average dry bulb, wet bulb, diurnal 
temperature range, and comfort range with weather EPW 
files of Shahjalal International Airport in Rhino- 
ClimateStudio throughout the year. [13]. 
 

Universal Thermal Climate Index (UTCI) with 
weather EPW file of Dhaka Shahjalal International 
Airport from ClimateStudio analysis in Rhinoceros 
(version 7.13) shows thermal stress conditions where 
heat stress days are 63.4% (Figure 3) considering 
extreme heat stress, very strong heat stress, strong 
heat stress and moderate heat stress [10, 13]. 

 

 
Figure 3: UTCI analysis with weather EPW file of Dhaka 
Shahjalal International Airport in climatestudio. [13]. 
 

In the tropics, the outdoor temperature influences 
indoor energy demand [2]. So, to reduce energy 
needs, the outdoor microclimate should be controlled 
by regulating urban block parameters. 
 
2.2 Parameter Identification 

Considering the tropical hot and humid climate of 
Dhaka city, the two main parameters affecting 
comfort are solar radiation and wind flow. The hot 
temperature feels even hotter due to heat gain by 
solar radiation, so it should be reduced; and wind 
flow can flow away hot humid air and facilitate 
evaporative cooling, so wind flow should be 
introduced to keep the temperature within the 
comfort range [12].  

The elements affecting the urban microclimate 
are buildings, roads, and open spaces [1]. For 
environmental considerations, control of solar 
radiation, and promoting wind flow; and for urban 
elements, orientation, building height, and open 
space must be considered. Of these, the 
environmental parameter of open space in different 
variations is considered to be the future research 
scope of this paper. The analysis of other parameters 
is simulated accordingly in this paper. 

 
2.3 Selecting the sample site 

The sample is a hypothetical site of 118.5m X 120 
m dimension (14220 sqm) with 60 plots of 3 katha 
(201 sqm) each for A2 (Residential apartment and 
flat) type buildings according to the Building 
Construction Regulations 2008 of Dhaka City [15].  

The site is prepared considering the general 
criteria of a planned urban residential neighborhood 
of Dhaka (like Figure 1) representing the urban 
morphology of the city.   From Dhaka’s Building 
Construction Regulations of 2008, access roads of 6m 
and 1.5m footpaths are considered. Building masses 
are included considering regulations of FAR (Floor 
Area Ratio) and MGC (Maximum Ground Coverage) 
(Figure 4) [15]. For the plot size of 201 sqm, FAR is 3.5 
and MGC is 62.5% of the lot area for buildings of A1-
A4 type.   

 

 

 
Figure 4: Hypothetical site considering building regulations 
of Dhaka (2008) [15]. 

 
The site with buildings is rotated at an interval 

angle of 22.50 to analyze the effect of building and 
road orientation on heat gain by solar radiation and 
wind movement using ENVI-MET (demo version 
5.0.1) and Rhinoceros with Ladybug for holistic and 
solar radiation respectively [8–11]. The building 
heights are changed based on the FAR and MGC using 
plot accumulation to simulate the effect of height 
variation on wind movement by increasing surface 
roughness and porosity. 
 
3. ANALYSIS AND FINDINGS  

A total of eight sights are considered after 
rotation to simulate wind velocity and solar radiation 
and compare the analysis results to select the 
optimized solution of orientation and building height. 

 
3.1 Orientation 

The initial rotation angle is the site is considered 0 
degrees where the roads are elongated in East-West 
and the buildings have larger façade to North-South 
that is, the building orientation is North-South. The 
other sites are 22.50 from North-South, 450 from 
North-South, 67.50 from North-South, 900 from 
North-South (East-West oriented Buildings), 112.50 
from North-South, 1350 from North-South, and 
157.50 from North-South.  

 

 
Figure 5: Hypothetical sites with a rotation of 22.5-degree 
intervals for environmental impact analysis. 
 

Now, the effect of solar radiation is analyzed to 
identify the site (/s) with minimum solar gain. The 
primary concern of solar heat radiation is the hottest 
months of the year, and so, the simulation period is 

considered to be from March to October and the 
considered hours are from 5 am to 7 pm. The 
software used is Rhinoceros (version 7.34) with 
Ladybug tools (version 1.6) as the plugin for 
simulation along with Shahjalal International Airport 
weather EPW (Energy Plus Weather file) for weather 
data of Dhaka City. For each site, the ground (road, 
footpath, setback), building façade, and roof are 
considered as the context, and all the elements and 
individual elements are considered as the analysis 
geometry. Dividing all the surfaces in a grid size of 0.2 
meters each, the mean radiation for each grid is 
analyzed and the results are added to get the total 
radiation for each element. The visualized radiation 
simulation is shown in Figure 6. The results are shown 
in Table 1. 

 
Figure 6: Solar radiation analysis for each site from March 
to October, from 5 am to 7 pm in Ladybug- Rhinoceros. 
 
Table 1: Solar radiation and Wind velocity change due to 
the variation in site orientation. 
 

Site 
Rotation 
Degrees 

Total Rad 
kWh/m2 

Ground 
Rad 

kWh/m2 

Façade 
Rad 

kWh/m2 

Avg 
velocity 

m/s 
00 from 

NS 
21009000 4219000 8690000 1.35 

22.50 
from NS 

20990000 3980000 8910000 1.21 

450 from 
NS 

21010000 4150000 8760000 1.13 

67.50 
from NS 

21065000 4380000 8585000 1.05 

900 from 
NS (EW) 

20956500 4776500 8080000 0.83 

112.50 
from NS 

21008000 4360000 8548000 0.97 

1350 from 
NS 

21022000 4134000 8788000 1.43 

157.50 
from NS 

21020000 3990000 8930000 1.73 

 
The results show that the radiation for the roof 

surface (without any vegetation and external 
elements) is constant and the total radiation for the 
simulation period is 8100000 kWh/m2-year. 
Variation is seen in the case of ground and façade 
surfaces due to variations in shadow angle due to the 
change in orientation. The three orientations for total 
minimum radiations are 22.50 from NS, 900 from NS, 
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and 112.50 from NS. Orientations for minimum 
ground radiation are 22.50 from NS, 450 from NS, and 
157.50 from NS. The orientations 67.50 from NS, 900 
from NS, and 112.50 from NS get the minimum façade 
radiation for the simulation period.  

For wind simulation, ENVI-MET (demo version 
5.0.1) is used with the same eight sites. The location 
is set to Dhaka with a model geometry of 43 grids 
along the x-axis with 3 meters, 43 grids along the y-
axis with 3 meters, and 38 grids along the z-axis with 
3 meters.  The simulation is carried out on June 21, 
2023, for the hottest hour of 16:00-17:00 considering 
the temperature, relative humidity, wind speed (3 
m/s at 10-meter height from constant average wind 
direction at 180 degrees), direction, and cloud 
situation of the simulation date from the weather 
database of Dhaka City [16]. The average summation 
of velocities at each grid is considered and visualized 
in Leonardo of ENVI-MET (Figure 7). The total velocity 
at the human perception height (1.5 meters) is 
considered, shown in Table 1. 

 

 
Figure 7: Wind simulation visualization for each June 21, 
2023 site in Leonardo-ENVI-MET [11]. 
 

From Table 1, considering the maximum wind 
velocity at a plan level of 1.5 meters the sites 157.50 
from NS, 1350 from NS, and 00 from NS perform 
better chronologically. However, the sites have higher 
total solar gain from radiation, and site 00 from NS 
receives direct solar radiation from the west (the 
direction of maximum solar gain). So, to get 
optimized solar radiation and wind velocity, the site 
with a rotation of 22.50 from NS can be considered 
for developing building codes for resilient 
neighborhoods and is also considered for simulation 
analysis for building height parameters. 

 
3.2 Building Height 

The building height parameter is analyzed by 
simulation results for height constant and variation 
cases for the site with 22.50 rotation from NS to 
simulate the effect of height variation on wind 
penetration in the neighborhood block.  

For site variation cases, considering the FAR and 
MGC, buildings of similar plot sizes have a maximum 
limit of height. So, to create height variation, plot 
variation is necessary. Conceptually, to create 
variation in plot size, the plots of the existing site are 

merged in a combination of 1 plot, 2 adjacent plots, 
and 4 adjacent plots accordingly to maintain the 
approximate total volume (constant case: 71968.5 
m3, variation case: 71957 m3) of building masses after 
considering the building height according to FAR and 
MGC. The plot unification concept towards block-
based development of DAP 2022 is maintained [7].   
 

 
Figure 8: Sites with constant building height (left) and 
variation in building height (right). 
 

Two sites (one with constant building height, 
another with height variation) at an orientation of 
22.50 with the North are simulated with a similar 
setup as mentioned in 3.1 in ENVI-MET (demo version 
5.0.1). The results are visualized in Leonardo (in ENVI-
MET) in three different planes for comparing changes 
in wind velocities (Figure 9) [11]. The average velocity 
along the xy-plane at 1.5 meters is 1.37 m/s for the 
height variation case which is greater than 1.21 m/s 
for the height constant case. Results are also 
considered along the yz-plane along the windward-
leeward axis to calculate the wind velocity along the 
façade towards the wind. The considered area is from 
the grid at the base and 2 grids above the roof of the 
buildings for each case and the average is shown in 
Table 2. In the yz-plane also the wind velocity has 
increased in the height variation case which is 1.98 
m/s whereas the height constant case has an average 
wind velocity of 1.70 m/s. 
 

 
Figure 9: Variation of wind flow in the urban block with 
height constant and variation case (in ENVI MET 5.0.1) [11]. 
 

To analyze the impact of height variation in heat 
gain by solar radiation, the sites are again simulated 
for solar radiation comparison in Rhinoceros (version 
7.34) with Ladybug Plugin (version 1.6). The analysis 
results are shown in Table 2 and visualized in Figure 
10 [9]. 

 

 

 
Figure 10: Solar radiation analysis from March to October, 
from 5 am to 7 pm in Ladybug- Rhinoceros for height 
constant and height variation cases [9, 10]. 
 
Table 2: Solar radiation and Wind velocity change in height 
constant and variation scenario. 

 

Height 
Constant (at 

22.5 rotation) 

Height 
Variation (at 

22.5 rotation) 
Total Radiation 

(kWh/m2) 20990000 20977972.65 
Ground Radiation 

(kWh/m2) 3980000 3990000 
Total Roof Radiation 

(kWh/m2) 8100000 6910220 
Façade Radiation 

(kWh/m2) 8910000 10077753 
Average velocity XY 

plane m/s 1.21 1.37 
Average velocity YZ 

plane m/s 1.7 1.98 
 

The results of solar radiation simulation show 
that, although the façade radiation for the height 
variation case has increased, the overall radiation for 
the analysis period has decreased compared to the 
height constant case.  
 
 
4. FINDINGS 

Findings show that the orientation of buildings 
and roads impacts solar radiation and wind 
penetration. The change in building and road 
orientation impacts overall solar heat gain by 
radiation due to the variation in solar gain by building 
facades, roofs, and the ground and the road by 
creating variation in shadows and solar gain by direct, 
diffused, and indirect solar radiation. The building 
orientation also affects the road orientation for giving 
access to the road to a greater number of buildings. 
Thus the site orientation (building and road) has an 
impact on overall heat gain by solar radiation by the 
neighborhood residential buildings. The orientation 
also affects wind penetration due to having a proper 
channel for wind penetration. Considering the 
climate, the wind direction in different seasons is 
almost predictable. So, to ensure maximum wind, the 
building and road orientation should be aligned to the 
wind direction especially in summer to enhance wind 
penetration and cooling due to wind. Better wind 
flow will also ensure evaporative cooling if there are 
shaded waterbody or greenery while passing through 
the waterbody and trees. Considering the climate of 
Dhaka City concerning solar heat gain and wind flow, 

a site rotation of 22.50 can be an optimized solution 
for both heat minimization and wind maximization to 
optimize energy demand.   

In the case of building height, when the adjacent 
plots are of the same size, the buildings are also of 
the same height considering the maximum allowable 
height according to FAR and MGC as we can see in 
the planned residential areas of Dhaka City. These 
buildings restrict wind penetration inside the 
neighborhood and trap the heat in the in-between 
space of the buildings by restricting sky view and 
night-time radiative cooling [17]. The height variation 
creates porosity in the urban block to improve the 
wind flow in the neighborhood. The height variation 
also creates better sky-view opportunities to facilitate 
night-time radiative cooling to reduce the energy 
demand for cooling for comfortable living. 
 
5. CONCLUSION 

The paper concludes the extent to which the 
existing building codes can be altered to impact the 
urban morphology to ensure outdoor thermal 
comfort vis-a-vis energy demand by designing a block 
morphology that may help achieve resilience.  

A site orientation (with road and buildings) with a 
rotation of 22.50 with the north can be an optimum 
site to ensure both minimum solar radiation and 
maximum wind flow. So, the primary consideration 
for the master plan should be the site orientation. To 
maximize wind flow, and increase sky view for 
radiative night cooling the building height needs 
variation so that turbulent patterns evolve within the 
canopy layer. However, similar plot sizes will have a 
constant height range considering FAR and MGC. As 
opposed to the existing practice of having identical 
plot sizes, plot size needs variation to ensure height 
variation and wind penetration in the neighborhood 
to ensure comfort and reduce energy demand 
towards a resilient future. 

 The guidelines proposed in this paper can help 
review the existing Building construction regulations 
to develop future development codes for urban 
neighborhood design of Dhaka city to ensure 
resilience considering the comfort and urban 
microclimate. These can also be implemented in the 
various planned existing and proposed residential 
neighborhoods to compare the environmental impact 
in the existing situation and the situation with 
implemented guidelines through comfort and 
resilience. 
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and 112.50 from NS. Orientations for minimum 
ground radiation are 22.50 from NS, 450 from NS, and 
157.50 from NS. The orientations 67.50 from NS, 900 
from NS, and 112.50 from NS get the minimum façade 
radiation for the simulation period.  

For wind simulation, ENVI-MET (demo version 
5.0.1) is used with the same eight sites. The location 
is set to Dhaka with a model geometry of 43 grids 
along the x-axis with 3 meters, 43 grids along the y-
axis with 3 meters, and 38 grids along the z-axis with 
3 meters.  The simulation is carried out on June 21, 
2023, for the hottest hour of 16:00-17:00 considering 
the temperature, relative humidity, wind speed (3 
m/s at 10-meter height from constant average wind 
direction at 180 degrees), direction, and cloud 
situation of the simulation date from the weather 
database of Dhaka City [16]. The average summation 
of velocities at each grid is considered and visualized 
in Leonardo of ENVI-MET (Figure 7). The total velocity 
at the human perception height (1.5 meters) is 
considered, shown in Table 1. 

 

 
Figure 7: Wind simulation visualization for each June 21, 
2023 site in Leonardo-ENVI-MET [11]. 
 

From Table 1, considering the maximum wind 
velocity at a plan level of 1.5 meters the sites 157.50 
from NS, 1350 from NS, and 00 from NS perform 
better chronologically. However, the sites have higher 
total solar gain from radiation, and site 00 from NS 
receives direct solar radiation from the west (the 
direction of maximum solar gain). So, to get 
optimized solar radiation and wind velocity, the site 
with a rotation of 22.50 from NS can be considered 
for developing building codes for resilient 
neighborhoods and is also considered for simulation 
analysis for building height parameters. 

 
3.2 Building Height 

The building height parameter is analyzed by 
simulation results for height constant and variation 
cases for the site with 22.50 rotation from NS to 
simulate the effect of height variation on wind 
penetration in the neighborhood block.  

For site variation cases, considering the FAR and 
MGC, buildings of similar plot sizes have a maximum 
limit of height. So, to create height variation, plot 
variation is necessary. Conceptually, to create 
variation in plot size, the plots of the existing site are 

merged in a combination of 1 plot, 2 adjacent plots, 
and 4 adjacent plots accordingly to maintain the 
approximate total volume (constant case: 71968.5 
m3, variation case: 71957 m3) of building masses after 
considering the building height according to FAR and 
MGC. The plot unification concept towards block-
based development of DAP 2022 is maintained [7].   
 

 
Figure 8: Sites with constant building height (left) and 
variation in building height (right). 
 

Two sites (one with constant building height, 
another with height variation) at an orientation of 
22.50 with the North are simulated with a similar 
setup as mentioned in 3.1 in ENVI-MET (demo version 
5.0.1). The results are visualized in Leonardo (in ENVI-
MET) in three different planes for comparing changes 
in wind velocities (Figure 9) [11]. The average velocity 
along the xy-plane at 1.5 meters is 1.37 m/s for the 
height variation case which is greater than 1.21 m/s 
for the height constant case. Results are also 
considered along the yz-plane along the windward-
leeward axis to calculate the wind velocity along the 
façade towards the wind. The considered area is from 
the grid at the base and 2 grids above the roof of the 
buildings for each case and the average is shown in 
Table 2. In the yz-plane also the wind velocity has 
increased in the height variation case which is 1.98 
m/s whereas the height constant case has an average 
wind velocity of 1.70 m/s. 
 

 
Figure 9: Variation of wind flow in the urban block with 
height constant and variation case (in ENVI MET 5.0.1) [11]. 
 

To analyze the impact of height variation in heat 
gain by solar radiation, the sites are again simulated 
for solar radiation comparison in Rhinoceros (version 
7.34) with Ladybug Plugin (version 1.6). The analysis 
results are shown in Table 2 and visualized in Figure 
10 [9]. 

 

 

 
Figure 10: Solar radiation analysis from March to October, 
from 5 am to 7 pm in Ladybug- Rhinoceros for height 
constant and height variation cases [9, 10]. 
 
Table 2: Solar radiation and Wind velocity change in height 
constant and variation scenario. 

 

Height 
Constant (at 

22.5 rotation) 

Height 
Variation (at 

22.5 rotation) 
Total Radiation 

(kWh/m2) 20990000 20977972.65 
Ground Radiation 

(kWh/m2) 3980000 3990000 
Total Roof Radiation 

(kWh/m2) 8100000 6910220 
Façade Radiation 

(kWh/m2) 8910000 10077753 
Average velocity XY 

plane m/s 1.21 1.37 
Average velocity YZ 

plane m/s 1.7 1.98 
 

The results of solar radiation simulation show 
that, although the façade radiation for the height 
variation case has increased, the overall radiation for 
the analysis period has decreased compared to the 
height constant case.  
 
 
4. FINDINGS 

Findings show that the orientation of buildings 
and roads impacts solar radiation and wind 
penetration. The change in building and road 
orientation impacts overall solar heat gain by 
radiation due to the variation in solar gain by building 
facades, roofs, and the ground and the road by 
creating variation in shadows and solar gain by direct, 
diffused, and indirect solar radiation. The building 
orientation also affects the road orientation for giving 
access to the road to a greater number of buildings. 
Thus the site orientation (building and road) has an 
impact on overall heat gain by solar radiation by the 
neighborhood residential buildings. The orientation 
also affects wind penetration due to having a proper 
channel for wind penetration. Considering the 
climate, the wind direction in different seasons is 
almost predictable. So, to ensure maximum wind, the 
building and road orientation should be aligned to the 
wind direction especially in summer to enhance wind 
penetration and cooling due to wind. Better wind 
flow will also ensure evaporative cooling if there are 
shaded waterbody or greenery while passing through 
the waterbody and trees. Considering the climate of 
Dhaka City concerning solar heat gain and wind flow, 

a site rotation of 22.50 can be an optimized solution 
for both heat minimization and wind maximization to 
optimize energy demand.   

In the case of building height, when the adjacent 
plots are of the same size, the buildings are also of 
the same height considering the maximum allowable 
height according to FAR and MGC as we can see in 
the planned residential areas of Dhaka City. These 
buildings restrict wind penetration inside the 
neighborhood and trap the heat in the in-between 
space of the buildings by restricting sky view and 
night-time radiative cooling [17]. The height variation 
creates porosity in the urban block to improve the 
wind flow in the neighborhood. The height variation 
also creates better sky-view opportunities to facilitate 
night-time radiative cooling to reduce the energy 
demand for cooling for comfortable living. 
 
5. CONCLUSION 

The paper concludes the extent to which the 
existing building codes can be altered to impact the 
urban morphology to ensure outdoor thermal 
comfort vis-a-vis energy demand by designing a block 
morphology that may help achieve resilience.  

A site orientation (with road and buildings) with a 
rotation of 22.50 with the north can be an optimum 
site to ensure both minimum solar radiation and 
maximum wind flow. So, the primary consideration 
for the master plan should be the site orientation. To 
maximize wind flow, and increase sky view for 
radiative night cooling the building height needs 
variation so that turbulent patterns evolve within the 
canopy layer. However, similar plot sizes will have a 
constant height range considering FAR and MGC. As 
opposed to the existing practice of having identical 
plot sizes, plot size needs variation to ensure height 
variation and wind penetration in the neighborhood 
to ensure comfort and reduce energy demand 
towards a resilient future. 

 The guidelines proposed in this paper can help 
review the existing Building construction regulations 
to develop future development codes for urban 
neighborhood design of Dhaka city to ensure 
resilience considering the comfort and urban 
microclimate. These can also be implemented in the 
various planned existing and proposed residential 
neighborhoods to compare the environmental impact 
in the existing situation and the situation with 
implemented guidelines through comfort and 
resilience. 
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ABSTRACT: In the face of escalating environmental concerns and resource limitations, the building sector plays a 
pivotal role, necessitating sustainable and adaptive solutions. This paper presents an experimental research 
project in Sweden that addresses pressing global challenges of climate change and resource scarcity through the 
innovative design and construction of a regenerative tiny house, known as the Z Free Home. The Z Free Home is 
based on the integration of 7 R (Refuse, Reduce, Rethink, Reuse, Renewable, Regenerative, and Respect) and 11 Z 
(Zero Energy, Zero material waste, Zero waste water, Zero emissions, Zero deforestation, Zero toxins, Zero poverty, 
Zero injustice, Zero exclusion, Zero ignorance, Zero displacement) principles. This paper provides an overview of 
the design and design development stages, with a primary focus on the current methodological stage for the 
building structure and construction. The paper aims to contribute to the discourse on regenerative architecture by 
offering a practical and experimental solution to mitigate the impact of climate change and environmental 
degradation. By emphasizing the sustainable principles embodied in the Z Free Home, this research seeks to inspire 
a paradigm shift in the construction industry, fostering a future where architectural endeavours align 
harmoniously with the imperative challenges of our times. 
KEYWORDS: Z Free Home, 7Rs, 11Zs, Regenerative architecture, low-tech. 

1. INTRODUCTION
In an era defined by unprecedented technological 

advancements, rapidly shifting environmental 
landscapes, and socio-economic transformations, the 
field of architecture finds itself at a critical crossroads 
[1]. As architectural creations continue to shape the 
world we inhabit, the imperative for buildings and 
structures to exhibit resilience has become 
increasingly evident. Resilience, in this study context 
as defined by several scholars, refers to the capacity of 
architectural designs to withstand, adapt to, and 
recover from the multifaceted challenges that define 
our contemporary reality [2]. The urgency of resilient 
architectural approaches is underscored by the 
pressing need to mitigate and respond to the 
uncertainties of the future [3]. Urbanization, climate 
change, resource scarcity, and the unpredictable 
trajectories of technological advancements have 
rendered static, inflexible architectural designs 
obsolete [4&5]. Buildings must no longer be conceived 
as isolated entities, but rather as integral components 
of a dynamic and interconnected ecosystem [4&6]. The 
ability of architectural solutions to endure and evolve 
alongside these emerging challenges is the litmus test 
for their relevance and longevity [6]. 

As architects and academics grapple with these 
complexities, the realm of resilient architecture offers 
a promising yet underexplored avenue. Resilient 
architecture entails envisioning structures that 
possess the versatility to accommodate shifting 

demands and unforeseen disruptions while 
maintaining functionality, sustainability, and aesthetic 
integrity. To achieve this, a departure from traditional 
paradigms is imperative, inviting a re-evaluation of 
established design philosophies and the incorporation 
of innovative materials, technologies, and spatial 
configurations [1&3].  

This research paper delves into the intricate 
tapestry of regenerative architectural resilience, 
unravelling its importance in a world characterized by 
binate change. By scrutinizing the existing approaches 
to regenerative architecture and proposing innovative 
strategies through a case application of Z free home. 
This study seeks to shed light on the dynamic interplay 
between architectural design and the challenges of the 
future. As we navigate uncharted territories in a 
rapidly evolving world, the quest for architectural 
resilience stands as a beacon guiding us towards built 
environments that not only endure but thrive in the 
face of uncertainty. 

2. Synergizing the 7 R and 11 Z Principles for Holistic
Resilience of Z free home Regenerative concept 

In the pursuit of architectural resilience, the 
convergence of ethical, environmental, and economic 
imperatives has driven the integration of sustainable 
design principles into architectural practice. Within 
this transformative paradigm, the 7 R principles — 
Refuse, Reduce, Rethink, Reuse, Renewable, 
Regenerative, and Respect— along with the 11 Z 
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principles —Zero Energy, Zero waste water, Zero 
material waste, Zero emissions, Zero deforestation, 
Zero toxins, Zero poverty, Zero injustice, Zero 
exclusion, Zero ignorance, Zero displacement — stand 
as fundamental pillars, providing a comprehensive 
framework for crafting environmentally responsible 
and resilient architectural solutions.  

In this project, the integration of the 7 R principles 
encompasses a holistic and sustainable approach that 
transcends conventional paradigms. The first three 
principles—Refuse, Reduce, and Rethink—emphasize 
the judicious use of materials, urging architects to 
repurpose existing elements, minimize waste through 
thoughtful design, and incorporate reclaimed 
materials. Rethinking challenges architects to question 
established norms, fostering innovative and eco-
friendly design solutions. The inclusion of renewable 
materials and renewable energy underscores the 
imperative of harnessing sustainable energy sources, 
mitigating environmental impact. Regenerative 
introduces a dynamic dimension, urging architects to 
design structures that are regenerative in response to 
climate change and capable of fostering and 
enhancing ecological systems. Finally, the principle of 
Respect underscores the ethical and cultural 
dimensions, emphasizing the incorporation of designs 
that honour local traditions, communities, and the 
environment. The synthesis of these principles not 
only fosters environmental stewardship but also 
results in architectural solutions that harmonize with 
their surroundings and contribute to a more 
sustainable and resilient built environment.  

The incorporation of the 11 Z principles in in the Z 
free home signifies a commitment to a comprehensive 
and sustainable built environment. Zero Energy design 
ensures that buildings generate or harvest as much 
energy as they consume, contributing to a net-zero 
energy balance. Zero Waste emphasizes minimizing 
and repurposing waste, fostering a circular economy 
within the design. Zero Wastewater promotes efficient 
water management, striving to achieve water self-
sufficiency and eliminate water wastage. Zero 
Emissions prioritizes the reduction of carbon 
emissions, striving for carbon-neutral or even carbon-
negative structures. The principle of Zero 
Deforestation underscores the importance of 
sustainable sourcing and conservation of natural 
resources. Zero Toxins advocates for building 
materials and processes that are devoid of harmful 
substances, ensuring a healthy indoor environment 
which results in zero indoor air pollutants. Addressing 
societal concerns, Zero Poverty, Zero Injustice, and 
Zero Exclusion advocate for designs that contribute to 
social equity, poverty alleviation, and inclusivity. 
Simultaneously, Zero Ignorance encourages 
educational aspects within the project steps, fostering 
awareness and knowledge dissemination. Lastly, Zero 

Displacement underscores the importance of 
designing spaces that do not contribute to the 
displacement of communities. The synthesis of these 
principles forms a blueprint for conscientious 
architectural design that not only minimizes 
environmental impact but also actively contributes to 
social well-being and equity. 

The amalgamation of the 7 R and 11 Z principles 
fosters a dynamic synergy that transcends mere 
sustainability, pivoting towards a holistic approach to 
architectural resilience. This integration requires a 
profound shift in architectural thinking, necessitating 
an understanding that design decisions reverberate 
through time, space, and communities. As the field of 
architecture grapples with the complexities of binate 
change and the uncertainties of the future, the 
interplay between these principles offers a robust 
framework for shaping built environments that are not 
only responsive to evolving challenges but also 
generative of positive impact. Through the lens of 
these principles, architects and academics are 
empowered to be stewards of a more resilient, 
regenerative, and harmonious architectural practice.  

This paper follows a research by design 
methodological approach, offering a dynamic process 
of iteratively conceptualizing and refining design 
solutions, guided by the 7 R and 11 Z principles. Central 
to this approach is the utilization of advanced 
simulation tools and building modelling techniques, 
enabling to explore various scenarios and predict the 
performance of designs in a controlled virtual 
environment. Through these simulations, insights are 
gained into energy consumption patterns, indoor 
environmental quality, and the interplay between 
design elements. Generally, the synthesis of research 
by design and simulation-based experimentation 
empowers architects and researchers to tailor resilient 
architectural solutions. Below are sketches in figures 
1&2 of the combination of the seven Rs and eleven  Zs 
principles in the Z Free Home. The project is currently 
in its conclusive phase, gearing up for the impending 
implementation of the proof of concept 1:1 physical 
prototype. This scholarly contribution aims to 
elucidate the intricacies of the design process, 
specifically focusing on the final stage of the structural 
design solution. Furthermore, it will provide insights 
into the forthcoming implementation phase and the 
subsequent monitoring stage, offering a 
comprehensive exploration of the project's evolution 
and methodological intricacies. 
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Figure 1. Axonometric showing the Z free tiny home exterior. 

 
Figure 2. Blown up axonometric showing the plug and play 
elements in the house design that follows the 7Rs and 11Zs 
principles 
 
3. Methodology 

The study adopts an experimental innovation proof 
of concept methodology, integrating research by 
design and development methods with lab testing and 
a 1:1 physical prototype. This multi-faceted approach 
ensures a comprehensive exploration of the Z Free 
Home's design principles and resilience to global 
challenges. Below the detailed steps of the 
methodological approach: 

 
3.1 Investigative Phase: Interviews and Literature 
Review 

The investigative phase initiates with targeted 
interviews of architects, engineers, builders, and bio-
based materials experts. This process aims to discern 
challenges related to resilient and regenerative 
building and low impact living, establishing a 
foundation for subsequent design considerations. 
Simultaneously, a thorough desk literature review 
delves into influential books and scientific journal 
articles on regenerative design, climate-responsive 
architecture, and passive zero-carbon design. This 
dual-pronged approach ensures a comprehensive 
understanding of existing knowledge in the field. 

 

3.2. Design Phase 
Building upon insights gained from interviews and 

literature, the design phase involves the generation of 
intricate design and development sketches for the Z 
Free Home proposal. These sketches serve as the 
blueprint for the integration of the 7 Rs and 11 Zs 
principles, defining the design strategies and 
requirements essential for achieving project goals. 

 
3.3. Experimental Virtual Reality Workshop 

In this phase, an experimental virtual reality mini 
workshop is conducted to visualize the Z Free Home. 
This immersive experience aids in rectifying design 
decisions and rigorously testing passive interactive 
eco-cycle systems within the house, ensuring their 
seamless integration. 

 
3.4. Verification Stage: Simulation 
The verification stage employs simulation, primarily 
the ClimateStudio software, complemented by 
numerical calculations. This phase rigorously assesses 
energy performance, carbon emissions, and overall 
environmental impact. Validation of the zero goals—
zero energy, zero carbon, and zero environmental 
impact—is paramount in confirming design objectives. 
 
3.5. Implementation Preparation 

The final methodological step involves preparing 
for implementation, where a detailed inquiry into 
design technicalities related to the construction 
process is undertaken. Extensive meetings with 
construction engineers and builders prioritize 
considerations such as time, cost, and overall 
environmental impact. A deliberate emphasis on a 
low-tech approach aims to reduce labor costs, 
facilitating the possibility of a do-it-yourself 
construction method for homeowners seeking active 
involvement in the building process. This meticulously 
structured methodology, encompassing interviews, 
literature review, design, virtual reality testing, 
simulation, and implementation preparation, 
positions the Z Free Home project at the intersection 
of innovative design, sustainability, and resilience 
against the backdrop of global challenges. 

The comprehensive methodology detailed herein 
underscores the multifaceted approach employed in 
the design and development of the Z Free Home. From 
strategic shifts in construction materials to meticulous 
load-bearing considerations and thermal performance 
optimizations, each step contributes to the creation of 
a resilient and sustainable housing solution. The 
impending implementation in the Lund Urban Living 
Lab in south Sweden marks a significant milestone, 
offering a tangible manifestation of this research 
project innovative outcomes. The subsequent one-
year monitoring and assessment period will provide 
invaluable data to further refine and validate the Z 
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Free Home's efficiency in addressing global challenges 
in sustainable and low-impact living. 
 
4. Results and Discussion 

The outcomes of the multifaceted design and 
development phases, including the virtual reality 
interactive workshop and simulation of design and 
design development, have been extensively elucidated 
in prior publications [7-11]. These antecedent steps 
were of paramount significance, providing the 
necessary groundwork for an in-depth exploration into 
the pivotal realm of construction detailing. Some of 
the simulation outcomes are presented below in table 
(1). That is to show the values that the project reached 
prior to the implementation phase. 
 
Table 1: Energy and thermal comfort simulation results 

Parameter Value 
EUI, kWh/m2y 73.28 

Overheating ratio during the 
summer, % 0.31% 

Heating load after using passive 
heating systems, kWh/m2y 10.25 

Cooling load after using passive 
cooling systems kWh/m2y 13.03 

Equipment load, kWh/m2y 30.00 
Hot water load, kWh/m2y 20.00 
Total electricity consumption, 
kWh/y 1465.67 

 
4.1 Construction Detailing Methodology 

The ramifications of construction detailing, as 
gleaned from intensive interviews and workshops 
involving adept builders and esteemed building 
manufacturers in Sweden, coalesced into the 
formulation of a straightforward, do-it-yourself 
modular structure system. Initially contemplating a 
modular wooden frame infused with bio-based 
materials, it became evident that wood, despite its 
ubiquity, succumbed to sustainability concerns owing 
to the energy-intensive manufacturing process. 
Rigorous investigations and a scholarly revisitation of 
pertinent literature on natural materials in 
construction led to the proposition of a modular frame 
constructed from shredded waste reeds, augmented 
by other high-cellulose biomaterials for binding. This 
paradigmatic shift aims not only to minimize 
environmental impact but also leverages the prolific 
availability of reeds, often deemed invasive species, 
their rapid growth, and ease of harvest and shredding.  

 
The primary challenge lay in ensuring robust 

binding force and the production of structurally sound 
frames capable of bearing loads. Given the 
experimental context of a single-story design, the roof 
load emerged as the paramount consideration. The 
integration of load-bearing walls within the structural 

system facilitated the continued use of frames made 
from reeds, with the filling material contributing 
significantly to load-bearing capacity. Future iterations 
necessitate comprehensive load-bearing compression 
strength tests to ascertain structural viability in multi-
story configurations. 

 
4.2 Filling Material Challenges and Innovations 

The second challenge centred on selecting a filling 
material that strikes a delicate balance between light 
weight and robust load-bearing capacity for the roof 
structure. To achieve this, a judicious mix of straw, 
kenaf, jute and shredded reeds was proposed. While 
kenaf and jute presented commendable thermal 
performance, they were not readily available in the 
Swedish context where the pilot 1:1 model is slated for 
construction. Consequently, the chosen blend 
comprises straw from wheat, oat, and barley, 
combined with shredded reeds and seaweeds. The 
lightweight nature of these materials, especially dried 
seaweeds, mirrors the desired thermal performance 
synonymous with kenaf and jute. An added advantage 
is the high fireproofing resistance conferred by the 
substantial salt content in seaweeds. 

 
4.3 Challenges in Cladding Materials Selection 

The third set of challenges pertained to the inner 
and outer cladding for the modular panel elements. 
Clay emerged as an optimal choice for interior 
plastering due to its commendable thermal properties, 
humidity regulation capabilities, and high fire 
resistivity. However, for exterior plastering, 
considerations of resistance against rain and snow 
necessitated supplemental additives. Consequently, 
the decision was made to employ clay for both interior 
and exterior surfaces, fortified with an additional layer 
of lime plaster or casein protein for the exterior 
surfaces. 

 
4.4 Optimization of Panel Size   

Extensive discussions unfolded regarding the 
dimensions of the panels, with an emphasis on 
accommodating low-tech do-it-yourself construction 
practices. Recognizing the potential drawbacks of 
small-sized panels—primarily the creation of thermal 
bridges and the necessity for additional layers to close 
gaps between joints—a judicious compromise 
between size and weight was sought. The finalized 
optimal panel dimensions stand at 40 cm in width, 90 
cm in length, and 135 cm in height, weighing between 
13 to 16 kilograms. This adheres to safety standards, 
allowing for manual transport without risk of injuries. 
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modular structure system. Initially contemplating a 
modular wooden frame infused with bio-based 
materials, it became evident that wood, despite its 
ubiquity, succumbed to sustainability concerns owing 
to the energy-intensive manufacturing process. 
Rigorous investigations and a scholarly revisitation of 
pertinent literature on natural materials in 
construction led to the proposition of a modular frame 
constructed from shredded waste reeds, augmented 
by other high-cellulose biomaterials for binding. This 
paradigmatic shift aims not only to minimize 
environmental impact but also leverages the prolific 
availability of reeds, often deemed invasive species, 
their rapid growth, and ease of harvest and shredding.  

 
The primary challenge lay in ensuring robust 

binding force and the production of structurally sound 
frames capable of bearing loads. Given the 
experimental context of a single-story design, the roof 
load emerged as the paramount consideration. The 
integration of load-bearing walls within the structural 

system facilitated the continued use of frames made 
from reeds, with the filling material contributing 
significantly to load-bearing capacity. Future iterations 
necessitate comprehensive load-bearing compression 
strength tests to ascertain structural viability in multi-
story configurations. 

 
4.2 Filling Material Challenges and Innovations 

The second challenge centred on selecting a filling 
material that strikes a delicate balance between light 
weight and robust load-bearing capacity for the roof 
structure. To achieve this, a judicious mix of straw, 
kenaf, jute and shredded reeds was proposed. While 
kenaf and jute presented commendable thermal 
performance, they were not readily available in the 
Swedish context where the pilot 1:1 model is slated for 
construction. Consequently, the chosen blend 
comprises straw from wheat, oat, and barley, 
combined with shredded reeds and seaweeds. The 
lightweight nature of these materials, especially dried 
seaweeds, mirrors the desired thermal performance 
synonymous with kenaf and jute. An added advantage 
is the high fireproofing resistance conferred by the 
substantial salt content in seaweeds. 

 
4.3 Challenges in Cladding Materials Selection 

The third set of challenges pertained to the inner 
and outer cladding for the modular panel elements. 
Clay emerged as an optimal choice for interior 
plastering due to its commendable thermal properties, 
humidity regulation capabilities, and high fire 
resistivity. However, for exterior plastering, 
considerations of resistance against rain and snow 
necessitated supplemental additives. Consequently, 
the decision was made to employ clay for both interior 
and exterior surfaces, fortified with an additional layer 
of lime plaster or casein protein for the exterior 
surfaces. 

 
4.4 Optimization of Panel Size   

Extensive discussions unfolded regarding the 
dimensions of the panels, with an emphasis on 
accommodating low-tech do-it-yourself construction 
practices. Recognizing the potential drawbacks of 
small-sized panels—primarily the creation of thermal 
bridges and the necessity for additional layers to close 
gaps between joints—a judicious compromise 
between size and weight was sought. The finalized 
optimal panel dimensions stand at 40 cm in width, 90 
cm in length, and 135 cm in height, weighing between 
13 to 16 kilograms. This adheres to safety standards, 
allowing for manual transport without risk of injuries. 

 
 
 

 

4.5 Implementation Plans and Future Assessments 
While the accompanying sketches illustrate the 

generic design for the modular system and the 
building skeleton, detailed drawings are withheld due 
to copyright considerations, given the project's 
ongoing pre-construction status. The implementation 
phase is planned for August 2024 at Lund Urban Living 
Lab (Labbet). A proposed one-year standing period for 
the constructed house aims to facilitate 
comprehensive year-round monitoring and 
assessment. This extended monitoring duration is 
pivotal for capturing nuanced performance metrics, 
providing empirical insights into the Z Free Home's 
resilience and sustainability under diverse climatic 
conditions and define performance gaps. 

The Z Free Home, presently existing as a 
conceptual idea, eagerly anticipates transitioning into 
the conclusive phase of the proof of concept building 
stage. The overarching objective is to subject the 
dwelling to an exhaustive one-year monitoring period, 
planned to assess its operational efficiency 
comprehensively. This comprehensive evaluation 
spans diverse facets, encompassing energy 
production, consumption patterns, waste 
management intricacies, and the efficacy of its passive 
heating and cooling systems. While simulation tools 
offer preliminary insights and contribute to 
anticipatory efficiency predictions, it is imperative to 
underscore that empirical performance, derived from 
an amalgamation of real-world conditions, often 
deviates from simulated projections. This variance is 
notably pronounced, especially in the context of 
passive systems for heating and cooling, where 
performance is intricately intertwined with fluctuating 
outdoor weather conditions. Furthermore, a 
noteworthy facet of passive systems lies in their 
manual operation, often necessitating direct user 
engagement. The reliance on users for manual control 
adds an additional layer of complexity to the 
evaluation of these systems. 

Recognizing these inherent intricacies, it is 
imperative to integrate a pre and post occupancy 
evaluation into the assessment framework to provide 
a more understanding of the Z Free Home's 
operational efficiency. Such an evaluation serves as a 
complementary tool, offering a qualitative and 
quantitative lens through which to scrutinize the 
holistic performance of the dwelling. This dual-
pronged approach, combining empirical monitoring 
with user-centred assessments, ensures a robust and 
comprehensive depiction of the house's functionality 
and efficiency. 

 

 

 
 
 

 
 
 
Figure 3. The Z free home structure system proposal. 
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CONCLUSION  
The Z Free Home project, presented as a pilot 

study, embodying a commitment to a comprehensive 
and sustainable built environment. The amalgamation 
of the 7 R principles— Refuse, Reduce, Rethink, Reuse, 
Renewable, Regenerative, and Respect —with the 11 Z 
principles—Zero Energy, Zero Waste, Zero Water 
waste, Zero Emissions, Zero Deforestation, Zero 
Toxins, Zero Poverty, Zero Injustice, Zero Exclusion, 
Zero Ignorance, and Zero Displacement, forms a 
dynamic synergy that transcends mere sustainability. 
This integration fosters a holistic approach to 
architectural resilience, demanding a profound shift in 
architectural thinking to consider the far-reaching 
implications of design decisions. 

The methodology employed in this research, 
characterized by a research-by-design approach, 
advanced simulation tools, and a experimental proof-
of-concept process, positions the Z Free Home project 
at the forefront of innovative and sustainable 
architectural solutions. The construction detailing 
methodology, particularly the selection of materials 
and the formulation of a do-it-yourself modular 
structure system, exemplifies a departure from 
conventional practices. Challenges such as load-
bearing considerations, filling material selection, and 
cladding materials were systematically addressed, 
culminating in an optimized panel design. 

In essence, the synthesis of these principles and 
methodologies not only propels architectural practice 
towards resilience but also positions architects and 
academics as stewards of a more resilient, 
regenerative, and harmonious built environment. As 
we navigate the uncertainties of the future, the 
interplay between the 7 R and 11 Z principles offers a 
robust framework for shaping built environments that 
endure, adapt, and thrive in the face of multifaceted 
challenges. Through the lens of these principles, 
architects are empowered to usher in a new era of 
architectural practice—one that is responsive, 
sustainable, and generative of positive impact. 

Moreover, the implementation phase will serve as 
a platform for experimental proof-of-concept, where 
innovative ideas and techniques will be put into 
practice. From the selection of sustainable materials to 
the construction of the modular structure system, 
every aspect of the Z Free Home will be scrutinized and 
refined to ensure optimal performance and durability. 
Challenges encountered during this phase, whether 
technical, logistical, or regulatory, will be met with 
ingenuity and determination, driving the project 
towards its ultimate goal of creating a truly resilient 
and regenerative built environment. 
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ABSTRACT: In the light of an unprecedented climate emergency, there is an urgent need to reconsider the 
materials we use for the construction of our buildings and to explore alternative material systems that are 
abundant, easy to source, and exhibit increased climate resilience and adaptability. Materials with these 
attributes have been developed by living systems. We propose the development of hybrid materials from living 
lichens and abiotic components for air pollutant sensing, using a 3D digitally driven paste delivery system. 
Lichens are excellent indicators of air pollutants, they present resilience to extreme environmental conditions 
and are abundant, can self-grow and self-regulate. The lichen species Flovoparmelia caperata, Parmotrema 
perlatum and Xanthoria parietina were used for the production of the samples. We employed a robust 
photographic recording system that allowed the morphological monitoring of the samples. We assessed 
colonisation tendencies and performed statistical analysis of changes in pigmentation distribution to 
understand substrate-lichen correlations and the metabolic activity change over time. Our findings 
demonstrated that three combinations of lichen species-substrates presented optimal integration and were 
selected as most suitable for 3D printing. We also report that one sample demonstrated excellent colonisation 
behaviour and less changes in its metabolic activity over time. 
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1. INTRODUCTION 
The building industry accounts for one of the 

largest negative impacts on the planet, significantly 
contributing to the depletion of natural resources and 
raw materials. In addition to this, we are already 
experiencing pressure on living conditions and an 
increase in damage to buildings from extreme 
weather events, attributed to climate change [1]. In 
the light of this unprecedented climate emergency, 
there is an urgent need to reconsider the materials 
we use for the construction of our buildings, their 
production and assembly processes. We therefore 
need to explore alternative material systems and 
fabrication processes that allow the use of materials 
that are not only abundant in our planet, readily 
available and easy to source, but also exhibit 
increased climate resilience and adaptability, 
mitigating the impact of extreme climate change 
events and responding to the ever-changing 
environmental conditions.     

Materials with responsive capabilities have 
already been developed by living systems over the 
last 4.5 billion years, as they have created biological 
structures for the modification of their environment 
and survival [2]. Natural biological systems are 
capable of sensing environmental conditions and 
responding to them on multiple scales [3]. Living 

systems possess distinctive features that endow them 
with intrinsic advantages for the manufacture of 
responsive materials such as their ability to grow 
autonomously into structured bulk materials without 
human effort, to self-regenerate and degrade the 
components that they make, thereby possessing a 
sustainable life cycle for the entire material and to 
provide complex responses to environmental stimuli 
[4]. In addition to the above features, they exhibit 
living attributes such as self-growth, self-regulation, 
self-repair and self-replication, making them excellent 
candidates for the development of materials with 
reduced environmental impact as compared to 
conventional materials. The above exceptional 
properties and capabilities make living materials 
attractive as functional components for the 
development of responsive materials. 

An emerging area of materials that has attracted 
interest in the scientific community is Living Hybrid 
Materials. This class of materials can be defined as 
materials composed of living cells that form or 
assemble the material itself, or modulate the 
functional performance of the material in some 
manner [2]. Living hybrid materials contain both living 
organisms and abiotic components. They retain the 
living attributes while the incorporated abiotic 
materials enhance the material structure and 
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culminating in an optimized panel design. 
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a platform for experimental proof-of-concept, where 
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refined to ensure optimal performance and durability. 
Challenges encountered during this phase, whether 
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ingenuity and determination, driving the project 
towards its ultimate goal of creating a truly resilient 
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1. INTRODUCTION 
The building industry accounts for one of the 

largest negative impacts on the planet, significantly 
contributing to the depletion of natural resources and 
raw materials. In addition to this, we are already 
experiencing pressure on living conditions and an 
increase in damage to buildings from extreme 
weather events, attributed to climate change [1]. In 
the light of this unprecedented climate emergency, 
there is an urgent need to reconsider the materials 
we use for the construction of our buildings, their 
production and assembly processes. We therefore 
need to explore alternative material systems and 
fabrication processes that allow the use of materials 
that are not only abundant in our planet, readily 
available and easy to source, but also exhibit 
increased climate resilience and adaptability, 
mitigating the impact of extreme climate change 
events and responding to the ever-changing 
environmental conditions.     

Materials with responsive capabilities have 
already been developed by living systems over the 
last 4.5 billion years, as they have created biological 
structures for the modification of their environment 
and survival [2]. Natural biological systems are 
capable of sensing environmental conditions and 
responding to them on multiple scales [3]. Living 

systems possess distinctive features that endow them 
with intrinsic advantages for the manufacture of 
responsive materials such as their ability to grow 
autonomously into structured bulk materials without 
human effort, to self-regenerate and degrade the 
components that they make, thereby possessing a 
sustainable life cycle for the entire material and to 
provide complex responses to environmental stimuli 
[4]. In addition to the above features, they exhibit 
living attributes such as self-growth, self-regulation, 
self-repair and self-replication, making them excellent 
candidates for the development of materials with 
reduced environmental impact as compared to 
conventional materials. The above exceptional 
properties and capabilities make living materials 
attractive as functional components for the 
development of responsive materials. 

An emerging area of materials that has attracted 
interest in the scientific community is Living Hybrid 
Materials. This class of materials can be defined as 
materials composed of living cells that form or 
assemble the material itself, or modulate the 
functional performance of the material in some 
manner [2]. Living hybrid materials contain both living 
organisms and abiotic components. They retain the 
living attributes while the incorporated abiotic 
materials enhance the material structure and 
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performance such as responsive and sensing 
functionalities [4]. Living hybrid materials with 
sensing and information processing capabilities 
usually incorporate a substrate, and functional or 
active layers [5]. The functional layers include the 
active elements where the main activity takes place 
while the substrate is a solid substance upon which 
the functional layers are deposited [6, 7].  

This research project aims to contribute to an 
emerging and growing body of work that recognises 
the potential of living cells as functional layers for the 
development of materials with responsive capabilities 
such as sensing external stimuli. We propose the 
development of hybrid living materials from lichens, 
using a novel robotic additive manufacturing process 
for paste 3D printing of the lichen substrate matrix.       

Lichens are symbiotic organisms, usually 
composed of a fungal partner and one or more 
photosynthetic partners [8]. They are found on trees, 
rocks and in soils [9] and are perennial, resilient and 
able to live for many years in extreme conditions 
[10,11]. They are abundant, providing easy 
accessibility, they can self-grow, self-repair and they 
are self-regulating. Unlike plants, lichens lack vascular 
organs to directly control their water loss or uptake 
[12], their water content equilibrates with 
atmospheric conditions and as a result, lichens range 
between desiccated and water-saturated states on a 
daily basis throughout much of their lifetime [13]. 
Lichens can survive in harsher environments 
compared to their constituting fungi and algae as 
individual living microorganisms due to passing 
nutrients and metabolites to each other which 
ensures better adaptability [14]. This astonishing 
capability to survive and remain living and healthy 
under extreme environmental changes, makes them 
promising candidates to be used as a sustainable 
alternative to conventional materials currently used 
in the building industry.  

In addition to exhibiting resilience to extreme 
environmental conditions, lichens are excellent 
biomonitors for air pollutants. The use of lichens as 
biomonitors is attributed to their ability to respond to 
air pollutants at different levels, their slow growth 
rate, longevity as well as their ability to indicate the 
presence and the concentrations of these pollutants 
[15,16]. Although lichens have been used extensively 
in the field for the detection and monitoring of air 
pollutants such as metals and organic air pollutants, 
to our best knowledge, integration of lichens into 
substrates for the development of building material 
composites has not been reported yet. We therefore 
present a scoping study in which we investigate the 
integration of lichens into various substrate matrices 
using a digitally driven paste delivery system. 
 

2. HYPOTHESIS AND OBJECTIVES 
Drawing from the existing literature 

demonstrating lichen’s ability to respond to extreme 
environmental changes as well as sense and report 
the presence of air pollutants, we hypothesise that it 
might be possible to 3D print lichen composites that 
can perform the above functions. Our aim is to 
develop living hybrid material systems from lichens 
that exhibit responsive capabilities when exposed to 
environmental pollutants, using a novel digital 
fabrication method of paste delivery.  

The hypothesis is sought to be verified through 
the following objectives:  
- To assess and establish protocols of lichen/substrate 
colonisation for the development of the hybrids.  
-To 3D print substrates that present optimal 
colonisation behaviour using a digitally driven paste 
delivery system.  
-To evaluate gas absorption rates of hybrid materials 
upon exposure to pollutants.  
-To develop a framework for deploying lichen hybrid 
material systems. 
 
3. METHODS 
3.1 Experimental set up and material synthesis  

The lichen species Flovoparmelia caperata, 
Parmotrema perlatum and Xanthoria parietina were 
collected from three tree trunks of an outdoor area 
with average pollution levels in Bristol, United 
Kingdom. For each of the species, the same tree trunk 
site was used for the collection. The rationale for this 
decision was that since the same site was used, it was 
most likely that the specific lichen species benefitted 
from the same secondary metabolites such as 
nutrients and water intake, environmental stress, 
moisture content and sun exposure, allowing the 
development of conclusions by excluding these 
parameters when performing morphological 
characterisation and statistical analysis.   
Seventeen samples of different substrates- lichen 
species combinations were produced (Fig. 1). The 
substance choice and concentrations were based on 
an already established protocol of material mixture 
and concentrations used for 3D printing. The 
materials used were Cellulose Fibre Scarva, 
Methyl cellulose, Chitosan, Glycerin, Agar, Coffee 
grounds, Rice Starch, Sodium alginate, Hemp Shive 
and Clay (Smooth Terracotta). Table 1 shows the 
composition and quantities of the developed 
substrate samples.  
The samples were kept at ambient room temperature 
in a hydroponic growing tent with the provision of 
artificial daylight (Fig. 2) and monitored every 2-3 
days. Additional moisture was added manually as 
required with de-ionised water.  

 
 

 

 
Figure 1: Inoculated substrate samples. Flovoparmelia 
caperata, Parmotrema perlatum and Xanthoria parietina 
lichen species were used for the inoculation. Photograph by 
Simon Regan 2023.  
 
3.2 Pigmentation distribution    

A photographic recording system incorporating a 
customised 3D printed base for the positioning of a 
camera at an angle and distance that allows the 
morphological monitoring and characterisation of the 
samples was established.  
 

 

 
Table 1: Substances and concentrations used for the 
development of the substrate samples.  
 

Images of each sample were taken for 6 
consecutive weeks prior to the implementation of 
data analysis (Fig. 3).  We performed colour 
distribution statistical analysis. The rationale behind 
the selection of this method is the described below  
 

 

Figure 3: Recordings of sample 16 for 6 consecutive weeks.  
Pigmentation distribution changes have been analysed to 
understand correlations between lichen species and 
substrate composition.  
 

The parameters that may affect the distribution of 
the lichen pigmentation over time can be attributed 
to the following factors: 1. Fungal partner pigments 2. 
Algal or cyanobacteria pigments 3. Secondary 
metabolites 4. Interaction of lichens with the 
substrate 5. Type of lichens 6. Environmental stress 7. 
Moisture content. Since the inoculation of the 
substrates was performed in controlled conditions, 
factors 3, 6 and 7 remain the same for all samples and 
therefore can be eliminated from the parameters 
taken into consideration. Changes to pigmentation 
distribution over time may therefore be attributed to 
the interaction of the lichens with the different 
substrates as well as the composition of the fungal 
and photosynthetic partners in each sample. 
Conclusions may lead to a better understanding of 
how lichens interact with the substrates and which 
lichen species- substrate combinations could lead to 
integration and adherence of the lichens to the 
substrate substances and therefore to self-assembly 
formation mechanisms. For the interpretation of the 
data set depicting pigmentation change over time, 
the data of the same lichen species samples were 
analysed and compared to allow the elimination of 
the impact of factor 5 on our possible conclusions. 
MATLAB was used for the analysis.  
 

 
Figure 2: Hydroponic tent used for the lichen-substrate 
inoculation to allow controlled conditions of light, humidity 
and temperature for all samples. Photograph by Simon 
Regan 2023.  
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research project consists of an UR collaborative 
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performance such as responsive and sensing 
functionalities [4]. Living hybrid materials with 
sensing and information processing capabilities 
usually incorporate a substrate, and functional or 
active layers [5]. The functional layers include the 
active elements where the main activity takes place 
while the substrate is a solid substance upon which 
the functional layers are deposited [6, 7].  

This research project aims to contribute to an 
emerging and growing body of work that recognises 
the potential of living cells as functional layers for the 
development of materials with responsive capabilities 
such as sensing external stimuli. We propose the 
development of hybrid living materials from lichens, 
using a novel robotic additive manufacturing process 
for paste 3D printing of the lichen substrate matrix.       

Lichens are symbiotic organisms, usually 
composed of a fungal partner and one or more 
photosynthetic partners [8]. They are found on trees, 
rocks and in soils [9] and are perennial, resilient and 
able to live for many years in extreme conditions 
[10,11]. They are abundant, providing easy 
accessibility, they can self-grow, self-repair and they 
are self-regulating. Unlike plants, lichens lack vascular 
organs to directly control their water loss or uptake 
[12], their water content equilibrates with 
atmospheric conditions and as a result, lichens range 
between desiccated and water-saturated states on a 
daily basis throughout much of their lifetime [13]. 
Lichens can survive in harsher environments 
compared to their constituting fungi and algae as 
individual living microorganisms due to passing 
nutrients and metabolites to each other which 
ensures better adaptability [14]. This astonishing 
capability to survive and remain living and healthy 
under extreme environmental changes, makes them 
promising candidates to be used as a sustainable 
alternative to conventional materials currently used 
in the building industry.  
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environmental conditions, lichens are excellent 
biomonitors for air pollutants. The use of lichens as 
biomonitors is attributed to their ability to respond to 
air pollutants at different levels, their slow growth 
rate, longevity as well as their ability to indicate the 
presence and the concentrations of these pollutants 
[15,16]. Although lichens have been used extensively 
in the field for the detection and monitoring of air 
pollutants such as metals and organic air pollutants, 
to our best knowledge, integration of lichens into 
substrates for the development of building material 
composites has not been reported yet. We therefore 
present a scoping study in which we investigate the 
integration of lichens into various substrate matrices 
using a digitally driven paste delivery system. 
 

2. HYPOTHESIS AND OBJECTIVES 
Drawing from the existing literature 

demonstrating lichen’s ability to respond to extreme 
environmental changes as well as sense and report 
the presence of air pollutants, we hypothesise that it 
might be possible to 3D print lichen composites that 
can perform the above functions. Our aim is to 
develop living hybrid material systems from lichens 
that exhibit responsive capabilities when exposed to 
environmental pollutants, using a novel digital 
fabrication method of paste delivery.  

The hypothesis is sought to be verified through 
the following objectives:  
- To assess and establish protocols of lichen/substrate 
colonisation for the development of the hybrids.  
-To 3D print substrates that present optimal 
colonisation behaviour using a digitally driven paste 
delivery system.  
-To evaluate gas absorption rates of hybrid materials 
upon exposure to pollutants.  
-To develop a framework for deploying lichen hybrid 
material systems. 
 
3. METHODS 
3.1 Experimental set up and material synthesis  

The lichen species Flovoparmelia caperata, 
Parmotrema perlatum and Xanthoria parietina were 
collected from three tree trunks of an outdoor area 
with average pollution levels in Bristol, United 
Kingdom. For each of the species, the same tree trunk 
site was used for the collection. The rationale for this 
decision was that since the same site was used, it was 
most likely that the specific lichen species benefitted 
from the same secondary metabolites such as 
nutrients and water intake, environmental stress, 
moisture content and sun exposure, allowing the 
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parameters when performing morphological 
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Seventeen samples of different substrates- lichen 
species combinations were produced (Fig. 1). The 
substance choice and concentrations were based on 
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and concentrations used for 3D printing. The 
materials used were Cellulose Fibre Scarva, 
Methyl cellulose, Chitosan, Glycerin, Agar, Coffee 
grounds, Rice Starch, Sodium alginate, Hemp Shive 
and Clay (Smooth Terracotta). Table 1 shows the 
composition and quantities of the developed 
substrate samples.  
The samples were kept at ambient room temperature 
in a hydroponic growing tent with the provision of 
artificial daylight (Fig. 2) and monitored every 2-3 
days. Additional moisture was added manually as 
required with de-ionised water.  

 
 

 

 
Figure 1: Inoculated substrate samples. Flovoparmelia 
caperata, Parmotrema perlatum and Xanthoria parietina 
lichen species were used for the inoculation. Photograph by 
Simon Regan 2023.  
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micro controller hardware unit. This unit operates a 
stepper motor which is integrated within Poseidon 
open-source syringe pump fixture that facilitate the 
delivery of the paste, synchronised with the 
movement of the robotic arm. The Poseidon fixture 
has been modified to fit the UR end-effector bracket 
and adapted to hold a 60ml syringe tightly. The 
syringe itself has been modified with a set of 
interchangeable set of nozzles 3D printed in 5, 8 and 
10mm diameter. 

The workflow of processing test prints starts with 
forms designed in a CAD software and saved in the 
STL format. The STL files are then sliced into 3D 
printing paths using the CURA software. These paths 
are saved as G code data, which can be interpreted 
by the integrated robot arm and paste delivery 
system. To facilitate the interpretation, the CURA G-
code commands are loaded into the RobotDK 
software running on a laptop which is connected to 
the UR control box via an ethernet cable – enabling 
real time data flow. Data is relayed from the UR 
control box to an Arduino microcontroller which in 
turn send commands to stepper motor driver that 
controls movement of the stepper motor which 
pushes the plunger of the syringe and ultimately 
deliver the paste in amounts that are synchronised 
with the movement of the robotic arm (Fig. 4).   
 

 
Figure 4: Images of the development of the robotic 3D 
printing test system. The system consists of an UR 
collaborative Robotic Arm connected to an Arduino based 
micro controller hardware unit using a syringe paste 
delivery printing process.  
 
4. RESULTS  

Samples 1, 2 and 11 presented optimal 
colonisation and the lichen species were fully 
integrated with the substrate, forming a hybrid 
material from the fusion of the living and synthetic 
particles. By optimal colonisation, we refer to the 
binding and attachment of the lichen species to the 
substrate in such a manner that the components are 
coalesced and cannot be separated.  

It is worth noting that for the image classification 
via statistical analysis of changes in pigmentation 
distribution implemented in the analysis below, the 
red, green and blue mean values are the average 
values of the red, green and blue channels of the 
image pixels. In regard to the species Xanthoria 
parietina and for the course of 6 weeks, sample 2 
presented the highest red and green mean values of 
177.9 and 170.9 with standard deviation values of 
49.4 and 55.0, skewness of 2.52 and 2.47 and kurtosis 
8.97 and 8.55. This indicates that the sample presents 
leptokurtic distribution and the kurtosis is therefore 
positive. Additionally, the skewness is negative. On 
the other hand, sample 1 showed the lowest red and 
green mean values of 157.2 and 150.2, with 70.3 and 
76.2 standard deviation values, skewness of 2.56 and 
2.48 and kurtosis 8.77 and 8.53, also presenting 
leptokurtic distribution with positive kurtosis and 
negative skewness.  Sample 11 showed the highest 
blue mean value of 158, 48.6 standard deviation 
value, with skewness 0.86 and kurtosis 2.60. This may 
be interpreted as negative skewness but the kurtosis 
is platykurtic. In contrast, sample 1 demonstrated the 
lowest blue value of 140.2 with standard deviation of 
78.5 and 1.97 skewness and 6.05 kurtosis with 
leptokurtic distribution. The above statistical analysis 
indicates that for sample 1 (Fig. 5), modification in 
pigmentation distribution remains the lowest 
compared to the other samples inoculated with the 
Xanthoria parietina species which may be attributed 
to the living cells retaining their nutrients and 
functional exchanges between the fungal and 
photosynthetic components. Sample 2 contains 
cellulose fibre scarva, methyl cellouse and chitosan, 
same particles used in sample 1. In addition to the 
above particles, sample 1 substrate also contains 
glycerine and additive. It may therefore be possible 
that the glycerine and additive contributed to the 
living cells presenting lowest pigmentation 
modifications and thus retaining their original living 
state and metabolic activity.   
 

 
Figure 5: Plots depicting pigmentation distribution changes 
over 6 consecutive weeks for sample 1.  
 

A similar trend can be observed in regard to the 
species Parmotrema perlatum. Sample 14 presented 
the highest red mean value of 169.6, standard 
deviation of 58.3, a negative skewness of 1.65 and a 
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over 6 consecutive weeks for sample 1.  
 

A similar trend can be observed in regard to the 
species Parmotrema perlatum. Sample 14 presented 
the highest red mean value of 169.6, standard 
deviation of 58.3, a negative skewness of 1.65 and a 

 

positive kurtosis of 4.46 with leptokurtic distribution. 
Sample 8 showed the highest green mean value of 
165.4, standard deviation of 45.1, a negative 
skewness of 1.69 and a positive kurtosis of 5.80 with 
leptokurtic distribution. Finally, sample 12 showed 
the highest blue mean value of 157.2, standard 
deviation of 45.8, a negative skewness of 0.86 and a 
kurtosis of 2.22 with platykurtic distribution. On the 
contrary, sample 9 displayed the lowest red, green 
and blue mean values of 155.2, 148.7 and 139.9 (Fig. 
6). The standard deviation values were 73, 78.3 and 
79 respectively, with negative skewness of 2.84, 2.62 
and 2.44 and positive kurtosis of 10.67, 9.45 and 8.92, 
also with leptokurtic distribution. From the above 
analysis, it is demonstrated that from the substrates 
inoculated with Parmotrema perlatum lichen species, 
sample 9 displayed the lowest pigmentation 
distribution modifications and therefore its substrate 
might have contributed to the living lichens 
maintaining their original state and metabolic activity 
in comparison to the other samples. By comparison of 
the substances used in the samples, it may be 
possible that this behaviour is attributed to Bio bean 
and Additive and/or Fine Hemp Shive.  
 

 
Figure 6: Plots depicting pigmentation distribution changes 
over 6 consecutive weeks for sample 9.  
 

Lastly, for the species Flovoparmelia caperata, 
sample 14a showed the highest red mean value of 
173, standard deviation of 46.7, a negative skewness 
of 1.08 and a negative kurtosis of 2.73 with 
platykurtic distribution. These findings are consistent 
with sample 14 discussed above, where the same 
substrate is inoculated with the lichen species 
Parmotrema perlatum and also show the highest red 
mean value. It is therefore possible that the particles 
used in substrates 14 and 14a have a maximum 
impact on the lichen species and more specifically on 
their metabolic activity. Table 1 shows in detail the 
substances used for each sample. Sample 14a also 
presents the highest green mean value which is 167.1 
with 49.2 standard deviation, a negative skewness of 
0.70 and a negative kurtosis of 2.16 with platykurtic 
distribution. Finally, three samples showed the same 
blue mean value of 156.2 which was the highest 
between the discussed samples of this lichen type. 
These samples are 3, 13 and 14. Standard deviation is 
59.3, 45.1 and 53 respectively. The skewness is 

negative for all three samples and is 1.58, 1.43 and 
0.45 respectively. The kurtosis is positive for samples 
3 and 13 and is 4.28, 3.80 with a leptokurtic 
distribution and negative for sample 14 with a value 
of 2.34 and platykurtic distribution. It is therefore 
evident that the substrate components of sample 14 
may impact most the metabolic activity of the lichens 
and therefore exhibit highest change of the 
pigmentation distribution. Regarding the lowest 
mean values, sample 5 demonstrated the lowest 
mean values for all three pigments (Fig. 7). These are 
154.5, 148.9 and 141, showing standard deviation of 
74.1, 79.8 and 80.9 respectively. The skewness is 
negative and the values are 2.99, 2.87 and 2.50 for 
red, green and blue pigments. The kurtosis is positive 
and is 12.20, 11.39 and 9.11 with a leptokurtic 
distribution.  
 

 
Figure 7: Plots depicting pigmentation distribution 
changes over 6 consecutive weeks for sample 5.  
 
5. DISCUSSION 

Our findings demonstrated that three 
combinations of lichen species-substrates presented 
optimal colonisation (1, 2, 11) and were therefore 
selected as most suitable for 3D printing using the 
system mentioned above (Fig. 8). Additionally, the 
data analysis contributed to a better understanding 
of the substrate-lichen correlation and more 
specifically the metabolic activity change over time. 
We can report that the three samples that showed 
lowest change of the pigmentation distribution are 1, 
5, 9 and therefore their metabolic activity was more 
similar to their initial state than the other samples. 
On the other hand, most pigmentation distribution 
changes were observed in samples 2, 11, 14, 14a, 3 
and 13 indicating that the metabolic activity of the 
living cells has been most impacted. We can 
therefore report that from the data analysis and 
physiological monitoring, sample 1 presents the most 
ideal candidate for the development of the new 
hybrid living material since it exhibits excellent 
colonisation behaviour and less changes in its 
metabolic activity over time. Further research needs 
to be undertaken to better understand the impact of 
the concentrations of the substrate components on 
the metabolic activity, the implication of metabolic 
changes to the living cells and substrate as well as the 
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specifics of the substances used so that a more 
accurate mapping can be achieved.  
 
6. CONCLUSION 

This research project marks a ground-breaking 
investigation of incorporating lichens into substrate 
matrices aimed at robotic 3D printing. To our best 
knowledge, this is the first time that such approach 
has been tested, opening up exciting opportunities 
for the development of a new class of hybrid 
materials using living components that are truly 
resilient to environmental stress, sustainable, can 
self- assemble, self-heal and self-regenerate. Our 
findings so far contribute to a better understanding of 
lichen species- substrates correlations as well as 3D 
printing approaches that can lead to the production 
of lichen hybrid living materials with scalability 
potentials for applications in the building industry 
through integration and self- assembly of their 
components.  
 

 
Figure 8: Small scale 3D printing studies of optimal 
substrates for lichen inoculation.  
 

Following the above studies, we will use our 
findings for the next phase of this research project 
which includes the assessment of the responsiveness 
of the developed hybrid living materials to air 
pollutants exposure. For assessing gas absorption, the 
inoculated 3D printed hybrid living materials will be 
subjected to distinct gases in bespoke chambers and 
quantitative data will be collected for analysis of 
absorption. The findings of this phase will be included 
in the conference presentation. Challenges that need 
to be considered in this next research phase is 
minimising contamination risks and deterioration of 
the substrate material as well as monitoring the 
lichen hybrid materials for any pathogen growth. 
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The Environmental Performance Of Contemporary Bamboo 
Architecture In The Tropics 

A case study of an educational building designed by Ibuku in the 
warm and humid climate of Bali, Indonesia 

OLIVIER DAMBRON1 
1Atmos Lab, London, UK 

ABSTRACT: This research critically examines the environmental performance of contemporary bamboo 
architecture in tropical regions, focusing on a case study of an educational building designed by Ibuku in Bali, 
Indonesia. Amidst the rapid development and modernization affecting tropical countries, traditional 
architectural practices often get overshadowed. This paper highlights the importance of local materials, 
craftsmanship, and innovative designs for sustainable living. It specifically explores bamboo's potential as a 
sustainable construction material in tropical climates – as the vegetal rod that comes out of the ground -, 
highlighting the significance of bamboo species selection, processing techniques, and the application of durable 
design principles in bamboo architecture. The paper presents an in-depth analysis of The Green School near the 
town of Ubud, a project that exemplifies the innovative use of bamboo in contemporary architecture. The study 
investigates various aspects of its environmental performance, including daylighting, natural ventilation, and 
thermal comfort. The school's thermal performance was rigorously evaluated through fieldwork employing data 
loggers and spot measurement tools, complemented by user interviews. The research provides both qualitative 
and quantitative insights into the efficacy of bamboo architecture in ensuring comfort with minimal energy 
consumption. 
KEYWORDS: bamboo, vegetal rod, warm and humid climate, fieldwork, thermal performance 

1. INTRODUCTION
The hasty development of emerging tropical 

countries has led to the proliferation of inappropriate 
architectural practices that replicate designs intended 
for very different cultures and environmental 
conditions. These uncontextualized practices, create 
built environments in the tropics which rely heavily 
on mechanical systems, consume non-renewable 
energy all year long and thus pose significant 
environmental threats. To counteract this trend, the 
use of local ecological materials, local craftmanship 
and innovative environmental designs is crucial for 
sustainable living. This paper delves into the case of 
Bali, Indonesia, a region, heavily impacted by tourism 
and rapid modernization, which holds rich examples 
of vernacular and contemporary bamboo 
architecture. For the past decades “ruthless” 
developers have focused on the southern part of the 
island, building fully airconditioned high rise resorts, 
encouraging foreigners to maintain their customs 
from abroad. Not only has this phenomenon 
gentrified the local Balinese population away, but 
also constitutes a real threat by gradually separating 
locals from their culture. A direct consequence is the 
decrease of tolerance from the Indonesians regarding 
their perception of comfort. However, further inland, 
lies the Balinese cultural capital town of Ubud where 
genuine traditions are perpetuated and relation to 

nature kept strong. Abundant around the tropics, 
bamboo has traditionally been used as a construction 
material for the warm and humid climate. Although 
varied uses and applications in building construction 
have established bamboo as an environment-friendly, 
energy efficient and cost-effective option, recent 
transformation techniques of the material have 
derived it from its natural state. Therefore, drawing 
attention of designers away from its initial potential 
as a vegetal rod. Reporting guidelines for bamboo 
selection, preservation and processing in Indonesia is 
necessary to set the conditions in which bamboo 
holds its best potential to generate sustainable 
architecture. A significant challenge that has slowed 
the development of bamboo architecture resides in 
its social perception. Bamboo remains widely 
misunderstood and attributed exclusively to extreme 
contexts, either for old traditional uses (vernacular 
architecture, scaffolding, etc) or temporary 
emergency sheltering. However, several noticeable 
examples of bamboo buildings have achieved to 
elevate the material to more contemporary and 
modern uses, at locations where the strongest 
bamboo species grow abundantly. The focus of this 
paper will be on Indonesia, as it detains a strong 
handcrafting heritage combined with a traditional 
know how regarding the use of bamboo. This set of 
conditions creates new possibilities to generate 
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sustainable and environmental architecture using 
natural bamboo rods for contemporary lifestyles. 

 
2. CONTEXT 
2.1 The climate of Indonesia 

Indonesia lies between latitudes of 11°S and 6°N 
and experiences a tropical warm and humid climate 
characterized by annually consistent temperatures 
around 27°C with little diurnal variations and high 
incident solar radiation reaching 1000 Wh/m². 
Humidity levels are high averaging around 84% and 
winds are moderate averaging at 2.5m/s, hence the 
majority of the population living in naturally 
ventilated houses to ensure thermal comfort. Winds 
are generally predictable, usually blowing in from the 
south-east during the dry season (May to 
September), and from the northwest during the rainy 
season (November to March).  
 
2.2 The local climate of Ubud, Bali 

 
Figure 1: Location of Ubud on the island of Bali 
(source: Google Maps) 

Ubud is centrally located on the island of Bali at 
220 meters in altitude, with the nearest coast at more 
than 10 km (figure 1). Annual temperatures (figure 2) 
are slightly cooler than in the coastal areas, ranging 
from 20 to 30°C with a narrow diurnal temperature 
range of +/- 7°C. Relative humidity levels remain 
above 80% and natural ventilation is permanently 
needed to relieve from heat stress. Sky illuminance is 
high with frequent overcast sky conditions which can 
easily cause disturbing glare [1]. Rainfall is substantial 
with an annual average of 2244mm mostly occurring 
during the wet season facilitating a dense vegetation. 
The dry season has fewer rainy days, lower humidity 
levels and clearer skies. 

 
Figure 2: Climate analysis of Bali 

Indonesians reckon witnessing climate change as 
conditions have now become less predictable. 
Historically, an annual sudden change of wind 
direction occurred during a week in April and another 
in September, these events were traditionally the 
object of social gatherings in the rice fields and a 
celebration for the kite festivals. Although wind 
patterns are now more scattered, prevailing winds 
can still be considered to be south-eastern and north-
western, respectively during the dry and wet season. 

 
3. BAMBOO A VIABLE RESOURCE IN BALI 
3.1 Overview on bamboo 

This study highlights the potential of bamboo as a 
traditional construction material well-suited for warm 
and humid tropical climates. Despite its historical 
significance, bamboo has been overlooked due to 
modern material preferences. A shift towards 
bamboo architecture in the tropics offers benefits 
such as being affordable and widely available. It is a 
lightweight material with the tensile strength of steel 
and compression resistance of concrete which can be 
used to build structural cores, columns, beams, 
staircases, slabs, roofs, facades, partitions, frames 
and furniture [2]. 

 
3.2 Bamboo a locally abundant natural resource 

Over 1000 bamboo species flourish between the 
latitudes of 50° North to 20° South, with Asia 
accounting for 67% of the global distribution. This 
rapid-growing grass demands meticulous harvesting 
to ensure optimal construction performance. Culms 
attain their full height within an eight-month period, 
exhibiting their maximum diameter upon emergence. 
A two-year maturation period is essential for the 
outer layer to shed and branches to develop. The 
prime harvesting window for a bamboo culm is post 
three years, coinciding with peak internal density, 
verifiable via sonic testing. Post-harvest, the culms 
undergo a two-week solar drying phase, during which 
they experience shrinkage. Minimizing shrinkage is 
crucial to avert cracking. Subsequently, the culms are 
immersed in a heated boron solution for a full day, a 
step imperative for eliminating natural sugars and 
deterring insect infestation. The final stage involves 
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exposing the green poles to sunlight until they 
achieve a yellow hue, indicating the depletion of 
chlorophyll. Selecting species that are highly 
adaptable to the local climatic, soil, and topographic 
conditions is essential to meet the expectations of 
rapid growth, superior quality, and robustness. 
Traditional practices, now substantiated by 
contemporary research [6], recommend three 
specific species for construction in Indonesia (figure 
3), capitalizing on their wide availability, proven 
adaptability and structural integrity.  

 

 
Figure 3: Species used for construction in Indonesia. 

 
3.4 Durable bamboo design principles 

Bamboo is acknowledged as a sustainable 
construction resource within tropical regions. 
Nonetheless, the inherent variability of bamboo 
culms precludes standardization, making the quality 
of craftsmanship a determinant of structural 
integrity. The irregularity of bamboo's anatomical 
structure complicates the development of uniform 
mechanical joints for assembling construction 
components. However, this challenge is mitigated in 
countries like Indonesia, where a rich heritage of 
handcrafting tradition empowers designers with the 
ability to devise efficient, bespoke solutions. 
Adherence to fundamental principles is essential for 
optimizing the longevity of bamboo construction 
elements. Joinery, being a critical aspect of bamboo 
construction, demands meticulous attention. Joints 
are the most susceptible to damage and cracking if 
not properly executed. A prevalent method involves 
sculpting the end of the receiving pole into a 'fish 
mouth' shape to snugly accommodate the adjoining 
pole and facilitate effective load distribution [3]. 
While traditional construction utilized bamboo pegs 
and rope to secure joints, contemporary methods 

employ threading and bolting for enhanced stability. 
For principal structural components, infilling with 
concrete is an additional measure that is taken to 
augment their strength. 

 

 
Figure 4: Picture of fish mouth joint with bamboo pin 
(source: courtesy of Pt. Bamboo Pure) 

 
Bamboo's porous nature allows it to absorb and 

release moisture, and significant changes in moisture 
levels can negatively impact its durability [3]. Hence, 
implementing protective measures against 
precipitation and direct, intense solar radiation 
becomes imperative, particularly on the building's 
windward side where water penetration is more 
profound. These protective strategies can be realized 
through various approaches. One effective method is 
to design the roof overhang to extend sufficiently 
such that the extremity forms a 45° angle to the 
ground when viewed in relation to the base of the 
bamboo structural component. Should achieving this 
angle be impractical, an alternative is to elevate the 
base of the bamboo culms. This can be done by 
creating a concrete foundation or placing a stone 
beneath the base, thereby diminishing the exposure 
relative to the roof's overhang. 

 

 
Figure 5: Typology to protect structural elements from 
weathering effects. 
  
4. CASE STUDY: THE GREEN SCHOOL BY IBUKU 

Situated near Ubud in Bali, The Green School, 
constructed in 2007 and designed by Ibuku, stands as 
a contemporary example of bamboo architecture in 
the tropics. It serves approximately 500 students, 
ranging from kindergarten through high school, 
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drawn from both international and local 
backgrounds. This institution fosters a unique 
educational milieu, immersing students within an 
architecture entirely made of a natural material. 

4.1 Overview of the Heart Of School 
 

  
Figure 6: Aerial and west & elevation view of HOS  
(source: courtesy of Ibuku) 

 

  
Figure 7: Ground floor view & offices of HOS  

 
The master plan's spacious design facilitates wind 

flow, and the eastward descending slope of the 
terrain helps prevent wind blockage between 
structures. At the core of the HOS's design is the 
hyperbolic shape that supports the roof's load. This 
principle is central to the building's structure, as 
detailed in the study. Constructed from three 
bamboo species identified in this research, the 
building utilizes bamboo for floors, ceilings, stairs, 
railings, furniture, and versatile blinds, all 
handcrafted from bamboo culms, resulting in a 
notably lightweight construction. Roof pitches and 
extended overhangs are specifically designed for 
efficient water runoff and to shield the bamboo's 
foundation. Additional adaptive features, such as the 
bamboo blinds (figure 6), address rain, sunlight, and 
glare. The building is confined only by its roof as there 
are no walls, allowing the building to be opened to 
more than 80 % of its elevation. With floors and 
partition made extremely permeable to maximise air 
movement (figure 7), and considering acoustic 
limitations of the material, the program is distributed 
to prioritise privacy of classrooms and avoid 
disturbance by adjacent users. A practical remedy for 
the squeaking caused by footsteps on multiple stories 
bamboo structures is the use of repurposed rubber 
from old tires as dampers. The school operates from 
8:30 am to 3:30 pm, Monday through Friday. Break 
times are scheduled for a 15-minute snack at 10 am 
and an hour-long lunch at noon, during which 
significant activity is permitted on the ground floor. 
Throughout the day, classrooms and offices are in 
continuous use, with study areas experiencing higher 
occupancy in the afternoons. 

 
Figure 8: Floor plans, program and occupancy of HOS 
(courtesy of Ibuku) 
 

The HOS has its longer facades set perpendicular 
to the prevailing North-West and South-East winds, 
prioritizing natural ventilation potential over easier 
solar control. Extensive openings facilitate effective 
cross ventilation, enhancing comfort regardless of 
wind direction. Positioned atop a hill and adjacent to 
a river to the East, the HOS benefits from the cooling 
effect of the South-Eastern wind, which accelerates 
as it moves up the hill, delivering a cooling breeze at 
its peak [7]. The North-western side opens onto a 
grass-covered sports field, where wind can develop 
over cooler surfaces prior to entering the school.  
 

 
Figure 9: Aerial views comparing vegetation growth 
 

Furthermore, rapid and dense vegetation growth 
means the landscape conditions at the design stage 
likely differed considerably from the current ones. 
This temporal discrepancy is illustrated by comparing 
aerial photos from 2012 and 2016 (figure 11). 
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Furthermore, rapid and dense vegetation growth 
means the landscape conditions at the design stage 
likely differed considerably from the current ones. 
This temporal discrepancy is illustrated by comparing 
aerial photos from 2012 and 2016 (figure 11). 

 

Vegetation, including bushes, mid-sized plants, and 
tall palm trees, now encircles parts B and C of the 
Heart of the School (HOS), significantly impeding 
breezes at the level of the openings and reducing 
comfort during peak temperatures. This observation 
is corroborated by interviews with two teachers who 
report a lack of air circulation in these areas. 
Conversely, another teacher on the ground floor of 
part A experiences frequent cool breezes.  
 
4.2 Methodology 

The potential for natural ventilation is 
investigated through wind speed spot measurements. 
The thermal performance is investigated through 
temperature spot measurements and recordings 
from four temperature and humidity dataloggers 
placed on site. The daylight performance is 
investigated through lux spot measurements. The 
application of the durable bamboo design principles 
is analysed based on photographs of the construction 
elements. 
 
4.3 Results: HOS environmental performance  

 
Figure 10: Wind speed & air temperature measurements 
(after: elevation by Ibuku) 
 

Spot measurements across the HOS showed low 
to moderate wind speeds ranging from near 0 to 1.4 
m/s and temperatures from 28.2°C to 30.2°C (figure 
12), pinpointing that higher temperatures occur in 
zones with calmer wind conditions and conversely. 
Airflow does improve at higher floors, but lengthy 
windward roof spans could deflect breezes unless 
openings are strategically placed. Surrounding 
vegetation hinders airflow on both the ground and 
first floors of part C. There's a slight increase in air 
movement near part A, where vegetation is less 
dense. The first floor across all three parts of the HOS 
experiences more stagnant air compared to other 
levels due to the roof overhangs extending to the first 
floor's height, which, while shielding against sun and 
rain and reducing glare, also impede the desired 
direct airflow. To monitor further these conditions, 
four data loggers were placed, one on each of the 
three floors of part B - the central and most occupied 

section - and one outdoors. Air temperatures were 
recorded over a school week in April 2016, from 
Monday to Friday (figure 13). The analysis focuses on 
the last three recorded days which show diverse 
climatic conditions: (i) Wednesday 13/04, 
precipitation between 11:30 am and 1 pm, (ii) 
Thursday 14/04, intermittent cloud cover during the 
day's warmest hours, (iii) Friday 15/04, clear skies and 
consistent solar radiation. 

 
Figure 11: Wind speed & air temperature measurements 
(after: elevation by Ibuku) 
 

These observations highlight the building's 
responsive lightweight structure, as evidenced by the 
semi-internal temperatures mirroring outdoor 
temperature fluctuations without delay. Daytime 
temperature differentials were observed as follows: a 
1° difference between the ground floor and the first 
floor, and an additional 0.5° increase from the first to 
the second floor. This gradual temperature rise 
confirms the presence of a stack and buoyancy effect, 
facilitated by the high permeability of most vertical 
elements. Furthermore, the building's structural 
hyperbolic core functions as a conduit (figure 14), 
allowing warm air to ascend to higher openings. 
Consequently, warm air accumulates at upper levels, 
potentially causing discomfort in low wind conditions. 

 
Figure 12: Permeable hyperbolic structural core 
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While temperatures generally fall within a 
comfortable range, during peak daylight hours, 
intense solar radiation significantly warms the 
surrounding ground and the surfaces of the building's 
roof. This results in overheating on the first and 
second floors. Although thatched roofs typically do 
not retain much heat, a portion of the heat is 
captured by the winds on the windward side and 
channelled into the interior spaces. This issue can be 
mitigated to some extent using existing retractable 
blinds. Solar radiation heats the soil, creating 
significant air movement and influencing wind speed. 
It peaks shortly after noon and diminishes by 6 pm, 
leaving the warm air trapped under the roof to cool 
down gradually overnight. During this time, there is a 
consistent 1 to 2°C difference between the ground 
floor and outdoor temperatures, persisting until 
morning. This phenomenon highlights the ground's 
thermal storage capacity, which releases heat via 
conduction and convection as the outdoor 
temperature decreases. The building's temperatures 
are significantly affected due to the extensive surface 
area of the roof covering the ground, enhanced 
further by extended overhangs. These overhangs 
channel the heat indoors, demonstrating the thermal 
dynamics in play [8]. 
 
4.4 Daylight analysis  

The yellow bamboo's light reflectance is nearly 
50%, enhancing the building's interior with a unique 
roughness that scatters daylight effectively. A key 
design feature is the circular top opening above each 
spiral's structural core, with a diameter of 2 to 3 
meters, allowing ample sunlight to penetrate the 
interior. In regions with high sun paths and humidity, 
glare can become overwhelming, but due to its 
elevated position, rarely within users' direct line of 
sight, this opening minimizes glare issues. To preserve 
the bamboo's durability and mitigate direct sunlight 
exposure, a white translucent canvas covers the top 
opening, ensuring diffused daylight. Additionally, the 
core structure's reflective coating prevents the 
bamboo poles from cracking.  

 

 
Figure 13: Lux spot measurements 
(after: section by Ibuku) 

 
During a sunny day, spot measurements indicated 

that most areas achieve the necessary 300 lux for 
educational buildings (figure 15). The building's 

extended overhangs, essential for the HOS design, 
restrict sky visibility, further reducing ground 
reflections. This results in most daylight being 
indirect, leading to the necessity of artificial lighting 
in deeper areas of the plan, even on sunny days. 

 
4. CONCLUSION 

Bamboo, in its natural form, presents a wealth of 
sustainable options for creating contemporary 
environmental architecture that is not only cost-
effective and functional but also fosters a connection 
between users and nature. This is exemplified by the 
Green School in Bali, which is constructed entirely 
from bamboo and demonstrates exceptional thermal 
performance. The school consistently maintains 
internal temperatures that are lower than the 
outdoor temperature during the day's warmest 
hours. Future enhancements, such as wind-driven 
modifications to the roof and strategic arrangement 
of nearby vegetation, are poised to further improve 
internal airflow, thereby elevating the comfort level 
for occupants. It's crucial to comprehensively educate 
users on these adaptive strategies to empower them 
with greater control over their environment. 
Bamboo's potential as a primary material for tropical 
architecture is readily achievable in regions where it 
has naturally thrived. In these areas, cultural practices 
and knowledge have evolved in tandem with the 
growth of bamboo, making it a fitting and accessible 
choice for sustainable building. 
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morning. This phenomenon highlights the ground's 
thermal storage capacity, which releases heat via 
conduction and convection as the outdoor 
temperature decreases. The building's temperatures 
are significantly affected due to the extensive surface 
area of the roof covering the ground, enhanced 
further by extended overhangs. These overhangs 
channel the heat indoors, demonstrating the thermal 
dynamics in play [8]. 
 
4.4 Daylight analysis  

The yellow bamboo's light reflectance is nearly 
50%, enhancing the building's interior with a unique 
roughness that scatters daylight effectively. A key 
design feature is the circular top opening above each 
spiral's structural core, with a diameter of 2 to 3 
meters, allowing ample sunlight to penetrate the 
interior. In regions with high sun paths and humidity, 
glare can become overwhelming, but due to its 
elevated position, rarely within users' direct line of 
sight, this opening minimizes glare issues. To preserve 
the bamboo's durability and mitigate direct sunlight 
exposure, a white translucent canvas covers the top 
opening, ensuring diffused daylight. Additionally, the 
core structure's reflective coating prevents the 
bamboo poles from cracking.  

 

 
Figure 13: Lux spot measurements 
(after: section by Ibuku) 

 
During a sunny day, spot measurements indicated 

that most areas achieve the necessary 300 lux for 
educational buildings (figure 15). The building's 

extended overhangs, essential for the HOS design, 
restrict sky visibility, further reducing ground 
reflections. This results in most daylight being 
indirect, leading to the necessity of artificial lighting 
in deeper areas of the plan, even on sunny days. 

 
4. CONCLUSION 

Bamboo, in its natural form, presents a wealth of 
sustainable options for creating contemporary 
environmental architecture that is not only cost-
effective and functional but also fosters a connection 
between users and nature. This is exemplified by the 
Green School in Bali, which is constructed entirely 
from bamboo and demonstrates exceptional thermal 
performance. The school consistently maintains 
internal temperatures that are lower than the 
outdoor temperature during the day's warmest 
hours. Future enhancements, such as wind-driven 
modifications to the roof and strategic arrangement 
of nearby vegetation, are poised to further improve 
internal airflow, thereby elevating the comfort level 
for occupants. It's crucial to comprehensively educate 
users on these adaptive strategies to empower them 
with greater control over their environment. 
Bamboo's potential as a primary material for tropical 
architecture is readily achievable in regions where it 
has naturally thrived. In these areas, cultural practices 
and knowledge have evolved in tandem with the 
growth of bamboo, making it a fitting and accessible 
choice for sustainable building. 
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ABSTRACT: Ceiling fans are the most commonly used appliance for residential cooling demands in India 
irrespective of the climate zone. The government of India have initiated many policies and guidelines for the star 
rating of ceiling fans and dissemination of awareness regarding the benefits using the same. However, there is 
an apprehension or lack of awareness among various stakeholders of building industry towards the use of BLDC 
fans. The current study explores the perception and awareness of various stakeholders regarding the use of BLDC 
fans. The methods involved interviews, questionnaire surveys among vendors, building professionals and home 
owners. The sample size was 206 and 75 respondents among them were not aware of BLDC fans. This indicates 
that 31.45% of the building professionals from the respondents were unware of the BLDC fans. Further questions 
included the user experience of BLDC fans. The major disadvantage was identified to the high initial investment 
compared to a regular fan. Other apprehensions included the unfamiliarity in the use of remote controller, lack 
of technical expertise for installation and possible repairs etc. The study highlights the need for extensive policies 
at national level along with the dissemination of information and education to building professionals along with 
the general public. 
KEYWORDS: BLDC fans, Energy efficient fans, Thermal Comfort, Residences, Indian households 
 
 

1. INTRODUCTION  
Ceiling fans are used for attaining cooling and 

ventilation in more than 90% of the Indian 
households as per the India Residential Energy Survey 
[1]. Increase in purchasing power, urbanisation and 
several other factors have contributed to a rapid rise 
in the sales of room air conditioners in India. 
However, even with the rapid increase in the 
purchase of room air conditioners, fans and coolers 
are projected to maintain a substantial contribution 
in the year 2037-38 compared to the energy 
consumption by air conditioning systems [2].  

Also, it is interesting to note that approximately 
70% of the homes that use air conditions for thermal 
comfort operate ceiling fans simultaneously [2]. 
Ceiling fans contributed to 30%-40% share of the 
residential energy consumption in India [3,4] and 
ceiling fans are operated for about 2000 hours annual 
in households [5]. 

It has been also accepted that in a developing 
country like India, a large population will not be able 
to afford air conditioning and depend on natural 
ventilation or ceiling fans for better thermal 
conditions [2,6]. These conditions have projected 
ceiling fans as a major appliance to be focused on for 
attaining better thermal environment, especially in 
the warm and humid conditions. The Indian 
government has introduced various policies and 
standards to strive towards energy efficiency. Unnat 

Jyoti by Affordable LEDs for All (UJALA) launched in 
2015 by Ministry of Power was a key scheme which 
transformed the national market in India. As part of 
this scheme 37 Crore LED bulbs, 73 lakhs LED tube-
lights and 25.92 lakhs energy efficient fans were 
distributed till March 2022 with subsidised rates. This 
scheme brought down the retail price of LED bulbs 
from Rs. 300 - Rs. 350 per bulb to Rs. 70 – Rs. 80 per 
bulb [7,8]. However, certain surveys have identified 
the use of energy consuming fans and lamps even 
after focused campaigns [5].  

The Bureau of Energy Efficiency have introduced 
rating systems for ceiling fans. Though earlier 
introduced as an optional rating criteria for ceiling 
fans, the BEE has recently made the rating of ceiling 
fans as mandatory criteria [3]. A typical ceiling fan 
used to consume 70-80W and a BLDC (Brushless 
Direct Current) ceiling fan with 5 Star rating 
consumes only 30-35W energy. BLDC fans can 
provide energy savings up to 46.3% [9].  

However, despite the energy saving potential, it is 
observed that the use of the energy efficient fans is 
limited to certain sectors or economic class. A recent 
study [1] tried to assess the reasons as: 

i. Issues in maintaining logistics. 
ii. Lack of technical support and services 
iii. Lack of awareness 
iv. Unavailability of finance options. 
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It is essential to explore further into the issues 
and concerns of various stakeholders in the adoption 
of energy efficient fans. 

This study intends to explore the various factors 
influencing the adoption of energy efficient fans in 
the households of various economic backgrounds. 
The study is limited to warm humid climates where 
the airflow can have a significant influence on the 
thermal conditions. 

 
2. METHODS 

The study was initiated by discussions/interviews 
with various vendors in the market. Based on the 
insights from vendors, a questionnaire was developed 
to gather the information regarding awareness, 
perception and user experiences of BLDC fans. The 
questionnaire was further revised based on the 
expert opinions from architects and various other 
stakeholders. The questionnaire consisted of 4 parts. 
The first part collected the basic demographic 
characteristics including age, profession and 
economic status. The part 1 concluded with a 
question “Have you heard of BLDC ceiling fan?”. Only 
those who responded “Yes” were directed to further 
questions in the upcoming sections. The part 2 
consisted of questions regarding the source of 
information about BLDC fans. This section also seeks 
whether the respondents have used a BLDC fans. 
Based on the answers to this questions, the 
respondents are redirected to 3rd or 4th part of the 
questionnaire. The Part 3 was intended at 
respondents who have never used a BLDC fan, but 
have heard of the same. Whereas Part 4 of the 
questionnaire is intended at the user experience of 
BLDC fans. The respondents included architects, 
contractors, electricians and similar building 
professionals as well as occupants who are not 
professionally related to building industry. The 
random survey ensured almost equal responses from 
all the income categories considered.   

 
3. RESULTS 

The initial market study involved the collection of 
data regarding the brands, wattage and price range of 
BLDC fans. Around 21 brands of BLDC fans, namely, 
Impex, Usha, Atomberg, Luker, Crompton, Orient, 
Havells, Bajaj, Activa, Lifelong, KUHL, GM, Candes, 
Tropiko, Amazon basics, Nex glyde, V guard, 
Hindware, Anchor, Syska, Milton were identified to 
be available in either offline or online Indian market. 
The wattage ranged from 26- 42 watts and the price 
range varied from Rs. 2,000- Rs. 10,000.  

This was followed by discussions and interviews 
with various vendors in the market. The prices in 
offline market started from Rs. 3,000 with the basic 
models. In many base models, remote controller 
facility was not integrated and were limited to very 

few brands. The high end models had features like 
Wi-Fi connectivity, integrated light fixtures etc. It was 
mentioned that most of these models are a preferred 
gift choice for ‘House warming ceremony’, which is a 
common practice in India. 

The questionnaire survey collected responses 
from 206 people with varying age groups and 
professions. 60.6% of the respondents belonged to 
the age group between 23 years to 35 years (Figure 
1). 

 

 
Figure 1. Age group 

Also 77.8% (159) of the respondents belonged to 
building profession (Table 1). Table 1 also provides 
and overview of the age characteristics combined 
with the profession. Majority of the respondents 
belonged to building professionals within the age of 
23 years to 35 years. 

 
Table 1. Details of age and profession 

 Profession 
Total Building 

professional 
Other  

Professions  

Age 

18-22 15 8 23 
23-35 107 20 127 
35-60 28 14 42 
Above 

60 9 5 14 

Total 159 47 206 
 
All the income categories considered were 

covered fairly (Table 2). The distribution of 
respondents varied from 16.0% to 27.7% across 
different categories.  

 
Table 2. Income characteristics 

Income Range Number Percent 
Less than Rs. 25,000 35 17.0 
Rs. 25,000 - Rs. 50,000 47 22.8 
Rs. 50,000 - Rs. 1,00,000 33 16.0 
Above Rs. 1,00,000 34 16.5 
Not Applicable 57 27.7 
Total 206 100.0 
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The last two questions from Part 1 were “Have you 
heard of energy efficient fans?” and “Have you heard 
of BLDC ceiling fan?”. 24 respondents had not heard 
of energy efficient fans and 75 respondents had not 
heard of BLDC fans. Further questions after Part 1 
were asked only to the 131 respondents who are 
aware of BLDC fans (Table 3). 
 
Table 3. Awareness on energy efficient fans and BLDC fans 

 
 Have you heard of 

BLDC ceiling fan? 
Total 

No Yes 
Have you heard of 
energy efficient 
fans? 

No 24 0 24 

Yes 51 131 182 

Total 75 131 206 

However, it is interesting to note that out of the 
75 respondents who are unaware of BLDC fans, 50 
respondents were from building profession. This 
indicates that 50 out of 159, i.e., 31.45% building 
professionals from the selected sample were 
unaware of the BLDC fans. This scenario urges for the 
increased awareness and self-updating for the 
building professionals to educate the clients for the 
incorporation of energy efficient or BLDC fans.  

It was observed from the Part 2 of the 
questionnaire that most of the respondents (131) 
who have heard about BLDC fans were aware about 
the same from various sources in internet, friends/ 
family/ colleagues, newspapers/ magazines, shops 
and as part of academics.  
However, 57 among the 131 respondents have not 
used a BLDC fan ever, though some of them have 
seen it in shops or other residences.  

Questions from part 3 tried to explore the 
understanding of those who have never used a BLDC 
fan and their perception towards it. The major 
advantage pointed out was the lower electricity 
consumption. Other pros as per their understanding 
were Longer backup on Inverters, Reliability, Noise 
reduction, aesthetically appealing, Remote control, 
Green and sustainable, less maintenance, Timer for 
fan speed based on requirement etc. The highlighted 
disadvantages include high initial expenses, lack of 
technical expertise for installation, limited availability, 
complex installation, vibrations at lower speeds, 
limited repair options, Installation and issues with 
remote controller like replacement of batteries, 
inconvenience in using remote controller and worry 
about the remote being misplaced, maintenance, etc.  

It is encouraging to note that 33 among the 54 
respondents who have never used a BLDC fan have 
thought of buying one at some point of time. 
However, various factors like initial expenses, 
unavailability of technicians with expertise, difficulty 
in incorporating in existing electrical layout, 

unavailability of good options in remote areas, 
apprehension in adopting a new technology 
restricted the purchase of a BLDC fan.  

Questions from Part 4 were intended at the users 
of BLDC fans. The 74 respondents purchased the 
BLDC fans over the last four years- 2020, 2021, 2022, 
2023 and most of them have been using since more 
than a year (Table 4). 

 
Table 4. Details of usage history 

Year Number Percent 
1-2 years 45 60.8 
2-5 years 10 13.5 
Less than a month 10 13.5 
Less than an year 9 12.2 
Total 74 100.0 

 
The purchase decision was based on the 
recommendations by friends/ family, shopkeepers/ 
vendors, architect/ contractor or as a self-decision 
based on awareness from various media. It is 
observed from Table 5 that only 8.1% of the decisions 
were based on the recommendation from architect. 
This aligns with the unawareness of building 
professions about BLDC fans as discussed earlier.  
 

Table 5. Decision maker for purchase of BLDC fan 

 Number Percent 
Architect/ Contractor 6 8.1 
Friends/ Family 29 39.1 
Self-decision based on 
awareness from various 
media. 

33 44.6 

Shopkeeper/ Vendors 6 8.1 
Total 74 100.0 

 
Also, it is interesting to note that the brands of BLDC 
fans used by the respondents were majorly four, 
namely, Atomberg, Crompton, Havells and Usha. Out 
of these, Atomberg covers 67.65 of the users in the 
study.  
 

Table 6. Brands of BLDC fans 

 Number Percent 
Atomberg 50 67.6 
Crompton 7 9.4 
Havells 15 20.3 
Usha 2 2.7 
Total 74 100.0 
 

The price ranges of the fans are given in Table 7. 
Most of the fans were priced between Rs. 3000- Rs. 
5000 whereas regular ceiling fans are available in the 
market from Rs. 1000 onwards. The prices in offline 
market for BLDC fans were much higher compared to 
the online platforms. 
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Table 7. Price range of BLDC fans 

 Number Percent 
Above Rs. 8000 4 5.4 
Less than Rs. 3000 11 14.9 
Rs. 3000 - Rs. 5000 35 47.3 
Rs. 5000-  Rs. 8000 10 13.5 
Not aware 14 18.9 
Total 131 100.0 

 
The wattage of the BLDC fans ranged from 26 

watts to 35 watts and 44.5% of the respondents were 
not aware of the wattage of their fans. The users are 
prompted to buy BLDC fans based on various factors 
as discussed earlier- low electricity consumption, 
longer backup on Inverters, reliability, noise 
reduction, aesthetically appealing, remote control, 
green and sustainable and Less maintenance. 
39.2% of the responses reported that they have not 
faced any issues with the fan yet. However, others 
have issues like misplacement of remote controller, 
unconformable in the use of remote controller, 
limited access to technical expertise, maintenance, 
vibrations at lower speeds etc.  
Apart from the initial expenses and installation 
services, most of the issues were regarding the 
remote controller. It is assumed that these issues 
were probably due to the unfamiliarity with the 
same. Further questions focused on the remote 
controller were asked to these respondents. 87.8% of 
the BLDC fan owners had a remote controller with 
the fan. Most of the respondents reported that they 
are comfortable with the operation of remote 
controller. However, it was not very comfortable for 
some users until getting familiarised with the 
technology. The elders and guest were also very 
unfamiliar with the use of remote controller. Also, 
39% of the respondents have lost or misplaced the 
remote controller at some point of time.  
Most of the BLDC owners have not kept a track 
regarding the power consumption and electricity bills, 
though they are aware of the savings. Some have 
noticed a reduction of 4-5 units of electricity 
consumption while few others have noticed 25% in 
electricity bills. 
82.4% of the users were happy about the BLDC fans 
and would recommend to their friends and family 
whereas 14.8 users were not very sure about 
recommending the same. 

 
4. CONCLUSION 

The current study explored the awareness and 
perception towards BLDC fans across various 
stakeholders. The questionnaire survey collected 
responses from 206 individuals and 75 respondents 
among them were not aware of BLDC fans. This also 
indicates that 31.45% of the building professionals 
from the respondents were unware of the BLDC. 

Further questions included the user experience of 
BLDC fans. The major disadvantage was identified to 
the high initial investment compared to a regular fan. 
Other apprehensions included the unfamiliarity in the 
use of remote controller, lack of technical expertise 
for installation and possible repairs etc. Availability of 
technical support and services should be extended to 
the households of all economic background. The 
current consumers of energy efficient fans are very 
limited. This is also due to the unfamiliarity and 
apprehension to adopt a new technology. Certain 
measures like mandatory installation of BLDC fans in 
government buildings or offices can pave way to 
familiarising the same to general public. Along with 
that, awareness or technology upgradation programs 
to educate building professionals can popularise the 
use of BLDC fans in their projects. The findings of the 
study indicate that policy level initiatives are 
necessary to create awareness on the energy 
efficiency aspects of the ceiling fans. 
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ABSTRACT: This paper focuses on the suitability of energy efficiency regulations for the renovation of 
unconventional buildings. The authors present a case study in Paris, the formerly abandoned underground 
spaces below La Defense, which are under renovation to host cultural, artistic and sport uses. Rather than 
requiring a performance level, French energy regulations for renovations impose prescriptions to all buildings 
that must be achieved. The authors evaluated the existing condition, the regulatory scenario and alternative 
insulation strategies using a dynamic thermal model calibrated with temperature data recorded on site. The 
results show that meeting regulations has the largest carbon footprint – even larger than the existing 
uninsulated condition - and generates an overheating problem. Based on the findings and the upcoming wave of 
building renovations in the EU, the authors argue the need for performance-based options in energy regulations. 
KEYWORDS: Renovation, energy efficiency, calibrated thermal model, underground spaces, carbon emissions 
 
 

1. INTRODUCTION 
The EU must renovate 35 million inefficient 

buildings by 2030[1] to meet its emissions target and 
achieve climate neutrality by 2050[2]. This 
unprecedented wave of renovations is subjected to 
efficiency requirements by country, which are often 
set as prescriptive regulations to reduce the technical 
burden on the industry: projects must meet certain 
rules rather than achieve a level of performance. 

This paper challenges the suitability of these 
prescriptive regulations for certain building 
renovations and exposes the need for a performance-
based alternative. The problem is illustrated by a case 
study in France, the renovation of the underground 
spaces in La Defense (LD) designed by Baukunst. The 
main Business district in Paris, LD is organised around 
a central square with some 10,000m2 unoccupied 
spaces below it. The spaces will host cultural, sport 
and artistic uses: programmes usually characterised 
by a dense occupancy and high internal heat gains. 
An aerial view of the project can be seen on the right 
(Fig. 1). 

The residual spaces of LD extend over an area 
380m long and 100m wide and are distributed in two 
levels. They are the leftover space between multiple 
highway tunnels on each side and the ground, and 
form a series of broken underground volumes 
partially connected to each other, each of them some 
15m high. The project connects these leftover spaces 
through a semi outdoor promenade that becomes 
the main circulation axis on level -1 (Fig. 2). As a 
result, each space has a different degree of exposure 
to the new semi outdoor promenade, the ground, the 
surrounding roads or outdoors. 

The unique characteristics of the spaces below LD 
give them a large thermal stability: all the spaces 
have at least two sides in direct contact with the 
ground (or other underground tunnels), and are 
delimited by large infrastructure-sized concrete walls 
and slabs, 30cm thick or more. Indoor temperatures 
are remarkably stable and completely decoupled 
from outdoor variations, which makes them ideal to 
host intense uses such as those proposed by the 
project, especially during Parisian summers when 
temperatures easily exceed 30oC. Furthermore, the 
underground spaces in LD are exceptional candidates 
for the existing local network of heatwave refuges[3]. 

 
Figure 1: Aerial view of the spaces below ground 
(Cathedrale above, promenade below). Source: Baukunst 
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2. COMMON PRACTICE WITH ENERGY REGULATIONS 
As in many European countries, French 

regulations for building renovations (RT-Existant) [4] 
establish maximum U-values required in all areas of 
the project under any regulatory route. These 
maximum U-values, reproduced in Table 1 below, are 
defined as minimal thermal insulation exigences on 
article 43 and usually referred to as garde-fous by the 
industry. 

 
Table 1: Maximum U-values required by French building 
regulations for renovations [4] 

Element U-value 
(W/m2K) 

Wall in contact with outdoors or ground 0.45 
Wall in contact with an unheated space 0.45/b* 
Floor slab in contact with outdoors/collective 
parking 0.36 

Floor slab in contact with sanitary 
void/unheated space 0.40 

Concrete/masonry floors and sheet metal 
roofs waterproofed 0.34 

High floors with metal sheet roofing 0.41 
Other high floors  0.28 
Bare windows and patio doors to outside 2.60 
Curtain walls 2.60 
Roller shutter boxes 3.0 
* b is the reduction coefficient for the heat loss to 
unheated spaces, defined on the French national 
calculation method TH-C-E ex [5]. 

 
As shown in table 1, walls in contact with the 

ground have the same thermal insulation 
requirements as those facing outdoors (U = 0.45 
W/m2K). Similarly, no specific mention is made to 
floor slabs in direct contact with the ground, which 
are subjected to outdoor requirements (U = 0.36 
W/m2K). For the underground spaces of LD, these U-
values translate into the following insulation 

requirements (thermal conductivity = 0.035 W/mK): 
7cm for walls and 9cm for slabs. Due to the 
configuration of the spaces, this thermal insulation 
can only be installed on the internal side of the 
perimeter walls and slabs of the existing building, a 
common problem in numerous building renovations. 
Some other smaller internal partitions must also be 
insulated, although they are considered irrelevant for 
the content of this paper. 

As a result of regulatory requirements, all the 
underground spaces must be wrapped with thermal 
insulation, a counterintuitive strategy from an 
environmental point of view: the large thermal inertia 
of concrete walls and slabs in direct contact with the 
ground is now blocked by insulation installed on their 
inner side. The lack of thermal inertia, and its 
temperature stabilisation effect, is particularly 
impactful on spaces destined to intense indoor uses, 
such as those proposed by the project. 

An European Standard exists that regulates heat 
transfer via the ground, EN ISO 13377 [5] and, in most 
cases, reduces or eliminates the need for thermal 
insulation for underground elements by considering 
the thermal stability of the ground. However, the 
regulatory text [4] or the national calculation method 
[6] make no reference to this standard, and 
traditional U-value calculations are usually performed 
for all elements disregarding their position. 

Alternative routes for compliance [7] exist in the 
French context: the ELAN law [8] and the exclusion 
list from RT-Existant[4], both of which are discussed 
in some detail in section 5 of this paper. 
 
3. METHODOLOGY 

The methodology to evaluate the existing building 
and develop the project from an environmental point 
of view was based on fieldwork conducted on site, a 

Figure 2: Longitudinal section and plans of levels below ground (Spaces: Cathedrale in blue, Atelier bas in dark yellow and 
Espace Moretti in lighter yellow. Promenade in dashed green). Source: Baukunst 
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calibrated thermal model, and the evaluation of 
different project scenarios both in free running 
conditions and active mode. 

 
3.1 Fieldwork 
Temperature and humidity were recorded in five 

rooms and outdoors during autumn of 2019 (8th to 
17th of October) and a summer week in 2020 (25th of 
June to 2nd of July) using Dataloggers TESTO 174-H. 
Temperature recordings can be seen in Figure 3, 
overlaid with solar radiation data from a local 
weather station (Wunderground ID IHOUILLE89). The 
graphs show the large thermal stability of the spaces 
in both seasons. In autumn, indoor temperature 
always remained within 17.5 and 21oC in all spaces 
while outdoors it fluctuated between 11 and 24.5oC. 
In summer, despite outdoor temperatures reaching 
32 and 30oC on the first two days of the recordings, 
indoor temperature remained always below 24oC. 
Monitoring was also performed in winter but is not 
included in this paper for brevity. 

Figure 3: Recorded air temperatures during a week in 
autumn (above) and a summer week (below). 

 
3.2 Calibrated thermal model 
A thermal model of the underground spaces of LD 

and all the surrounding areas was built in Energy+ 
v.9.2, using Honeybee plugin [9] for grasshopper and 
Rhinoceros. These were built following a survey of 
the existing spaces and images of the thermal model 
can be seen in Figure 4. 

Temperatures recorded on site during the 
summer week were used to calibrate the thermal 
model: properties of the ground heat transfer 
algorithm in Energy+ (Basement Preprocessor), soil 
(thermal conductivity) and air infiltration were 
adjusted iteratively until the resulting indoor mean 

air temperatures for the five thermal zones followed 
the recordings. Results of the calibration can be seen 
in Figure 5, which shows a maximum difference 
between simulated and measured temperatures of 
some 1.5oC, while it remains within +-0.5oC during 
most of the time. 

 

 
Figure 4: Image of thermal model and surrounding context 
to the southwest (context in grey, and thermal zones in 
different colours). 
 

Figure 5: Graphs show simulated temperature from the 
calibrated model (dashed) and recordings (constant) for five 
selected spaces. 
 

3.3 Simulated project scenarios 
Thermal simulations were performed using the 

calibrated model and the weather file for Paris 
Montsouris, extracted from Meteonorm 7.0. Detailed 
inputs used for the simulations can be seen in Table 
2. Five project scenarios were developed in 
collaboration with the project architects, of which 
only the following two are included in this paper in 
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addition to the uninsulated existing building: a fully 
insulated scenario following regulatory requirements, 
and the retained solution for the project insulating 
only the external roof. These can be seen in Figure 6. 

 
Table 2: Thermal simulation inputs 
Element Value Unit 
Envelope (internal insulation)   
  Walls - ground and exterior 0.25 W/m2K 
  Walls - interior 0.25 W/m2K 
  Slabs - exterior 0.25 W/m2K 
  Slabs - ground 0.33 W/m2K 
  Beam thermal bridge 1 W/mK 
  Windows 1.5 

0.6 
0.77 

W/m2K 
SHGC 
VLT 

Internal heat gains    
  Occupancy 5 m2/person 
  Lights 10 W/ m2 
  Equipment 30 W/ m2 
  Adjacent parking areas 8 W/m2 

Infiltration via exposed envelope 1.7 m3/m2h 
Ventilation 36 m3/hperson 
Natural ventilation   
  Operable windows 35 % 
  Opening temperature 24 oC 
Heating and cooling   
  Heating setpoint 19 oC 
  Cooling setpoint 26 oC 
  Heat recovery 80 % 
  COP heating/cooling 2.6/3.25  
  Carbon intensity heating* 0.132 kgCO2/kWh 
  Carbon intensity cooling* 0.143 kgCO2/kWh 
Embodied carbon factors   
  Semi rigid mineral wool 25.6 kgCO2/m2 
  Cellular glass insulation 43.65 kgCO2/m2 
(*) District heating/cooling from Enertherm 

 
 

Figure 6: Section with new thermal insulation (dashed red) 
 
The authors evaluated the performance of the 

selected scenarios under free running conditions 
through their indoor operative temperatures during a 
typical summer week and the number of hours they 
exceed 28oC over the year. Indoor conditions were 
evaluated in detail in three representative spaces 
(highlighted in Fig. 2): these were plotted during a 
typical summer week and compared with those 

outdoors and the thermal comfort criteria as defined 
by EN 16798 cat. II. Additionally, the authors 
calculated the energy demand for heating and cooling 
and the total carbon emissions including heating and 
cooling energy consumption over a 50-year period 
and the embodied footprint of any additional 
insulation added to the space. 

 
4. RESULTS 

4.1 Summer performance and overheating under 
free running conditions 

Atelier Bas: indoor operative temperatures vary 
by up to 7K during the central hours of the day 
between the regulatory scenario and the other two 
scenarios (Fig. 7). The regulatory scenario has the 
highest indoor temperatures, which are 1 to 2K 
higher than outdoors and exceed the upper threshold 
of the comfort band every day for a few hours. Both 
the existing uninsulated condition and the adopted 
solution have indoor temperatures some 7K below 
outdoors during the warmest hours of the day and 
demonstrate the effectiveness of the existing thermal 
inertia in reducing indoor overheating. Indoor 
temperatures drop to a similar level in the early 
morning in the three scenarios, although it takes a 

few hours longer for the regulatory one to cool down. 
  

Figure 7: Operative temperatures in Atelier bas during a 
typical summer week. 

 
Espace Moretti: indoor operative temperatures 

are very similar to those in Atelier bas and vary by up 
to 7K depending on the thermal insulation scenario 
(Fig. 8). As in Atelier bas, the regulatory insulated 
scenario has the highest indoor temperatures, which 
exceed the upper threshold of the comfort band 
every day and are above outdoors by some 4K during 
the early evenings. Similarly to Atelier bas, the 
existing uninsulated condition and adopted solution 
never exceed the upper threshold of the comfort 
band and only exceed 25oC on very hot days when 
outdoor temperatures are above 32oC.  

 

Figure 8: Operative temperatures in Espace Moretti during a 
typical summer week. 
 

Cathedrale: Operative temperatures in this space 
are less affected by the thermal insulation scenario, 
but can still vary up to 5K (Fig. 9). As in the other two 
spaces, the fully insulated condition induces the 
highest indoor temperatures, although they are 
slightly lower in this space and only exceed the 
comfort band on three days. The adopted solution 
has the lowest temperatures, some 0.5 to 1 K lower 
than the existing condition during most of the time, 
especially at night: unlike the other spaces, 
Cathedrale’s roof is directly exposed to outside.  

 

Figure 9: Operative temperatures in Cathedrale during a 
typical summer week. 

 
The upper chart in Figure 10 shows the average 

number of hours above 28oC for all the underground 
spaces in LD for each of the three scenarios 
previously described. Results are conclusive: the 
existing building does not have any overheating 
problem, which is only induced by insulating the 
entire envelope to meet regulations. The regulatory 
scenario has more than 400 hours above 28oC, while 
both the existing building and the adopted solution 
keep the number of hours above 28oC to 9 or less. 
 

4.2 Energy demand and carbon emissions 
A summary of the results from the thermal 

simulations can be seen on the graphs in Figure 10:  

1) Heating and cooling annual demands are shown 
on the chart in the centre. Results for the existing 
building show heating and cooling demands of 20 and 
6 kWh/m2 respectively. Wrapping all the spaces in 
thermal insulation to meet regulations increases their 
cooling demand by 11 kWh/m2 (+183%) while it only 
reduces their heating demand by 8 kWh/m2 (-40%) 
when compared to the existing uninsulated 
condition.  

In comparison to regulatory requirements, results 
for the adopted solution show the impact of 
removing the thermal insulation and keeping it only 
in the upper slab, the best performing scenario, as it 
reduces both heating and cooling demand to 9 and 6 
kWh/m2 respectively. This equals to a 55% reduction 
in heating demand, without increasing cooling needs. 

2) Total carbon emissions are shown on the graph 
in the bottom (Fig.10). Results show that the carbon 
footprint of the regulatory insulated case is the 
highest of them all: 1229 tCO2 mostly caused by the 
embodied carbon of the thermal insulation (76%). 
Leaving the spaces as they are nowadays would 
reduce the overall carbon footprint by 789 tCO2 (-
64%): even if the operational emissions are higher by 
some 140 tCO2 (440 tCO2 in total), no carbon 
emissions arise from manufacturing any thermal 
insulation. The adopted solution has the lowest 
carbon emissions of them all: insulating the upper 
slab reduces the footprint by 924 tCO2 as a very small 
amount of insulation installed on the right location 
reduces winter heat loss towards outdoors. 

Figure 10: Graphs showing overheating hours (upper) 
heating and cooling energy demand (centre) and total 
carbon emissions (bottom) for the three scenarios. 
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It must be noted that any of the other project 
scenarios developed during the project and not 
included in this paper also had a lower carbon 
footprint than the regulatory one by some 300 to 900 
tCO2 (-25 to 75%). These included insulating only the 
lower slab, the walls on level -1, or all of the walls 
(level -1 and -2). 
 
5. DISCUSSION 

The analysis of the underground spaces of LD 
shows that despite the large investment in thermal 
insulation required by regulations (~€300k), this 
scenario: (i) has the highest carbon emissions of all 
the scenarios tested, even higher than not insulating 
at all, (ii) generates a large overheating problem 
(>400 hours above 28oC, and indoor operative 
temperatures above the upper threshold of the 
comfort band every day) due to the lack of thermal 
inertia, a non-existent problem in any of the other 
scenarios, and (iii) retains heat indoors much longer 
during summer evenings: temperatures at 10pm are 
3 to 5K higher than the other scenarios. 

Considering the results and the architectural 
implications of covering all the internal elements with 
insulation, the team explored two alternative routes 
for compliance [7]: (i) ELAN law [8] and (ii) the 
exclusion list from RT-Existant[4], both unfruitful. 

The ELAN law allows to derogate the 
requirements imposed by national regulations in 
France until 2025, as long as the objectives of these 
regulations are satisfied. However, the objectives of 
national French regulations are the reduction of 
operational energy consumption and the insulation of 
existing walls, rather than an overall improvement in 
the environmental performance of buildings and 
reduction of carbon emissions. 

The exclusion list of French regulations (RT-
Existant) [4] includes several typologies that do not 
require compliance, such as buildings for agricultural 
or industrial use, those without mechanical 
equipment other than fireplaces, or those that are 
usually open to outside. Only the latter one could be 
applicable to the underground spaces of LD and 
remains under evaluation, although it imposes certain 
restrictions to the overall functioning of the project, 
architecture, safety and HVAC design. 

A new, more ambitious, French energy efficiency 
regulation for new buildings was rolled out in 2022, 
although its counterpart for existing buildings has not 
been announced at the time or writing. It is essential 
for the industry that this new regulation includes a 
performance-based compliance route, to avoid the 
pitfalls of prescriptive rules imposed on 
unconventional renovations described in this paper. 

 

6. LESSONS EXTRACTED FOR UNCONVENTIONAL 
RENOVATIONS 
1) Building regulations might be too focused on 
prescriptive rules and miss common performance 
trade-offs (operational vs embodied carbon, or 
heating vs overheating). Thus, they might create new 
overheating problems without completely solving the 
existing ones, especially in existing buildings where 
thermal inertia plays a key role (ie. churches, castles, 
ancient buildings, or concrete structures). 
2) It must be emphasized that temperature 
monitoring carried out before the design of a building 
renovation and calibrated thermal modelling can 
provide valuable information and help identify 
existing issues. Accurate data extracted from the 
building and scenario modelling enables the design 
team to develop custom solutions for the project, 
rather than applying generic ones (ie. over insulation, 
or over reliance on mechanical equipment). 
3) Leaving some elements of the building uninsulated 
could mitigate most of the newly created overheating 
problem without a large increase in heating demand. 
However, such specific solutions must be developed 
on a case-by-case basis, based on accurate modelling. 

 
7. CONCLUSIONS 

French energy efficiency regulations are unfit for 
unconventional building renovations due to their 
prescriptive approach: projects must meet generic 
insulation rules even if they induce higher energy 
demand, carbon emissions and generate overheating 
indoors. While the existing approach certainly suits 
many renovations, a performance-based alternative 
is required for the unconventional ones. With the 
large upcoming wave of building renovations, the 
current prescriptions risk locking in underperforming 
buildings that will undermine progress for decades.  
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1. INTRODUCTION  
Ventilation in buildings is necessary for refreshing 

polluted and contaminated indoor air and cooling. 
Previous studies have reported on the benefits of 
natural ventilation for school buildings. For example, 
Daisey, Angell [1] used an extensive range of sources 
to assess the importance of ventilation in classrooms 
and revealed that ventilation levels in schools affect 
thermal comfort, indoor air quality (IAQ) and health, 
indirectly impacting student learning ability and 
performance. Meanwhile, according to Haynes et al 
[2], poor air quality is often associated with 
inadequate ventilation, and excessive ventilation may 
cause undesirable draughts. Ultimately, the 
ventilation rate should be sufficient to maintain both 
indoor air quality and thermal comfort.  

Indoor CO2 is produced by the metabolic breathing 
of occupants and can be decreased through increased 
ventilation. This means that CO2 levels and 
corresponding ventilation rates are good indicators of 
indoor air pollution, with studies demonstrating that 
‘natural ventilation rates[…] have an impact on indoor 
deposition rate, which can result in different indoor 
exposure levels in case occupants have all windows 
closed’ [3]. The outcomes of high CO2 concentrations 
in humans vary from breathing and respiration 
problems to immediate death. Thus, it is important to 
predict the CO2 concentration caused by equipment 
usage, occupant behaviour and external sources, and 
it is critical that the upper allowable limit not be 
exceeded.  

Although providing a good level of IAQ in schools is 
critical for both the health of the pupils and their 

learning outcomes, it is common for school classrooms 
to be significantly under-ventilated, promoting high 
levels of CO2 and other pollutants. The concentration of 
CO2 in classrooms can rise to high levels around 4,000 
ppm, substantially exceeding the Chartered Institution 
of Building Services Engineers (CIBSE) suggested 
threshold of 1,000 ppm [4]. It is a matter of 
considerable priority given children spend long periods 
inside school buildings and are more vulnerable to the 
adverse effects of indoor pollutants. Additionally, 
classrooms often experience unsuitably high 
temperatures due to poor ventilation, even during 
cold winters [5, 6].  

Numerous studies have highlighted the 
importance of ventilation in heavily populated 
environments such as schools, with Myhrvold et al [7] 
presenting a three-year analysis indicating a 
correlation between student performance, health 
issues, and classroom CO2 levels. The placement of 
operable elements (e.g. windows) on a façade requires 
careful consideration of (i) the exterior wind 
environment, including its interaction with building or 
classroom components, and (ii) the essential 
characteristics of room airflow patterns, which define 
the magnitude of local heat transfer from interior 
surfaces, occupants and ICT with significant thermal 
capacity. Other studies have evaluated the number of 
cross-ventilation windows on a classroom façade in 
terms of the impact on the internal temperature in 
classroom buildings, showing that uniformity of cross-
ventilation in buildings with significant numbers of 
openings improves pressure and mean velocity values 
or the internal environment [8] [9].  
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to be significantly under-ventilated, promoting high 
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CO2 in classrooms can rise to high levels around 4,000 
ppm, substantially exceeding the Chartered Institution 
of Building Services Engineers (CIBSE) suggested 
threshold of 1,000 ppm [4]. It is a matter of 
considerable priority given children spend long periods 
inside school buildings and are more vulnerable to the 
adverse effects of indoor pollutants. Additionally, 
classrooms often experience unsuitably high 
temperatures due to poor ventilation, even during 
cold winters [5, 6].  

Numerous studies have highlighted the 
importance of ventilation in heavily populated 
environments such as schools, with Myhrvold et al [7] 
presenting a three-year analysis indicating a 
correlation between student performance, health 
issues, and classroom CO2 levels. The placement of 
operable elements (e.g. windows) on a façade requires 
careful consideration of (i) the exterior wind 
environment, including its interaction with building or 
classroom components, and (ii) the essential 
characteristics of room airflow patterns, which define 
the magnitude of local heat transfer from interior 
surfaces, occupants and ICT with significant thermal 
capacity. Other studies have evaluated the number of 
cross-ventilation windows on a classroom façade in 
terms of the impact on the internal temperature in 
classroom buildings, showing that uniformity of cross-
ventilation in buildings with significant numbers of 
openings improves pressure and mean velocity values 
or the internal environment [8] [9].  
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There is currently limited or no consensus in the 
literature regarding which cross-stack height (CSH) 
method provides the best ventilation outcomes, and 
there exists no research examining the relationship 
between classroom geometry (i.e. area and height), 
cross-ventilation, the internal environment (i.e. 
occupants and ICT), and future climate conditions. 
Although buildings with a single dominant opening are 
most common in UK schools, accurate evaluation of 
the internal environment in classrooms with cross-
ventilation and realistic wall porosity is essential. 
Evaluation of the internal environment in classrooms 
with different façade openings introduces additional 
complexities regarding the internal flow and 
temperatures and demands attending to classroom 
geometry and area, the inlet-to-outlet CSH effect and 
the relative location of openings, aspects that few 
studies have examined and a gap addressed by this 
research’s case study. The work presented in this 
paper is therefore a novel contribution offering a 
potential solution for cross stack driven ventilation 
that addresses issue critical to using natural ventilation 
to reduce indoor pollutants and enhance IAQ in the 
classroom environment.  

The first step involved predicting ventilation 
airflow, and the second step focused on the design of 
the CSH effects of windows, particularly their location 
on classroom façades. The results are compared with 
those of a reference classroom with single-side 
ventilation. 
2. METHODS  
2.1 Classroom Ventilation Geometry 

Measuring CO2 concentration has become a viable 
approach to calculating the appropriate ventilation of 
a room and, thus, its air quality. This section analyses 
and identifies appropriate measuring zones for mean 
CO2 concentration in a classroom full of pupils to 
determine the effect of different cross stack height 
(CSHs) on a classroom’s indoor environment using CFD 
modelling.  

The existing literature on CO2 in classrooms has 
typically been based on in-situ measurements. With a 
limited number of CO2 sensors and the limitation of 
CO2 measuring precision, measurements can only be 
collected at a few points in a given space. Meanwhile, 
a numerical simulation provides CO2 concentrations at 
all locations in the calculation domain, which are 
important for designing new classrooms. Hence, for 
this research’s case studies, a three-dimensional 
classroom representation of the classroom’s interior 
was generated based on the dimensions of a real room 
from a model classroom described by CIBSE. 

The floor dimensions were 7.5 m × 7.5 m and the 
height was 3.0 m. The CSH of the window and one inlet 
and outlet were assigned to simplify the model. Ten 
geometries were considered for the calculations, with 
one used as the baseline classroom, based on a field 

study of the one-window classroom, and one 
considering a full-occupancy classroom. Due to large 
variations in classroom configurations and inlet/outlet 
locations, a simplified but representative occupancy 
situation was selected to reflect possible patterns at 
much larger spatial scales. The classroom geometry 
features a simplified inlet opening (1.0 m x 0.5m) (w x 
h) and outlet opening (1.0m x 0.5m) (w x h) for a total 
area of 1 m2 (Figure 1). The classroom was occupied by 
eight pupils seated around the table in the middle of 
the classroom, with the pupils represented by 
cylinders 0.8 m tall and 0.24 m in diameter [10].  

One previous study [11] produced similar 
modelling results for simplified and precise human 
geometry, while another [12] applied the geometry of 
a person in a bedroom using a simplified cuboid shape. 
Figure 2 shows a 3D view of the physical model used 
by the CFD simulation model for the modular 
classroom and the various CSH configuration 
scenarios. 

 
Figure 1: The geometric model of the classroom, including 
dimensions. 

 
2.2 Solver Setting and Boundary Conditions 

The CFD code ANSYS Fluent 2021R was used to 
examine and conduct the classroom simulations. 
Classrooms with different CSH configurations were 
also analysed to examine the effect on the classroom, 
including on occupant breathing and CO2 levels (i.e. 
indoor pollutants) and the indoor climate, according to 
the position of the opening and the activity level of the 
pupils and the field tests. For the solver settings, 
Reynolds-Averaged Naiver–Stokes flow simulations 
were used [13] to produce accurate results for the 
wall-bounded flows that are frequently found in room 
airflows [14].  

For the turbulence model, the Shear Stress 
Transport k–ω turbulence model was employed to 
consider prediction performance for turbulent indoor 
airflow in association with thermal plumes and wall-
bounded flows in indoor environments [15, 16]. 
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Figure 2: The window opening configurations used 
to study the effects of CSH on CO2 inside the classroom. 
 

The boundary condition of the room was modelled 
in terms of airflow and CO2 [17], with CO2 production 
modelled as a low-velocity, low-volumetric air-CO2 
mixture flowing from the top surface of the cylinders 
representing the classroom’s occupants.  
Subsequently, CO2 boundary conditions were set to 
0.008 kg/s with temperatures of 30°C [12], considering 
a constant exhalation and a full breathing cycle for 
occupants. Exhalation velocity from a person varies 
between 0.6 and 0.8 m/s [17]. To focus solely on the 
impact of room airflows on the indoor environment – 
that is, air quality and CO2 – outdoor conditions were 
excluded by making the model’s envelope adiabatic 
except for the airflow from inlet and occupant 
simulators. For boundary conditions, the air supply 
and outlet were modelled as a velocity inlet and a 
pressure outlet. The airflow boundary condition was 
set to 1.2 m/s, with a constant air temperature value 
of 20°C. Figure 3 and Table 1 summarise the boundary 
conditions of the classroom domain. 

Table 1: Summary of boundary conditions 
Turbulence model RNG k–ε model 
Numerical scheme Upwind second-order 

difference, transient state 
with full buoyancy effect, 
enhanced wall treatment 

Pressure–velocity coupling SIMPLE 
Room air inlet Velocity=1.2 m/s, T=22°C 
Classroom outlet  Pressure outlet  
CO2 from occupants  Mass flow rate 0.008 kg/s  

. 
Figure 3: The simulation domain and boundary conditions of 
the classroom (featuring cylindrical occupant simulation). 
 
2.3 Grid Setup and Analysis  

To test 3D IAQ, the computational mesh was 
constructed based on the predefined classroom CSH 
configuration. The rectangular shape of the windows 
and the classroom geometry, including the various 
cylindrical blocks, required the use of a structured 
Poly-Hexacore mesh. Because the second phase of 
airflow and CO2 testing required buoyancy forces, cell 
sizes were refined near the surface of the windows and 
cylinders to estimate the convective CO2 level and the 
transfer rate more accurately to the indoor 
environment.  

For natural ventilation dominated by supply jet 
momentum, the inlet and outlet were refined along 
with the whole domain to provide correct 
computational results for airflow between the two 
openings. These refinements were processed with the 
aid of a surface remaster to improve and enhance cell 
quality. Cells above CO2 sources were refined to 
capture turbulent entrainment of the thermal plume 
of the CO2, which can be considered a pollutant Figure 
4. The simulation results considered the average air 
velocity results in the domain, showing less than a 2% 
difference for each of the refined meshes.  

 
Figure 4: Details of the computational grid for the classroom 
domain. 
 
Three different mesh sizes were studied, varying from 
coarse to fine, using the simulation results presented 
in Figure 5. 
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Figure 5: Perspective view of the grids pertaining to the grid 
sensitivity analysis: coarse grid (318,370 cells), baseline grid 
(858,680 cells) and fine grid (3,150,219 cells). 

 
 Given velocity was the factor most pertinent to 

this study, it was used for the mesh-independence 
study for 3D indoor airflow. When the cell number was 
increased from 318,370 to 3,150,219 cells, the values 
for air velocity and temperature remained nearly 
constant, with a maximum variation of 7%. 
Additionally, the differences in the average air velocity 
across the whole classroom was about 1% between 
the baseline grid and the fine grid. Hence a total cell 
number of 858,680 was chosen. 
 
3. RESULTS  

These case studies use eight occupants in two 
postures (standing and sitting) to evaluate inhalation 
of CO2. The sitting posture represents an occupant 
working at the centre of a classroom and different CSH 
configurations are used, with the only constant being 
the simulation of the exhalation process. The air 
supply jet enters the classroom to initially form a layer 
of fresh air throughout the classroom. The results 
simulate the airflow pattern for the baseline case and 
configurations CSH-0.0m, CSH-0.5m–CSH-0.75m, CSH-
1.0m, CSH-1.5m, and CSH-2.0m. For configurations 
CSH-2.0m, the plume of fresh air entering the 
classroom at the lower inlet produced a breathing 
zone at 0.6 m that moved into the buoyant plume of 
CO2 that formed above the occupants. The spatial 
distribution of CO2 and air velocity showed only small 
differences for the areas surrounding the different 
occupants. One study [18] has notably demonstrated 
that a simplified constant exhalation model can be 
used effectively for the CFD analysis of IAQ. The 
velocity contours of the described different scenarios 
of CSH ventilation strategies and CO2 level are depicted 
for the classroom. The results illustrate the mean 
turbulent velocity vector field under steady flow 
conditions for different CSH configurations with 
dispersion of CO2 from pupils. Clearly, the air supply 
from the opening formed a jet that extended across 
the room and generated a large region of circulating 
flow. As the CSH increased, the jet flow and 
accompanying circulation flow increased, pushing the 
CO2 particles outside. Figure 6 represents the velocity 
of the streamlined air and the streamline of the CO2 
from the pupils in the classroom for the baseline case 
and cross-ventilation cases of CSH-0.0m, CSH-0.5m 
and CSH-0.75 m. 

Figure 6 also shows that ventilation airflow 
significantly impacts CO2 dispersion, especially in the 
CSH-1.0m to CSH-2.0m range. 

 
Figure 6: Section view and 3D classroom view with path lines 
for air velocity in the rooms, indicating CO2 levels for the 
following different CSH configurations: CSH-1.0, CSH-1.5, 
CSH-2.0 and CSH-2.0 Up/Down. 
 

In the CSH-2.0 scenario, fresh air reaches the sitting 
occupants and rises, pushing CO2 particles towards the 
outlet, resulting in cleaner air around the occupants 
with average concentrations of 400–500 ppm, meeting 
CIBSE standards. Conversely, in the CSH-2.0 Up/Down 
ventilation scenario, CO2 particles remain near the 
face area, dispersing throughout the room as 
ventilation flows horizontally and vertically, raising 
overall CO2 levels. Figure 8 shows CO2 levels on the Y 
horizontal plane for eight pupils under various CSH 
configurations: baseline, CSH-0.0 to CSH-2.0, including 

Mesh-1 Mesh-2 Mesh-3 
318,370 858,680 3,150,219 

Baseline Case  CSH-0.0m  

CSH-0.5m  CSH-0.75m  
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CSH-2.0m Down/up section and 3D CSH-2.0m section and 3D  
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Down/Up and Up/Down variations. The CO2 
concentration differences are influenced by thermal 
plumes from occupants, which move CO2 upwards. For 
CSH-0.0, CSH-0.5 and CSH-0.75, average horizontal 
concentrations range from 1,500 to 2,000 ppm, with 
specific levels at 1.2 m and 1.0 m. Higher CSH levels 
(1.0 m, 1.5 m and 2.0 m) reduce maximum 
concentrations to 1,200, 900, and 400 ppm at sitting 
level. At CSH-2.0, despite CO2 stratification, 
concentration is around 400 ppm, with a smaller 
vertical gradient due to increased CSH and adequate 
ventilation. In the full exhalation model, CO2 plumes 
disperse rapidly above occupants, with the highest 
concentrations observed in the CSH-2.0 Up/Down 
configuration near and above occupants. 

 
Figure 8: CO2 levels in the classroom at the level of the 
measurement plane (1.0m). 

 Figure 9 visualises how varying CSH levels affect 
the classroom’s CO2 concentration at 1.0 m (seated 
level). Student bodies and their heat are not included 
in the IAQ model, but CO2 concentrations are 
evaluated at different STs. High-momentum supply air 
mixes with CO2 in the room. Increased CSH results in 
CO2 levels below 500 ppm despite higher 
concentrations near occupants due to thermal plumes. 
In the baseline scenario, CO2 concentrations range 
from 1,200 to 2,000 ppm. However, with increased 
CSH, the average CO2 concentration decreases. The 
CSH-2.0 Down/Up configuration effectively minimises 
CO2, pushing it from occupants towards the exhaust. 
Conversely, in the CSH-2.0 Up/Down setting, fresh air 
at the supply opening concentrates more CO2 around 

the breathing zone, creating a higher CO2 
concentration area. 
Figure 9: The non-dimensional contour of CO2 concentration 

in the classroom for each CSH case at a height of 1.0 m. 
 
Figure 10 considers the CSH-2.0 Down/Up scenario 

in the context of an entire classroom (30 pupils), 
highlighting streamlined airflow and CO2 inhalation 
patterns. Here, the inlet air jet creates a low CO2 region 
around occupants, pushing the emitted CO2 towards 
the outlet. This results in cleaner air for occupants, 
with an average CO2 concentration of around 450 ppm 
in the inhalation region. 

Figure 10: The configuration CSH-2.0 Up/Down for a 
completely occupied classroom showing the streamlined 
airflow with CO2 concentration. 
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CSH-1.0 m CSH-1.5 m 
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CO2 Level at the classroom-Baseline Case  CO2 Level at the classroom when CSH-0.0m  

CO2 Level at the classroom when CSH-0.5m  CO2 Level at the classroom when CSH-0.75m  

CO2 Level at the classroom when CSH-1.0m  CO2 Level at the classroom when CSH-1.5m  

CO2 Level at the classroom when CSH-2.0m Up/Down CO2 Level at the classroom when CSH-2.0m Down/Up  
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4. MAIN FINDINGS AND DISCUSSION  
Inlet-to-outlet positioning and the relative location 

of openings on a classroom façade are important 
parameters to be considered in the context of 
improving IAQ. This study provides new insights that 
enable improved design and control of operable 
façade elements to enhance the indoor environment 
using natural ventilation. 

The results obtained enable us to assess IAQ based 
on the distribution of CO2 concentration in the 
classroom. CO2 concentration contours for different 
CSH effect configurations selected for classroom 
cases/breathing models have been analysed. At the 
occupancy level, the breathing model has an influence 
that is limited to the local CO2 distribution in the room. 
The most discrepancies in terms of CO2 concentration 
were observed in the baseline case. Comparison 
between CSH configurations shows some different 
effects on CO2 concentration, with the lowest 
concentrations appearing in the contexts of 
configurations CSH-1.5m and CSH-2.0m, with average 
concentrations between 400 ppm and 500 ppm 
observed in the baseline case (but exceeding 2,000 
ppm near the ceiling). As CO2 concentrations 
increased, CSH impacted the streamlining of CO2 from 
classroom occupants, demonstrating that airflow 
streamlining reduces the spread of CO2, with the 
baseline case’s poor performance providing further 
evidence, with increased CSH generally increasing the 
inlet airflow jet, reducing the level of CO2 and allowing 
fresh air to penetrate deeper into the classroom 
before pushing CO2 to the outlet. When CSH increased, 
the fresh air from the inlet entered the region of 
inhalation, drawing CO2 upwards thermally and 
resulting in metabolic heating. The air in the region 
extending from the occupants to the outlet opening 
hardly reaches the region of inhalation or the seated 
occupants at all, instead moving towards the outlet. 
The geometry of classroom inlets and outlets and the 
CSH between them is very important for the 
distribution of the room’s CO2. Differences in 
ventilation effectiveness and the reduction of CO2 
levels by the different CSH configuration scenarios 
reveal the importance of distributing fresh air in 
classroom spaces. Furthermore, higher STs increase 
the supplied air, enabling the conclusion that certain 
opening positions could help to boost wind-induced 
ventilation, reduce temperatures, and enhance IAQ, 
especially in the context of densely populated 
classrooms. 

 
5. CONCLUSION  

In this work, the authors optimised CSH to improve 
IAQ in classrooms using natural ventilation, with CFD 
simulations employed for testing. The approach 
involved managing air circulation to reduce indoor 
pollutants such as CO2. Key factors include positioning 

inlets and outlets on classroom façades to harness the 
impact of different CSH levels. The results show that 
CO2 concentrations vary between CSH configurations, 
with the lowest levels observed for CSH-1.5m and CSH-
2.0m. By contrast, baseline scenarios showed CO2 
levels exceeding 2,000 ppm near the ceiling. Increased 
CSH helps draw fresh air into the breathing zone, 
moving CO2 upwards and aiding in metabolic heating. 
However, the air between occupants and the outlet 
was observed to have a limited impact on the 
breathing zone. Notably, this study has had to simplify 
certain aspects due to computational limitations. The 
building envelope and internal heat gains were 
reduced in complexity, and classroom obstacles – such 
as desks and chairs – were omitted to minimise the 
computational load. Nonetheless, the study highlights 
the importance of inlet and outlet placement and CSH 
for distributing fresh air and managing CO2 levels in 
classrooms. Enhanced CSH effectively brings fresh air 
into the inhalation region and helps in the upward 
thermal movement of CO2, emphasising the critical 
role of classroom ventilation geometry. 
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ABSTRACT: Athens, Greece, has a Mediterranean climate, characterized by very hot summers and cool winters 
that present microclimate challenges both indoors and outdoors. The city’s concrete construction exacerbates 
the situation, making it difficult to maintain a comfortable temperature. Green roofs could be one possible 
solution, but it is uncertain if they are a reliable and effective strategy to positively affect the city’s microclimate. 
Climate change is also a growing concern in Athens, and its impact on the city’s infrastructure has become a 
significant challenge. Maintenance of homes and roads has also been problematic. The city’s Mediterranean 
climate, combined with inadequate preparation for extreme weather, has resulted in unforeseen fires and 
unusual snowfall. To improve Athens’ future, adapting to these changes is essential. One proposed solution is to 
transform certain city areas with green roofs. However, it is necessary to assess whether this approach is 
effective in improving the microclimate. This study used the ENVI-met software to explore the potential benefits 
of adding green roofs in mitigating the urban heat island effect and enhancing overall thermal comfort and well-
being. The results were encouraging, suggesting that green roofs could be an effective solution for microclimate 
adaptation in Athens.  
KEYWORDS: Climate change, green roofs, Microclimate, Urban Heat Island. 
 
 

1. INTRODUCTION  
      Cities are dealing with a range of issues because of 
increased urbanisation and climate change, including 
urban heat island (UHI) effects, reduced air quality, 
declining biodiversity, and a lack of green space. 
Green roofs can counter these problems by 
converting rooftops into dynamic and sustainable 
urban environments and generating pockets of 
cooler, very localised microclimates [1-5]. This 
research examined, through simulations using the 
microclimate simulation software ENVI-met, the 
possible benefits of green roofs as a sustainable 
urban solution to a neighbourhood in Athens, Greece. 
Global temperature increases disproportionately 
influence metropolitan areas via the urban heat 
island effect. Athens is a city that already experiences 
hot summers and faces various issues because it has 
not developed and adapted to the environmental 
challenges posed by a warming climate. This study 
has explored the hypothesis that implementing green 
roofs could reduce the impact of the urban heat 
island by cooling outdoor air temperatures. By 
simulating the effects of green roofs in the current 
climate and projecting their impact into the years 
2050 and 2080, the effectiveness of these solutions in 
mitigating the effects of climate change on the city 
and improving the well-being of its residents can be 
evaluated.   Greece faces economic challenges, 
necessitating a pragmatic approach to climate 
adaptation. It is necessary to reconcile the need for 
climate adaptation with the constraints of Greece’s 
economic landscape. Through diligent research, 
innovative solutions, and simulation-based 

assessments, a sustainable approach can be found to 
foster a better future for Athens and its inhabitants. 
 
2. METHODOLOGY 
         This research used the commercial software 
ENVI-met (https://www.envi-met.com/), which is a 
high-resolution microclimate modelling system 
capable of simulating interactions between surfaces, 
vegetation, and air in urban environments with a 
typical resolution down to 0.5m in space and 1- 5 sec 
in time. 3D models of buildings and neighbourhoods 
can be created, and weather data can be imported 
for current and future climates. This study obtained 
current, 2050 and 2080 weather data for Athens from 
the climate generation software Meteonorm 
(https://meteonorm.com/en/) Meteonorm is a 
software that generates accurate and representative 
typical years for any location on Earth. You have the 
option to choose from over 30 different weather 
parameters. The database comprises more than 
8,000 weather stations, five geostationary satellites, 
and a globally calibrated aerosol climatology. Using 
this information, advanced interpolation models 
provide highly accurate results worldwide. An 
analysis of Athens took a historical overview of how 
the modern city was created (materials used and 
identified heights). It was decided to work in the 
Piraeus area in Eleftheriou Venizelou for this study, 
which focused on the use of green roofs for 
microclimate mitigation in this district. In this study, 
the contemporary climate was analysed by the data 
of temperatures, wind speeds and directions, solar 
radiation and the sky cover range. Once the district 
had been identified, using Google Maps enabled the 
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areas of individual roofs to be estimated, while the 
heights of the green roof plants were based on 
previous similar studies. For the analysis of the 
microclimate in general, current, 2050 and 2080 
weather data for Athens were obtained from the 
climate generation software Meteonorm. Finally, a 
digital twin of the district was developed in ENVI-met 
v5.1.1.  
 
3. CLIMATE CONTEXT 
      Athens has a Mediterranean climate with hot, dry 
summers and mild, wet winters. The city is influenced 
by the eastern shore of the Mediterranean resulting 
in hot, dry winds from North Africa during summer. 
Spring (March - May) is hotter than winter, with 
average temps between 15 to 18°C and lighter 
precipitation. Summer (June - August) can be very hot 
with average monthly temps ranging from 29°C to 
32°C, with very little rainfall. Autumn (September - 
November) has mild temperatures and lower 
humidity. Figure 1 predicts that monthly average air 
temperatures in Athens are expected to increase by 2 
to 3°C in 2050 and by 3 to 4°C in 2080 compared to 
current conditions. 

 
Figure 1: Monthly average dry bulb air temperature in 
Athens 
 
When comparing the relative humidity levels of the 
years 2050 and 2080, it was observed that they 
follow similar patterns throughout most months. 
However, there is a noticeable change in February 
2080, where the humidity levels increase. In contrast, 
the winter months of 2050 show a slight increase, but 
there is a significant decrease in the summer months. 
The humidity levels in 2050 are 2% lower than those 
in 2080 during the summer months. Nevertheless, 
the humidity levels for both years never go below 
42% or exceed 71% (Figure 2). 

 
Figure 2: Monthly average of relative humidity in Athens 
 
Figure 3 shows that there is a range of values related 
to wind speed. The changes in wind speed for the 
years 2050 and 2080 are concentrated in different 
months. Overall, there are no noticeable changes 
between contemporary wind speeds and 2050. At the 
same time, the comparison (Figure 3) shows an 
increase of approximately 0.1 m/s in February, a 
decrease of approximately 0.08 m/s in March, and a 
decrease of 0.1 m/s in June. This analysis reveals that 
the most notable changes are occurring between 
February and March, and June and July. However, all 
three graphs exhibit similar behaviour, with the year 
2080 showing the most significant changes. 

 
Figure 3: Monthly average wind speed in Athens 
 
2.1 Simulation by ENVI-met. 
      A 3D recreation of the Piraeus Venizelou area of 
Athens, located near the coast and mountains, was 
generated through ENVI-met (Figures 4 and 5) and 
microclimate conditions were simulated without and 
with green roofs added to all flat roofs in the area. 
Analysis was undertaken using current, 2050 and 
2080 climate data. The study focussed on the 15th of 
July since, according to the data, this would be the 
hottest day. 
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2.1 Simulation by ENVI-met. 
      A 3D recreation of the Piraeus Venizelou area of 
Athens, located near the coast and mountains, was 
generated through ENVI-met (Figures 4 and 5) and 
microclimate conditions were simulated without and 
with green roofs added to all flat roofs in the area. 
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Figure 4: Pireaus Venizelou area of Athens, Greece 
 

  
Figure 5: 3D model of the location in ENVI-met 

 Figure 6: Input data in ENVI-met 
 
The Meteonorm software provided temperature (°C) 
and humidity(%) data for the contemporary, 2050, 
and 2080 scenarios. This data was added to the ENVI-
met simulation program, as shown in Figure 6. 
 
3. DISCUSSION AND RESULTS 

    Based on the results obtained from ENVI-met 
(shown in Figure 7, Figure 8, Figure 9 and Table 1), 
the use of green roofs had a positive impact on the 
microclimate. By analysing the changes in the current 
weather, it can be inferred that the hourly 

temperature reduction was 1.5°C. Furthermore, the 
data for 2050 suggest that this reduction will be 
maintained. On the other hand, for current climatic 
conditions with a green roof, the wind speed and 
relative humidity increased by 0.36m/s and 2% 
respectively. However, in the year 2050, this increase 
was predicted to be 0.76m/s and 7%. In 2080 the 
data showed a clear rise in temperatures, with an 
increase of 3.3°C compared to 2005 and a projected 
increase of 2.7°C by 2050 with the implementation of 
green roofs. At the same time, there has been a 
decrease in relative humidity, with a reduction of 1% 
compared to current data, but with a significant 
increase of 5% anticipated by 2050.  

 
Figure 7: Simulation of contemporary climate ENVI-met 

 
Figure 8: Simulation of 2050 climate ENVI-met  

 
Figure 9: Simulation of 2080 climate ENVI-met 
Considering the impact of structures, placement, and 
orientation on green roofs, the green roof placement 
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must be studied carefully. The absorption of heat, the 
increase in wind speed and relative humidity have 
physical relationships with the building structure in 
which it is located, regardless of the location. It is 
important to consider the significant impact and the 
need for different adaptations as climate changes 
over the years, especially if green roofs become 
widely adopted. 
 
Table 1: Average hourly results with and without green 
roofs. 
Time   AT(°C)    RH(%) WS(m/s) 
July current without green roofs  
15:00                                     29.4    32 0.51 

16:00 29.4    32 0.51 
 

July current with green roofs 

15:00 27.9   34 0.87 
16:00 27.9   34 0.85 
July 2050 with green roofs   
  15:00                28.5    39   1.27 
  16:00                28.6    39 1.25 

July 2080 with green roofs 
15:00                 31.2    39  1.29 
16:00                 31.7    37  1.27 

AT: Air Temperature; RH Relative Humidity; WS: Wind speed 
 
3.1 Comparison of contemporary, 2050 and 2080 
with green roof. 
             To obtain a deeper analysis of the results, 
changes in temperature, relative humidity, and wind 
speed were studied in different years. It is crucial to 
understand how climate change affects the solution 
since cities act as structures that both absorb and 
emit heat. Therefore, it is essential to study the 
changes and behaviour of these structures with 
natural materials such as green roofs. The results of 
this study are as follows: 

 
Figure 10: Comparison of Potential air temperature 
between contemporary climate, 2050 and 2080 with green 
roof 

 
Figure 10 clearly illustrates the difference between 
the years. July 15th was chosen to observe changes in 
temperature between current, 2050 and 2080 data. 
The highest temperature was recorded in the year 
2080, at 20°C, while 2050 recorded a temperature of 
21°C and current temperature was 22°C. The 
difference in temperature during the day is positive. 
Initially, it was expected that the year 2080 would 
exceed the temperature by 4°C, but the application of 
a green roof has improved it by 1 to 2°C. There are no 
significant changes in temperature in the year 2050, 
and the temperature drops by one degree after 4 
p.m. The temperature is much lower in 2080 during 
daylight hours.                                                  

 
Figure 11: Comparison of relative humidity between 
contemporary climate, 2050 and 2080 with green roof 
 
Figure 11 displays how relative humidity levels 
change when a green roof is implemented in the 
years 2050 and 2080, as compared to current data. 
Overall, relative humidity will decrease more in 2050 
compared to 2080 and current when it arrives at 58%. 
Initially, there is a 3% decrease in 2050 and a 2% 
decrease in 2080. Throughout the day, the decrease 
in relative humidity is 3% and 2% for 2050 and 2080, 
respectively. There are some specific changes 
throughout the day, such as no difference at 12:00 
am and higher levels in 2050 during the hours of 3:00 
p.m. being this lower than 30%. to 9:00 p.m. In 
contrast, 2080 is only 1% higher during those same 
hours. During the night, relative humidity levels are 
lower in both 2050 and 2080, with 2050 being higher. 
Based on Figure 11, there is a decrease in wind speed 
during the early morning hours and a noticeable 
increase during the daytime hours until nighttime, 
which is the same as the years 2005 and 2080.  
It is worth noting that the wind speed during the 
afternoon hours, which are the hottest, has the most 

 

significant increase. In 2050, the wind speed will 
increase by 0.05 m/s, while in 2080 it will increase by 
0.1 m/s compared to current data. At 3:00 p.m. in 
2080, the wind speed reached 2 m/s. 

 
Figure 12: Comparison of Wind speed between 
contemporary climate, 2050 and 2080 with green roof 
 
        After conducting an analysis, it was observed 
that the green roof affected the relative humidity 
(RH) in comparison to the reference roof. On average, 
the RH on the green roof was higher due to its soil 
composition, which absorbs more rainwater and 
water during rainfall or irrigation. This feature 
promotes more evapotranspiration of water from 
green roofs, increasing the relative humidity in the 
surrounding air. The benefits of increased relative 
humidity levels are numerous, including reducing the 
risk of respiratory infections, reducing static 
electricity, and preventing wooden furniture from 
splitting. It can also aid in the prevention of airborne 
viruses and bacteria, which thrive in dry air. 
Moreover, increased relative humidity levels can 
make the air feel warmer, reducing the need for 
heating during colder months and, in turn, lowering 
energy expenses.  
 
3.2 Physiological Equivalent Temperature (PET) 
        The Physiological Equivalent Temperature (PET) 
is a measure of the air temperature that balances the 
heat budget of the human body in a typical indoor 
setting, without wind and solar radiation. This 
temperature is the same as the core and skin 
temperature under the complex outdoor conditions 
being assessed. By analyzing the findings of the PET 
and evaluating current, 2050, and 2080 climate 
conditions, a concerning pattern becomes evident. 
There is an observed increase in temperature during 
the day and heat spreading throughout the city, 
attributed to the greenhouse effect. 

 
Figure 13: Temperature section, Greenhouse effect in 
Venizelou (Athens, Greece) 
 
Figure 13 further illustrates this phenomenon, 
showing an increase in temperature during the day 
and heat spreading throughout the city. As 
temperatures continue to rise, there will be a growing 
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demand for microclimate-modifying components, 
such as green roofs. Therefore, it is critical to conduct 
urban planning studies to assess the impact of these 
changes on the climate and surroundings. 
 
4. CASE STUDIES  
        This research focuses on the use of green roofs as 
a means of mitigation. The case studies examine how 
these changes are being implemented in a specific 
climate and city. To provide a clearer approach, a real 
project involving a green roof on the Ministry of 
Economics and Finance building in Athens, Greece is 
chosen. The green roof, which covers 650m² and 1.4 
hectares, was installed on the rooftop of a ten-story 
building. The project aimed to study the impact of the 
green roof on thermodynamics in hot Athens. The 
building was constructed to provide a research roof 
to study the thermal effects of green roofs in Athens. 
The objective was to create a portable green roof to 
investigate the impact of rooftop gardens on 
biodiversity and the local microclimate, with the 
challenges of resilience, mitigation, biodiversity, and 
environmental quality in mind.[7] 
      There was a case study conducted in Turkey, 
which has a similar climate to Greece. The study 
aimed to investigate how green roofs impact 
microclimates and outdoor thermal comfort. It was 
carried out on a university campus and focused on 
determining whether green roofs can create a 
comfortable environment. The researchers surveyed 
users and used ENVI_met modelling to evaluate the 
influence of various roof terrace flooring materials on 
thermal comfort. The study found that green roofs 
and vegetation can help reduce high temperatures 
and improve outdoor thermal comfort on hot 
summer days. ENVI_met was used to estimate the 
effect of roof terrace flooring material on human 
thermal comfort. It was discovered that variation in 
flooring material can improve the outdoor thermal 
environment, depending on building geometry and 
the presence of trees. The comparison between trees 
and grass showed that trees improve thermal 
perception in the summer.[8] 
 
5. CONCLUSION  
         This study aimed to assess the impact of green 
roofs on the microclimate of Athens. To achieve this, 
several case studies were analysed about the use of 
green roofs to combat urban heat islands (UHIs). The 
results of this study were encouraging and suggest 
that green roofs can be an effective solution. Further 
research is required to understand the necessary 
adaptations. The research indicates that the 
implementation of green roofs has a positive impact. 
This assertion is supported by observed changes in 
temperature, humidity levels, and wind speed 
between 2050 and 2080, which demonstrate the 
stabilization of temperatures compared to areas 

without vegetation cover. Although this study 
focused on rooftop alterations, it highlights the 
importance of wider building refurbishments, 
including walls and other architectural elements. The 
ultimate aim of this study was to demonstrate the 
impact of changes that can encourage the 
construction industry to reconsider its approach to 
resilience. It is hoped that the findings of this study 
will lead to further research and implementation of 
green roofs as a potential solution to combat urban 
heat islands. 
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ABSTRACT: Energy consumption in tropical buildings is increasing rapidly due to solar heat gain and glare. 
Buildings are also affected by dynamic climatic factors, such as daylight and wind. Research showed that 
compared to static facades, climate adaptive kinetic facades offer potential opportunities for daylighting and 
energy efficiency by adapting to changing outdoor conditions. Most of the research in adaptive design has been 
conducted for temperate and seasonal climates, and little information is available on tropical climates. A few 
studies attempted simultaneous analysis of adequate daylighting, energy savings and energy generation. Little 
attention is provided in the context of Dhaka, where office buildings face high energy demands due to the 
popularity of the use of glass facades without shading and air conditioning for thermal comfort. This research 
aims to find out the optimised configurations of climate adaptive kinetic facades for office buildings in Dhaka by 
optimising daylighting and energy performance. The result of multi-objective optimisation showed the significant 
positive impact of kinetic facades and identified 12 different configurations, varying in shading depths (0.83 to 
1.00 meters) and angles (1o to 29o) for 12 months. The study can potentially be useful for implementing climate 
adaptive kinetic façades in tropical office buildings. 

 KEYWORDS: Kinetic Facades, Heat Gain, Daylighting, Energy Performance, Office Buildings. 
 
 

1. INTRODUCTION 
The energy consumption in buildings accounts for 

approximately one-third of the total energy demand in 
the world and is expected to grow by 2.1% per year by 
2040 [1]. Among diverse types of buildings, office 
buildings in tropical cities often have the maximum 
energy concerns due to the use of large glass facades 
and air conditioners, resulting in solar heat gain and 
glare. These results in high energy consumption and 
increased operational costs. Therefore, energy 
efficiency measures with optimised daylighting for 
office buildings are necessary [2]. 

The weather pattern shifts continuously, and 
pronounced seasonal variations are noticed. 
Daylighting and energy requirements are changing 
with the change in the outdoor environment. It can be 
argued that static passive building designs are not 
often effective for adequate daylight and energy 
efficiency. Relatively passive strategies and active 
technologies need to be integrated to achieve 
effective daylighting, reduce energy consumption, and 
increase the energy generation of office buildings 
[1,3]. By integrating photovoltaic films with the kinetic 
elements, the façade system can increase energy 
performance [4]. 

For the high temperature and humidity, glass 
façades trap heat and increase the energy demand for 
cooling in tropical cities [5]. In Bangladesh, the 
increased use of glass facades results in the creation of 
air-conditioned office spaces with artificial lighting, 
resulting in increasing energy demands. These induce 

the energy crisis and frequent power disruptions in 
Dhaka. As a result, both optimised daylighting and 
energy efficiency measures are urgently required for 
Dhaka city [5,6]. 
 
2. AIM AND OBJECTIVES 

 This study aims to determine the optimised 
configurations of the climate adaptive kinetic facades 
for daylighting and energy performance of office 
buildings in Dhaka. Objectives of the study are the 
following. 
 To explore the effectiveness of climate adaptive 

kinetic facades under tropical climatic conditions. 
 To find out the optimised configurations (angle and 

depth) for the south façade for office buildings in 
Dhaka. 

 
3. LITERATURE REVIEW AND CASE STUDY 
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demand for microclimate-modifying components, 
such as green roofs. Therefore, it is critical to conduct 
urban planning studies to assess the impact of these 
changes on the climate and surroundings. 
 
4. CASE STUDIES  
        This research focuses on the use of green roofs as 
a means of mitigation. The case studies examine how 
these changes are being implemented in a specific 
climate and city. To provide a clearer approach, a real 
project involving a green roof on the Ministry of 
Economics and Finance building in Athens, Greece is 
chosen. The green roof, which covers 650m² and 1.4 
hectares, was installed on the rooftop of a ten-story 
building. The project aimed to study the impact of the 
green roof on thermodynamics in hot Athens. The 
building was constructed to provide a research roof 
to study the thermal effects of green roofs in Athens. 
The objective was to create a portable green roof to 
investigate the impact of rooftop gardens on 
biodiversity and the local microclimate, with the 
challenges of resilience, mitigation, biodiversity, and 
environmental quality in mind.[7] 
      There was a case study conducted in Turkey, 
which has a similar climate to Greece. The study 
aimed to investigate how green roofs impact 
microclimates and outdoor thermal comfort. It was 
carried out on a university campus and focused on 
determining whether green roofs can create a 
comfortable environment. The researchers surveyed 
users and used ENVI_met modelling to evaluate the 
influence of various roof terrace flooring materials on 
thermal comfort. The study found that green roofs 
and vegetation can help reduce high temperatures 
and improve outdoor thermal comfort on hot 
summer days. ENVI_met was used to estimate the 
effect of roof terrace flooring material on human 
thermal comfort. It was discovered that variation in 
flooring material can improve the outdoor thermal 
environment, depending on building geometry and 
the presence of trees. The comparison between trees 
and grass showed that trees improve thermal 
perception in the summer.[8] 
 
5. CONCLUSION  
         This study aimed to assess the impact of green 
roofs on the microclimate of Athens. To achieve this, 
several case studies were analysed about the use of 
green roofs to combat urban heat islands (UHIs). The 
results of this study were encouraging and suggest 
that green roofs can be an effective solution. Further 
research is required to understand the necessary 
adaptations. The research indicates that the 
implementation of green roofs has a positive impact. 
This assertion is supported by observed changes in 
temperature, humidity levels, and wind speed 
between 2050 and 2080, which demonstrate the 
stabilization of temperatures compared to areas 

without vegetation cover. Although this study 
focused on rooftop alterations, it highlights the 
importance of wider building refurbishments, 
including walls and other architectural elements. The 
ultimate aim of this study was to demonstrate the 
impact of changes that can encourage the 
construction industry to reconsider its approach to 
resilience. It is hoped that the findings of this study 
will lead to further research and implementation of 
green roofs as a potential solution to combat urban 
heat islands. 
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ABSTRACT: Energy consumption in tropical buildings is increasing rapidly due to solar heat gain and glare. 
Buildings are also affected by dynamic climatic factors, such as daylight and wind. Research showed that 
compared to static facades, climate adaptive kinetic facades offer potential opportunities for daylighting and 
energy efficiency by adapting to changing outdoor conditions. Most of the research in adaptive design has been 
conducted for temperate and seasonal climates, and little information is available on tropical climates. A few 
studies attempted simultaneous analysis of adequate daylighting, energy savings and energy generation. Little 
attention is provided in the context of Dhaka, where office buildings face high energy demands due to the 
popularity of the use of glass facades without shading and air conditioning for thermal comfort. This research 
aims to find out the optimised configurations of climate adaptive kinetic facades for office buildings in Dhaka by 
optimising daylighting and energy performance. The result of multi-objective optimisation showed the significant 
positive impact of kinetic facades and identified 12 different configurations, varying in shading depths (0.83 to 
1.00 meters) and angles (1o to 29o) for 12 months. The study can potentially be useful for implementing climate 
adaptive kinetic façades in tropical office buildings. 

 KEYWORDS: Kinetic Facades, Heat Gain, Daylighting, Energy Performance, Office Buildings. 
 
 

1. INTRODUCTION 
The energy consumption in buildings accounts for 

approximately one-third of the total energy demand in 
the world and is expected to grow by 2.1% per year by 
2040 [1]. Among diverse types of buildings, office 
buildings in tropical cities often have the maximum 
energy concerns due to the use of large glass facades 
and air conditioners, resulting in solar heat gain and 
glare. These results in high energy consumption and 
increased operational costs. Therefore, energy 
efficiency measures with optimised daylighting for 
office buildings are necessary [2]. 

The weather pattern shifts continuously, and 
pronounced seasonal variations are noticed. 
Daylighting and energy requirements are changing 
with the change in the outdoor environment. It can be 
argued that static passive building designs are not 
often effective for adequate daylight and energy 
efficiency. Relatively passive strategies and active 
technologies need to be integrated to achieve 
effective daylighting, reduce energy consumption, and 
increase the energy generation of office buildings 
[1,3]. By integrating photovoltaic films with the kinetic 
elements, the façade system can increase energy 
performance [4]. 

For the high temperature and humidity, glass 
façades trap heat and increase the energy demand for 
cooling in tropical cities [5]. In Bangladesh, the 
increased use of glass facades results in the creation of 
air-conditioned office spaces with artificial lighting, 
resulting in increasing energy demands. These induce 

the energy crisis and frequent power disruptions in 
Dhaka. As a result, both optimised daylighting and 
energy efficiency measures are urgently required for 
Dhaka city [5,6]. 
 
2. AIM AND OBJECTIVES 

 This study aims to determine the optimised 
configurations of the climate adaptive kinetic facades 
for daylighting and energy performance of office 
buildings in Dhaka. Objectives of the study are the 
following. 
 To explore the effectiveness of climate adaptive 

kinetic facades under tropical climatic conditions. 
 To find out the optimised configurations (angle and 

depth) for the south façade for office buildings in 
Dhaka. 

 
3. LITERATURE REVIEW AND CASE STUDY 
 Climate adaptive kinetic facades consist of 
transformative elements that can change parameters, 
such as shape, size and angle, to adapt to the outdoor 
environment [7]. Studies showed that there are 
varying sky conditions and solar angles in tropical 
climates. Therefore, conventional static solar shading 
systems are less effective in ensuring adequate 
daylight and energy efficiency [6,7]. In tropical 
climates, climate adaptive kinetic facades can improve 
daylighting by reducing glare and saving energy use by 
20-30% for commercial buildings. Kinetic photocells 
can produce 30-40% more energy than a fixed 
photocell by tracking the sun's position [8]. 
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 A study in Melbourne showed that climate adaptive 
facades can reduce energy consumption by 14.2% to 
29% for office buildings. The study was based on 
computational optimisation by EnergyPlus and Eppy to 
show the comparative energy consumption of office 
buildings under a temperate climate [9]. Another 
research used parametric simulation and multi-
objective optimisation by Rhinoceros, Grasshopper, 
Ladybug, Honeybee and Octopus showed the 
simultaneous optimisation of visual and thermal 
comfort achieved by adaptive facades for a 
hypothetical space in Tehran under an arid climate 
[10]. A residential building in Taiwan, which has a 
dynamic shading screen, was analysed under a tropical 
climate [11]. Research on readymade garments in 
Dhaka was done towards the path to net zero energy 
building using Rhinoceros, Grasshopper and 
ClimateStudio. The optimisation of thermal comfort 
and energy consumption provides an optimised result 
for static shading devices [12]. 
 In Al Bahar Tower, Abu Dhabi, United Arab Emirates, 
the external kinetic façade reduces solar heat gain by 
50% and cooling costs by 15%. The climate adaptive 
façade of GSW Headquarter, Berlin, Germany, controls 
heat gain, daylight and airflow and can reduce energy 
consumption by 40%. The climate adaptive kinetic 
façade of Q1 Thyssen Krupp Headquarter, Essen, 
Germany, can reduce glare and heat gain with 
improved daylight performance. Thus, it can maximise 
energy performance [13].  

Research has already been conducted on climate 
adaptive kinetic facades in temperate and seasonal 
climates. Multiple examples of real-life applications in 
buildings are also available in those regions. Only a 
little research and hardly any application are available 
for tropical climates, particularly for Dhaka City [5-7, 
12]. The knowledge of the effects of climate adaptive 
kinetic facades in tropical climates remains 
inadequate. Consequently, research on the application 
of this façade system for Dhaka is urgently required. 
 
4. METHODOLOGY 

A field survey was conducted to select a case 
building and collect data. Simulation analysis was 
incorporated for performance measures and 
comparisons. 3D modelling and multi-objective 
optimisation of daylighting and energy performance 
simulations were conducted by the Rhinoceros 
(version 7) with its plugins (e.g. Grasshopper, 
ClimateStudio, Octopus and Wallecei). Rhinoceros and 
its plugins are validated successfully for energy 
simulation [14]. Design Explorer was used for multi-
objective optimisation considering maximum spatial 
daylight autonomy (sDA), minimum annual sunlight 
exposure (ASE), minimum energy use intensity (EUI) 
and maximum energy harvest. In this research, sDA 
measures the percentage of floor area in a building 

that receives standard daylight (300 lux) during office 
hours (9:00 AM to 5:00 PM). ASE measures the 
percentage of a floor area that receives direct sunlight 
exceeding 1000 lux for 250 hours in a year. The 
simulation procedure was conducted using Dhaka's 
weather data, which is available on the web in 
EnergyPlus weather (EPW) format [energyplus.net]. 
 
4.1 Selection of case building 

The NCC Bank Head Office, located at Motijheel, 
Dhaka, Bangladesh, was selected as the case building 
by purposive sampling method. The building has an 
exterior shading system on a curtain glass façade 
oriented to the south (Fig. 1). 

Figure 1: Google map location (L) and south elevation (R) of 
NCC Bank Head Office, Motijheel, Dhaka 
 

The office building is situated at a latitude of 
23.727o and a longitude of 90.421o in the context of 
tropical urban climate. In Dhaka, the annual average 
temperature is 26oC, and the average daily solar 
radiation is 4.65kWh/m2. The temperature often 
increases above 40oC, and solar radiation increases 
above 5.5 kWh/sqm/day in the pre-monsoon period 
[15]. 

 
4.2 Field survey and data collection 

Data about the geometry and dimensions of the 
shading devices were collected from the field survey 
(Fig. 2 and Fig. 3). There are two office blocks 
connected with a common service block. Both open 
office block's dimensions are 15 m x 15 m (Fig. 2). It is 
a 22-story building with shading devices on the 4th to 
14th floors. There are two intermediate shading 
devices (500 mm) attached to the outer glass façade 
with extended floor planes (750 mm) (Fig.3). 

 

 
Figure 2: Basic zoning in typical floor layouts of the case 
office building 
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Figure 3: Typical schematic south façade section of the case 
office building 
 
4.3 Creating 3D model 

A 3D model was generated based on the field 
survey data using Grasshopper and Rhinoceros (Fig. 4). 
The multi objective simulation procedure was 
conducted for one office block to the east side (Fig. 2) 
located on the 4th floor of the case building oriented 
towards the south. The office space is considered to 
have an open-plan layout. On the south façade, four 
shading devices are considered outside the curtain 
glass façade (Fig. 3). The other three facades are 
considered to be solid and opaque. 

 
Figure 4: Case building model created in Rhinoceros (L) and  
space module (15m x 15m) of 4th floor (R) 
 
4.4 Simulation  

During simulation, the existing façade with existing 
shading devices was analysed first, considering the 
shadings as PV panels. After that, for the multi-
objective optimisation, the shading devices were 
considered static and kinetic. The angle and depth 
were analysed for the kinetic façade system. Research 
showed that a maximum 30o tilt angle was optimum 
for energy harvest in the Dhaka context. Therefore, in 
this research, angles ranged from -30o to 30o and 
depth ranged from 0.3m to 1.0m [16]. The simulation 
methodology flow diagram is shown in Fig. 5. 

 
Figure 5: Methodology flow diagram for multi-objective 
optimisation 

4.4.1 Daylight and energy modelling 
Rhinoceros and Grasshopper were used to create the 
daylight and energy models for the simulation 
analysis. Detailed parameters with the generated 
model are shown in Table 1. The shadings are selected 
as PV panels to generate energy (Fig. 6). 
 
Table 1: Basic Simulation Parameters 
 

Indoor Space Parameters  
Room size 15m x 15m 

 

Room area 225 m2 

Floor level 12m above the 
ground 

Shading façade 
orientation South 

Analysis grid 2 x 2 m 
Working plane 
height 0.75 m 

 
 

 
Figure 6: PV panel settings for simulation 
 
4.4.2 Multi-objective optimisation 

ClimateStudio was used to input weather data 
files for daylight and energy simulations. Daylight 
simulation provided the result of LEED credit, sDA and 
ASE (Fig. 7). Energy simulation provided the result of 
EUI, energy harvest data (the amount of energy 
harvested from the shading devices set as PV panels) 
and extra energy requirement (the gap between the 
EUI and energy harvest data) (Fig. 8). Octopus was 
used for multi-objective optimisation considering 
maximum sDA, minimum ASE, minimum EUI and 
maximum energy harvest (Fig. 9). The full script is 
shown in Fig. 10. 

 

 
Figure 7: Daylight analysis result by ClimateStudio  
[LEED credit (L), sDA (M), ASE (R)] 
 

 

Figure 8: Energy performance analysis by ClimateStudio 
[EUI (L), energy harvest (M), extra energy required (R)] 
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Figure 9: Multi-objective optimisation by Octopus 
 

 
Figure 10: Grasshopper script for modelling, simulation and 
optimisation 
 

The output data of Octopus was generated as an 
Excel file (Table 2). Finally, the output data was 
analysed in Design Explorer (Fig. 11, 12). The 
simulation procedure was conducted for annual 
average data, considering the shading as static for the 
whole year. The simulation process is conducted 12 
times to find out the optimised configuration for 12 
months of a year. 

 
Table 2: Excel file created by Octopus and Wallecei 
 

 
 

 
Figure 11: Design Explorer analysis using the Excel file 
 

 
Figure 12: Optimised result considering the dependent 
variables 

5. RESULTS 
    Results are presented in three portions: existing 
configurations, optimised static shading 
configurations and optimised kinetic shading 
configurations. 
 Firstly, the existing glass façade integrated with 
static shading devices was analysed. Secondly, the 
optimised shading configurations were analysed by 
multi-objective optimisation, considering the shading 
is static for the whole year. The simulation results, 
according to the annual average data, are shown in 
Table 3. 
 
Table 3:  Analysis results for the existing façade and 
optimised static façade configurations 
 

Parameters 
Existing 
shading 

configurations 

Optimised static 
shading 

configurations 

Depth (m) 0.75, 0.50, 
0.50, 0.75 0.99 

Angle (o) 0o 29o 
sDA 1 1 
ASE 0.1 0 
EUI (kWh) 30112.2 27624.5 
Energy  
Harvest (kWh) 12850.9 20437.8 

Extra energy 
required (kWh) 17261.3 3321.8 

3D model view 
  

 
The comparative results showed that after the 

optimisation of daylight and energy performance, the 
EUI is reduced from 30112.2 kWh to 27624.5 kWh and 
energy harvest is increased from 12850.9 kWh to 
20437.8 kWh. Results showed that energy generation 
is increased to a greater number for the optimised 
static shading configurations. 

Thirdly, when the façade is considered kinetic, 
rotating and scaling every month of a year, multi-
objective analysis differs from one to another. For 
example, Fig. 13 and Fig. 14 show the Design Explorer 
analysis for January and February. 

 

 

 
Figure 13: Design Explorer analysis for January 
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Figure 13: Design Explorer analysis for January 
 

 

 
Figure 14: Design Explorer analysis for February 
 

  The optimisation analysed 50 iterations. Among 
them, considering maximum sDA, minimum ASE, 
minimum EUI, and maximum energy harvest, the 
optimum result for January showed that the depth 
should be 0.99m and that the angle should be 25o for 
the shading device. For February, the optimum depth 
was 0.87m, and the optimum angle was 29o. For two 
continuous months, the optimised depth and angle of 
shading varied from 0.99m to 0.87m and 25o to 29o. 

 The same simulation procedure was followed for 12 
months of the year (Fig. 15). The summarised results 
for the studied 12 months are presented in Table 4. 
The results showed that after the optimisation of 
daylighting and energy performance, the optimised 
depth and angle of shading differed from month to 
month. 

 

 
January 

(0.99m, 25o) 

 
February 

(0.87m, 29o) 

 
March 

(0.83m, 28o) 

 
April 

(0.99m, 21o) 

 
May 

(0.88m, 10o) 

 
June 

(1.00m, 14o) 

 
July 

(0.99m, 12o) 

 
August 

(1.00m, 19o) 

 
September 
(0.99m, 1o) 

 
October 

(1.00m, 28o) 

 
November 

(1.00m, 25o) 

 
December 

(0.93m, 24o) 

Figure 15: Depth (m) and Angle (o) of optimised results for 
climate adaptive kinetic shading for 12 months of a year  

 
Figure 16 presents the summary of the three studied 

conditions: existing configurations, optimised static 
shading configurations and optimised kinetic shading 
configurations. 

 It is evident that the EUI of the existing façade 
system is the highest (30112.2 kWh) and requires 
more extra energy (17261.3 kWh) than the others. If 
the shadings are fixed for the whole year, 7186.7 kWh 
of extra energy is required. Supposing the shading is 

considered kinetic and rotating every month, the extra 
energy requirement is reduced to a greater degree and 
914.4 kWh of energy is required for the specific office 
room, considering the climate of Dhaka. Energy 
requirements can be further reduced by analysing the 
optimised configurations for every day or even every 
hour of the year. 

 
Table 4: Optimum depth and angle for shading device 
corresponding sDA, ASE, EUI and energy harvest values for 
kinetic façade. 
 

 
Month Depth 

(m) 
Angle 

(o) 
sDA 

(% area) 
ASE 

(% area) 
EUI 

(kWh) 

Energy 
harvest 
(kWh) 

Jan 0.99 25 1 0 749.2 3106.2 
Feb 0.87 29 1 0.0123 905.9 2619.7 
Mar 0.83 28 1 0.037 1698.2 2402.8 
Apr 0.99 21 1 0 2303.6 1472 
May 0.88 10 1 0.0494 2558.1 1160.6 
Jun 1.00 14 1 0.0123 3259.8 1130.6 
Jul 0.99 12 1 0.0494 3106.4 1081.8 
Aug 1.00 19 1 0 3466.4 1578.7 
Sep 0.99 1 1 0.0864 3007.6 1852.8 
Oct 1.00 28 1 0 2473.2 2700.2 
Nov 1.00 25 1 0 1407.8 2903 
Dec 0.93 24 1 0 860.8 2874.2 

Total  25797 24882.6 
Extra energy required  914.4 kWh 

 

 
Figure 16: Analysis results for the three studied façade 
configurations 
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energy requirement while maintaining effective 
daylight. The static shading device cannot make the 
best use of daylighting and energy consumption 
throughout the year. Thus, an optimum solution is 
essential for every month, even for days and hours, to 
achieve energy efficient building solutions.  

Shifting from static shading devices to climate 
adaptive kinetic facades that can rotate and change 
dimensions according to external weather conditions 
is apparent. Different studies have shown that office 
buildings are rapidly growing with glass facades, 
artificial lighting, and air conditioners, which results in 
high energy demands in tropical climates such as 
Dhaka. The existing office buildings with larger glass 
facades in the south direction can be renovated with 
external climate adaptive kinetic facades. The future 
office buildings can also be designed accordingly. 
Successful application of climate adaptive kinetic 
façade is vital for adequate daylighting and energy 
efficiency. 

While numerous studies and examples are available 
for temperate climates, only a little study has been 
found for tropical climates. Therefore, the knowledge 
acquired by the literature review and case studies is 
limited to climates different from those in tropical 
regions. Due to software and time constraints, there 
are limitations to input diversified data available from 
the surroundings. Time constraints lead this research 
to focus on optimisation on a monthly basis instead of 
analysing individual days. 

 
7. CONCLUSIONS 

 The necessity of considering the climate adaptive 
kinetic façade system as an alternative to the 
traditional static shading systems has been 
acknowledged throughout this study. This study will 
help the architects and create the opportunity to think 
of future façade designs for office buildings. This study 
can be the basis for further research on using and 
implementing climate adaptive kinetic facades for 
different types of buildings, particularly office 
buildings in tropical climates. Future research can be 
conducted by including several optimisation options, 
such as LEED credit, illuminance level, and glare 
analysis, and increasing the variables such as material, 
rotation axis, aesthetic, and technical requirements. 
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ABSTRACT: This paper presents a brief overview of major developments made over the course of the Process- and 
Energy-Efficient Construction project’s social housing track, which was aimed at developing a technology package that 
would combine 3D modular construction with the latest in energy efficiency and climate change mitigation. The project 
culminated in a proposal of a technology demonstrator building, which has been constructed and, as of the writing of 
this paper, was waiting for its first tenants to move in. We outline the major contributions and advancements made to 
both the technologies forming the package and how they play to each other’s strengths within the package, resulting 
in a comprehensive offering of environmentally friendly social housing. The package was centered around the RESHeat 
system, which was coupled with a selection of environmental and building services solutions targeting indoor comfort 
and rainwater and stormwater retention. 
KEYWORDS: modular housing, sustainability, energy efficiency, process efficiency 

1. INTRODUCTION
This paper presents a proposal of a sustainability-

focused approach to collective housing design which 
involves the use of 3d modular construction solutions 
coupled with energy generation and storage, energy-
saving and low-carbon-footprint material solutions as 
well as rainwater retention solutions integrated with the 
building’s green surroundings. The proposal was initially 
drafted and later developed as a part of a research-to-
application project entitled Energy- and Process- 
efficient Construction which received funding from the 
Polish National Centre for Research and Development 
(NCBR) and culminated in the design and construction of 
a technology demonstration building completed at 
Karola Miarki Street in Mysłowice, Poland. The proposal 
was developed as a part of the project’s social housing 
track. 

The proposal presented was selected as a part of a 
three-stage competition process as outlined in the 
Project Regulation [1], in which it cleared all three stages 
and was selected as the sole winner. 

1.1 Relevance and literature review 
The proposal presented in this paper was formulated 

as a response to a specific set of guidelines put forth by 
the funding institution. The intent behind these 
guidelines was to produce an actionable and repetitive 
solution to Poland’s housing shortage [2] while adhering 
to high energy standards, whose improvement has been 
dubbed insufficient in the literature [3]. The energy 
system employed in the proposal was based on the 
output of the RESHeat project, which was initially 

modeled for the energy retrofit of relatively new [4, 
HH5] (also with a technology demonstrator) and 1970s 
post-communist housing stock [6] sectors of Poland, and 
the NCBR project was deemed as a good fit for exploring 
the system’s capabilities in new housing. 

The project is therefore a part of a string of larger 
efforts to bring a comprehensive energy-efficiency and 
climate-friendliness technology package, and is 
therefore relevant to contemporary academic discourse. 

1.2 Project background 
The NCBR adapted the program for the purposes of 

social housing for rent, for which there is demand in 
Poland [17]. The proposal was formulated to meet a set 
of very strict and highly specific criteria provided by the 
funding institution. These ranged from number and size 
of the apartments (27 apartments, 15 with a minimum 
floor area of 45 m², suitable for a family of three, and 12 
with a minimum floor area of 60 m² suitable for a family 
of four), to spatial layout (smaller ones with a 
kitchenette, smaller ones with a separate kitchen, larger 
ones with a kitchenette, and larger ones with a separate 
kitchen), to built-in elements of the reference building to 
be constructed as a technology demonstrator. These 
conditions were intended by the funding institution to 
ensure applicability within Polish urban settings, and 
upon analysis were found suitable for application in low-
density housing areas typical of Polish housing estates. 
The conditions also allowed for comparing different 
proposals submitted by other applicants (consortia) in 
the project’s early proposal submission phase. 
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The proposal was evaluated based on energy 
efficiency, carbon emissions, material recycling and 
reuse as well as the cost of the building. Site plan and 
architectural design quality were also assessed. It was 
critical to provide solutions that could reduce all on-site 
works to as few as three months. The solution proposed 
by the consortium, formed by DMD Modular p.s.a. 
(project leader and main implementation entity), 
Lightoffo sp. z o.o. (partner) and the Cracow University 
of Technology (research institution), was selected for the 
application stage. At the time of the writing of this paper, 
the first implementation of the technology, namely the 
technology demonstrator, has been completed and 
awaits for the first tenants to move in. 

The proposal aims to alleviate key problems that 
currently affect Polish housing. These problems include: 
▪ A pervasive housing shortage in general and that of 

apartments suitable for families with children, 
people with special needs, and seniors in particular, 
coupled with a steep rise in property prices, which, 
when combined with the influx of refugees fleeing 
from the Russo-Ukrainian War, has negatively 
affected the availability of affordable housing [28]; 

▪ Climate change associated phenomena such as the 
increased incidence of droughts and flash floods, 
which creates greater demand for on-site water 
retention [39]; 

▪ Rising average temperatures, long-lasting heat 
waves [39] and biome shifts; 

▪ A wider and deeper implementation of 
sustainability goals, including, but not limited to, 
greywater treatment, on-site energy generation 
and storage, zero-energy and zero-carbon housing; 

▪ The need for the top-down transfer of advanced 
building technologies and smart solutions such as 
Building Management Systems (BMS), which are 
necessary to control energy-efficient buildings, to 
affordable housing; 

▪ The transfer of knowledge about and awareness of 
our impact on energy consumption as individuals, 
to enhance more sustainable habits among the 
general population. 

 
2. METHODOLOGY 

 
The proposal was formulated, prepared and assessed 

based on the methodology imposed by the funding 
institution and specified in Appendices 1 and 4 to the 
Project Regulation [10, 11] and were grouped into 
qualitative and quantitative architectural, 
environmental, energy and building services 
requirements. These requirements were supplemented 
with detailed methodology and verification guidelines 
and were assessed by the funding institution at the end 

of each competition stage. Each stage culminated in a 
report that each participating consortium submitted to 
the institution. 

The authors did not have access to the reports by 
other entrants and therefore no meaningful comparison 
was possible during the writing of this paper. The 
Regulation, its Appendices and the funding institution’s 
final assessments in the form of a final score for each 
stage are available on the project’s website. 

 
2.1 Trade secret clause 

Many of the solutions featured in the proposal are 
company trade secrets of DMD Modular p.s.a. and 
Lightoffo sp. z o.o. and therefore could not be published 
here. 

 
3. MAJOR ELEMENTS OF THE PROPOSAL 

 
The proposal was formulated to leverage the 

capabilities and know-how of the consortium that 
included industry and academic entities, and to deliver a 
set of technological solutions that could be used to 
quickly and efficiently erect zero or energy-plus multi-
family residential buildings. 

The project leader, who as a company has significant 
experience in delivering 3D modular single-family and 
hotel buildings both in Poland and abroad, but had not 
previously had multi-family buildings in its portfolio, 
developed a dedicated version of its 3D modular 
technology. The implementation partner was 
responsible for smart solutions, including digital tools 
that allow users to monitor their individual carbon 
footprint, and the concept of managing production, 
distribution, heat recovery and energy storage systems. 
The CUT’s interdisciplinary team was responsible for 
formulating the building’s energy supply system, which 
utilized a diverse array of heat reservoirs / low-
temperature heat sources, including ground heat 
exchangers [12], along with heat recovery from each 
building services system [13], the integration of 
technological solutions with architectural and urban 
design solutions, as well as building design alternatives 
(research by design), qualitative solutions for climate 
change adaptation (including an analysis of various 
forms of rainwater and stormwater retention and the 
capture of water from torrential rains, and alternative 
means of improving the water balance [14, 15]), in 
addition to a multi-criteria analysis aimed at selecting 
the best of the alternatives formulated. 
 
3.1 Flexibility enhancements 

One of the main disadvantages of 3D modular 
construction is it can make standardized plans inflexible 
and hard to adapt [16]. The proposed technology aimed 
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and hard to adapt [16]. The proposed technology aimed 

 

to alleviate this by allowing for greater flexibility and 
prototyping. 

In buildings like hotels or dormitories, the housing 
unit is typically fully contained in a two-bay module 
(room–hallway) or in a three-bay module (room–
hallway–room). This also concerns building services 
distributed via shafts, typically located between a 
bathroom and a hallway. The consortium set out to 
develop a version of 3D modular technology based on a 
steel frame that would allow for the module boundary 
to be crossed and to build multi-module housing units 
while maintaining high process effectiveness while 
reducing the scope of on-site work to a minimum.  

To ensure wider applicability, the consortium 
proposed flexible module layouts to enhance the 
potential for introducing a wide range of custom 
configurations, which means that more spatial situations 
are now suitable for buildings based on the proposed 
technology. In addition, the proposed module 
configurations were optimized to ensure that the 
highest possible percentage of the building’s structure 
consists of 3D modules and to minimize standard 
structural elements that require on-site construction, 
such as stairwells, that were replaced with prefabricated 
concrete technologies. 

In the project’s second stage, two versions of the 
technology were developed. The open version enabled 
changing the stratification of each story and provided 
freedom in selecting the number of apartments of a 
given type in future projects. The closed version focused 
on the maximum optimization in terms of the 
assumptions of the funding institution, which acted as a 
project sponsor in line with the mass customization 
principle, namely adapting the technology to a specific 
project. The production and on-site assembly 
optimization featured a building layout in which kitchens 
and bathrooms were placed in service modules, so-
called wet modules, while the residential spaces were 
placed in dry modules. This solution, due to eliminating 
a portion of on-site fit-out works, was found to be 
optimal in terms of assessment criteria.  

The funding institution also tasked the competition 
participants with ensuring that apartments could have 
their interiors rearranged. The CUT team proposed 
solutions that allowed for the adaptation of all the 
apartments to wheelchair-bound persons with special 
needs and to seniors, although this was not a specific 
requirement. All the design alternatives were compliant 
with universal design principles and widely understood 
accessibility to persons with special needs. Keeping in 
mind the experience of the Covid-19 pandemic, all the 
apartments were designed so that the number of rooms 
corresponded to the number of users, and so that each 
user would have access to a dedicated work zone. 

Attention was also paid to providing suitably large rest 
and dining areas, in which the residents could spend 
time together. 

The integration of user perspectives in every aspect 
of the building’s operation with technical and 
technological solutions allowed for attaining the target 
level of energy and process efficiency without 
compromising the quality of living spaces. The 
apartments were also designed to be adaptable to 
changing user needs. 

The scalability of the proposed solutions was 
analyzed on an architectural and urban scale. The 
potential for the construction of low- and mid-rise 
buildings in core-, corridor- and gallery-type buildings, 
infill buildings, and of vertical building extensions was 
found. 

Another benefit of the proposed technology is its 
compatibility with essentially all currently available 
facade finish technologies. On the one hand, it allows for 
the use of the most cost-efficient solutions, which does 
lower process efficiency, such as the light wet method, 
and offers freedom in adapting the building’s 
appearance to the character of its neighborhood, local 
traditions or climate specificity (clinker cladding, 
wooden siding, etc.). 

3D modular technology based on steel frames can 
cooperate with all foundation types. In the case of the 
technology demonstrator building, which was located in 
an area suffering from subsidence due to underground 
mining and non-continuous faults, it was necessary to 
use indirect footing in the form of piles that connected 
directly to the modules, without a reinforced concrete 
slab or beam grid. This indicates that buildings using the 
proposed technology can be constructed in essentially 
any soil conditions. 
  
3.2 Sustainable building services 

A range of sustainability-focused building services 
solutions were incorporated into the proposal. The 
proposal of the building’s energy-efficiency systems 
consisted of: 
▪ combining a variety of low-temperature heat 

sources / temperature heat reservoirs such as 
vertical solar collectors, underground thermal 
storage, heat recovery from mechanical ventilation 
and plumbing; 

▪ the development of high-performance ground-
sourced heat regeneration and boreholes, which 
meant that the heat pump’s EER coefficient does 
not drop over the course of the building’s 
operation; 

▪ passive indoor cooling supported by cooling from 
dedicated ventilation units with heat recovery; 
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▪ cooling using air heat exchangers (stage 2) or 
capillary matting (stage 3); 

▪ a system of cascade domestic hot water heating 
during periods with low insolation; 

▪ underground thermal storage for heating and 
cooling, allowing the storage of the thermal energy 
of water, ranging from high temperatures to zero 
degrees Celsius, that can operate in sub-zero 
temperatures using the latent heat of freezing; 

▪ electrical energy storage coupled with electric 
vehicle charging stations as elements of distributed 
electrical energy storage systems; 

▪ greywater purification system with heat recovery 
[6], with an efficiency that eliminates the need to 
flush toilets with potable water; 

▪ rainwater and stormwater retention tanks and rain 
gardens that can capture water from torrential 
rains, including from neighboring areas [614, 715]. 

A total of fifteen boreholes for vertical ground heat 
exchangers were created for use by the building, with a 
total length of 1500 m, which factored in the limited 
effectiveness to a depth of ca. 15 m. The planned 
borehole density, confirmed by TRT ground tests, 
allowed for the use of a narrow strip of stable soil and 
the keeping of most of the site’s pre-existing trees.  
 
3.4 Occupant wellbeing 

A key project requirement was to ensure 
temperature comfort not only in terms of code-
compliant minimal indoor temperature, but also 
ensuring cooling during summer. Innovative ventilation 
units with heat recovery were designed for this purpose, 
adapted for fitting in service ducts. Indoor sensors 
control both temperature, air humidity and pollutant 
concentration. 

To limit the energy required for attaining thermal 
comfort, additional external covers were added to 
prevent overheating during summer, as well as external 
textile covers from high-insulation materials. Both 
systems are steered by the building’s energy 
management systems, and when a user wants to 
override the system, they are informed how this will 
alter energy consumption. 

The integration of residential spaces with the site 
played an essential role in the demonstrator building’s 
conceptual design. The technology that allowed for 
minimum interference with pre-existing greenery, a 
compact massing with a beneficial A/V coefficient (0.37) 
and energy storage in the multi-element power system 
allowed for large, floor-to-ceiling glazing, thanks to 
which the residential interiors open towards balconies 
with support structures for climbing plants and offer a 
view of the building’s green surroundings. 

The proposal also consisted of a range of solutions 
intended to enhance occupant wellbeing, and generally 
associated with creating a pleasant housing 
environment around the building. These features 
included: 
▪ A quiet recreation zone, insulated by trees and 

featuring a meandering path delineated in such a 
way as to create small, intimate spaces; 

▪ A loud recreation zone that is open and can 
accommodate a range of open-air activities such as 
those typical of a playground, a calisthenics 
exercise yard, and chess tables. 

The common spaces featured in the design are to 
contribute to forming neighborly ties. The decision not 
to fence the property, which went against the 
requirement of the funding institution, and 
incorporating the building into the pre-existing 
pedestrian circulation system was intended to not only 
integrate new and current residents, but is also a voice 
against the gated community model that had embedded 
itself into the Polish landscape. 

 
Figure 1: The technology demonstrator building during 
construction, prior to external facade finish application; photo 
courtesy of DMDmodular p.s.a. 

 
The Covid-19 pandemic and the full-scale invasion of 

Ukraine by Russia have contributed to the redefinition of 
what gives us a sense of safety. In this context, the 
building, which is self-sufficient in terms of energy, 
lowers potable water consumption, allows for the 
storage of rainwater and stormwater and its use, and in 
which residents have full control over resource 
consumption, gives these residents a sense of control 
and empowerment. It is also a potential key to building 
resilient communities. 

 
3.5 Carbon footprint minimization guidelines 

 

Due to the use of steel framing elements in the 
modular components of the building other avenues of 
carbon footprint minimization had to be sought [817]. 
Reuse of post-demolition materials among which 
discarded brick to be used for the facade or wooden 
siding boards to be incorporated on site were taken into 
consideration. Unfortunately, none of the materials 
recovered on the construction site or other construction 
sites in the area was suitable for implementation due to 
poor quality and/or contamination. 

The embodied carbon footprint of the volumetric 
modular technology based on steel framing is balanced, 
to some extent, by the use of recycled steel and the 
structure remaining a recyclable material. One of the 
features of the technology is that construction waste 
from panel materials is minimized and is limited to 
interior finishes such as wall cladding and flooring. 
Construction waste from gypsum boards, OSB boards, 
chipboards and insulation materials is minimized during 
the shop drawing stage. 

The optimization of the building and minimization of 
the number of modules allowed to reduce the cost of 
transports. Furthermore, the 3D module technology 
implemented in the design allows for the disassembly 
and reassembly of modules in either an identical or 
different configuration. This solution was a requirement 
of the funding institution. 

 
4. DISCUSSION 

The technology demonstrator developed by the 
design and research team presents a sustainability-
focused approach to collective housing while 
implementing a range of guidelines set by the funding 
institution while also adding additional enhancements. 

Over the course of research and development in 
stages 2 and 3 of the project, a high adaptation potential 
to local project determinants was found. The model 
three-story building, designed for two hypothetical plots 
that met the requirements set by the funding institution 
during the application submission stage was, over the 
course of a few weeks, adapted to a four-story version 
and a forested plot with complex soil conditions. 

The building offers public housing for rent – it is 
affordable, inclusive, energy-plus multi-family housing 
and is within reach of current technology readiness 
levels. As a collective housing building that can be built 
quickly it can become key to attaining resilient and 
adaptable urban settlements. This takes on a key 
significance in the light of the Ukrainian refugee crisis 
spurred on by the Russo-Ukrainian War [18]. 

The building offers social housing that can be rented 
out by the municipality – it is affordable, inclusive, 
energy-positive multi-family housing that is within reach 
of current technology readiness levels.  

As intended, the solution is suitable for low- and mid-
rise development. The surface area of photovoltaic 
panels and solar collectors per square meter and 
resident remains a problem, as is the shade of the plot. 
Due to evapotranspiration and minimizing the urban 
heat island effect, the building should be sited in a green 
context, especially in an area with trees. Dual panels, 
which offer photovoltaic functionality with heat 
recovery, as well as tracking panels, could be an 
alternative solution here. we are also aware that 
photovoltaic panel solutions are becoming increasingly 
effective. 

 
4. CONCLUSIONS 

Resilience is a concept introduced back in the 1990s 
when narrowly understood sustainability was 
discovered to be inefficient in making cities last in the 
face of economic, demographic, and environmental 
crises, along with climate change and rapid urbanization 
[19]. Derived from physics and engineering, resilience 
refers to the (potential) “ability of an urban system—and 
all its constituent socio-ecological and socio-technical 
networks across temporal and spatial scales—to remain 
or rapidly return to desired functions in the face of a 
disturbance, to adapt to change, and to quickly 
transform systems that limit current or future adaptive 
capacity” [20].  

Adaptability, flexibility, inclusiveness and 
empowerment as precepts for building a resilient built 
environment formed a framework into which the CUT 
team strived to fit the design. The coming months and 
years, when the demonstrator building will be subjected 
to tests, and the data from its systems will be analyzed, 
when we will be listening to its users and investigate 
their satisfaction levels, will verify the results. However, 
it appears that in the face of the energy crisis and the 
worsening consequences of climate change, reorienting 
the housing sector towards energy-efficient, zero-
energy buildings should be done without delay. 
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▪ cooling using air heat exchangers (stage 2) or 
capillary matting (stage 3); 

▪ a system of cascade domestic hot water heating 
during periods with low insolation; 

▪ underground thermal storage for heating and 
cooling, allowing the storage of the thermal energy 
of water, ranging from high temperatures to zero 
degrees Celsius, that can operate in sub-zero 
temperatures using the latent heat of freezing; 

▪ electrical energy storage coupled with electric 
vehicle charging stations as elements of distributed 
electrical energy storage systems; 

▪ greywater purification system with heat recovery 
[6], with an efficiency that eliminates the need to 
flush toilets with potable water; 

▪ rainwater and stormwater retention tanks and rain 
gardens that can capture water from torrential 
rains, including from neighboring areas [614, 715]. 

A total of fifteen boreholes for vertical ground heat 
exchangers were created for use by the building, with a 
total length of 1500 m, which factored in the limited 
effectiveness to a depth of ca. 15 m. The planned 
borehole density, confirmed by TRT ground tests, 
allowed for the use of a narrow strip of stable soil and 
the keeping of most of the site’s pre-existing trees.  
 
3.4 Occupant wellbeing 

A key project requirement was to ensure 
temperature comfort not only in terms of code-
compliant minimal indoor temperature, but also 
ensuring cooling during summer. Innovative ventilation 
units with heat recovery were designed for this purpose, 
adapted for fitting in service ducts. Indoor sensors 
control both temperature, air humidity and pollutant 
concentration. 

To limit the energy required for attaining thermal 
comfort, additional external covers were added to 
prevent overheating during summer, as well as external 
textile covers from high-insulation materials. Both 
systems are steered by the building’s energy 
management systems, and when a user wants to 
override the system, they are informed how this will 
alter energy consumption. 

The integration of residential spaces with the site 
played an essential role in the demonstrator building’s 
conceptual design. The technology that allowed for 
minimum interference with pre-existing greenery, a 
compact massing with a beneficial A/V coefficient (0.37) 
and energy storage in the multi-element power system 
allowed for large, floor-to-ceiling glazing, thanks to 
which the residential interiors open towards balconies 
with support structures for climbing plants and offer a 
view of the building’s green surroundings. 

The proposal also consisted of a range of solutions 
intended to enhance occupant wellbeing, and generally 
associated with creating a pleasant housing 
environment around the building. These features 
included: 
▪ A quiet recreation zone, insulated by trees and 

featuring a meandering path delineated in such a 
way as to create small, intimate spaces; 

▪ A loud recreation zone that is open and can 
accommodate a range of open-air activities such as 
those typical of a playground, a calisthenics 
exercise yard, and chess tables. 

The common spaces featured in the design are to 
contribute to forming neighborly ties. The decision not 
to fence the property, which went against the 
requirement of the funding institution, and 
incorporating the building into the pre-existing 
pedestrian circulation system was intended to not only 
integrate new and current residents, but is also a voice 
against the gated community model that had embedded 
itself into the Polish landscape. 
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which residents have full control over resource 
consumption, gives these residents a sense of control 
and empowerment. It is also a potential key to building 
resilient communities. 

 
3.5 Carbon footprint minimization guidelines 

 

Due to the use of steel framing elements in the 
modular components of the building other avenues of 
carbon footprint minimization had to be sought [817]. 
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siding boards to be incorporated on site were taken into 
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poor quality and/or contamination. 

The embodied carbon footprint of the volumetric 
modular technology based on steel framing is balanced, 
to some extent, by the use of recycled steel and the 
structure remaining a recyclable material. One of the 
features of the technology is that construction waste 
from panel materials is minimized and is limited to 
interior finishes such as wall cladding and flooring. 
Construction waste from gypsum boards, OSB boards, 
chipboards and insulation materials is minimized during 
the shop drawing stage. 

The optimization of the building and minimization of 
the number of modules allowed to reduce the cost of 
transports. Furthermore, the 3D module technology 
implemented in the design allows for the disassembly 
and reassembly of modules in either an identical or 
different configuration. This solution was a requirement 
of the funding institution. 
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The technology demonstrator developed by the 
design and research team presents a sustainability-
focused approach to collective housing while 
implementing a range of guidelines set by the funding 
institution while also adding additional enhancements. 

Over the course of research and development in 
stages 2 and 3 of the project, a high adaptation potential 
to local project determinants was found. The model 
three-story building, designed for two hypothetical plots 
that met the requirements set by the funding institution 
during the application submission stage was, over the 
course of a few weeks, adapted to a four-story version 
and a forested plot with complex soil conditions. 

The building offers public housing for rent – it is 
affordable, inclusive, energy-plus multi-family housing 
and is within reach of current technology readiness 
levels. As a collective housing building that can be built 
quickly it can become key to attaining resilient and 
adaptable urban settlements. This takes on a key 
significance in the light of the Ukrainian refugee crisis 
spurred on by the Russo-Ukrainian War [18]. 
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out by the municipality – it is affordable, inclusive, 
energy-positive multi-family housing that is within reach 
of current technology readiness levels.  

As intended, the solution is suitable for low- and mid-
rise development. The surface area of photovoltaic 
panels and solar collectors per square meter and 
resident remains a problem, as is the shade of the plot. 
Due to evapotranspiration and minimizing the urban 
heat island effect, the building should be sited in a green 
context, especially in an area with trees. Dual panels, 
which offer photovoltaic functionality with heat 
recovery, as well as tracking panels, could be an 
alternative solution here. we are also aware that 
photovoltaic panel solutions are becoming increasingly 
effective. 

 
4. CONCLUSIONS 

Resilience is a concept introduced back in the 1990s 
when narrowly understood sustainability was 
discovered to be inefficient in making cities last in the 
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refers to the (potential) “ability of an urban system—and 
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or rapidly return to desired functions in the face of a 
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transform systems that limit current or future adaptive 
capacity” [20].  

Adaptability, flexibility, inclusiveness and 
empowerment as precepts for building a resilient built 
environment formed a framework into which the CUT 
team strived to fit the design. The coming months and 
years, when the demonstrator building will be subjected 
to tests, and the data from its systems will be analyzed, 
when we will be listening to its users and investigate 
their satisfaction levels, will verify the results. However, 
it appears that in the face of the energy crisis and the 
worsening consequences of climate change, reorienting 
the housing sector towards energy-efficient, zero-
energy buildings should be done without delay. 
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ABSTRACT: The use of land in construction, ancestrally present in civilizations, is experiencing a resurgence today 
due to the environmental and economic benefits. Current research seeks to reintegrate it to address housing 
issues, especially in vulnerable areas. The UN highlights the importance of reducing CO2 emissions in buildings, 
with land being an ecological option. Construction systems with earth are explored, focusing on the rammed 
earth, its process, and benefits. Although it is not common in warm subhumid climates, its application is 
considered in rural homes in Colima, Mexico. The study includes testing of materials and construction methods. 
The results indicate feasibility for the construction of rural housing in Colima with rammed earth walls. These 
have good thermal, acoustic and fire resistance behavior. Environmental and economic benefits are highlighted, 
with significantly lower CO2 emissions compared to conventional materials. A rural housing design is proposed 
based on the analysis of local needs and resources. The conclusion highlights the relevance of the use of local 
materials for sustainability and accessibility in housing construction. 
KEYWORDS: Earth, rammed earth, wattle and daub, bamboo, housing. 
 

1. INTRODUCTION  
Earth is one of the most used materials in the 

architectural development of ancient civilizations. 
Earthen constructions dating back to 7,000 BC have 
been discovered [1]. Construction systems with earth 
present characteristics depending on the degree of 
humidity and the manufacturing process; Notable 
examples include adobe and rammed earth. 

Currently, construction systems with earth have 
been falling into disuse due to various social, 
economic, and technological phenomena in the 
construction industry. However, thanks to the 
emergence of new materials, earth or clay still offers 
important environmental, economic and health 
benefits to users. 

Currently, various research efforts are being 
developed on earth construction and its 
reintroduction into current architecture as a response 
to current housing challenges, especially invulnerable 
areas. 

According to the United Nations [UN], 38% of CO2 
emissions are derived from the operation and 
construction of buildings [2]. This includes the 
manufacturing process of materials such as steel and 
cement, transportation, execution, and operation of 
buildings. The UN set goals to raise awareness about 
the conscious use and management of natural 
resources, as well as the adoption of technologies [3], 
with the aim of combating climate change applied in 
different fields, in this case, construction. 

 

Finally, in Mexico, the issue of low-carbon 
construction has potential, since it can follow paths 
towards the decarbonization of the construction 
sector, energy savings and the implementation of 
technologies with the involvement of public and 
private organizations [4], focusing this Analysis on 
rural housing. 

According to the 2020 National Housing Survey 
[ENVI], in terms of housing quality, the factors that 
cause dissatisfaction include the quality of roofs, 
walls, finishes and protection against wind, rain, cold 
and weather. heat. Nationally, 58.5% of the 
population needs to make repairs or remodels in 
their homes, such as installing or repairing floors, 
doors, or windows; 58.1% need to build or expand 
spaces such as bedrooms, bathrooms and kitchens 
[5]. 

By providing the opportunity to use natural 
building materials, the goal is not only to reduce CO2 
emissions during construction processes, but also to 
significantly improve the quality of life of users. 
Choosing these materials, such as earth and bamboo, 
not only promotes environmental sustainability by 
minimizing the carbon footprint, but also provides 
economic benefits by taking advantage of local 
resources. This strategy not only focuses on 
construction efficiency but also comprehensively 
addresses the well-being of communities, combining 
architectural functionality with environmentally 
friendly practices. In this approach, construction with 
natural materials becomes a catalyst for 
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ABSTRACT: The use of land in construction, ancestrally present in civilizations, is experiencing a resurgence today 
due to the environmental and economic benefits. Current research seeks to reintegrate it to address housing 
issues, especially in vulnerable areas. The UN highlights the importance of reducing CO2 emissions in buildings, 
with land being an ecological option. Construction systems with earth are explored, focusing on the rammed 
earth, its process, and benefits. Although it is not common in warm subhumid climates, its application is 
considered in rural homes in Colima, Mexico. The study includes testing of materials and construction methods. 
The results indicate feasibility for the construction of rural housing in Colima with rammed earth walls. These 
have good thermal, acoustic and fire resistance behavior. Environmental and economic benefits are highlighted, 
with significantly lower CO2 emissions compared to conventional materials. A rural housing design is proposed 
based on the analysis of local needs and resources. The conclusion highlights the relevance of the use of local 
materials for sustainability and accessibility in housing construction. 
KEYWORDS: Earth, rammed earth, wattle and daub, bamboo, housing. 
 

1. INTRODUCTION  
Earth is one of the most used materials in the 

architectural development of ancient civilizations. 
Earthen constructions dating back to 7,000 BC have 
been discovered [1]. Construction systems with earth 
present characteristics depending on the degree of 
humidity and the manufacturing process; Notable 
examples include adobe and rammed earth. 

Currently, construction systems with earth have 
been falling into disuse due to various social, 
economic, and technological phenomena in the 
construction industry. However, thanks to the 
emergence of new materials, earth or clay still offers 
important environmental, economic and health 
benefits to users. 

Currently, various research efforts are being 
developed on earth construction and its 
reintroduction into current architecture as a response 
to current housing challenges, especially invulnerable 
areas. 

According to the United Nations [UN], 38% of CO2 
emissions are derived from the operation and 
construction of buildings [2]. This includes the 
manufacturing process of materials such as steel and 
cement, transportation, execution, and operation of 
buildings. The UN set goals to raise awareness about 
the conscious use and management of natural 
resources, as well as the adoption of technologies [3], 
with the aim of combating climate change applied in 
different fields, in this case, construction. 

 

Finally, in Mexico, the issue of low-carbon 
construction has potential, since it can follow paths 
towards the decarbonization of the construction 
sector, energy savings and the implementation of 
technologies with the involvement of public and 
private organizations [4], focusing this Analysis on 
rural housing. 

According to the 2020 National Housing Survey 
[ENVI], in terms of housing quality, the factors that 
cause dissatisfaction include the quality of roofs, 
walls, finishes and protection against wind, rain, cold 
and weather. heat. Nationally, 58.5% of the 
population needs to make repairs or remodels in 
their homes, such as installing or repairing floors, 
doors, or windows; 58.1% need to build or expand 
spaces such as bedrooms, bathrooms and kitchens 
[5]. 

By providing the opportunity to use natural 
building materials, the goal is not only to reduce CO2 
emissions during construction processes, but also to 
significantly improve the quality of life of users. 
Choosing these materials, such as earth and bamboo, 
not only promotes environmental sustainability by 
minimizing the carbon footprint, but also provides 
economic benefits by taking advantage of local 
resources. This strategy not only focuses on 
construction efficiency but also comprehensively 
addresses the well-being of communities, combining 
architectural functionality with environmentally 
friendly practices. In this approach, construction with 
natural materials becomes a catalyst for 
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environmental improvement and the promotion of 
accessible and sustainable housing. 

 
2. THE BENEFITS OF A HOME WITH LAND 

The Earth is produced because of the erosion 
process of the rocks found in the Earth's crust, as well 
as organic processes of plants, water and oxygen [1]. 
It is composed of different layers or horizons, each 
one with characteristics. The first group, called 
"solum", is formed by the superficial layer where all 
the vegetation is located, followed by an organic layer 
where some minerals accumulate because of the 
decomposition of plant matter. The third layer 
contains mineral material with accumulation of 
humus, followed by the layer where the greatest 
accumulation of silt and clay occurs, and finally a 
deeper layer with a greater concentration of 
materials [6]. 

This first layer is used for construction and must 
meet specific granulometry requirements depending 
on the construction system to be used. 

The main benefits of construction with earth are 
the following: it regulates environmental humidity, 
stores heat, provides interior thermal conditions that 
favor habitability, reduces environmental pollution, is 
a reusable material and economizes construction 
processes, in addition to being a good insulator. 
acoustic and thermal. [1,7]. Recent studies have 
demonstrated the thermal balance inside spaces built 
with adobe, demonstrating that when considering a 
comfortable space, the use of electrical energy of 
some appliances is reduced to achieve said comfort. 
This is shown in Figure 1 taken from [7]. 
 

Figure 1: Benefits of Earth Walls 
 

2.1 Characteristics of rammed earth 
Rammed earth is a construction system that 

primarily utilizes earth extracted directly from the site 
or even from excavation for foundations. This is 
achieved through a process of modular formwork, 
typically consisting of two wooden planks spaced no 
less than 30 cm apart. Between these planks, layers 
of earth measuring between 10 and 20 cm are 
poured, with an appropriate moisture content 

allowing for compaction of the material in a dry state, 
ultimately reducing this layer to centimeters [1,8,9]. 

The construction system includes a foundation, 
generally made of stone, a superstructure that must 
reach up to 30 cm above ground level to protect the 
walls from water, horizontal and vertical structural 
reinforcements, typically of plant origin such as thin 
branches, bamboo or wood, and a roof.  

The appropriate granulometry for the 
construction of rammed earth walls is 0-15% gravel, 
40-50% arena, 20-35% sand and 15-25% clay [6]. As 
for humidity, it should range between 10-15% [10], 

 
2.2 Decent housing 

According to the UN, housing is a human right 
that must meet certain aspects to be classified as 
adequate housing: security of tenure, availability of 
services, materials, facilities and infrastructure, 
affordability, habitability, location and cultural 
appropriateness [11]. 

Furthermore, the connection of decent housing 
with each of the Sustainable Development Goals 
[SDGs] shows that housing improves the conditions of 
people in extreme poverty, thus promoting access to 
necessary services. Housing promotes food security, 
improving health and well-being, as long as it is 
equipped with appropriate materials and makes 
responsible use of resources [12]. 

In Mexico, housing policies address the fulfillment 
of these objectives. Therefore, considering the 
existing climate in the territory, construction with 
materials that help improve indoor climatic 
conditions is recommended. 

In very dry and dry climates found in the north, 
center and, to a lesser extent, south of the country, 
the use of massive construction systems is 
recommended. These systems are thicker than 
lightweight systems, with the aim of storing and 
releasing heat with a time lag and in smaller 
quantities. This recommendation applies to natural 
materials such as rammed earth, stone, cob and 
adobe. For the warm subhumid climate, observed 
mainly in coastal areas, the use of natural materials 
such as adobe, cob and stone are conditioned. 

For humid and subhumid temperate climates, 
rammed earth, stone, adobe, and cob are 
recommended, as well as for cold mountain climates, 
which are rare in Mexico. In warm subhumid climates 
such as that of the state of Colima, the use of light 
natural materials is recommended, such as acacia, 
clay straw, straw panels, bamboo lattice and palm. 
The use of heavy systems, such as rammed earth or 
super adobe, is not recommended, mainly due to 
external weather conditions. However, it has been 
found within the state that there are soil types 
suitable for this type of construction. Furthermore, 
one of the recommendations is to use finishes, 
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existing climate in the territory, construction with 
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conditions is recommended. 

In very dry and dry climates found in the north, 
center and, to a lesser extent, south of the country, 
the use of massive construction systems is 
recommended. These systems are thicker than 
lightweight systems, with the aim of storing and 
releasing heat with a time lag and in smaller 
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adobe. For the warm subhumid climate, observed 
mainly in coastal areas, the use of natural materials 
such as adobe, cob and stone are conditioned. 
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rammed earth, stone, adobe, and cob are 
recommended, as well as for cold mountain climates, 
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clay straw, straw panels, bamboo lattice and palm. 
The use of heavy systems, such as rammed earth or 
super adobe, is not recommended, mainly due to 
external weather conditions. However, it has been 
found within the state that there are soil types 
suitable for this type of construction. Furthermore, 
one of the recommendations is to use finishes, 

 

whether with natural or industrial materials, that 
preserve this type of materials [13]. 

All of this aims to provide affordable and 
participatory self-construction alternatives for rural 
areas of the state. According to the National Council 
for the Evaluation of Social Development Policy 
[CONEVAL], the municipalities with the greatest 
housing gap are: Ixtlahuacán 10.3%, Minatitlán 8.3%, 
Armería 7.4%, Tecomán 6.0% and Comala 5.3% [14]. 
Taking these characteristics into account and 
considering that the most used construction 
materials in the state are block, brick, concrete and, 
in some cases, galvanized sheets or asbestos. 

With this information, a housing proposal has 
been developed to meet the needs of vulnerable 
communities, analyzing the thermal and mechanical 
characteristics of rammed earth walls for an area 
with high seismic activity and abundant summer 
rains. 

 
3. MATERIALS AND METHODS  

Despite recommendations that do not favor the 
use of rammed earth for warm subhumid climates, a 
study was carried out to demonstrate the benefits it 
could bring to the construction of housing, 
particularly in rural areas of the region, using local 
natural materials. 

 
3.1 Materials  

In the state of Colima there is a variety of soils 
suitable for construction with earth. According to 
previous studies, soil types such as sandy loam, clay 
loam, sandy loam, sandy and loam have been 
identified, suitable to produce adobes, bricks and 
rammed earth [15]. 

 Bamboo of the Guadua species is also available in 
large plantations in the northern part of the state. 
Due to its physical and mechanical characteristics, 
bamboo becomes one of the most resistant natural 
materials for construction.  

Calcium oxide or lime is used as a material 
stabilizer.  

Finally, coconut fiber or coir is used as a material, 
coming from the hard and fibrous layer of the 
coconut, Colima being the second producer of this 
fruit, used for food, aesthetic, and construction 
purposes. 

 
3.2 Methods  

• Granulometry tests of materials and 
determination of proportions of lime and 
coconut fiber. Manufacture of formwork for 
rammed earth. 

• Preparation of the foundation. 
• Construction of the walls with the following 

proportions: Wall A) 100% earth, Wall B) 

80% earth, 20% lime and Wall C) 60% earth, 
32% lime and 8% coconut fiber. 

• Physical analysis of the walls. 
 

3.3 Wall Construction Process 
First, the selection and extraction of land was 

carried out, prioritizing materials with higher sand 
and clay content and lower silt content. A sieving 
process was carried out to remove larger stones and 
plant materials such as seeds, roots, branches or 
leaves that could affect the process. Then the 
mixtures were prepared for each type of wall. 

For Wall A, with dimensions of 2.44 m long, 0.40 
m wide and 1.22 m high, with a volume of 1.19 m³ 
and an expansion factor of 1.37, it was calculated a 
total of 1.63 m³ of material. 

For Wall B, with 80% soil and 20% lime, 36 kg of 
lime was added to the total soil mix. 

Finally, for Wall C, with 60% soil, 32% lime and 8% 
coconut fiber, 0.71 m³ of soil, 91 kg of lime and 1.40 
kg of coconut fiber were considered. This information 
was taken from previous studies [16], where the 
thermal and mechanical behavior of the proportions 
of each soil sample was analyzed. 

Simultaneously, a sliding wooden mold was 
designed with light metal tubes, screws, plastic 
wheels to facilitate horizontal movement and two 
sheets of 15 mm plywood to facilitate the 
construction of earth walls. The dimensions of the 
mold are 2.44 m long by 1.22 m high, and due to its 
structure, it can reach up to three meters high. 

Subsequently, a stone foundation 0.60 m high and 
0.50 m wide was built and the vertical bamboo 
structure was installed. Additionally, the greased 
wooden mold was assembled. Figure 2 shows the 
plan with the dimensions of the foundation and the 
exact placement of horizontal bamboos to trace the 
experimental module on the ground and take 
reference levels. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Plan of the walls 
The walls were built using the conventional 

technique, filling 20 cm of previously sifted soil with 
the appropriate quantities of clay, silt, sand, and 
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moisture. Subsequently, it was compacted by 0.05 m. 
This process was repeated for all walls until reaching 
a height of 1.20 m, as shown in Figure 3. 
 

 
 
Figure 3: Experimental Rammed Earth Module. 
 

4. RESULTS 
The results obtained showed that the 

construction of rural housing for vulnerable families 
within the state of Colima is feasible. Aesthetically, 
the three walls only presented small cracks that do 
not represent structural damage but were a result of 
the quality of compaction in some areas, as well as 
the aggregates used in the earth mixture.  

The physical condition of the walls was evaluated 
through a guide in which four important aspects were 
assessed: 

• Presence of cracks and fissures derived from 
the bamboo structure, compaction, or the 
amount of moisture. 

• Material detachment caused by the mold or 
structural failure. 

• Material compaction, uniform layers. 
• Setting of each wall. 
 

In wall "A" with 100% earth, some cracks were 
found caused during mold removal and some 
generated by the vertical bamboo reinforcements. 
Additionally, cracks were generated between the wall 
and the mold, causing material detachment in the 
corners. Earth compaction was uniform; however, in 
the area where the bamboos were placed, 
compaction became complicated. Regarding the 
amount of applied moisture, according to the 
literature, this caused loose material and evaporation 
a few hours after removing the formwork. 

In wall "B" with 80% earth and 20% lime, the main 
results of the physical evaluation included the 
presence of cracks on the wall's surface derived from 
the location of the bamboo reinforcements. 
Compaction was adequate between the mold and the 
bamboos due to minimal space between them, 
making this work difficult and generating material 
detachment in some areas, which was only aesthetic 
without causing structural damage. In this wall, the 
amount of added water was increased, and the 

formwork was removed after 24 hours, favoring 
moisture retention for a longer time and uniform 
setting. 

Finally, for wall "C" with 60% earth, 32% lime, and 
8% coconut fiber, cracks of 1 to 3 cm thickness were 
identified only on the surface, arising from the 
compaction difficulty between bamboo spaces and 
the mold. Additionally, the addition of coconut fiber 
was also a fundamental factor that complicated this 
procedure, resulting in a slight detachment of 
material at the corners and the base of the wall. A 
greater amount of moisture was applied, and the 
formwork was removed after 48 hours, generating 
greater benefits to setting and solidification. 

A good thermal performance was demonstrated, 
as earth allows for lower heat transmittance 
compared to materials such as concrete, brick, and 
block, which were the materials used for comparison. 
Developing the Fourier equation: 

 
 
Q/t=-λA((Tb-Ta)/L)                                               (1) 
 
Where Q/t, is the heat flux; λ, is the conductivity 

coefficien; A is the wall area; Ta, is the initial 
temperature; Tb, is the final temperature, and L, is 
the length or thickness. According the results 
obtained previously in an experimental models  [16] 
and applying λ de 0.43 W/mK,( Wall A) 0.27 W/mK 
(Wall B) y 0.23 W/mK (Wall C) , an área of 2.97 m2 , a 
temperature difference of 5°C and a wall length of 
0.40 m for earth walls applied theoretically, the 
thermal calculations showed that the thermal 
conductivity for each wall was: for wall “A”, Q/t = 
16.00 W, wall“B”, Q/t = 10. 04 W, wall “C”, Q/t = 8.55 
W. 

Compared to block walls with a λ= 0.91 W/mK, 
maintaining the area of  2.97 m2, a temperature 
difference of 5°C, and a length of 0.15 m, the result is 
Q/t = 90.29 W. 

In a reinforced concrete wall with a thickness of 
0.10 m and a  λ =2.3 W/mK, maintaining the area and 
the temperature difference, the result is λ = 342.33 
W/mK. Whereas in a brick wall with λ =1.04 W/mK 
and a thickness of 0.15 m, λ = 103.19 W/mK. In a 
reinforced concrete wall with a thickness of 0.10 m 
and a  λ =2.3 W/mK, maintaining the area and the 
temperature difference, the result is λ = 342.33 
W/mK. Whereas in a brick wall with λ =1.04 W/mK 
and a thickness of 0.15 m,  λ = 103.19 W/mK. 

Similarly, it exhibited good acoustic performance, 
significantly reducing the amount of external sound 
that can enter the interior of the homes. 

 Regarding fire resistance, it is known that earth is 
one of the most fire-resistant materials. Therefore, 
theoretical comparison demonstrated that it can 
withstand up to 2,500 minutes (41 hours) before 
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moisture. Subsequently, it was compacted by 0.05 m. 
This process was repeated for all walls until reaching 
a height of 1.20 m, as shown in Figure 3. 
 

 
 
Figure 3: Experimental Rammed Earth Module. 
 

4. RESULTS 
The results obtained showed that the 

construction of rural housing for vulnerable families 
within the state of Colima is feasible. Aesthetically, 
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The physical condition of the walls was evaluated 
through a guide in which four important aspects were 
assessed: 

• Presence of cracks and fissures derived from 
the bamboo structure, compaction, or the 
amount of moisture. 

• Material detachment caused by the mold or 
structural failure. 

• Material compaction, uniform layers. 
• Setting of each wall. 
 

In wall "A" with 100% earth, some cracks were 
found caused during mold removal and some 
generated by the vertical bamboo reinforcements. 
Additionally, cracks were generated between the wall 
and the mold, causing material detachment in the 
corners. Earth compaction was uniform; however, in 
the area where the bamboos were placed, 
compaction became complicated. Regarding the 
amount of applied moisture, according to the 
literature, this caused loose material and evaporation 
a few hours after removing the formwork. 

In wall "B" with 80% earth and 20% lime, the main 
results of the physical evaluation included the 
presence of cracks on the wall's surface derived from 
the location of the bamboo reinforcements. 
Compaction was adequate between the mold and the 
bamboos due to minimal space between them, 
making this work difficult and generating material 
detachment in some areas, which was only aesthetic 
without causing structural damage. In this wall, the 
amount of added water was increased, and the 

formwork was removed after 24 hours, favoring 
moisture retention for a longer time and uniform 
setting. 

Finally, for wall "C" with 60% earth, 32% lime, and 
8% coconut fiber, cracks of 1 to 3 cm thickness were 
identified only on the surface, arising from the 
compaction difficulty between bamboo spaces and 
the mold. Additionally, the addition of coconut fiber 
was also a fundamental factor that complicated this 
procedure, resulting in a slight detachment of 
material at the corners and the base of the wall. A 
greater amount of moisture was applied, and the 
formwork was removed after 48 hours, generating 
greater benefits to setting and solidification. 
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one of the most fire-resistant materials. Therefore, 
theoretical comparison demonstrated that it can 
withstand up to 2,500 minutes (41 hours) before 

 

presenting any significant damage. However, this 
applies when the material does not have additives 
such as coconut fiber or wooden structure. 

The analysis of structural behavior is based on 
experimental compression strength results from prior 
research [16], where wall "A" has a strength of 46.82 
kg/cm2, wall "B" 20.37 kg/cm2, and wall "C" 20.14 
kg/cm2. Thus, wall "A" has better structural behavior 
and compression strength similar to that of a 
concrete wall. 

Regarding environmental and cost-benefit 
analysis, the obtained results were as follows: CO2 
emissions. It is estimated that wall "A" emits 
approximately 3.8 kg of CO2, wall "B" 4.8 kg of CO2, 
and wall "C" 4.4 kg of CO2 per element, well below 
conventional materials. Regarding the cost of 
manufacturing 1 m3 of earth walls, considering 
preliminary concepts of layout, leveling, excavation, 
material extraction, as well as labor, mold, and 
additives, wall "A" has a cost of 38.05 USD, wall "B" 
53.79 USD, and wall "C" 65.55 USD, approximate 
prices for 2022. 

Finally, a housing proposal was derived for 
vulnerable communities in the state of Colima, taking 
into account factors such as the classification of 
existing materials in the area [15], spatial distribution 
for housing on larger plots than those in urban areas, 
and an analysis of users and their spatial needs. The 
conclusion was an architectural program comprising 
three bedrooms, one bathroom, kitchen, living room, 
and dining room with an approximate area of 144 m2. 

 
 

 
 
Figure 4: Rural housing proposal 
 
5. CONSIONS 

The use of construction materials that can be 
obtained locally will always be a sustainable option, 
as it requires minimal energy to obtain them. 
Materials like earth and bamboo offer economic and 
environmental benefits. Rammed earth walls are not 
only structural elements but also thermal and 
acoustic components adaptable to various climatic 
regions, addressing economic challenges in accessing 
decent housing. 

Earth facilitates the construction of walls easily 
and quickly, with a low budget, and is particularly 
suitable for self-construction. Following the 
recommendations of SEDATU and CONAVI, 

construction with earth walls can be employed across 
most of the Mexican territory, incorporating other 
materials like lime and coconut fiber to enhance the 
strength of these elements. This approach allows for 
the utilization of natural resources, reducing material 
costs, and lowering CO2 emissions by avoiding 
industrial processes and material transportation. 

Providing an opportunity to use natural 
construction materials that reduce CO2 emissions in 
construction processes and improve users' quality of 
life promotes the adoption of more sustainable and 
environmentally friendly construction practices. 
Opting for local resources such as earth and bamboo 
not only contributes to mitigating climate change by 
minimizing the use of materials with a large 
ecological footprint but also stimulates the local 
economy by utilizing readily available materials in the 
region. 

This conscious choice of materials not only results 
in environmental benefits but also fosters community 
resilience by facilitating self-construction and offering 
affordable housing solutions. By incorporating these 
natural elements into architecture, a balance 
between functionality, efficiency, and environmental 
respect is established, laying the foundation for a 
more holistic and sustainable approach to the design 
and construction of homes. 
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ABSTRACT: The following investigation analyzes construction with raw materials, specifically that of adobe. 
Based on the diagnosis obtained and in the pursuit of innovation, it is proposed that coconut fibers and lime be 
integrated into aggregates, to perform as soil stabilizers, and thus determine the material’s behavior when 
exposed to compression and temperature stress. 
There were many considerations involved in the development of the specimens. The factors contemplated during 
this study include: the characteristics and specifications of each specimen, the design and sizing of the mold for 
their preparation, and the development of laboratory tests regarding compression stress, thermal behavior, 
moisture absorption and retention. 
The experimental model used to determine the different mixtures produced was based on the Completely 
Random Design (CRD). This model determines the percentage of lime and coconut fiber to be combined with the 
aggregate and distributes it into 5 treatments. Each treatment has a percentage of integration, which generates 
four experimental units in each. 
The results obtained in this study reveal values that surpass those established by the international 
regulations NTE E-080 Peruvian, as well as the thermal tests carried out with the specimens. 
KEYWORDS: Adobe, Coconut fiber, Calcium oxide, Sustainable materials, Sustainable architecture. 

1. INTRODUCTION
The emission of Greenhouse Gases (GHG) into the 

Earth’s atmosphere has significantly increased since 
the Industrial Revolution began in the second half of 
the 18th century. These concentrations affected the 
natural balance of the greenhouse effect.  

 As the concentration of greenhouse gases 
increased, more UV rays that were reflected by the 
Earth’s surface towards the atmosphere became 
trapped, leading to a rise in the global average 
temperature [1,2]. This temperature increase reached 
its historical peak in 2016, with subsequent years, 
including 2020, being the warmest since 1880 [3]. 

Currently, global warming is primarily caused by 
humanity’s unsustainable development, 
characterized by excessive growth in population 
centers and the exploitation of natural resources at 
the expense of the environment. 

 The construction sector should prioritize research 
on sustainable materials with low emissions 
throughout their life cycle. This approach not only 
reduces GHG emissions but also promotes 
sustainable construction alternatives aimed at 
minimizing Construction and Demolition Waste 
(CDW) and fostering a circular economy within the 
sector. 

2. GREENHOUSE GASES (GHG)
Global warming is the result of transgressions 

made to the environment due to humanity’s 
development, which has excessively and 
unsustainably exploited natural resources to satisfy 
its needs. This development has primarily occurred in 
population centers, leading to an exclusive focus on 
satisfying immediate needs at the expense of long-
term environmental health; generating the emission 
of GHG, whose main six gases are: 

- Carbon Dioxide (CO2). 
- Methane (CH4). 
- Nitrous Oxide (N2O) 
- Fluorinated: Hydrofluorocarbons (HFC), 

Perfluorocarbons (PFC) and Sulfur 
Hexafluoride (SF6). 

GHG emissions into the atmosphere experienced 
a notable increase during the industrial revolution in 
the second half of the 18th century. This period 
marked the beginning of the overexploitation of 
natural resources to fuel industrial development and 
satisfy growing needs. 

Since 1750, atmospheric GHG concentrations 
have increased by 47% for carbon dioxide (CO2), 
156% for methane (CH4), and 23% for nitrous oxide 
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(N2O). Despite efforts to curb emissions, these 
pollutants continue to rise; This resulted in GHG 
levels reaching 410 ppm, which exceeded the limit of 
350 ppm considered safe [4]. 
 
3. POLLUTING SECTOR  

The main polluting sectors include agriculture, 
accounting for 23% of total global GHG emissions [5], 
and forest deforestation, which contributes up to a 
third of total global emissions. This significantly 
affects the ecological balance of the planet, directly 
impacting global warming and climate change [6]. 
Finally, the most polluting sector is the construction 
industry, with buildings responsible for 36% of global 
GHG emissions worldwide [7]. 

The construction industry is estimated to also 
consume 50% of natural resources as well as 40% of 
primary energy worldwide [8].  

The construction industry currently requires 43 
gigatons of mineral materials to meet demand [9]. 
The use of cement in architectural and civil works 
accounts for 8% of total CO2 emissions worldwide 
[10], while steel represents another 8% [9]. 
Consequently, the industry generates 35% of the total 
industrial waste worldwide [11]. In 2020 alone, 600 
million tons of Construction and Demolition Waste 
(CDW) were generated, with only 22% being recycled 
[12]. 

This aspect of the construction sector should 
focus on researching sustainable materials with low 
emissions. These materials not only reduce GHG 
emissions but also promote constructive alternatives 
that foster a circular economy within the sector. 
 
4. EARTH ARCHITECTURE 

One of the most environmentally friendly options 
for sustainable construction, which contributes to 
reducing GHG emissions, is construction using raw 
earth as the primary material, which can be used in 
12 different methods or techniques (figure 1) 
illustrated in Figure 1, include adobe, which is one of 
the most representative. 

Classified according to the function of the 
plasticity of the earth with respect to its use within 
the construction system used [13]:  

- Solid and/or dry: Excavate, cover, fill, and cut. 
- Wet: Compact. 
- Plastic: Mold, pile up, modular and extrude. 
- Liquid: Adhere, pour, and coat. 
  
 

 

 
Figure 1: Methods or techniques, Huben & Guillaud, 1994. 
 
4.1 The Adobe  

This construction technique is one of the oldest, 
with a history spanning over 10,000 years. According 
to Bautista (1992), it is defined as a solid block made 
of uncooked clay, which may contain straw or other 
material that improves its stability against external 
agents. 

Land stabilization can occur through 
consolidation, friction, or waterproofing. This is 
achieved by adding fibrous materials and/or natural 
or artificial binders of vegetable, animal, or mineral 
origin [14]. 

In the case of the mineral materials used in 
various investigations, lime is often present. While its 
production process generates considerable CO2 
emissions due to the combustion of limestone, it acts 
as a natural carbon sink when used. When lime 
comes into contact with water, a chemical process 
called carbonation occurs, permanently capturing CO2 
from the environment in the same amount as 
emitted during its manufacturing process. 

 In this process, lime permanently captures CO2 
from the environment in the same amount as was 
emitted during its manufacturing process [15]. 
Therefore, it makes it feasible as an alternative 
stabilizing material for consolidation and 
waterproofing. 

Mexico ranks eighth in coconut production 
worldwide, with production spanning 124.3 thousand 
hectares across nine entities of the national territory; 
The state of Colima holds the second position in the 
country’s coconut production [16].  

According to statistics from the Agri-Food and 
Fisheries Information Service (SIAP) and the 
Secretariat of Agriculture, Livestock, Rural 
Development, Fisheries and Food (SAGARPA), Colima 
has 14,440 hectares of coconut palm cultivation, with 

1408



 

(N2O). Despite efforts to curb emissions, these 
pollutants continue to rise; This resulted in GHG 
levels reaching 410 ppm, which exceeded the limit of 
350 ppm considered safe [4]. 
 
3. POLLUTING SECTOR  

The main polluting sectors include agriculture, 
accounting for 23% of total global GHG emissions [5], 
and forest deforestation, which contributes up to a 
third of total global emissions. This significantly 
affects the ecological balance of the planet, directly 
impacting global warming and climate change [6]. 
Finally, the most polluting sector is the construction 
industry, with buildings responsible for 36% of global 
GHG emissions worldwide [7]. 

The construction industry is estimated to also 
consume 50% of natural resources as well as 40% of 
primary energy worldwide [8].  

The construction industry currently requires 43 
gigatons of mineral materials to meet demand [9]. 
The use of cement in architectural and civil works 
accounts for 8% of total CO2 emissions worldwide 
[10], while steel represents another 8% [9]. 
Consequently, the industry generates 35% of the total 
industrial waste worldwide [11]. In 2020 alone, 600 
million tons of Construction and Demolition Waste 
(CDW) were generated, with only 22% being recycled 
[12]. 

This aspect of the construction sector should 
focus on researching sustainable materials with low 
emissions. These materials not only reduce GHG 
emissions but also promote constructive alternatives 
that foster a circular economy within the sector. 
 
4. EARTH ARCHITECTURE 

One of the most environmentally friendly options 
for sustainable construction, which contributes to 
reducing GHG emissions, is construction using raw 
earth as the primary material, which can be used in 
12 different methods or techniques (figure 1) 
illustrated in Figure 1, include adobe, which is one of 
the most representative. 

Classified according to the function of the 
plasticity of the earth with respect to its use within 
the construction system used [13]:  

- Solid and/or dry: Excavate, cover, fill, and cut. 
- Wet: Compact. 
- Plastic: Mold, pile up, modular and extrude. 
- Liquid: Adhere, pour, and coat. 
  
 

 

 
Figure 1: Methods or techniques, Huben & Guillaud, 1994. 
 
4.1 The Adobe  

This construction technique is one of the oldest, 
with a history spanning over 10,000 years. According 
to Bautista (1992), it is defined as a solid block made 
of uncooked clay, which may contain straw or other 
material that improves its stability against external 
agents. 

Land stabilization can occur through 
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achieved by adding fibrous materials and/or natural 
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origin [14]. 

In the case of the mineral materials used in 
various investigations, lime is often present. While its 
production process generates considerable CO2 
emissions due to the combustion of limestone, it acts 
as a natural carbon sink when used. When lime 
comes into contact with water, a chemical process 
called carbonation occurs, permanently capturing CO2 
from the environment in the same amount as 
emitted during its manufacturing process. 

 In this process, lime permanently captures CO2 
from the environment in the same amount as was 
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Therefore, it makes it feasible as an alternative 
stabilizing material for consolidation and 
waterproofing. 

Mexico ranks eighth in coconut production 
worldwide, with production spanning 124.3 thousand 
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The state of Colima holds the second position in the 
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has 14,440 hectares of coconut palm cultivation, with 

 

65 palms per hectare, established in the 
municipalities of Tecoman, Armeria, Manzanillo, and 
Coquimatlan.  

With this, the use of the fibers present in the 
leaves of palm trees is established as a viable option, 
which will give optimal use to this natural and 
renewable resource in a short cycle of time, and an 
alternative economy for the sector. 
 
5. EXPERIMENTAL SAMPLE DESING 

The experimental design for this research was the 
Completely Random Design (CRD) [17], which 
considers variations in terms of the percentage 
integration of aggregates, including lime and coconut 
fiber. 

The mixture design allowed for the determination 
of 5 different treatments, each with 4 different 
percentages of aggregates, and 1 control. This 
resulted in a total of 21 different mixtures for the 
preparation of experimental units or test tubes (Table 
1); For compression tests, 3 test tubes were prepared 
for each mixture, along with 1 test tube for thermal, 
absorption, and moisture retention tests. This 
resulted in 4 test tubes for each treatment and 
mixture, totaling 84 experimental units. 

 
Table 1: Completely randomized sample design. 
 

 
 

6. RESULTS 
6.1 Compression 

According to the Peruvian technical standard NTE 
E 080 [18] specifies that the minimum allowable 
compression stresses in adobe blocks are 12 kg/cm2; 
Several experimental units in the research exceeded 
the minimum allowable compression stress value 
specified by the regulations.  

The best resistance was observed in experimental 
units “1” (made with 20% aggregates), which 
exceeded the minimum requirement in four out of 
five treatments (Figure 2). However, the best results 
in treatments “A” were dismissed due to the high 
level of fiber, causing them to behave like sponges; 
The most optimal treatments were “D” (80% calcium 
oxide and 20% coconut fiber), with experimental 
units “D1” achieving a compression stress of 21.68 
kg/cm2 and “D2” achieving 20.37 kg/cm2. 

 
 

 

 
Figure 2: Resistance to compression.  
 
6.2 Thermal behavior 
6.2.1 Specific heat 

Regarding specific heat, 76.92% of the tested 
specimens outperformed the control specimen 
(Figure 3), which had a value of 1,686 MJ/m3.K. Only 
“B1”, “C1,” and “D1” exhibited higher values, with 
1,994, 1,994, and 2,461 MJ/m3.K respectively. 

Among the tested experimental units, the “B2” 
specimen (composed of 40% aggregates, 8% lime, 
and 32% coconut fiber) achieved the best result, with 
a specific heat of 0.602 MJ/m3.K. This value 
represents a 36% decrease in performance compared 
to the control specimen. 

 

 
Figure 3: Specific heat.  

 
6.2.2 Thermal conductivity 

In traditional adobe, the thermal conductivity 
coefficient typically ranges between 0.46 and 0.81 
W/m.K, as stated by Cecilia Aching and Soledad 
Moscoso. However, in this investigation, all mixtures 
exceeded these values by up to 50%. 

Regarding thermal conductivity values (Figure 4), 
improvements were observed in 93% of the tested 
specimens compared to the average value of 0.435 
W/m.K for the control specimens. The best 
performance was achieved by the “C4” treatment 
(composed of 80% aggregates, 40% lime, and 40% 
coconut fiber) with a value of 0.142 W/m.K. 

Agregated CaO Fiber CaO Fiber CaO Fiber CaO Fiber CaO Fiber 
0% 100% 20% 80% 50% 50% 80% 20% 100% 0%

100% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
80% 20% A1 0% 20% B1 4% 16% C1 10% 10% D1 16% 4% E1 20% 0%
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40% 60% A3 0% 60% B3 12% 48% C3 30% 30% D3 48% 12% E3 60% 0%
20% 80% A4 0% 80% B4 16% 64% C4 40% 40% D4 64% 16% E4 80% 0%
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Figure 4: Thermal conductivity.  

 
6.2.3 Thermal resistivity 

In terms of thermal resistivity, the control 
registered a value of 229.6 oC.cm/W. Improvements 
were obtained in 93% of the specimens tested 
compared to the control (Figure 5), with the range of 
improvement spanning from 33.66% to 307.72%. The 
experimental unit “B1” achieved a minimum value of 
306.9 oC.cm/W, while the specimen “C4” (composed 
of 80% aggregates, 40% lime, and 40% coconut fiber) 
reached a maximum value of 706.533 oC.cm/W. 

 

 
Figure 5: Thermal resistivity.  

 
6.2.4 Thermal diffusivity 

In terms of thermal diffusivity, 84.61% of the 
specimens showed values below the control (Figure 
6). The best result was obtained in the experimental 
unit “D2” with 0.127 mm2/s. Only two specimens 
achieved higher values: the experimental units “B2” 
with 0.381 mm2/s and “C4” with 0.513 mm2/s. 

 

 
Figure 6: Thermal diffusivity.  
 

 
6.3. Moisture absorption and retention 

One of the most contentious aspects when 
discussing the use of adobe in construction is the 
weight of the material. Therefore, it was deemed 
important to analyze this characteristic in the 
research.  

This new mixture presents a viable option that 
significantly addresses this concern, as there is an 
improvement in weight reduction across all 
treatments. The decrease compared to the control 
ranges from 11.37% to 42.96% in the best cases, 
depending on the chosen mixture and treatment 
(Figure 7). 

 

 
Figure 7: Moisture absorption. 
 

The results obtained from subjecting the test 
tubes to the water saturation process revealed their 
moisture absorption capacity and the subsequent 
increase in weight for the different mixtures. Similar 
increases were observed for all experimental units 
tested, which were weighed once the saturation 
process was completed to continue with the analysis 
of moisture retention and loss. 

In the case of treatment “A”, the experimental 
unit “A1” with 20% aggregates managed to lose the 
retained moisture in 10.5 days of drying, while the 
specimen “A2” composed of 40% aggregates 
presented an increase of 45.87% in weight compared 
to its dry state, which it managed to lose in nine and a 
half days of drying. 

For treatment “B”, the specimen “B1” reached its 
maximum drying process in 18.5 days, while “B2” 
took only 10.5 days to reach its dry weight. 

In treatment “C”, the experimental units “C2”, 
“C3”, and “C4” dried in 13.5, 12.5, and 9.5 days 
respectively, while the specimen “C1” had the fastest 
moisture loss with a duration of 10.5 days. 

Treatment “D” showed drying durations of 10.5 
days for experimental unit “D1”, 12.5 days for “D2”, 
15.5 days for “D3”, and 13.5 days for “D4”. 

For treatment “E”, the experimental units “E1” 
and “E2” required 12.5 and 11.5 days respectively to 
dry. 

The moisture retention tests showed that the 
specimens were able to dry between 10 and 19 days, 
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indicating that these mixtures do not require the 28 
days of drying as required by international 
regulations. This difference in drying time is 
attributed to the climatic conditions of the Colima 
region during the spring season when the analysis 
was conducted. 

Therefore, there was a nine-day difference in the 
drying of the specimens compared to what is 
established in international regulations, reflecting the 
specific climatic conditions of the study area. 
 
7. CONCLUSION 

As emphasized throughout the article, there is a 
growing interest in the architectural and construction 
sectors to explore new construction material 
mixtures that address energy efficiency, economic 
demand, and resource conservation, ultimately 
contributing to sustainable architecture. 

The results of our research demonstrate that the 
analyzed adobe mixture, incorporating soil with 
coconut fiber and lime as stabilizers, significantly 
enhances the material’s mechanical and compression 
characteristics, along with improvements in its 
thermal properties.  

This provides the construction industry with a 
sustainable material that boasts shorter production 
times compared to traditional mixtures and has a 
reduced carbon footprint. Moreover, at the end of its 
useful life, this material can be fully reintegrated into 
the environment or completely reused, thereby not 
only mitigating construction waste but also 
promoting a circular economy with its 100% 
recyclable nature. 

With this, the construction sector would be part of 
the global resilience to the changes and strategies 
established to achieve the mitigation of climate 
change and its effects. 
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ABSTRACT: Aiming to evaluate the thermal and daylight performance of residential architecture production in 
the city of São Paulo between 2000 and 2020, the article presents the main strategies used in the design of the 
facades of this set of buildings identified through data collection and evaluates, in a combined way, the 
performance of the most relevant design strategies. Computational simulations were used to evaluate thermal 
and daylight performance through the shoebox methodology, using as performance metrics the percentage of 
hours in the comfort zone according to the adaptive model of ASHRAE 55 and the percentage of hours with at 
least 50% of the area of the environment between 300 and 3000 lux. The results allow us to present, in this way, 
a reading on the best way (types and dimensions), from the performance point of view, to apply the strategies 
proposed in this new emerging architectural language. Among the main results, it was possible to observe that 
the simulations of the 224 scenarios studied resulted in a variation of 13% in terms of thermal performance and 
a variation of 100% in terms of daylight. In other words, daylighting proved to be an aspect much more 
influenced by the proper design of the facade than thermal performance. 
KEYWORDS: Thermal comfort, Daylight, Residential Architecture, Contemporary Architecture. 
 
 

1. INTRODUCTION  
The recent production of residential architecture 

of medium and high standard in the city of São Paulo 
has been marked by the appearance of a new 
architectural language, based on the valorisation of 
authorial architecture and a discourse of promoting 
user comfort through the maximization of views and 
natural lighting, for example. 

Classical architectural elements of the facades of 
modernist buildings, built in the 1950s and 1960s, 
such as brise-soleil in different formats, exposed 
structure, garden terraces, balconies, and large floor-
to-ceiling windows, have increasingly appeared in a 
renewed way in this new architectural production 
that found in the political-economic scenario of the 
city a market niche from the 2000s. 

However, despite preaching a valorisation of 
architecture that values comfort and using a series of 
design strategies, mainly about facades, related to 
adaptation to the local climate, it is rare to see 
studies that prove the environmental performance of 
this set of buildings and demonstrate the 
effectiveness of the application of these strategies. 

The lack of studies that support the use of one 
facade strategy over another in the design process 
may be an indication that, despite the overvaluation 
of modernist architecture and the discourse of 
resuming its elements of bioclimatic value, there is 
only the use of resources, which could have great 
importance in the performance of buildings, as a way 

to add aesthetic appeal and to seek differentiation 
from the excessively standardized buildings that are 
characteristic of national architectural production 
since the crisis faced by Brazil in the 1980s. 

In order to evaluate the thermal and daylight 
performance of this recent architectural production, 
the research was developed in a way to identify the 
main characteristics of this set of buildings and taking 
into account the most striking strategies in the design 
of the envelope of the set, evaluate, in a combined 
way, the performance of the most relevant design 
strategies through computational simulations. Being 
possible to present, in this way, a reading about the 
best way (types and dimensions), from the point of 
view of performance, to apply the strategies 
proposed in this new emerging architectural 
language. 
 
2. METHODOLOGY 

To evaluate the thermal and daylight performance 
of this recent architectural production, the 
methodology was based on two main stages (Fig. 1.). 
The first stage consisted of enumerating, through the 
analysis of a set of 51 projects of residential buildings 
launched in São Paulo after 2000, the main 
characteristics and design strategies related to the 
envelope of this group of projects. The second stage 
consisted of evaluating, through computational 
simulations in shoebox models, the thermal and 
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daylight performance of these design strategies 
independently and combined. 

 
Figure 1: Flowchart illustrating the methodology of the 
study. 

The computational simulations for the evaluation 
of thermal and daylight performance had their results 
evaluated using performance metrics. Several metrics 
can be considered in parallel during a performance 
evaluation, or in other words, a space may have as 
requirements to meet a regulatory standard on 
minimum annual illuminance levels, glare control, 
and energy consumption.  

Performance metrics become especially useful as 
a design tool when combined with a performance 
target, as, thus, various design options can be 
compared through the application of the metric in 
order to obtain a design result based on the best 
performance. 

The computational study carried out in this 
research allowed the daytime spaces to be evaluated, 
from the point of view of natural lighting, using the 

Useful Daylight Illuminance (UDI) index as a 
parameter. 

The UDI uses a range with minimum and 
maximum levels, thus it is possible to divide the year 
into three ranges, one range with the hours below 
the minimum level, therefore with insufficient light, a 
range that comprises the hours within the limits, 
therefore with adequate lighting, and a last range 
that comprises the hours above the maximum limit, 
that is, with a high risk of glare due to excess of light. 

Thus, the evaluation of the daylight performance 
was based on the analysis of the UDI by checking the 
percentage of the analysed space area that was in the 
range of hours between 300 and 3000 lux in at least 
50% of the annual daylight hours. For the evaluation 
of thermal performance, the percentage of hours per 
year within the range of operative temperature 
considered as the comfort zone according to the 
adaptive model of ASHRAE 55:2020 was used as a 
metric for the city of São Paulo climate. 
 
3. RESULTS 

During the first phase of the research, through the 
analysis of a set of 51 projects of residential buildings 
of medium/high standard launched in São Paulo 
between 2000 and 2020, it was possible to identify 
the main characteristics of this set, mainly the 
characteristics related to the design of the envelope 
that can have an impact on the thermal and daylight 
performance of the housing units. 

The first point observed during the reading of the 
projects was the typology of the housing units. It was 
observed that, among the 51 buildings studied, in 
88% of the buildings, it was possible to identify the 
presence of traditional apartments, while in 59% it 
was possible to identify type Duplex units and in 45% 
type Studio units, which indicates the overlap of 
different apartment typologies in the same building. 

In addition to the typologies, the set was analysed 
in order to understand what envelope characteristics 
the contemporary buildings have (Fig. 2). The most 
present items in the set were balconies, shading 
elements, and floor-to-ceiling windows in at least one 
of the environments. On a smaller scale, it was also 
possible to identify two other elements, the presence 
of double height and vegetation on the facades 
covered 35% of the projects and, despite not reaching 
50%, they proved to be a trend. 
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Figure 2: Graph showing the main facade strategies in 
contemporary high-end residential buildings in São Paulo 
according to the analysis of a set of 51 projects. 

 
Balconies can be identified as the main element in 

the design of the facades of these buildings, 
appearing with different typologies and linked to 
different architectural elements (with or without 
shading function), but appearing in almost 100% of 
cases, sometimes even in more than one 
environment within the same housing unit. 

Regarding the typologies of balconies, it was 
possible to identify three typologies with a direct 
relationship to the level of solar exposure (Fig. 3), 
namely: 

• Exposed balcony: characterized by open 
sides with high solar exposure of the glazed 
areas and present in 41% of the buildings 
studied. 

• Semi exposed balcony: characterized by one 
open side and one closed side, resulting in 
intermediate solar exposure with partial 
shading of the glazed area and present in 
67% of the buildings studied. 

• Unexposed balcony: characterized by closed 
sides throughout the depth of the balcony, 
resulting in greater shading of the glazed area 
and lower solar exposure in relation to the 
other typologies and present in 71% of the 
buildings studied. 

 
Figure 3: Illustrative scheme showing the different types of 
balconies identified according to solar exposure. 

As with balconies, shading elements appear in 
more than 80% of the projects analysed. Therefore, it 

was also necessary to identify, more than their 
presence, the typology of these elements. For this 
purpose, they were separated into fixed shading, 
regardless of their position in relation to the facade, 
movable shading, and metal meshes. 

In 55% of the buildings, it was possible to identify 
the presence of fixed shading elements that consist of 
horizontal flaps, eaves, fixed louvers, or vertical 
elements. In 51% of the cases, it was possible to 
identify the presence of movable panels with the 
most diverse typologies of perforation and 
materiality, normally associated with balconies. Metal 
meshes, despite appearing on a smaller scale, were 
identified in 27% of the projects. 

This analysis helped to understand the main 
characteristics of this set of contemporary buildings 
related to the high-standard neighbourhoods of the 
city of São Paulo. The identification of these 
characteristics allowed the definition of the 
simulation scenarios for the next stage. 

Thus, to understand the impact of these facade 
design strategies on the performance of the internal 
space, shoebox models were executed to simulate 
the thermal and daylight performance of the 
strategies considering different combinations 
between the following factors (Fig. 4): 

 

• Four main orientations were considered: 
north, south, east, and west. 

Figure 4: Flowchart showing the parameters used in the 
performance simulations of the facade design strategies. 

1415



 

• Two options for ceiling height were 
considered: simple (3 meters high) or double (6 
meters high). 

• Balconies with three variations in depth 
were considered: shallow (1.5 meters), intermediate 
(3 meters), and deep (4.5 meters). 

• Balconies with different levels of solar 
exposure were considered according to the 
identification in the previous phase survey: exposed, 
semi exposed, and unexposed. 

• Three shading scenarios were considered: 
no protection, with an external protection element of 
the panel type with a light transmission of 50%, and 
with an external protection element of the panel type 
with a light transmission of 25%. 

From then on, through the combination of the 
different strategies, the thermal and daylight 
performance simulations of the 224 resulting 
scenarios were carried out and the results could be 
evaluated. 

Among the main results, it was possible to 
observe that the thermal performance simulations of 
the scenarios studied resulted in a difference of 13% 
between the scenario with the most and the scenario 
with the least hours within the comfort zone 
according to the adaptive model of ASHRAE 55. 

When it comes to daylighting performance, the 
scenarios resulted in a variation of 100%, with the 
worst scenario presenting 0% of the annual hours 
with at least 50% of the area between 300lux and 
3000lux and the best scenario presenting 100% of the 
annual hours with at least 50% of the area between 
300lux and 3000lux. 

In other words, from a methodological point of 
view, by giving the same importance to the two 
variables (thermal performance and natural lighting), 
the best and worst results of the analysis were 
directly related to the most extreme natural light 
results. Thus, it is possible to conclude that natural 
lighting proved to be an aspect much more 
influenced by the adequate design of the facade than 
thermal performance. 

It is also worth noting that various strategies, such 
as the use of solar control glasses, insulation 
materials, reflective materials, or automated blinds, 
can be used to improve thermal performance, while 
improving access to natural light requires increasing 
the opening area. 

The graph presented in Figure 5 shows the results 
of the scenarios and the relationship between 
thermal performance and natural lighting 
performance. The vertical axis indicates the daylight 
performance and the horizontal axis the thermal 
performance. Thus, each point represents a scenario 
and the closer it is to the upper right corner, the 
better the scenario performed in relation to the two 
variables under analysis. 

By reading the results, it is possible to identify two 
main clusters of points. The first, in the upper left 
corner, refers to the group of scenarios that 
performed well in natural light, but not in thermal 
performance. The second, in the lower right corner, 
refers to the opposite situation. A small group of nine 
points shows the scenarios with the best combined 
results for the two variables. 

 

Figure 5: Graph showing the relation between daylight and 
thermal performance according to the results of the 
simulation of combined facade design strategies. 

 
It was possible to observe that the best combined 

scenarios are those with a north orientation 
(favourable for natural light entry in the latitude of 
the city of São Paulo) combined with double height, 
deep balconies, and the presence of shading 
elements. Meanwhile, the worst scenarios are those 
with a combination of low ceiling height, the 
presence of shading elements, and deep balconies 
with lateral closures. The low levels of natural light, 
regardless of the orientation, made this combination 
the worst choice. 

Balconies provide adequate shading when the 
correct orientation is observed. Shorter balconies, 
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(favourable for natural light entry in the latitude of 
the city of São Paulo) combined with double height, 
deep balconies, and the presence of shading 
elements. Meanwhile, the worst scenarios are those 
with a combination of low ceiling height, the 
presence of shading elements, and deep balconies 
with lateral closures. The low levels of natural light, 
regardless of the orientation, made this combination 
the worst choice. 
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with a depth between 1.5 and 3 meters, provide 
adequate shading for north and south orientations. 
However, for east and west facades, balconies with at 
least 3 meters of depth are necessary or should be 
associated with shading elements. 

On the one hand, balconies with more than 3 
meters, up to 4.5 meters, of depth can provide more 
adequate shading. On the other hand, they are 
responsible for very low levels of natural light and are 
only recommended in situations where there is no 
lateral closure, there is double height, and preferably 
in west-facing facades. 

Shading elements have a significant impact on the 
final performance, especially in the case of scenarios 
with an east or west orientation due to the angles of 
solar incidence.  

The results indicate that the variation in the light 
transmission of shading elements influences the final 
performance, however, the greatest influence comes 
from the presence or absence of the panel and its 
combination with the morphology of the balcony. 

Shading panels showed better performance in 
scenarios with exposed or semi-exposed balconies, as 
they allow shading without drastically reducing the 
entry of daylight. The combination of panels, 
regardless of light transmission, with unexposed 
balconies, closed on the sides, culminated in results 
that are not recommended, as it greatly reduces the 
penetration of daylight, despite resulting in good 
thermal performance. 

The use of double height should not be 
disregarded, being a relevant strategy in situations 
where there is a need to maximize the entry of 
natural light, mainly in facades facing south or east, 
and being a great strategy when combined with 
shading on the north façade (Fig. 6). 

The results indicate that despite the double ceiling 
height results in scenarios with higher internal 
operating temperature compared to scenarios with 
single ceiling height, the reduction in the percentage 
of hours in the comfort zone according to the 
adaptive model is very small compared to the gain in 
daylighting performance. 

It is possible to conclude, therefore, that double 
height ceilings can be a great strategy to improve the 
overall performance of housing units by increasing 
daylighting levels, but the envelope should be 
designed in such a way as to provide the necessary 
shading for adequate control of internal thermal 
loads. 
 
4. CONCLUSION 

The analysis of a set of 51 medium to high-end 
residential buildings launched in São Paulo between 
2000 and 2020 identified the facade elements that 
characterize the contemporary residential 
architecture of the city.  

Elements such as balconies, floor-to-ceiling 
windows, fixed or movable sunshades, panels, metal 
mesh, and planters are responsible for delineating 
the aesthetics of these facades and can be used as 
performance enhancers.  

As a result of the analysis, it was possible to 
conclude that balconies are the main elements in the 
design of these facades, appearing in different 
typologies and associated with different architectural 
elements. 

The analysis of the strategies applied in the design 
of the facades reinforced some known points, such as 
the need to protect the north and west facades. 
However, it was also possible to identify some new 
factors, such as the enormous potential of using 
double-height ceilings, which is usually not 
recommended for the local climate due to the 
extensive glazed areas associated with it, but which 
can result in good performance when used in 
conjunction with balconies and shading elements. 

Another pertinent observation is that balconies 
with a depth of more than 3 meters, up to 4.5 
meters, can provide adequate shading, but they are 

Figure 6: Simulation results for daylight performance of 
the scenarios for north orientation with single and double 
ceiling height and unexposed balcony with different depths 
and no shading showing the benefits of the double ceiling 
height for the daylight performance. 
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responsible for very low levels of natural light. Thus, it 
is possible to observe that in the case of residential 
units in which the balconies are subsequently closed, 
a common practice in São Paulo, forming a new 
facade line with exposed glass, there will be a serious 
loss in thermal and luminous performance. In these 
cases, the use of the closure will result in an increase 
in thermal load, with high temperatures in the 
perimeter zone. 

Finally, the analyses concluded that, considering 
the various facade strategies, the variation in thermal 
performance is around 13% between all the scenarios 
evaluated, including the starting scenarios without 
the use of balconies.  

Meanwhile, the variation in luminous 
performance ranged from 0 to 100%. In other words, 
natural lighting proved to be an aspect much more 
influenced by the proper design of the facade than 
thermal performance. 

It is concluded that, despite the extreme 
relevance of thermal performance in the qualitative 
impact on the end user, it is essential that projects 
are designed in a way that maximizes light entry, with 
adequate shading and protection during the hottest 
periods. 
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1. INTRODUCTION  
1.1 Background 

 Nepal ranks 127th in the world education ranking 
with an education index of 0.52 which is a component 
of the Human Development Index, [10] The ranking 
shows Nepal needs a lot of improvement in its 
education system and infrastructure.  

There is a growing body of literature and field 
data from around the world that links classroom 
conditions and (IAQ) with the health, absenteeism, 
and educational performance of pupils. Inadequate 
thermal conditions and poor IAQ in school 
environments cause an increased risk for respiratory 
illnesses and other health-related symptoms such as 
asthma and affect children's cognitive performance 
and learning [12].  One such study has shown 
providing enhanced ventilation rate of around 10 L/S 
per pupil over the ASHRAE-62.1 [1] standard 
recommended rate of 6.7 L/s per pupil demonstrated 
improved performance with a study from South-
western United States showing 3% more pupils 
passed tests and math score improved by 0.6 for 
every 1L/s per pupil increase in ventilation rate and a 
13% increase in math scores for every 1°C decrease of 
classroom temperature. [12] 

The geography and climate in Nepal can be 
divided into three distinct regions i.e. the 
mountainous Himalayan (cold/temperate), Hilly 
(mild), and the plains terai (hot & humid) regions. The 

selected cities and their location on the map of Nepal 
is shown in figure 3 below.  

 
1.2 Typical public school design for Nepal 

Public school buildings in Nepal are simple and 
elongated in plan with single-loaded corridors that 
act as semi-outdoor spaces with open facades on one 
side and classrooms on the other. They are usually 1-
2 storeys with rural ones being single storey. A typical 
single-story classroom design is shown in Figure. 1 
and 2 below.  It has 2 classrooms each of size 5m X 
8m meant for 40 pupils in each classroom. 

Typical materials used in school construction are 
burnt brick masonry walls with concrete floors and 
structure in the Hilly region and the hot & humid 
Terai region. Stone masonry walls are used mostly in 
the Himalayan region where stone is available. For 
roofs, CGI (Corrugated Galvanized Iron) sheets are 
typically used all over Nepal with CGI sheets being 
commonly exposed; and a false ceiling being rarely 
used. The design shown in Figure. 1 is a reference 
from the Government of Nepal's Reconstruction 
Authority website. 
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responsible for very low levels of natural light. Thus, it 
is possible to observe that in the case of residential 
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from the Government of Nepal's Reconstruction 
Authority website. 
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Figure 1: Plan of Typical classroom [4] 
 

 
 
Figure 2: Section of Typical classroom [4] 
 
The Department of Education, Ministry of 

Education Nepal (2016) also published a guideline for 
school design. It is clearly influenced by the aftermath 
of the Nepal 2015 Earthquake (moment magnitude 
7.8) prioritizing earthquake disaster resilience while 
omitting hot/cold waves. 

The guideline mentions the use of insulation and 
climate-responsive strategies such as proper 
orientation, window sizes, and maximization of 
natural ventilation without providing any details and 
there is no mention of any thermal comfort or 
ventilation rate standards.  

Recent news of hot and cold waves leading to 
week-long school closures have been reported [13]  
with the heat wave of summer 2023 in Nepalgunj 
reported of students falling sick, fainting, vomiting, 
and nausea. The school authorities complained about 
the CGI roofing overheating.  [5] 
 
1.3 Parameters of the study 

In this study, a typical 1-story classroom building 
will be evaluated using thermal simulation in the 
three cities in Nepal representing the three distinct 
geography and climates of Nepal. The cities: Jumla 
(JUM), Kathmandu (KTM), and Nepalgunj (NPJ) 
represent the cool/temperate Himalayan region, the 
mild Hilly region, and the hot and humid Terai region 
respectively.  

Figure 4 graphically compares the dry-bulb 
temperatures of the selected cities. Figure 5 
compares the cold and hot degree days. It is clear 
from the comparisons in figure 4 and 5 that 
Kathmandu is milder with warm summer and cool 

winters whereas Nepalgunj is hot and humid, and 
Jumla is colder. 

 

 
Figure 3: Geographical and climatic map of Nepal 
 

 
Figure 4: Graphical field view of dry bulb temperatures 
 

 
Figure 5: Heating and Cooling Degree Days of evaluated 

cities in Nepal 
 

Past research by the authors [13] demonstrates 
that interior evaluation based on ASHRAE-55 adaptive 
thermal comfort [1] is insufficient as the interior 
conditions far exceed the adaptive thermal comfort 
standards and health risk conditions. In the absence 
of agreed-upon standards for thermal safety, Indoor 
temperatures of 35°C and 12°C are set as upper and 
lower thresholds. These are based on statistical data 
of increased mortality rates in heat waves over 

 

temperatures of 35°C [14] and data suggesting that 
vulnerable populations, i.e. the elderly, sick, and 
small children, are susceptible to cardiovascular 
problems and strokes in sustained conditions below 
12°C [2].  A similar evaluation was performed on 
future projected climate scenarios of 2050, and 2080 
to evaluate the performance of the building in terms 
of adaptation to future climate scenarios and 
resiliency to extreme weather events.   

Envelope design solution was tested using 
simulation tools to improve thermal comfort and 
safety to produce design guidelines. The Solutions 
tested was wall and roof insulation using repurposed 
wastes such as rice husks (agricultural waste) and 
shredded denim (fabric waste).  

Alternative waste materials have been proposed 
as insulation in place of more conventional 
commercial insulation materials such as glass wool, 
mineral wool, Polystyrene, and EPS (Expanded 
Polystyrene) as they are readily available even in 
remote rural areas. Conventional insulation materials 
are not readily available and are extremely expensive 
in Nepal. For comparison, mineral wool of similar 
thickness (150mm) costs at least five times the cost of 
rice husk based insulation attached to the building. 

Rice husk/hull insulation has been used for the 
study as the material is a low-cost, bio based, and 
carbon neutral insulation material. Even in its raw 
stage it has been classified as a Class A or I insulation 
material [9].    

The authors based on previous research [13] built 
a prototype temporary shelter with rice husk 
insulation for Western Nepal 2023 earthquake victims 
(moment magnitude 6.4, Nov 3rd). Its thickness 
150mm was determined based on this research. The 
insulation and methods of attaching it to the building 
can be seen in figure 6. The resulting performance of 
the rice husk insulated shelter was promising. The 
interior surface and air temperature was 13°C when 
the minimum outdoor temperature was 7°C showing 
a difference of 5°C. The surface temperature for the 
control uninsulated shelter was 2°C, thus the rice 
husk insulation showed an 11°C difference.  

For this simulation study, the same material and 
thickness of 150mm rice husk insulation was used 
with thickness determined due to diminishing returns 
on increased thickness beyond it.  

The natural ventilation rate will also be evaluated 
based on the size and position of the window 
openings using hand calculations. To enhance the 
ventilation rate and provide natural cooling, design 
solutions ranging from size and position of the added 
window openings will be synthesized. 
 

 
Figure 6: Rice husk packed into jute tubes to act as 
insulation for a prototype temporary shelter for earthquake 
victims. Source: Author 
 
2. METHODOLOGY 

A typical 1-storey classroom building (see Figure 
1) was selected. A typical Brick masonry wall 230mm 
thick was used for evaluation on Kathmandu in the 
mild Hilly region and Nepalgung in the Hot and humid 
Terai region. Stone masonry wall of 350mm thickness 
typical of the Himalayan region was evaluated for 
Jumla. For all regions concrete floor and CGI 
(Corrugated Galvanized Iron) sheet roofing was be 
used.  

Thermal simulations was performed using the US 
Department of Energy’s EnergyPlus (DOE, 2015) 
simulation engine, via the Honeybee interface [7], a 
plug-in for Grasshopper [6], a visual scripting plug-in 
for the Rhinoceros 3D modelling software [6]. 

 
Figure 7: 3d Energy model geometry of classroom 

building. 
 
Table 1: material property of rice husk insulation used for 
simulation.  
 

parameter Value Unit 
Roughness Rough - 

Thickness 0.15 m 
Thermal 

conductivity 0.05 W/m-°K 

Density 120 kg/m3 
Specific Heat 1000 J/kg-°K 

Thermal 
Absorptance 0.9 - 

Solar Absorptance 0.6 - 
Solar Absorptance 0.6 - 
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Figure 2: Section of Typical classroom [4] 
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Figure 6: Rice husk packed into jute tubes to act as 
insulation for a prototype temporary shelter for earthquake 
victims. Source: Author 
 
2. METHODOLOGY 

A typical 1-storey classroom building (see Figure 
1) was selected. A typical Brick masonry wall 230mm 
thick was used for evaluation on Kathmandu in the 
mild Hilly region and Nepalgung in the Hot and humid 
Terai region. Stone masonry wall of 350mm thickness 
typical of the Himalayan region was evaluated for 
Jumla. For all regions concrete floor and CGI 
(Corrugated Galvanized Iron) sheet roofing was be 
used.  

Thermal simulations was performed using the US 
Department of Energy’s EnergyPlus (DOE, 2015) 
simulation engine, via the Honeybee interface [7], a 
plug-in for Grasshopper [6], a visual scripting plug-in 
for the Rhinoceros 3D modelling software [6]. 

 
Figure 7: 3d Energy model geometry of classroom 

building. 
 
Table 1: material property of rice husk insulation used for 
simulation.  
 

parameter Value Unit 
Roughness Rough - 

Thickness 0.15 m 
Thermal 

conductivity 0.05 W/m-°K 

Density 120 kg/m3 
Specific Heat 1000 J/kg-°K 

Thermal 
Absorptance 0.9 - 

Solar Absorptance 0.6 - 
Solar Absorptance 0.6 - 
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Occupancy was set at 40 pupils per classroom (1 
pupil/m2) based on government of Nepal’s guidelines 
discussed previously on introduction section. 
Equipment load and Lighting load was set at 15W/m2 

and 7.64W/m2 respectively based on Energy plus and 
Honeybee plugin default profile for primary schools 
classroom [7]. Occupancy profile was also set based 
on the same default profile. The infiltration rat was 
set at 0.006m3/s[1.27cfm] per m2 of exposed area, as 
recommended for leaky buildings [1]. Natural 
ventilation was modelled to provide air flow and 
ventilation with window controls set assuming the 
operable windows would be closed when interior 
temperatures dropped below 20°C [68°F]. EnergyPlus 
calculates natural ventilation using the simple 
ventilation equations same as equations 1, 2, and 3. 
The weather data, typical meteorological weather 
(TMY) files was obtained from the 
Climate.One.Building.Org website based on the 
regional airport data. 

For the projected future climate scenario of 2050, 
2080, the TMY files were morphed using the 
CCWorldWeatherGen, a tool developed by the 
University of Southampton’s Energy and Climate 
Change Division to morph weather files according to 
IPCC (Intergovernmental Panel on Climate change) 
HadCM3 A2 experiment scenarios. 

As evaluation of interior conditions using just the 
ASHRAE-55 adaptive thermal comfort might not 
explain the extent to which the interior conditions 
might exceed the comfort zones, the metric of 
Degree-hours is used where the number of hours and 
degrees above or below the adaptive comfort were 
added up. This metric gives a more nuanced idea of 
the interior condition especially when considering 
future climate scenarios. 

For a closer ventilation analysis, hand calculation 
was done using following equations 1, 2, 3 for 
buoyancy ventilation to evaluate the ventilation of 
the classroom. 
 

V ̇= [(ACd) eff √β.∆H.q]2/3   (1) 
β = 2g/ (ρ.Cp.Tref) = 0.0000545 m4/s4 (2) 

Where V� - Volumetric Flow rate (m3/s); 

       (ACd) eff – effective area of window openings; 
A – Area of operable window openings – 7.2m2; 

       Cd – discharge coefficient [0.65 for open window,   
0.45 for window with insect screens]; 

       ∆H – height difference between inlet, outlet (m2); 
       q – Internal heat gain,[40 pupils X 70W per pupil]; 
       ρ – Density of air [1.2kg /m3]; 
       Cp – specific heat capacity of air [1000J / (Kg.°K)]; 
       T ref – 300°K;      
       g – Acceleration due to gravity [9.81 m/s2]; 
   

∆T = q/ (ρ.Cp. V�) (3) 

Where ∆T – overheating due to internal heat gain 
(°C); 
The resulting volumetric flow rate (V�) was converted 
to ACH (Air changer per hour) metric for comparisons 
using following equation 4. 

ACH = ( V� x 3600s ) / V (4) 

Where ACH – Air changer per hour; 

V – Volume of room (m3) 
s - Seconds 

 
For the ventilation hand calculations, only buoyancy 
ventilation was calculated and wind driven ventilation 
ignored. The reasoning was that winds are sporadic 
and unreliable and highly dependent upon contextual 
factors such as wind direction and surrounding 
terrains and obstacles to wind. Since in this study we 
are evaluating typical designs applied without site 
context, winds was ignored. Solar heat gain and 
thermal mass gains was also ignored to keep the 
ventilation calculations simple. 
 
3. RESULTS 

As can be seen in the results below in figure 6, the 
adaptive comfort levels in the classroom interiors 
remain poor. This could mainly be due to the un-
insulated metal CGI roofing which is subject to 
extreme diurnal temperature swing during the day 
and night. Figure 8 also clearly shows gradual 
warming of the indoor conditions in future climate 
scenarios. 

 
Figure 8: Adaptive comfort evaluation of baseline 

classroom interior conditions in present and future 
scenarios  
 

Figure 9 below shows the degree-hours metric 
exceeding cold health risk (<12°C) and hot health risk 
(>35°C). Is shows that the climate of hot-humid 
Nepalgunj (NPJ) poses a risk which will get dire in 
future climate scenarios. Conditions in Kathmandu 
(KTM) are milder while that of Jumla (JUM) in the 
mountainous Himalayas faces risk due to cold which 
will decrease in future climate scenarios. 
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Figure 9: Hot and Cold Health risk Degree-hours in 

present and future climate scenarios 
 

Insulation using risk husk of 150mm in roof and 
75mm in the walls greatly improved the interior 
conditions of the classroom. Figure 10 below shows 
doubling of the adaptive thermal comfort levels in all 
the studied locations.  
 

 
 
Figure 10: Hot and Cold Health risk Degree-hours in 

present and future climate scenarios 
 

 
Figure 11: Temperature curves showing indoor and 

outdoor temperatures during coldest week. 
 
Taking an in-depth look at the temperature curve 
comparison of the coldest week in the location of 
Kathmandu, we can observe from figure 11 that 
adding insulation moderates the diurnal temperature 
swings. In the baseline case there is high diurnal 
swing of over 12°C with high daytime temperature 
and gradual lowering of the indoor temperature in 
the morning and late afternoon mirroring the 
outdoor temperature dipping in the cold health risk 
zone of below 12°C. In the scenario with the use of 

roof and wall insulation, the interiors are either inside 
the adaptive thermal comfort limits or close to it. 
Lower temperature in the very early mornings and 
late nights can be ignored as classroom will be 
unoccupied during those hours. However mornings 
and late afternoons must not be too cold. 

For ventilation analysis, equations 1-4 for used to 
evaluate the flow rate into the classroom.  

Results for the baseline design based on size of 
window openings are as follows  
Baseline design 
 V� - Volumetric Flow rate = 0.5m3/s 
ACH = 12 
∆T – Overheating = 4°C 

 
The volumetric flow rate or ventilation rate of the 

existing classroom is well and above the minimum 
ventilation rate according to ASHRAE 62.1 [1]. 

The minimum ventilation rate for the classroom 
which has 40 pupils was determined to be 0.224m3/s 
(5L/s per pupil + Area rate 0.6L/s .m2). 

However typical naturally ventilated buildings 
designed with natural ventilation in mind have 
ventilation or flow rates much higher ranging from 
20-30 ACH and up to 50 [15]. As seen from the 
Overheating of 4°C that the existing window design is 
not sufficient to naturally cool the classroom 
especially as it has an occupancy of 40 pupils. 

However if insect screens were to be added to the 
window openings to keep insects out and reduce 
mosquito transmitted tropical illness such as malaria 
and dengue, the ventilation rates are further reduced 
as follows. 
Baseline design with insect screen 
Where, cd – discharge coefficient – 0.45 
 V ̇- Volumetric Flow rate = 0.292m3/s 
ACH = 7 
∆T – Overheating = 6.84°C 

Therefore, in order to enhance ventilation and 
reduce overheating providing natural cooling, a 1m 
high pop-up clerestory window facing north was 
proposed as shown in figure 12 below. The height 
difference between the proposed north facing 
clerestory window at top and the existing windows 
was 2m centre to centre. The height difference was 
created to increase the ventilation or flow rate based 
on equation 1. 
Proposed enhanced natural ventilation design  
 V ̇- Volumetric Flow rate = 2.169m3/s 
ACH = 52 
∆T – Overheating = 0.92°C 
 
Proposed enhanced natural ventilation design with 
insect screen.  
Where, cd – discharge coefficient – 0.45 
 V� - Volumetric Flow rate = 1.242m3/s 
ACH = 29.8 
∆T – Overheating = 1.6°C 
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The proposed clerestory window does greatly 
enhanced the ventilation rate and provide natural 
cooling and avoid overheating due to internal 
occupant heat gain. The enhanced ventilation or 
volumetric flow rate with increased air changes 
means the air inside the classroom is frequently 
changed as much as 52 times per hour. It can be 
assumed with high certainty that it results in much 
improved indoor air quality as indoor air pollutants 
are frequently flushed out of the space. Addition of 
insect screens will decrease the ventilation rates. 
However as the ventilation rate is high, a slight 
decrease in ventilation rates should not greatly 
decrease the ventilation rates. 

The addition of north facing clerestory windows 
should also greatly enhance the natural lighting in the 
classrooms. 

 
Figure 12: Addition of north facing pop-up clerestory 

window. 
 
3.1 limitations 

Although the high north clerestory window is 
highly effective in enhancing the ventilation rate, 
there are limitations as to its application. This type of 
solution is more suitable to single storied designs.  

However for 2-3 storied school designs, dedicated 
thermal chimneys can be added to provide the 
enhanced ventilation. It must be noted that the 
addition of thermal chimney will not provide extra 
natural lighting. 

Addition of insect screens will decrease the 
ventilation rates. However the ventilation rate is also 
satisfactory as the ventilation rate is 29.8 ACH and 
overheating is limited to 1.6°C. 
 
4. CONCLUSION 

Simulations can be a useful tool to evaluate and 
improve thermal safety and comfort, improving 
resiliency to extreme weather events, including in 
future climate change scenarios.  

The interior thermal conditions of the classrooms 
far exceeds the adaptive thermal comfort standards 
for majority of the time i.e. less than 50% of the time 
extending into the Health risk temperatures of above 
35°C and below 12°C in evaluated cities. The 
conditions are exacerbated in future climate 

scenarios. Additionally, low cost improvised 
insulation can be sufficient to improve thermal safety 
and comfort in classrooms thus also improving the 
learning environment. Addition of high operable 
clerestory window can enhance ventilation rate in the 
classrooms providing natural cooling. The enhanced 
ventilation also improves the indoor air quality of the 
classrooms by flushing out indoor air pollutants. It 
also allows good ventilation rate despite addition of 
insect screens as insect screens reduces air flow as 
compared to open window openings. 
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ABSTRACT: There is a pressing need to carry out energy upgrades on the European residential building stock. This paper 
looks at examples of challenges and opportunities within the largest cohort of dwellings (i.e. those with a Building 
Energy Rating of C) within the member state (Ireland), through a case study analysis of two properties. The paper 
shows that there are low barriers to entry and clear financial benefits for the stakeholders associated with installing 
photovoltaic installations for the case study dwelling considered (financial payback of 5.9 to 12 years). Conversely, 
there were significant challenges, both financial and project-related in upgrading the gas fired heating system to a 
heat pump in a separate case study dwelling (with a financial payback of over 100 years). While both decarbonising 
routes may be necessary and beneficial, the analyses highlight a need for further supports in the case of HP deployment 
for a cohort of the targeted dwellings. 
KEYWORDS: Energy retrofit, heat pump, photovoltaic, PV, financial analysis. 

1. INTRODUCTION
 The Irish Government’s policy is to install 400,000 

heat pumps and carry out 500,000 home energy 
upgrades by 2030 (1), with the National Retrofit Plan 
assuming that by 2025 up to 88% of upgrades will involve 
the installation of a heat pump (2). 

There are clear advantages for the retrofit of old 
energy inefficient homes, e.g., those with a Building 
Energy Rating (BER) of F and G, where homes are made 
more healthy and comfortable, and heating costs are 
significantly reduced following the energy retrofit. The 
considerable energy retrofit and heat pump grants 
available are key enablers in this respect. 

The installation of heat pumps in new energy 
efficient homes also continues apace with over 96% of 
dwellings built since 2015 having a BER of A, and with the 
majority using electric heat pumps (3). 

However, there is a cohort of Irish homes for which 
installing a heat pump may make a poor financial case, 
fitting neither in the new build group nor the energy 
inefficient group. The problem is that this cohort is large 
(exemplified as homes with a middle-of-the-road C BER 
which comprises 35% of Irish homes (3). Without 
addressing the impediments including those identified in 
this paper, it seems apparent that the government will 
struggle to achieve the stated national targets. 
 In parallel with carrying out energy upgrades to the 
building fabric and installing heat pumps, the installation 

of photovoltaic (PV) is also being carried out at a national 
scale. PV also offers an opportunity of reducing the net 
energy demand of the dwellings, and therefore 
contribute to achieving improved BER’s, in line with the 
government’s objectives. Moreover, PV can represent a 
less disruptive means of improving the energy efficiency 
of the home, and potentially offer a lower cost and more 
financially attractive proposition.  

This paper presents financial analyses for two C rated 
case study dwellings:  

1. A 1998 Deep Energy Retrofit (DER) in
combination with installing a HP in a 167m2 
dwelling with an annual gas consumption of 
19,380 kWh and an annual electricity 
consumption of 4636 kWh excluding Electric 
Vehicle (EV). 

2. A 2004 100m2 holiday home with an annual
electricity consumption of 2,910 kWh including 
space and Domestic Hot Water (DHW) heating 
and excluding EV.   

A summary of the findings for the DER with HP 
previously presented (4) is below in addition to the PV 
analysis for the holiday home. 

2. METHODOLOGY
 Heat pumps have the advantage of theoretically 

producing between three and four units of space heating 
for each unit of electricity consumed (i.e. the Coefficient 
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of Performance, COP). If this is equivalent to the price 
differential between gas and electricity, it means that, 
once installed, the cost of running a heat pump should 
be comparable with mains gas (5). But is this the case in 
reality? For example the COP for heating hot water is 
typically only 2. Also space heating COPs can vary widely 
depending on many variables, including the specific heat 
pump, the energy efficiency of the home in which they 
operate, the difference between the internal and 
external temperatures and how well they were installed 
and operated, etc (6). Further, what is the cost of 
upgrading to a heat pump, and are the costs justifiable 
compared with the less disruptive and less costly option 
of installing a condensing gas boiler? Also how does this 
compare with the relatively straightforward energy 
upgrade alternative prospect of installing PV panels 
instead of or in addition to the Heat Pump? 

These questions are being addressed in research 
projects being run by University College Dublin (UCD), 
Munster Technological University (MTU) and industry 
partner Energy Expertise Ltd.  

Monitoring of over 50 Irish HP (7) & also over 50 PV 
installations (8) is being carried out nationally. The actual 
amount of heat produced by the HP’s for each unit of 
electricity input is being measured in real-world 
conditions. In addition, the contribution of PV generated 
electricity in Irish homes is also being measured and 
analysed with a view to increasing the self-consumption 
percentage. The financial analysis for PV, based on 
recorded data and up to date financials illustrates 
potentially superior financial returns with significantly 
less financial outlay and disruption compared with a 
Deep Energy Retrofit and HP deployment, as outlined 
below. 
 
3. RESULTS 
3.1 DER in combination with HP 

The deep energy retrofit (DER) and heat pump 
installation was found to be financially unattractive for a 
C-rated case study dwelling in a recently presented 
analysis (4): 

1. Overall, the analysis found that the lowest Total 
Cost of Ownership (TCO) was achieved by heating with a 
condensing gas boiler rather than a heat pump. 

2. The cost of improvements to the fabric (to reduce 
the heat loss to the necessary 2.0 W/°Cm2 required to 
attain a national grant) amounted to €41k (net of grant), 
yet resulted in a reduced space heating demand of only 
21%, of 2,730 kWh, equivalent to an annual gas cost 
reduction of €380. This gives a simple payback of over 
100 years for the DER (Fig 1). 

3. The cost of the heat pump installation (net of 
grants) amounted to €16.5k, compared with a cost of 
3.5k for the installation of a condensing gas boiler (Fig 1).  

4. The annual running costs for the heat pump 
(assuming the DER was carried out) compared with the 
condensing gas boiler reduced from €2,631 to €2,576, or 
€55 annually, assuming the best case scenario of lowest 
cost electric smart tariffs and the HP manufacturers 
stated COP.  

 

 
Figure 1: Capital cost comparisons – DER and HP Vs gas boiler 
 

Even if the HP installation was grant aided at current 
levels without requiring a deep energy retrofit, (and 
assuming the COP is the same with or without the DER) 
the additional annual TCO of the heat pump compared 
with the condensing gas boiler are in excess of €800 per 
annum (assuming the dwellings’ smart electricity tariffs 
being used at the time of the study, March 2023). 

So, it is seen that the financial analysis highlights the 
fiscal challenge of performing a DER upgrade to the 
relatively well performing case study dwelling to one 
which will accept a heat pump (with a payback of circa 
100 years). It is seen that a large expenditure is required 
to reduce the energy consumption by a relatively small 
amount, resulting in high payback periods.  

Moreover, Ireland continues to have the highest 
consumer electricity prices in Europe (9), a factor which 
is considered by many to discourage the adoption of 
electric heat pumps.  

However, based on the same Household Energy Price 
Index report (9), Ireland also has among the highest 
natural gas prices in Europe. Therefore it is worthwhile 
trying to understand the factors which influence the 
financial viability of heat pumps such as the (most 
common) air to water heat pumps being deployed in the 
UK and Ireland. 

The annual running costs of a Heat Pump compared 
with a gas boiler are directly related to: 

1. The HP COP (which is the subject of the current 
research (7)) 

2. The Gas Boiler Efficiency 
3. The price differential between electricity and 

gas. 
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The reason for this is that while heat pumps offer an 
advantage of high values of output heat per unit of 
electricity (e.g. a COP of between 2 and 3), if the cost of 
electricity is higher than the multiplier value of the COP, 
it is more expensive to heat with electricity than with 
gas. The issue is compounded in that the COP for DHW 
heating is often significantly lower than that for space 
heating, leading to a lower average COP. 

 
Figure 2: No. of electrically driven heat pumps per 1000 
households in 2022 and ratio of electricity to natural gas price 
for domestic consumers in major European economies between 
2017 and 2022 (10) 
 

Figure 2 indicates that, for the countries considered, 
the price differential between natural gas and electricity 
favours the installation of heat pumps (10). Where the 
electricity to gas price ratio is high, the concentration of 
heat pumps is low, with Ireland, Slovakia and the UK 
respectively having the lowest densities per capita and 
among the most disadvantageous electricity to gas 
ratios. 

Figure 2 shows that Ireland has had disadvantageous 
electricity to gas price ratios over the years 2017, 2021 
and 2022 (see the broken trendlines in figure 2). 
Specifically, the electricity to gas price ratios were  
between 3.5 and 4 in 2017 and 2021, before falling to 2.1 
in 2022. 

The most recent data (11) from the Sustainable 
Energy Authority of Ireland (SEAI) was analysed (Fig 3). It 
indicates that the ratio of the standard tariffs for the 
most common electricity and gas consumption bands 
(12) were high (2.8 to 3.4) between 2017 and Q1 2022, 
before falling to c. 2 in Q3 2023. The ratio of electricity 
to gas prices has remained relatively stable at 
approximately 2 since the Ukraine war commenced (Mar 
2022).  

Therefore, despite the high cost of electricity, based 
on the SEAI unit prices, the HP COP appears to currently 
make the electric Heat Pump more cost competitive than 
gas boilers in Ireland, if the HP COP’s are greater than a 
very realistic 2.0. 

However, based on the case study actual electricity 
and gas tariffs and the recorded DHW and space heating 
demand, servicing costs etc, HP’s remain less attractive 
in reality (Table 1). 

 

 
 
Figure 3: Irish domestic electricity and gas prices and ratio of 
electricity to natural gas price between January 2017 and 
January 2024 

 
Table 1 shows that an electric heat pump (with COP 

of 2.6) has in the region of €100 additional total annual 
cost for DHW and space heating. These costs are based 
on choosing the most competitive rates available in the 
marketplace for gas and electricity (Smart meter tariff). 
 
Table 1: Case Study Electricity and gas costs 2023 and 2024 

Year Gas {€} Electricity {€} Difference 

2024 1935 2046 €111 (5.7%) 

2023 2631 2728 €97 (3.7) 
 

Investigation revealed a significant discrepancy 
between the average unit prices in the SEAI report and 
those available in the marketplace. SEAI’s applicable 
figures at March 2023 were 14.65c (gas) and 28.52c 
(electricity), and “are based on a selection of suppliers 
that publish their prices online“. SEAI rates also exclude 
standing charges and any discounts and result in a 
electricity/gas price ration of 1.95 at Mar 2023. This 
compares with the case study actual standard rates of 
14.37c (gas – SSE Airtricity) and 43.59c (electricity) 
recorded at March 2023 (electricity/gas price ratio 3.0). 
The SEAI stated rate for electricity was considerably 
lower than that actually available in the marketplace, 
even without considering the complicating factor of 
individual supplier discounts and also didn’t consider 
standing charges (which can be high for smart tariff. It is 
noted that SEAI included two €200 credits under the 
Government Electricity Costs Emergency Benefit 
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Scheme. Similar credits were not applied to gas 
accounts, and there is no plan to apply future credits to 
either gas or electricity (and therefore none have been 
included in the case study figures).  

A key finding of the analysis is the variance between 
stated unit prices and those available in the marketplace, 
and the impact of high standing charges for smart meter 
tariffs. This underlines the value in catting out detailed 
analysis based on actual case studies in order to obtain 
accurate comparisons between gas and heat pump 
actual annual costs. 
 
3.2 PV Installation 

An alternative proposition is considered below (in 
relation to the installation of PV for the case study 
holiday home). It is potentially also a challenging case 
study in that it will use a lot less PV generated electricity 
than a typical home, given the low occupancy profile of 
holiday homes. 

The PV case study dwelling presented below also has 
a middle-of-the-road C BER, and a 4.2 kW PV system was 
installed at the start of 2023. A diverter was installed 
which enabling PV electricity surplus to the 
instantaneous demands of the dwelling to be diverted to 
the Domestic Hot Water (DHW) in the first instance and 
then to an electric space heating storage heater. An 
Electric Vehicle (EV) is charged from the PV array when 
the owners are in residence (subject to 1.1kW of surplus 
power being available), and the EV is topped up using 
night rate electricity. It is noted that there is no domestic 
battery storage. 

 

 
Figure 4: Outline of daily net load (A + C), net generation (B + C) 
and absolute self-consumption (C) in a building with on-site 
PV (13). 

 
The amount of PV generated electricity used within 

the dwelling is defined as the self-use fraction β. The 
value of β depends on the coincidence of electricity 
generation and electricity demand. At present, in the 
absence of measured data, a value of β = 0.30 is used 

when performing fuel cost calculations by the 
Sustainable Energy Authority of Ireland (SEAI). 

Fig. 4 shows a schematic outline of the power profiles 
of on-site PV generation and power consumption. The 
areas A and B are the total net electricity demand and 
generation, respectively. The overlapping part in area C 
is the PV power that is utilized directly within the 
building. There are varying definitions of self-
consumption (13), and in this paper the self-use fraction 
β is defined as the self-consumed part relative to the 
total production, which in the simplified nomenclature 
of Fig. 3 is: 
 
Self-use fraction β = C/(B+C)…………………………………eq 1 

 
For the 3371kWh PV electricity generated, the 

recorded self-use fraction β for the case study was 
51.16%, considerably higher than the 30% (0.30) 
assumed by SEAI. 

Factors which influenced this self-use fraction for the 
case study dwelling include: 

1. The relatively low annual energy consumption 
of the dwelling (2,910 kWh) compared with the 
national average (4,200 kWh). 

2. The inclusion of a diverter which makes use of 
surplus PV electricity to heat DHW and electric 
storage radiators. 

3. EV charging which increased the β value to 85% 
(0.85) even on cloudy days.  
 

       These factors have resulted in an atypically large 
fraction of the dwellings energy consumption being met 
by PV. 

 Table 2 gives details of the case study cost of 
electricity supply and the applicable feed in tariffs (FIT) 
(based on the Electric Ireland Home Saver rate at 31 Dec 
2023 (14)). 

 
Table 2: Case Study Electricity costs and FIT (at Mar 2023) 

 
 
Of note in Table 2 is the high cost of daytime 

electricity compared with night rate electricity and the 
feed in tariff rate. 

Fig 3 shows that attractive financial returns are being 
achieved in the case study dwelling based on the self-use 
fraction β of 51% compared with the other options.    

The three scenarios presented in Fig 3 include:  
1. The null option of no PV,  

Electric Ireland € % (est) kWh
Day Rate 0.3816 0.64 1862
Night Rate 0.1882 0.36 1048
Standing charge pd 0.8978
Feed In Tariff 0.21
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2. The extreme option where no PV electricity is 
used within the dwelling, but all is exported at 
€0.21 / kWh 

3. The actual case, where 51% of the PV electricity 
is consumed within the dwelling, and the 
remainder exported to the grid. 
 

Fig 5 demonstrates that the lowest net annual 
electricity cost is achieved by using PV electricity within 
the dwelling rather than exporting it (as is the case in 
scenario 2). In order to understand why this is the case, 
Table 3 shows the calculations for the net cost of 
electricity.  

 

 
Figure 5: Annual case study electricity cost for three scenarios. 

 
The costs, as outlined in the three rows at the top of 

the table, remain the same for all scenarios apart from 
the 51% self-use, where the costs of daytime electricity 
is reduced from €711 to €55. The significant reductions 
are achieved primarily given that the use of the PV 
electricity avoids an expenditure of €656 at the 
expensive  daytime rate of €0.39 (Table 2).  

However, in addition to the daytime cost of 
electricity being significantly reduced due to the high β 
factor, the payment of income tax and VAT is also 
reduced (Table 3). 

Currently, €200 p.a. FIT contribution is allowed per 
dwelling tax free. In the case study, the high rate of 
income tax is charged, resulting in an effective tax rate 
of c.50% (including PRSI & Universal Social Charge) for 
PV electricity returns in excess of €200 per annum. 

Thus, scenario 2 results in an income tax liability of 
€254, while the relatively high self-use fraction in 
scenario 3 results in a tax liability of only €73. 
 
Table 3: PV Case study costs, benefits and paybacks 

 
 
The combination of avoiding high day rate electricity, 

and the generation of a tax (and associated VAT) liability 
means that savings of €1,013 are possible under scenario 
3 compared with savings of €495 for scenario 2 (where 
all of the PV electricity is exported to the grid). 

The cost of the PV system (including diverter) was 
€5,959 net of grant and VAT benefits. Therefore the 
payback period varies between 5.9 years (where the self-
use fraction is 51%) and 12 years (where all of the PV 
electricity is exported to the grid). 

 
4. DISCUSSION AND CONCLUSION 

This paper looked at two very different scenarios for 
two dwellings with mid-range energy efficiency (with a 
Building Energy Rating of C). The analysis was carried out 
for the case of a country with electricity prices which are 
the highest in Europe (15) and gas prices 4th highest in 
Europe (16). 

In the case of the 167m2 1998 home considering 
installing a heat pump, a €41,000 energy upgrade was 
required to the building fabric as a precursor to receiving 
a HP grant, resulting in a payback of over 100 years. In 
addition, the (net of grants) €16,500 cost of installing the 
HP did not compare favourably with the €3,500 cost of 
installing a condensing gas boiler.  

Finally, the running costs of the HP were comparable 
with the running costs of the condensing gas boiler, 
meaning that there was no period within which payback 
would be achieved.  

This paper demonstrates, that there are real 
challenges in appropriately incentivising investment in 
deep energy retrofit and heat pump deployment, 
particularly in the case of dwellings with mid-range 
energy efficiency.  

No PV 0% Self Use 51% Self Use
Cost - Standing charge 328 328 328
Cost - night 197 197 197
Cost - Day 711 711 55
Day cost avoided 0 0 656
PV contribution 0 708 347
tax 0 254 73
PV Value net of tax 0 454 273

Net cost excl VAT 1236 782 306
Net Cost of elect'y incl VAT p.a. 1347 852 334

Savings due to PV 495 1013
Simple payback (years) 12.0 5.9

PV Scenario
Costs / benefits p.a.  (€)
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It should however be noted that the financial 
attractiveness of electric HP’s compared with gas boilers 
while directly related to the efficiency of the gas boiler, 
and the efficiency (COP) of the heat pump, is also 
crucially, dependent on the differential between 
residential electricity and gas tariffs. If a policy initiative 
enables the electricity/gas price differential to exceed 
the heat pump/gas boiler efficiency differential, the 
financial case for electric heat pumps is made stronger. 

In the case of the second residential unit studied, the 
price of electricity in combination with attractive capital 
grant aid, elimination of VAT for the PV installation and 
the introduction of feed-in tariffs combine to make a 
strong financial argument for the deployment of PV. 

For the 100m2 2004 holiday home, the installation of 
the €5,959 PV system resulted in an electricity cost 
reduction of over €1,000 pa - a payback of 5.9 years.  

It is noted that the DER and HP installation would 
take approximately six weeks and also would require the 
residents to decamp from the property. The PV 
installation took place over a two-day period and did not 
impact on the occupants. 

In summary, there is a clear imperative and desire for 
improving the energy efficiency of Irish dwellings among 
the vast majority of stakeholders – residents, 
homeowners, government, industry etc. 

With 35% of the residential dwelling stock having a 
BER of C, the contribution of this paper is to highlight 
some of the challenges and opportunities which are 
faced by the stakeholders within the largest cohort of 
dwellings. 

A clear finding from the analysis was the financial 
challenges faced by stakeholders in carrying out a deep 
energy retrofit in buildings which are already relatively 
thermally efficient. In order to achieve grant aid for 
installing heat pumps, costly additional renovation was 
required.  

In addition, policy needs to address the price 
differential between gas and electricity, in order to 
improve the financial attractiveness of electric heat 
pumps compared with gas boilers.  

The other clear finding from the analysis relates to 
the significant benefits of PV. In particular it’s important 
to maximise the amount of PV generated electricity 
which is used directly within the dwelling, rather than 
incur income tax charges through on FiT payments 
received. 
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It should however be noted that the financial 
attractiveness of electric HP’s compared with gas boilers 
while directly related to the efficiency of the gas boiler, 
and the efficiency (COP) of the heat pump, is also 
crucially, dependent on the differential between 
residential electricity and gas tariffs. If a policy initiative 
enables the electricity/gas price differential to exceed 
the heat pump/gas boiler efficiency differential, the 
financial case for electric heat pumps is made stronger. 

In the case of the second residential unit studied, the 
price of electricity in combination with attractive capital 
grant aid, elimination of VAT for the PV installation and 
the introduction of feed-in tariffs combine to make a 
strong financial argument for the deployment of PV. 

For the 100m2 2004 holiday home, the installation of 
the €5,959 PV system resulted in an electricity cost 
reduction of over €1,000 pa - a payback of 5.9 years.  

It is noted that the DER and HP installation would 
take approximately six weeks and also would require the 
residents to decamp from the property. The PV 
installation took place over a two-day period and did not 
impact on the occupants. 

In summary, there is a clear imperative and desire for 
improving the energy efficiency of Irish dwellings among 
the vast majority of stakeholders – residents, 
homeowners, government, industry etc. 

With 35% of the residential dwelling stock having a 
BER of C, the contribution of this paper is to highlight 
some of the challenges and opportunities which are 
faced by the stakeholders within the largest cohort of 
dwellings. 

A clear finding from the analysis was the financial 
challenges faced by stakeholders in carrying out a deep 
energy retrofit in buildings which are already relatively 
thermally efficient. In order to achieve grant aid for 
installing heat pumps, costly additional renovation was 
required.  

In addition, policy needs to address the price 
differential between gas and electricity, in order to 
improve the financial attractiveness of electric heat 
pumps compared with gas boilers.  

The other clear finding from the analysis relates to 
the significant benefits of PV. In particular it’s important 
to maximise the amount of PV generated electricity 
which is used directly within the dwelling, rather than 
incur income tax charges through on FiT payments 
received. 
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sheltered by shade. During the dry season, “cold” materials performed better in a sun exposed space. Significant 

Therefore, ‘cold’ materials can be characterized as 

Simulations of replacement with ‘cold’ materials 
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ABSTRACT: Paradoxically, as world trade becomes increasingly complex, concentrated trading hubs have 
emerged, consolidating production, storage, documentation, and trade all under one roof. Large structures 
synonymous with the region comprehensively integrate the seamless flow of people, goods, data, and energy. 
While these mega structures economize function at scale, they present an architectural opportunity to relook at 
energy efficiency from the lens of cultural and regional identity. Two key parameters define this approach – 
regionalism and scale. While regionalism brings to the fore - adaptive thermal comfort, local material, 
craftsmanship and culture; scale realizes the potential of such measures combined in hybrid systems translating 
to substantial energy and cost savings. Using the example of one such megastructure in Surat, India, a hot and 
humid climate zone, we examine if hybrid cooling technologies in conjunction with adaptive thermal comfort 
parameters and passive strategies can offer a novel approach to efficient cooling of megastructures. Climate 
data, thermal comfort, capital, and operational cost and building performance are tracked to arrive at the 
conclusions. The success of these strategies must be measured not only through energy data and cost savings 
but also cultural relevance and adaptation.  
KEYWORDS: Radiant Cooling, Thermal Comfort, Hybrid Cooling, Hot and Humid, Office Design, Cultural Impact 
 
 

1. INTRODUCTION  
The diamond industry in Surat was facing a crisis 

amidst its booming business. Despite housing 
production and certification capacity within its 
regional limits, the trading centre was located almost 
300 kilometres away in Mumbai. This forced traders 
to commute 6-7 hours for daily transactions. Realizing 
the potential to redefine the centre, an elected 
representation of traders decided to build a new 
trading facility within Surat city limits as part of 
DREAM (Diamond Research and Mercantile) city 
masterplan. The resultant megastructure was 
designed to also house trading facilities, storage, and 
customs functions. Occupying an area of 35.5acre site 
and a built-up area of 7.1 million square feet, it 
eventually earned the title of the world’s largest 
office building. [1,2] 
 
2. CONTEXT 

Surat (21.2° N, 72.8° E), situated in Gujarat, India, 
experiences a tropical savanna climate. Strong 
cultural aspects related to trade, community, and 
informality within the workspace typify the city. 
 
2.1 Climate 

The climate of Surat is characterised by hot and 
dry summers, warm-humid monsoons, and 
comfortable winters. Climate data and the 
psychrometric chart (Fig. 1) shows temperature 
exceeding 300C for 6-8 months (March - October) and 
humidity above the 60% mark.  Solar shading and 

wind movement can help with thermal comfort. 
Increased air movement can induce physiological 
comfort of up to 5-60C as the region experiences high 
wind speed above 1.5 m/s speed during the 
uncomfortable period.  

 
Figure 1: Psychrometric chart of Surat indicating need of air 
movement to achieve thermal comfort for most of the 
operational hours due to high humidity.  
 
2.2 Social and Cultural background 

Diamond trade in Surat evolved organically, 
conducted in informal environments, in the 
marketplace and even under the shade of trees in the 
old city. (Fig. 2) Small business transactions were 
often made in the outdoors over a shared meal. The 
community of diamond traders in Gujarat is close knit 
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fostering strong interpersonal bonds. Trade and social 
relationships intermingle seamlessly and form the 
backbone of business and societal culture. [3] 

 

  
Figure 2: Typical diamond district.  [4,5] 
 
3. DESIGN STRATEGY  

One of the prime challenges while designing an 
office building for 67,000 end users is to create a 
seamless flow of people and goods within stipulated 
time periods. Multiple access points into the premises 
are strategically located at optimal proximity to the 
office tower lobbies which enables pedestrians and 
vehicle users to reach their destinations in under 5 
and 7 minutes of site entry respectively. A key 
element aiding this secure but free internal flow of 
people is a large “central spine” (Fig. 3) connecting 
the nine office towers separated by open to sky 
courtyards (Fig. 4).  

 

  
Figure 3: Natural light and air filters through the landscaped 
courts through the punched openings at all levels. 
 

Figure 4: Landscape courtyards - schematic on left; actual 
photograph on right 
 
The central spine thus comprising of 30% of the total 
built-up area, these corridors and common areas are 
fully naturally ventilated, punctured with landscaped 
pockets and supplemented with radiant cooling 
system for thermal comfort. The ambience of the 
space and equitable access from offices makes it ideal 
for carrying out trade in an informal setup, 
reminiscent of the erstwhile marketplace setting. It is 

the space where relationships within the community 
are built, deals are struck, and trusted bonds are 
nourished. 
 
4. PASSIVE STRATEGY 
4.1 Macroclimate 

The relationship between the built form and 
outdoor spaces are carefully crafted to create a 
positive impact on the macroclimate (Fig. 5). 
Thematic landscaping with water bodies and 
strategically planted vegetation aid in the reduction 
of radiant heat. The courtyards are sized equal to 
building height to allow shading. Extensive vegetation 
is planned along the western edge for added shade 
and thermal-visual comfort while the Eastern courts 
support functions like the food courts, recreational 
and interaction spaces. Since all courtyards are 
equally accessible to the occupants, the usage of the 
outdoor areas is maximised. Based on the time of the 
day and purpose, different subsets of the courtyard 
spaces become activated.  

 
Figure 5: Typical floor plan showing the central spine 
connecting office towers segregated by landscaped 
courtyards. 

 
4.2 Microclimate 

Multiple strategies influence the microclimate and 
cause variations across spatial zones. 

 
4.2.1 Central Spine 

The central spine functions within a range of 
microclimatic conditions that changes as per outside 
temperature aided by low tech passive strategies and 
landscape elements. The conspicuous curved blade 
walls (Fig. 6) cutting across the site calling out the 
north-south axis capture prevailing winds through 
venturi effect. The green courts work to direct warm 
air upwards ensuring enhanced wind movement 
which can temper harsh climatic outdoor conditions 
through stack effect (Fig. 7). The landscaped pockets 
aid in thermal visual comfort and help improve IAQ. 
The Western walls have large, punched opening into 
the courts allowing for daylight penetration into the 
spine and wind movement from multiple directions 
adding to thermal comfort (Fig. 8).  Radiant cooling 
system is installed along the entire stretch of 
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common areas which amount to 30% of the built-up 
area ensures thermal comfort for 90% of the year.  

 
Figure 6: Top view of spine walls – a naturally Ventilated, 
micro- climate tempered community corridor through 
“Venturi effect “.  

 
Figure 7: Sketch showing wind flow along the staggered 
atria integrated with the landscape using Stack effect. 
 

 
Figure 8: External image of the building highlighting 
punched opening on Western wall for natural light and 
ventilation along spine. 
4.2.2 Office and ancillary spaces 

The office towers have a narrow floor plate 
separated by proportionately sized courtyards whose 

widths of are equal to the tower heights to allow 
maximum daylight penetration (Fig. 9). 75% of the 
office spaces can be naturally lit. The north-south 
orientation of the towers and screened east-west 
surfaces minimise heat gain which has a direct impact 
on air conditioning loads. To cool the passages 
outside of the offices, the system allows the return 
air from the offices to leak into the passages and then 
directs it to the return air ducts. 

 

  
Figure 9: Shaded landscaped courts between towers 
accessed equitably by all occupants. 
 
5. ACTIVE STRATEGY 

The active strategy is a combination of a dual 
chilled water loop and variable flow chiller system for 
office, lobbies, dining and ancillary spaces and radiant 
floor cooling system for common areas. A dedicated 
outdoor air system (DOAS) is integrated in both, 
which helps improve Indoor air quality (IAQ) as well 
separates sensible and latent cooling loads. Varying 
temperature set points vary for spaces driven by 
functionality and architectural intent. (Table 1) 
 
Table 1: Temperature set point for Indoor conditions.  

Space Indoor Conditions 
Temp °C Relative Humidity 

Official spaces, Meeting & 
Conference, Food and 

Beverage 

24±1°C Less than 60% 

Common Lift lobby + 
circulation 

26±1°C Less than 60% 

Central Spine 31°C Less than 60% 

 
5.1 Dual chilled water system - offices and ancillary 
spaces 

A central variable flow dual chilled water 
recirculation system with 6.8 Coefficient of Power 
cools the offices and ancillary spaces. The total air 
conditioning load is separated into sensible and latent 
load. Two sets of chillers with different set points 
cater to each load, thereby achieving overall higher 
efficiency than conventional systems (Fig. 10). It also 
ensures efficient operations at part-load conditions. 
The air conditioning peak load is estimated at 7000 
TR served by:  
1000 X 4 - Low Temperature Chillers for Sensible load. 
1000 X 3 - High Temperature Chillers for Latent load. 
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Figure 10: Diagram showing dual loop chiller and DOAS 
relationship with air-conditioned space. 
 
5.2 Radiant cooling for spine 

To achieve adaptive thermal comfort under 
natural ventilation, maximum operative air 
temperature of 32°C with wind speed in range of 0.94 
to 1.59 m/sec needs to be maintained. [6] In the case 
of Surat, the outside air temperature is 
uncomfortable 40% of the time (>32°C) and wind 
speeds are favourable for inducing thermal comfort 
90% of the time (Fig. 11, 12). Additionally, fresh air is 
induced with a DOAS system and wind speeds are 
enhanced using ceiling mounted angular air fans. 
These factors support the use of radiant cooling to 
supplement natural ventilation to achieve adaptive 
thermal comfort. Cultural factors play an important 
role in acceptability of naturally ventilated spaces in 
office buildings. In the case of Surat, cultural 
references work in favour of natural ventilation as 
diamond traders prefer informal spaces to conduct 
transactions as business depends on building strong 
community bonds which happens outside the office 
in an informal setting.[2]  

 

 
Figure 11: Comparison of operative temperature during the 
typical summer day  

 
Figure 12: Graph showing hours during which wind speed 
are favourable for inducing thermal comfort. 

 
5.3 Air-conditioning loads and efficiencies 

Based on simulations, the total connected load 
was found to be 2.19 KW/TR on the built-up area 
compared to 4.15 KW/TR using conventional systems 
(Fig. 13). The Air conditioning efficiency is 685 Sft/TR 
on total built up area. (Table 2) 

 

 
Figure 13: Graph mapping reduction of air conditioning load 
 
Table 2: Comparison of cooling loads for HVAC system.  
Air conditioning Efficiency 
Built up area / TR 685        sft/TR 

Conventional Building 150-200 sft/TR 
 
6. CHALLENGES AND MITIGATION 

One of the primary challenges while using radiant 
cooling systems is condensation. In the case of Surat, 
the design temperature for naturally ventilated 
radiant cooled corridor is set at 28°C-32°C which is 
above the dew point temperature of 26°C (average). 
Hence, condensation in the corridors within the 
radiant cooled space was of lesser concern. The 
primary concern was when outside fresh air flows 
against the walls of the air-conditioned office spaces 
where the temperature is set at 24°C ±1°C. The 
analysis of the outside dew point temperature 
indicates that 40% of the operating time will 
experience dew point temperature between 24°C and 
29°C, during which the likelihood of condensation is 
high. (Fig. 14, 15) 
 

 
Figure 14: Pattern of dew point temperature during summer 
season. 
 
Certain mitigation measures were employed in the 
design to reduce the chances of condensation.  

1. Provision of an air lock lobby or a revolving 
door at office corridor entry: The air lock 
provides a buffer between the two spaces 
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and prevents any fresh air from directly 
coming contact with office spaces. 

2. Enhanced air movement by installing hanging 
angular air fans in the spine: This prevents 
warm humid air from settling down near 
conditioned spaces. 

3. Landscaped courts for increased air 
movement via stack effect and blade walls for 
venturi effect. 

 

 
Figure 15: Bins for Outside Dew Point temperature. 
 
System Design: 20mm PEX pipes placed 150mm apart 
were embedded within the slab screed for 
approximately 20 kms of running length per floor for 
a cumulative length of ~300kms. A temperature delta 
of 5°C is maintained at inlet and outlet at 25°C and 
30°C respectively.  The cooling tower lowers the 
water temperature to 27°C, and the mixing chamber 
ensures that the water temperature does not fall 
below 25°C. (Fig. 16, 17) 

 

  
Figure 16: Diagram of radiant cooling system 
 

 
Figure 17: Installation of radiant cooling pipes on spine slab 
 
7. RADIANT COOLING SYSTEM SIMULATION 

Multiple simulations were conducted to establish 
the structural composition of slab with and without 
insulation. The simulation for surface temperature for 
radiant cooling system assumes a six-inch-thick slab, 

20 mm PEX pipe within the screed at 150 mm pitch 
and finished with tile. 

 
7.1 Simulation scenario 1: without insulation 

Since no insulation is installed, the cooling effect 
permeates below the slab through a thermal mass of 
225 mm and above the slab through a thermal mass 
of 75 mm (Fig. 18). The time is set at 14:00 hours on 
20th April which has the highest wet bulb 
temperature and dry bulb temperature of the year. 
The resultant capacity is 26 W/sqm upward and 20 
W/sqm downward.  
 

 
Figure 18: Scenario 1, Simulation of radiant cooling capacity 
on slab without insulation for highest DBT on 20TH April at 
14:00 hours 
 
7.2 Simulation scenario 2: with insulation 

The simulation is repeated for the same time of 
the year but includes a 25m thick expanded 
polystyrene layer for insulation.  The cooling effect 
permeates only above the slab through a thermal 
mass of 75mm (Fig. 19). There is no change in the 
cooling capacity of the system. 
 

 
Figure 19: Scenario 2, Simulation of radiant cooling capacity 
on slab without insulation for highest DBT on 20TH April  
 
In conclusion, a multistorey structure scenario, 
insulation for radiant cooling was not found to be 
effective and hence not recommended for 
installation.  
 
8. COST AND ENERGY REDUCTION 

The use of a dual chilled water loop with variable 
flow chiller and radiant cooling system for Surat 
amounted to a 23% reduction in capex + opex (3 
years) cost compared with conventional systems (Fig. 
20). 45% lower energy consumption with energy 
performance of ≤48 kWh/sqm./yr. compared to local 
benchmark (Energy Conservation Building Code) of 90 
kWh/sqm./yr [7] is noted based on simulation data. 
The efficiency of the combined system is 685 sft/TR 
for air conditioning in comparison to conventional 
benchmarks at ~250sft/TR.  
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The simulation is repeated for the same time of 
the year but includes a 25m thick expanded 
polystyrene layer for insulation.  The cooling effect 
permeates only above the slab through a thermal 
mass of 75mm (Fig. 19). There is no change in the 
cooling capacity of the system. 
 

 
Figure 19: Scenario 2, Simulation of radiant cooling capacity 
on slab without insulation for highest DBT on 20TH April  
 
In conclusion, a multistorey structure scenario, 
insulation for radiant cooling was not found to be 
effective and hence not recommended for 
installation.  
 
8. COST AND ENERGY REDUCTION 

The use of a dual chilled water loop with variable 
flow chiller and radiant cooling system for Surat 
amounted to a 23% reduction in capex + opex (3 
years) cost compared with conventional systems (Fig. 
20). 45% lower energy consumption with energy 
performance of ≤48 kWh/sqm./yr. compared to local 
benchmark (Energy Conservation Building Code) of 90 
kWh/sqm./yr [7] is noted based on simulation data. 
The efficiency of the combined system is 685 sft/TR 
for air conditioning in comparison to conventional 
benchmarks at ~250sft/TR.  

 

 
Figure 20: Graph comparing the capex and opex (over 3 
years) for different cooling systems. 
  
9. ENERGY PERFORMANCE  

The results of energy performance simulation 
carried out at design stage are presented for 
comparitive purpose. The simulation was carried out 
as per appendix G of ASHRAE 90.1-2010 as an IGBC 
(Indian Green Building Council) requirement. The  
design case is compared to a baseline case (comply 
with ASHRAE Standard 90.1-2010). Following the 
methodology defined by IGBC, the simulation 
involves modeling the baseline building with its actual 
orientation. Subsequently, the entire building is 
rotated by 90, 180, and 270 degrees, and the results 
are averaged to determine the baseline energy 
consumption. The simulation results in 30.19% 
reduction in a total energy consumption compared to 
baseline case. Of this, HVAC chillers form 18%; HVAC 
pumps form 5% and HVAC fans form 9% of the energy 
savings. (Fig. 21)  

 
 Figure 21: Comparison between Baseline Case and Design 
Case Energy Use Characterization 

10. CONCLUSION 
In very large structures where diverse functions 

are brought together, usage of hybrid cooling systems 
can aid in creating varying environmental conditions 
considering the local climate while  improving 
building performance. The integration of various 
cooling technologies can address the complex cooling 
needs of expansive constructions, contributing to an 
energy-efficient future for megastructures. By 
integrating cultural relevance into the design and 
operation of hybrid cooling systems, megastructures 
can not only achieve enhanced efficiency but also 
foster a sense of connection and acceptance within 
the communities they serve.  
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1. INTRODUCTION 

The  responsibility to address the root causes and 
mitigate the risks associated with climate emergency 
has in part been assigned to the stakeholders of the 
design and construction sector. Over the last several 
decades an EU policy shift towards 2050 climate 
neutral aims indicated ambitious energy efficiency 
targets for new built and retrofit housing, enabled by 
varied innovative materials, heating and ventilation 
systems (HVAC) and design strategies. Passive House 
is one of the established strategies developed around 
energy efficiency. It requires deployment of certified 
products and following specific and quantified design, 
construction and commissioning guidelines to achieve 
the ambitious energy efficiency aims and question 
the inevitability of the performance gap. And even 
within the well-defined Passive House framework 
there are unresolved technology related questions, in 
particular in the housing retrofit domain. As Welch et 
al. put it “It’s easy to say “do it right” but harder to 
answer “what is right”?” [1]. The discussion on 
optimum technical solutions in construction to 
address climate emergency is far from over, as there 
are competing strategies for material use, heating or 
ventilation presumably leading to environmentally 
beneficial outcomes and new complexity levels 
coming into focus, e.g. embedded energy, circular 
economy or sufficiency [2-5], as well as a recurring 
theme of the need for simplicity and usability [6] of 
buildings. Within the changing conceptual and 
regulatory framework design teams adopt strategies 

and make specification choices that contribute to 
mainstreaming or side-tracking novel technologies [7] 
based on their professional knowledge. Ideally, the 
design knowledge is accumulated through 
engineering education, professional trainings focused 
on specific products or systems, modelling as well as 
findings of building performance evaluation (BPE), 
closing the loop of constructive feedback between 
the operational and design stages of buildings’ life 
cycle [8]. However, in most countries, including 
Poland, the BPE studies are not routinely embedded 
into the design process. What’s more the BPE findings 
may not be directly transferable between countries 
due to specific climatic or cultural factors. This puts 
not only users but designers in a vulnerable position, 
encouraging  business-as-usual approach despite 
climate emergency, as proposing new technologies 
caries a greater risk of in-use liability or performance 
issues. 

Where available, the in-depth BPE studies provide 
insight into the actual roles of technologies in shaping 
domestic indoor environment and the related energy 
consumption. The ergonomics and usability of 
controls or residents’ awareness and understanding 
of a technology were identified as relevant factors 
shaping its actual use, e.g. in an apartment block 
where 40% of the over 100 surveyed households 
were unaware that their dwellings rely on continuous 
mechanical ventilation for healthy indoor air quality 
(IAQ), only ca. 10% had it “on” across the seasons as 
designed, with negative IAQ consequences [9]. 

 

Numerous studies taking sociological or 
psychological approach provided evidence, that the 
potential effectiveness of energy demand reduction 
in housing to be achieved by the means of designer 
led technology choices would be undermined if the 
technology did not match user needs, their routines 
and home use practices. Given that the lack of 
overlap  between design intentions and user needs 
has been linked with housing underperformance it is 
interesting that no studies to date, the authors are 
aware of, explore the opposite scenario, i.e. 
effectiveness of technology and the alignment of its 
intended and actual use in households living in homes 
of the designers themselves. In such case  both the 
rationale for a given technology and its intended use 
is well understood within a household and the 
household routines are known at the design stage. 
Two key research questions are explored here: 

Can the houses occupied by a design team 
member, having in-depth understanding of energy 
efficiency strategy for their home be linked with 
outstanding performance outcomes in terms of IAQ 
parameters and energy performance? 

Is living in self designed home used to verify the 
assumptions about energy efficiency strategy 
adopted? 
 
2. METHOD 

To address the above questions a socio-technical 
approach has been adopted involving an in-depth 
building performance evaluation of 10 case study low 
energy homes, located in and around Wrocław, 
Poland (Table 1). There were two main selection 
criteria for the purposive (non-probability) sampling, 
suitable for exploring ideas and developing 
understanding (Ritchie & Lewis, 2004). First, a house 
needed to be equipped with some technology 
exceeding standard practice in Poland at the time of 
construction, e.g. mechanical ventilation with heat 
recovery or a heat pump. Secondly, the occupancy 
period at the recruitment stage must have been at 
least two years. The rationale for the latter was to 
observe settled home use practices well after early 
occupancy. As the recruitment started in early 2021 a 
house needed to be occupied at least by early 2019, 
i.e. before the nearly zero emissions (nZEB) 
requirements for all new built housing were 
implemented in Poland. Such timeline meant that the 
recruited sample was not representative for standard 
new built, but focused on voluntary early adopters of 
novel energy efficiency technologies. Nevertheless, 
the households and their individual members 
represent contrasting levels of understanding and 
varied focus in relation to their home performance 
(Table 1). Three households are neither connected 
with construction sector or engineering disciplines. 
However, four households involve engineers (three 
environmental and one automation engineers) 

responsible for the design and partly also the 
installation of the heating and ventilation systems in 
their homes. Also two houses are occupied by the 
architects responsible for their design, and one by an 
engineer not engaged in the construction sector but 
having a very good understanding of technology. 

Data collection, between August 2021 and 
October 2022, included one year of regular home 
visits, interviews, walk-through, surveys and 
extensive monitoring of IAQ as well as energy use and 
thermal comfort analysis. More details about the 
methods, preliminary quantitative monitoring results 
for selected households and other aspects of the 
broad study have been previously reported in [10,11]. 
Here the focus is on comparing performance of all 
houses in connection with the professional expertise 
present within each household. The conclusions draw 
on both quantitative and qualitative data. 
 
Table 1: Key household member roles in shaping energy 
efficiency strategy  and in-use performance focus. 
 

Household member 
responsible for: Design/in-use focus on: 

EH HVAC design ZEB standard with natural 
ventilation; high thermal 
mass/closing the performance gap 

EK HVAC design ground source heat exchanger; 
MVHR/ added PVs, utility costs  

EZ Maintenance 
(engineer) 

n/a (second owner)/ thermal 
comfort, added PVs 

WA1 - n/a (not an engineer)/ individual 
thermal comfort needs 

WA2 - n/a (not an engineer)/ utility costs  
WZ1 Architecture Building form and structural 

material (CLT)/ plug & play HVAC  
WZ2 Housing 

developer 
Material choice (CLT)/ plug & play 
HVAC 

WZ3 HVAC design bespoke heating & hot water 
automation/ fine grained control 
over heating and natural + MVHR 
ventilation practices for efficient 

NA1 HVAC design + 
Architecture 

Envelope + heat pump & hybrid 
ventilation/ IAQ + energy use 
monitoring; tailored energy tariffs  

NA2 - n/a (not an engineer)/ affordable 
thermal comfort + good IAQ 

 
3. RESULTS 

The following sections provide a comparison of 
energy standard of the studies houses, as well as key 
monitoring results to understand in-use 
environmental standard achieved in the designer vs. 
non designer households and the overall energy 
consumed. Next, key  designers’ experience based 
insights into technology domestication process, their 
awareness of own house performance against 
assumptions and the intended further energy 
efficiency improvements are explored. 
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of a technology were identified as relevant factors 
shaping its actual use, e.g. in an apartment block 
where 40% of the over 100 surveyed households 
were unaware that their dwellings rely on continuous 
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(IAQ), only ca. 10% had it “on” across the seasons as 
designed, with negative IAQ consequences [9]. 
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3.1 As designed energy standard 
As a starting point for comparison of energy 

standard between the analyzed houses energy 
certificates were developed. The certificates were 
intended to represent household size, and the 
operational stage conditions as closely as the relevant 
guidance allowed, to capture the impact of 
introduction and use of varied HVAC solutions or 
photovoltaics (PVs), even if these were unaccounted 
for during initial design. The resulting usable (EU), 
final (EF) and primary energy (EP) values, as well as 
the share of renewable energy in annual energy 
balance is presented in Table 2.  
  
Table 2: Case study houses energy standard. 
 

 Construction Usable 
area EU EF EP* URES 

  m2 kWh/(m2·y) % 
EH 2015/2016 213,5 64.8 32.2 7.4 97.4 
EK 2012/2015 265,1 111.4 197.3 164.6 77.4 
EZ 2012/2015 168,3 159.9 69.6 64.0 89.2 
WA1 2012/2018 149,8 42.9 32.8 98.5 44.6 
WA2 2012/2015 149,8 42.1 46.7 89.0 64.9 
WZ1 2012/2016 149,8 37.6 30.6 91.8 43.7 
WZ2 2012/2016 149,8 42.5 33.0 99.0 44.7 
WZ3 2012/2016 149,8 40.6 53.6 61.6 75.4 
NA1 2015/2017 141,8 42.5 29.0 86.9 47.1 
NA2 2015/2018 175,7 102.5 49.9 141.2 60.7 

* value required by EP regulations < 120kWh/(m2·y) 
  
Diverse results can be seen for five neighboring 

household built by one constructor to same building 
envelope specifications (WA1-WZ3) but using 
different HVAC solutions. The building envelope 
specifications exceeded by far energy efficiency 
standard of the time of their construction, though fell 
short of the Passive house standard mentioned by the 
architect (WZ1) and developer (WZ2) as an energy 
efficiency inspiration. In these high performing 
buildings the final energy demand varies by up to 
75% between least efficient HVAC solution in WZ3 
and the three comparable technologies, namely heat 
pumps and mechanical ventilation with heat recovery 
(MVHR) in WA1, WZ1 and WZ2. However the 
opposite can be observed in terms of primary energy, 
perceived as the key measure of environmental 
impact. The energy efficient heat pumps, lead to 
worse EP results as they rely exclusively on grid 
electricity, while a less effective wood burner with 
water jacket often used as a substitute for the heat 
pump (WZ3) performs best in terms of EP. The system 
designer and at the same time its user, well aware of 
the actual energy sources, claims in the interview: ”I 
have a stove running on the energy of the sun 
[referring to wood] and a heat pump running on coal 
[referring to electricity]”.  

However, three households within the sample 
did install the PVs. One of these houses (EH) has been 
designed to achieve an almost zero energy standard 
(ZEB) with EP=7.4 kWh/m2·y. Two other highest EP 
scoring households are EZ and NA1. Three out of four 
of the top EP values in the certificates are in HVAC 
designers’ households. Also in the fourth household 
there is an engineer with good understanding of heat 
pump technology, however not involved in 
developing energy strategy for his house, as it was 
bought complete with the system  from previous 
owner. The fourth HVAC designer did not secure an 
ambitious EP result, as for the studied sample, 
despite the PVs and unique technologies introduced 
with energy saving in mind, namely ground source 
heat exchanger feeding preheated (or precooled) air 
into the MVHR. The advanced ventilation technology 
could not counterbalance the standard approach to 
building envelope energy efficiency for the time of its 
construction as well as a standard gas boiler for 
heating and hot water.  

3.2 Indoor environment quality 
The energy efficient envelope and HVAC 

technologies are intended to secure healthy indoor 
environment at a minimum energy and 
environmental cost. Here the measurement results of 
indoor environment parameters regarded as key for a 
robust representation of IAQ, i.e. air temperature, 
relative humidity and CO2 concentration, are shown 
against the existing regulatory or best practice 
guidelines for healthy domestic environment [12]. 
Thermal environment evaluation is underpinned by 
adaptive comfort model [13]. 

Unlike with the expected environmental impact 
of energy use expressed in EP value, where the 
engineer/designer households overall scored higher 
than the non-designer households (except for EK), the 
indoor parameters evaluation does not provide a 
clear picture of superior IAQ in designers’ homes. For 
thermal environment (Figure 1a) the evaluation 
based on adaptive comfort thresholds, defined as 
predicted percentage of dissatisfied (PPD), adjusted 
to outdoor running mean temperatures [13] shows 
that both the highest (over 80% of time within the 
top comfort threshold of PPD<10%) and lowest (ca. 
40% of time with threshold of PPD<10%) performing 
households represent all three energy proficiency 
household categories, i.e. HVAC designers, other 
engineers and non-engineers. For indoor 
temperatures no correlation between technology 
expertise level and in-use outcomes can be 
established. However a broader analysis and 
discussion on the comfort criteria, that is not within 
scope of this paper, could shed light on actual 
satisfaction of some households with their thermal 
environment, despite presented results suggesting 
comfort criteria exceedances. In particular lower than 

 

typically expected indoor temperatures were 
advocated as desirable in EH. The HVAC designer 
suggested the culturally underpinned expectation of 
indoor temperatures exceeding 20°C in Poland is 
irrational and should be challenged. 

The results for  relative humidity (RH) and CO2 
are similarly ambiguous, with no clearly better 
conditions observed in the designers’ households. 
What stand out however, is that the underperforming 
outliers for both IAQ parameters were the non-
designer households. What’s more the persistent 
underperformance remained unnoticed until it was 
flagged as a part of post data collection research 
findings reporting. On the other hand, the instances 
of IAQ related underperformance detected in 
designer households came as no surprise to the home 
owners and was either deemed as acceptable 
regardless of the standard guidance or there was an 
plan in place to address the issue. 

3.3 In-use energy consumption 
Diminishing domestic energy consumption and 

its related environmental impact are in focus of 
climate emergency debate. Nevertheless 
understanding own household energy consumption in 
connection with home practices and the technology 
performance proves highly challenging to implement 
even for experts, whenever deeper analysis is 
attempted. For non-expert households energy as 
such has not been a matter of investigation, whereas 
opinions on comfort and costs were robustly assessed 
against expectations. Data on electric energy 
consumption, and where applicable export of PV 
generated electricity was obtained from utility 
provider. Where applicable the residents were asked 
to assess the amount of solid fuel (wood) burned and 
gas bills were analyzed. Detailed understanding of PV 
generation and self-consumption was modelled 
[14,15]. 

 
Figure 1. Percent of time within indoor air quality thresholds 
defined according to: [12,13]. a) Adaptive thermal comfort,  
b) RH, c) CO2 . 

One way to understand the final and primary 
energy results (Figure 2) is to compare them with the 
expectations built on energy certificates. Only broadly 
the trend of highest and lowest energy performance 
is aligned between the certificates and in use 
consumption, e.g. high EH energy performance is 
confirmed by in-use EP results and so is the best EP 
performance of the WZ3. However within the sample 
hierarchy of the expected EP levels changes for 
certificate and in-use results, e.g. for WA1, NA1 and 
NA2. Also, in use data shows much higher impact of 
PV generation on annual primary energy balance than 
assumed at certificate stage. Overall as with IAQ 
parameters energy consumption results do not show 
a clearly better results for expert households as both 
the highest and lowest in-use EP is identified in HVAC 
designers’ homes. 

3.4 Domestication and verification of design 
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3.1 As designed energy standard 
As a starting point for comparison of energy 

standard between the analyzed houses energy 
certificates were developed. The certificates were 
intended to represent household size, and the 
operational stage conditions as closely as the relevant 
guidance allowed, to capture the impact of 
introduction and use of varied HVAC solutions or 
photovoltaics (PVs), even if these were unaccounted 
for during initial design. The resulting usable (EU), 
final (EF) and primary energy (EP) values, as well as 
the share of renewable energy in annual energy 
balance is presented in Table 2.  
  
Table 2: Case study houses energy standard. 
 

 Construction Usable 
area EU EF EP* URES 

  m2 kWh/(m2·y) % 
EH 2015/2016 213,5 64.8 32.2 7.4 97.4 
EK 2012/2015 265,1 111.4 197.3 164.6 77.4 
EZ 2012/2015 168,3 159.9 69.6 64.0 89.2 
WA1 2012/2018 149,8 42.9 32.8 98.5 44.6 
WA2 2012/2015 149,8 42.1 46.7 89.0 64.9 
WZ1 2012/2016 149,8 37.6 30.6 91.8 43.7 
WZ2 2012/2016 149,8 42.5 33.0 99.0 44.7 
WZ3 2012/2016 149,8 40.6 53.6 61.6 75.4 
NA1 2015/2017 141,8 42.5 29.0 86.9 47.1 
NA2 2015/2018 175,7 102.5 49.9 141.2 60.7 

* value required by EP regulations < 120kWh/(m2·y) 
  
Diverse results can be seen for five neighboring 

household built by one constructor to same building 
envelope specifications (WA1-WZ3) but using 
different HVAC solutions. The building envelope 
specifications exceeded by far energy efficiency 
standard of the time of their construction, though fell 
short of the Passive house standard mentioned by the 
architect (WZ1) and developer (WZ2) as an energy 
efficiency inspiration. In these high performing 
buildings the final energy demand varies by up to 
75% between least efficient HVAC solution in WZ3 
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building envelope energy efficiency for the time of its 
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3.2 Indoor environment quality 
The energy efficient envelope and HVAC 

technologies are intended to secure healthy indoor 
environment at a minimum energy and 
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satisfaction of some households with their thermal 
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comfort criteria exceedances. In particular lower than 

 

typically expected indoor temperatures were 
advocated as desirable in EH. The HVAC designer 
suggested the culturally underpinned expectation of 
indoor temperatures exceeding 20°C in Poland is 
irrational and should be challenged. 

The results for  relative humidity (RH) and CO2 
are similarly ambiguous, with no clearly better 
conditions observed in the designers’ households. 
What stand out however, is that the underperforming 
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designer households came as no surprise to the home 
owners and was either deemed as acceptable 
regardless of the standard guidance or there was an 
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its related environmental impact are in focus of 
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understanding own household energy consumption in 
connection with home practices and the technology 
performance proves highly challenging to implement 
even for experts, whenever deeper analysis is 
attempted. For non-expert households energy as 
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consumption, and where applicable export of PV 
generated electricity was obtained from utility 
provider. Where applicable the residents were asked 
to assess the amount of solid fuel (wood) burned and 
gas bills were analyzed. Detailed understanding of PV 
generation and self-consumption was modelled 
[14,15]. 

 
Figure 1. Percent of time within indoor air quality thresholds 
defined according to: [12,13]. a) Adaptive thermal comfort,  
b) RH, c) CO2 . 
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assumed at certificate stage. Overall as with IAQ 
parameters energy consumption results do not show 
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technology and its incorporation into daily routines. 
Importantly the theory links the perceived success or 
failure of the incorporation with subsequent 
contribution of an individual to speeding or hindering 
technology adoption in wider society (Silverstone et 
al., 1992). The theory distinguishes four phases of the 
process: appropriation, focusing on technology 
choices and ownership, objectification centring on 
giving meaning and place for technology in the space 
of one’s home, incorporation referring to everyday 
use, its temporality and the perceived functionality of 
a technology. The final conversion stage describes 
how the technology perceived status is disseminated 
to the outside world. Domestication theory provides 
a framework to understand the unique and wide 
reaching impact of an experience with technology 
used in own domestic setting, if perceived as 
meaningful and positive. Here, focus on the perceived 
success of domestication of specific low energy 
strategies  by designers in particular, but also other 
construction stakeholders is particularly relevant 
given their unique professional impact on technology 
choices. 

In the designers’ households the appropriation 
stage in some cases reveals a clear alignment of 
decisions with professional interests: the architects 
focused their attention on the building form, specific 
envelope material and its energy standard. As to the 
heat pump the architect (WZ1) recalls its specification 
and purchase was an ad hoc decision guided by 
retailer’s advice on a special offer. On the other hand 
within the studied sample there are two catalogue 
houses (EK, EZ). The HVAC designer owner decided to 
improve the insulation and invest in better windows 
than the standard for that time, however his 
particular focus was on unique ventilation solutions, 
i.e. ground source heat exchanger coupled with 
MVHR. There are also examples of high performing 
envelopes aligned with high performing HVAC 
technology. However in each case of a designer 
owner the in-use attention shifts towards own 

professional expertise area, e.g. securing air tightness 
and installing check valves in ventilation ducts to 
prevent heat loss, where the design ambition was to 
prove natural ventilation as a viable option for ZEB 
standard. The objectification and incorporation 
stages are key in verification of the design 
assumptions. Varied attention and effort was 
observed between households to obtain evidence 
base for assumptions assessment. Overall the 
designers were significantly more engaged than non-
designers, at least at early occupancy, in some form 
of data collection, mostly aiming to understand 
energy consumption based on bills or meter readings, 
but also some assessment of indoor temperatures 
and controls’ settings. In one HVAC designer 
household CO2 was monitored to understand 
ventilation performance. Most enquiries were 
concluded, either when the findings were deemed 
satisfactory or too complex to be followed up with 
the resources available. A more detailed enquiry 
attempting to understand the share of energy use for 
heating (and ventilation) was performed in two HVAC 
designer households only (EH, NA1). An overview of 
the scope of performance assessment of own homes 
and the resulting plans for further improvement is 
presented in Table 3. Overall, expert households have 
targeted plans for future interventions to improve 
their home performance. In the long term 
perspective this is a significant advantage. The 
notable planned improvements in HVAC designer 
households include installing CO2 monitoring for 
informed natural ventilation control. Also, awareness 
and willingness to act on IAQ issues proved specific to 
expert households. Non-experts retained in unknown 
unknowns state and were not concerned until the 
research project findings revealed exceedances in 
high CO2 or extremely low humidity levels. 

The reported impact of experience of living in self 
designed home on the evolution of design approach 
and professional practice varies. Not overly positive 

  

Figure 2. Seasonal final energy consumption and annual primary energy balance. 
 
perception of own outcomes coincided with a 
professional decision not to engage in HAC design for 
individual home owners, due to understanding the 

complexity of the challenge, that is not reflected in 
fees. On the other hand the designers satisfied with 
natural or hybrid ventilation performance in their 
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perception of own outcomes coincided with a 
professional decision not to engage in HAC design for 
individual home owners, due to understanding the 

complexity of the challenge, that is not reflected in 
fees. On the other hand the designers satisfied with 
natural or hybrid ventilation performance in their 

 

houses claim to be reassured about the applicability 
of the approach in energy efficient housing in Poland, 
despite regulations pushing for MVHR. 
 
Table 3: Key learning methods implemented and further 
plans. 
 

 

Testing implemented  
by the household Planned adjustments 

EH early occupancy spreadsheets 
on metered energy /HP active 
time; regular checking of 
internal temperatures 

CO2 level controlled 
natural ventilation 

EK early occupancy notes on 
metered energy (gas 
+electricity) + water 
consumption + bills 

damper actuator on a 
ground source HP; 
control over heating 
between spaces 

WA2 energy bills - 
WZ1 first year of occupancy notes 

of metered energy 
- 

WZ3 internal temp. monitored to 
adjust floor heating valves in 
rooms; bespoke automation 
for heating/ hot water 
settings 

CO2 level controlled 
natural ventilation 

NA1 submetering on HP + MVHR, 
monitoring of IAQ; adjusting 
floor heating valves in rooms 

PV; green roof; 
external shading  

 
5. CONCLUSIONS 

Owner occupied low energy houses representing 
varied energy efficiency strategies participated in an 
in-depth case study building performance evaluation. 
In five out of 10 homes owners were responsible for 
some aspect of own home design: architecture or 
HVAC systems. The parameters assessed for the 
studied sample do not allow to conclude, that expert 
knowledge within a household guarantees securing 
outstanding results in terms of energy consumption 
savings or IAQ fully aligned with regulatory or 
literature derived guidelines. Contrary, some experts 
question the rationale of the standard IAQ targets. 
However, the results suggest that in-depth 
understanding of environmental issues and 
technology within home helps to avoid extreme 
exceedance, in particular for RH or CO2 that go 
unnoticed for none experts. Also despite limited 
capacity to develop detailed assessment of own 
house performance, the expert knowledge allows to 
plan relevant and targeted future interventions. 
Domestication of solutions is perceived as a relevant 
experience informing future design decisions. 
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ABSTRACT: This paper aims to provide insights into thermal comfort perception of expatriate households living 
under very hot climatic conditions. It explores perceptions of indoor thermal sensation, thermal preference, and 
decisions of self-declared Air Conditioning (AC) setpoint temperatures of 372 expatriate households in typical 
apartments and villas in the Al Ain city (United Arab Emirates), using a questionnaire survey. Results show that 
expatriates do not appear resilient to very hot climates in summer, as most of them seem to feel satisfied with 
narrow setpoint ranges, while stating setpoints above 25°C are not tolerable. Further studies are needed to 
properly assert adaptive comfort indoor temperatures and investigate expatriates’ tolerances to extreme heat to 
assess hybrid and passive design strategies. 
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1. INTRODUCTION 
The impact of occupant behaviour on energy policy 

effectiveness is currently not well understood, 
primarily due to lack of sufficient representative data 
(1,2). Typical assumptions about standard behavioural 
patterns may not be appropriate in informing energy 
saving strategies (3), potentially contributing to 
uncertainties or inaccuracy in building energy use 
prediction. This is particularly true in new housing 
developments in hot arid countries, where Air 
Conditioning (AC) is used indiscriminately, and the 
demographics are varied due to migrations from 
different parts of the world (4,5). 

The United Arab Emirates (UAE) is considered one 
of the highest electricity consumers in the world (6). 
Due to extreme high summer temperatures, air-
conditioning is the major electricity end-user in 
buildings, accounting for more than 65% of the energy 
consumption (4). The rapid economic growth, high 
living and working standards have led to around 81% 
of Abu Dhabi Emirate’s population (UAE’s capital) to 
be of expatriates (7). In fact, the average annual 
growth rate of this group in relation to the overall 
population is 6% (7). At present, thermal comfort 
perceptions, heat acclimatization levels and 
adjustment behaviours of the expatriate population 
are not understood, neither for the UAE context nor 
for the gulf region in general.  

Considering that expatriates  constitute around 
51% of the gulf countries’ population and are key to 
supporting economic and social development (8), 
understanding their climatic experiences, thermal 
comfort perceptions and acclimatization levels 
becomes fundamental if energy savings are to be 
achieved. Differences in thermal acceptability levels 
between local people and migrants from different 

climatic regions  indicate that thermal histories have a 
strong influence on their indoor thermal comfort 
levels (9). 

Therefore, this paper explores thermal comfort 
perception of expatriate households living under very 
hot climatic conditions in typical apartments and 
detached houses (locally called ‘villas’). Through a 
questionnaire survey, it assesses the behavior of 372 
households in the extreme hot climate of Al Ain city, 
which is part of Abu Dhabi Emirate in the UAE, to 
assess expatriates’ resilience to extreme hot climates. 
For the analysis, residences are grouped into two 
categories; those that have individual room controls 
and those that do not.   

Results suggest that expatriates do not seem 
resilient to very hot climates as they appear to locate 
their thermal comfort levels away from what is broadly 
recognized as “neutrality” (10), stating they prefer 
‘cooler’ and ‘much cooler’ environments while already 
feeling ‘neutral’ or ‘slightly cool’. AC setpoint ranges 
are quite narrow particularly for homes with no 
individual control (around 2°C) whereas setpoints 
around 25°C are already deemed uncomfortable, 
making the implementation of passive strategies 
questionable and difficult to be accepted alone. 

 
2. METHODOLOGY 

Demographics and behavioural data were 
collected through an online survey from randomly 
reached expatriate who are aged 18 years old and 
above during summer 2023. The survey consisted of 
two parts; the first part collected respondents’ place 
of origin, previous place of living and housing type. 
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above during summer 2023. The survey consisted of 
two parts; the first part collected respondents’ place 
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*Survey questions: DOI 10.5281/zenodo.10970285 

 
The second part collected information about 
respondents’ thermal perceptions as shown in Table 1. 
A link to the survey (done in Microsoft Forms (11)) was 
shared with the targeted population group via social 
networks with requests for further circulation. The 
survey was prepared in English and translated into 
Arabic, as it was expected that some expatriates would 
be native Arabic speakers. Questions requiring voting 
on scales related to  thermal sensation and preference 
were developed based on the ISO 10551 (12), also 
used in (13) in English and Arabic.  
Initially, descriptive statistics analysis was applied to 
all data collected. Data was then grouped so results 
could be analyzed based on building typology and AC 
control type, respectively apartments or villas with or 
without individual room control (14). AC self-declared 
setpoint temperature ranges were identified for each 
case. Responses were then checked for consistency. 
Thermal sensation and thermal preferences were 
analyzed individually and then paired as shown in 
Table 2. Frequency distribution of AC setpoint 
temperatures in each case were connected with 
preference and sensation to identify patterns of 
preferences from expatriates. Lastly, thermal 
preference, sensation and setpoints results were 
aggregated from the four cases, shedding light in how 
resilient expatriates potentially are to very hot 
climates. 
 

3. RESULTS AND ANALYSIS 
Survey responses were collected online from 515 

participants. After filtering, 402 complete sets were 
obtained. Any responses with “prefer not to say” 
answers on housing type and/or AC setpoint 
temperature were excluded, to enable data grouping 
based on typology and AC control type. The resulting 
dataset included 372 responses. All Arabic responses 
were translated to English for data analysis. 

 
3.1 Descriptive analysis 

Out of the 372 participants surveyed, 169 
respondents live in apartments whereas 203 live in 
villas. A larger dataset was obtained for villas and 
apartments with individual AC controls, 178 and 142 
respectively. Homes with individual room controls 
have wider temperature setpoint ranges than those 
without (Fig. 1). The widest setpoint ranges are 
observed for villas with individual room controls 
whereas narrowest setpoint ranges are observed for 
villas without it. Nine responses out 372 were 
considered outliers as they stated either very low 
(such as 9˚C) or very high temperatures (35˚C). 

 

 

 

 
 
 
 
 
 
 
 

 

 Survey questions* 
Thermal 
sensation 

How do you feel at home in general 
during summer season under typical 
circumstances (Example: with air 
conditioning on at home)? 

Thermal 
preference 

Would you prefer to have your home… 

AC setpoint 
temperature 

At what temperature do you usually set 
your air conditioning during summer 
season? (˚C = Degree Celsius) 

AC control 
type 

Are you able to control the air 
conditioning in each room separately? 

 Thermal preference 

Th
er

m
al

 se
ns

at
io

n 

 Much 
warmer Warmer Slightly 

warmer 
Without 
change 

Slightly 
cooler Cooler Much 

cooler 

Hot 
          1   2 
           3   

Warm 
         1    1 
       1  2     

Slightly 
warm 

        2 4  1  1 
         2 2 3  1 

Neutral 
      3 11 3 11 1 7 1 3 
      2 19 1 11 1 9 1 7 

Slightly cool 
      2 7 2 6 1 10  11 
    1   12 2 12 1 12  5 

Cool 
      3 23 3 14 1 17  1 
   2  1 8 26  11 3 26 1 5 

Cold 
    1 3 1 4 1  1 2  2 
    1 1 1 5      2 

Figure 1: AC setpoint temperature ranges for apartments and 
villas with non-individual and individual AC controls. 

Table 1: Second part of survey questions. 
 

Table 2: Total number of votes obtained for each pairwise combination of thermal sensation and thermal preference. 
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Reasons for different temperature setpoints were 
investigated by further disaggregating data and 
analysing pairwise combinations of thermal sensation 
and thermal preference, followed by their respective 
AC setpoint temperatures. Table 2 illustrated pairing 
thermal sensation with thermal perception for 
apartments (shaded cells) and villas (white cells) with 
individual controls (in red) or without them (in black). 
Empty cells represent no cases. 
 
3.2 Apartments with no individual control (n=27) 

Thermal sensation votes for apartments with no 
individual control range mainly from ‘neutral’ to ‘cold’ 
in 89% of votes. Note that more than half of the 
respondents, around 59%, usually feel either ‘slightly 
cool’, ‘cool’, or ‘cold’ with only 11% feeling from 
‘slightly warm’ to ‘hot’. 

All respondents who feel neutral, prefer either not 
to change or change to a ‘slightly cooler’ to a ‘much 
cooler’ environment. Two of the respondents feeling 
‘slightly cool’ prefer not to change, whereas the rest 
prefers going ‘slightly cooler’ to ‘cooler’. Three people 
feeling ‘cool’ prefer not to change whereas the rest 
wants to go to ‘slightly cooler’ or lower. Only one 
person feeling ‘cold’ wishes for a ‘slightly warmer’ 
environment. Everyone feeling from ‘slightly warm’ to 
‘hot’ prefers to go from ‘slightly cooler’ to ‘cooler’.  

AC setpoint temperatures, as stated by residents of 
apartments without individual control, range between 
9°C and 26°C, with most of the responses within the 
range of 20°C to 24°C (78% of responses) (Fig. 2). 

Setpoint temperatures for the nine respondents 
that claim no change is needed range from 20°C to 
25°C, with mostly reported temperatures are 23°C and 
24°C. Mostly reported setpoint temperatures by the 
eleven respondents that prefer a ‘slightly cooler’ 
environment range between 19°C to 24°C, whereas 
setpoints for the five that prefer a ‘cooler’ 
environment range between 19°C and 26°C. One 
respondent setting the thermostat at 16°C, prefers a 
‘much cooler’ environment whereas the setpoint for 
the respondent preferring a ‘slightly warmer’ 
environment is 23°C. Interestingly, the only 
respondent claiming to feel hot sets the thermostat at 
19°C. 
 
 
 
 
 
 
 
 
 
 
 
 

Looking at setpoint against thermal preference and 
sensation, one could conclude that 18.5% of residents 
feel temperatures between 23°C and 25°C need not to 
be changed, whereas 18.5% of residents feel these 
temperatures need to be ‘cooler’ or ‘colder’. 11% of 
residents feel temperatures between 20°C and 22°C 
need not to be changed, whereas 22% of residents feel 
these temperatures need to be ‘cooler’ or ‘colder’. 
Interestingly, 11% of residents felt temperatures 
between 16°C and 19°C needed to be ‘cooler’. Overall, 
results show that setpoints between 20°C and 22°C are 
either OK or need to be lower for around half of the 
expatriates. 

 
3.3 Apartments with individual room control (n=142) 

93% living in apartments with individual AC 
controls, feel ‘neutral’ to ‘cold’, with 70% of 
respondents feeling between ‘slightly cool’ and ‘cold’ 
and 39% of respondents feeling ‘cool’.  

Only 7% of respondents feel between ‘slightly 
warm’ and ‘hot’. All respondents who feel ‘neutral’, 
prefer either not to change or change to a ‘slightly 
cooler’ to a ‘much cooler’ environment. From those 
feeling ‘slightly cool’, seven prefer not to change 
whereas the rest prefers going ‘cooler’ or ‘much 
cooler’. From those feeling ‘cool’, twenty-three prefer 
not to change whereas fourteen prefer a ‘slightly 
cooler’ environment and eighteen prefer an even 
‘cooler’ environment. Four people feeling ‘cold’ prefer 
not to change whereas three want to go ‘slightly 
warm’. Respondents claiming to feel from ‘slightly 
warm’ to ‘hot’ all want to go from ‘slightly cooler’ to 
‘cold’. 

A wide range of AC setpoint temperatures was 
stated by residents living in apartments with individual 
AC controls, between 10.5°C and 27°C (Fig. 3). The 
most frequently stated setpoint temperatures are 
22°C, followed by 24°C, 20°C, and 25°C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Setpoint temperatures for those needing no 

change vary between 16°C and 26°C, with the most 
reported temperatures between 20°C and 25°C. 
Setpoint temperatures for the thirty-six respondents 
that prefer a ‘slightly cooler’ environment range Figure 2: Frequency distribution of AC setpoint temperatures 

in apartments without individual room control for different 
residents’ thermal preferences. 

Figure 3: Frequency distribution of individual AC setpoint 
temperatures in apartments for different thermal 
preferences. 
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Reasons for different temperature setpoints were 
investigated by further disaggregating data and 
analysing pairwise combinations of thermal sensation 
and thermal preference, followed by their respective 
AC setpoint temperatures. Table 2 illustrated pairing 
thermal sensation with thermal perception for 
apartments (shaded cells) and villas (white cells) with 
individual controls (in red) or without them (in black). 
Empty cells represent no cases. 
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environment. Everyone feeling from ‘slightly warm’ to 
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AC setpoint temperatures, as stated by residents of 
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Setpoint temperatures for the nine respondents 
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setpoints for the five that prefer a ‘cooler’ 
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respondent setting the thermostat at 16°C, prefers a 
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environment is 23°C. Interestingly, the only 
respondent claiming to feel hot sets the thermostat at 
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results show that setpoints between 20°C and 22°C are 
either OK or need to be lower for around half of the 
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3.3 Apartments with individual room control (n=142) 

93% living in apartments with individual AC 
controls, feel ‘neutral’ to ‘cold’, with 70% of 
respondents feeling between ‘slightly cool’ and ‘cold’ 
and 39% of respondents feeling ‘cool’.  

Only 7% of respondents feel between ‘slightly 
warm’ and ‘hot’. All respondents who feel ‘neutral’, 
prefer either not to change or change to a ‘slightly 
cooler’ to a ‘much cooler’ environment. From those 
feeling ‘slightly cool’, seven prefer not to change 
whereas the rest prefers going ‘cooler’ or ‘much 
cooler’. From those feeling ‘cool’, twenty-three prefer 
not to change whereas fourteen prefer a ‘slightly 
cooler’ environment and eighteen prefer an even 
‘cooler’ environment. Four people feeling ‘cold’ prefer 
not to change whereas three want to go ‘slightly 
warm’. Respondents claiming to feel from ‘slightly 
warm’ to ‘hot’ all want to go from ‘slightly cooler’ to 
‘cold’. 

A wide range of AC setpoint temperatures was 
stated by residents living in apartments with individual 
AC controls, between 10.5°C and 27°C (Fig. 3). The 
most frequently stated setpoint temperatures are 
22°C, followed by 24°C, 20°C, and 25°C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Setpoint temperatures for those needing no 

change vary between 16°C and 26°C, with the most 
reported temperatures between 20°C and 25°C. 
Setpoint temperatures for the thirty-six respondents 
that prefer a ‘slightly cooler’ environment range Figure 2: Frequency distribution of AC setpoint temperatures 

in apartments without individual room control for different 
residents’ thermal preferences. 

Figure 3: Frequency distribution of individual AC setpoint 
temperatures in apartments for different thermal 
preferences. 

 

 

between 10.5°C and 26°C, with concentration of 
temperatures on the range between 22°C and 25°C. 
Setpoints for the thirty-seven respondents that prefer 
a ‘cooler’ environment range between 11°C and 27°C, 
but predominantly varying between 20°C and 24°C. 
Setpoints for the twenty preferring ‘much cooler’ 
environments vary from 16.5°C to 27°C but with a 
predominant distribution between 20°C and 22.5°C. 
The three respondents willing to feel ‘slightly warmer’ 
are currently with their setpoints at 22°C and 25°C. 

Looking at setpoints against thermal sensation and 
preference, it can be noted that around 27% of 
residents feel temperatures between 20°C and 25°C 
need not to be changed whereas 50% prefer them to 
be from ‘slightly cooler’ to ‘much cooler’. Overall 
results show that setpoints between 20°C to 25°C are 
either OK or need to be lower for 77% of expatriates.  

 
3.4 Villas with no individual control (n=25) 

In villas with no individual control, most 
households, 92%, state they feel between ‘neutral’ 
and ‘cold’, with nearly half of households (48%) 
reporting feeling ‘cool’ and 20% feeling ‘neutral’. 

All respondents who feel ‘neutral’, prefer either 
not to change or change to a ‘slightly cooler’, a ‘cooler’ 
or a ‘much cooler’ environment. Three respondents 
feeling ‘slightly cool’ prefer either a ‘slightly cooler’ or 
‘cooler’ environment, whereas one of them prefers a 
‘slightly warm’ environment. Eight people feeling 
‘cool’ prefer not to change, whereas three prefer a 
‘cooler’ environment. The two respondents feeling 
‘Slightly warm’ prefer a ‘cooler’ environment and one 
of the respondents feeling ‘cold’ asks for a ‘slightly 
warmer’ environment.  

AC setpoint temperatures of villas with no 
individual control range between 12°C to 35°C, with 
most temperatures set between 22°C to 24°C. Figure 4 
shows that setpoint temperatures for the eleven 
respondents that want no change, range between 
18.5°C and 24°C, with most of them falling between 
22°C and 24°C. Setpoints for those who want a ‘slightly 
cooler’ environment fall again between 22°C and 24°C, 
whereas setpoints for those wanting a ‘cooler’ 
environment are scattered on 12°C, 17°C, 20°C, 25°C 
and 35°C. Two individuals preferring a ‘much cooler’ 
environments use setpoints in 18°C and 25°C, whereas 
the two preferring ‘slightly warmer’ environments set 
their thermostats at 22°C and 25°C.  

Looking at setpoints against thermal sensation, 
one can see that 40% of households are happy with 
setpoints between 22°C to 24°C whereas 16% think 
these temperatures should be ‘cooler’ or ‘colder’. 20% 
think temperatures should be equal to or ‘cooler’ than 
20°C whereas 16% think they should be ‘cooler’ than 
25°C. Overall, results show that setpoints between 
22°C to 24°C are either OK or need to be lower for 76% 
of expatriates.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3.5 Villas with individual room control (n=178) 

Thermal sensation votes for villas with individual 
AC controls show that around 93% of respondents 
usually feel ‘neutral’ to ‘cold’, with 67% of respondents 
feeling between ‘slightly cool’ and ‘cold’ and a bit less 
than half of respondents (40%) feeling ‘cool’. Only 6% 
of respondents feel from ‘slightly warm’ to ‘hot’.  

All respondents who feel ‘neutral’, prefer either 
not to change or change to a ‘slightly cooler’ to a ‘much 
cooler environment’. Twelve people feeling ‘slightly 
cool’ prefer not to change whereas the rest prefers to 
go from ‘cooler’ to ‘much cooler’. Twenty-six people 
feeling ‘cool’ prefer to not to change, whereas eleven 
prefer a ‘slightly cooler’ environment and three a 
‘slightly warmer’ to ‘warmer’ environment. Only one 
person feeling ‘cold’ wishes for a ‘slightly warmer’ 
environment. Everyone feeling from ‘slightly warm’ to 
‘hot’ prefers to go from ‘slightly cooler’ to ‘much 
cooler’. 

Figure 5 illustrates that villas with individual AC 
controls have the widest range of AC setpoint 
temperatures, from 9°C to 28°C. Most frequently 
stated temperatures vary between 18°C and 25°C, 
with many people reporting 20°C, followed by 22°C, 
23°C, 24°C, and 25°C as their setpoints.  

Setpoint temperatures for the sixty-three 
respondents who need no change are mainly between 
20°C to 25°C with five individuals feeling happy with 
lower ranges and four with higher ranges. The thirty-
five respondents preferring a ‘slightly cooler’ 
environment state their setpoints are mostly between 
20°C and 26°C whereas the fifty-two respondents 
preferring a ‘cooler’ environment set their 
thermostats between 11.5°C and 26°C, but 
predominantly varying from 20°C to 24°C. AC setpoint 
temperatures stated by the twenty respondents that 
prefer a ‘much cooler’ environment were mainly in the 
range from 9.5°C to 25.5°C and concentrated at 
around 18°C.  

On the other hand, the only two respondents that 
reported preferring a ‘slightly warmer’ environment, 
state they set their thermostats at 24°C and 25°C, 

Figure 4: Frequency distribution of AC setpoint temperatures 
in villas without individual room control for different 
residents’ thermal preferences. 

1451



 

 

respectively whereas respondents who reported 
preferring a ‘warmer’ environment have their 
setpoints at 18°C. Interestingly, no respondent with 
setpoints below 18°C reported preferring a ‘slightly 
warmer’ to ‘Much warmer’ environment. Most 
respondents with setpoints above 25°C report 
preferring from a ‘slightly cooler’ to ‘much cooler’ 
environment, except for four who feel no need to 
change. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Looking at setpoints against thermal preference 

and sensation, one can conclude that 29% of the 
residents feel temperatures between 20°C and 25°C 
do not need to change, whereas 45% of residents feel 
these temperatures need to be ‘slightly cooler’ up to 
‘much cooler’. Overall, results show that setpoints 
between 20°C and 25°C are either OK or need to be 
lower for most of the expatriates. 
 
4. CONCLUSIONS 

This paper explored thermal comfort perception 
and setpoint temperature of 372 expatriate 
households living in the typical villas and apartments 
in Al Ain city in the UAE, under very hot climatic 
conditions, using a questionnaire survey, considering 
individual and non-individual AC controls. The survey 
queried on typical thermal sensation and thermal 
preference when at home as well as self-declared AC 
temperature setpoints for the summer. 

As expected, most respondents typically feel 
‘neutral’ to ‘cool’ (86%), as they can control their 
indoor environment using AC. Few people feeling 
‘cold’ wish for a ‘slightly warmer’ environment and all 
respondents who feel ‘neutral’, prefer either no 
change or change from ‘slightly cooler’ to ‘much 
cooler’ environment. As expected, given the hot 
climate, everyone feeling from ‘slightly warm’ to ‘hot’ 
prefer anything from ‘slightly cooler’ to ‘much cooler’, 
except one respondent. These findings suggest that, in 
this climate and for this season, expatriates seem to be 
finding expressions of ‘slightly cool’ and ‘cool’ 
synonymous to comfortable, something which agrees 

to the results by Al-khatri et al. (15) for Oman which 
has an even milder climate than the UAE. 

Around 62% of people feeling ‘neutral’ prefer to 
change to a ‘slightly cooler’, ‘cooler’, or ‘much cooler’ 
environment. These results confirm the distance 
between expressed neutrality and comfort, which was 
also proven in previous research for Oman (10). The 
findings reveal that neutrality is perceived as being 
warmer than comfort in this study context, an effect 
which can potentially be related to its extreme hot 
summer. 

Furthermore, results show nuances in the 
understanding of ‘slightly cool’, ‘cool’ and ‘cold’. 
Linguistic discrepancies could be a significant 
impacting factor of respondents’ misinterpretation of 
thermal scales, both for non-native English 
participants and those completing the survey in 
Arabic, as previously flagged by (13). In relation to the 
latter, Al-Khatri and Gadi (10) noted that the Arabic 
thermal sensation scale, after being translated, makes 
votes that are out of the three middle levels of the 
scale perceived as comfortable (10). This was also 
noticed in this study as the most frequently stated 
thermal sensation level was ‘cool’, and it appeared to 
mean comfortable for almost half of the respondents 
(41%). In addition, the direction of writing in Arabic is 
the opposite of English, which could bring out some 
level of inconsistency in response patterns (13). Future 
research could analyse English and Arabic responses 
separately and even examine native-language effects 
within the English sample to disentangle this.  

Results also show that the percentage of people 
dissatisfied with individual controls (6% to 7%) is lower 
than those dissatisfied with non-individual controls 
(8% to 11%). The average setpoint for all cases was 
found to be 22°C. This figure agrees with the study of 
Al Mumin et al. (16) which explored through a survey 
the setpoints for 30 homes of local residents in Kuwait 
(16) with similarities in AC system control type, 
economic status, high living standards, and cultural 
diversity (16) to this study. 

The cooling setpoint range proposed by Abu Dhabi 
International Building Code (ADIBC) that is also linked 
to ASHRAE standards, is 20°C to 24°C (17). Survey 
results from apartments and villas without individual 
room controls show ranges of setpoint choices, 
between 20°C to 22°C and 22°C to 24°C. On the other 
hand, apartments and villas with individual control 
show larger setpoint ranges for most expatriates, 
respectively between 20°C to 25°C.The study did not 
record the residents’ understanding of and overall 
perceptions related to AC controls’ use but previous 
research has shown that there are significant 
misconceptions around such features affecting user 
interactions with them (18). The self-declared 

Figure 5: Frequency distribution of individual AC setpoint 
temperatures in villas for different residents’ thermal 
preferences. 

 

 

setpoints quoted here do not provide information on 
the users’ ‘ideal’ indoor temperature, but rather 
reflect on their choices when interacting with these 
controls. 

It is important to highlight that for homes with 
individual controls, the survey did not request or 
record the rooms for which setpoints are set. Thus, 
respondents might well be reporting averages, 
temperatures for the room they either feel more 
comfortable or more discomfortable with, 
temperature for the room they are sitting when 
responding to the survey, etc. Further work is needed 
to match setpoints stated with actual room 
temperatures and thermal preferences. 

Overall, the declared setpoint choices which go as 
low as 9°C indicate that many of the expatriates in this 
context may not be resilient to the hot summer 
climate. This raises further concerns over potential 
passive design options suited to the region may carry 
as well as their acceptability by building occupants. 
Hybrid systems that make optimised use of passive 
and active design solutions are needed to address the 
demands especially in summer to properly assert 
adaptive comfort indoor temperatures and investigate 
expatriates’ tolerance and resilience to extreme heat.  
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respectively whereas respondents who reported 
preferring a ‘warmer’ environment have their 
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also proven in previous research for Oman (10). The 
findings reveal that neutrality is perceived as being 
warmer than comfort in this study context, an effect 
which can potentially be related to its extreme hot 
summer. 

Furthermore, results show nuances in the 
understanding of ‘slightly cool’, ‘cool’ and ‘cold’. 
Linguistic discrepancies could be a significant 
impacting factor of respondents’ misinterpretation of 
thermal scales, both for non-native English 
participants and those completing the survey in 
Arabic, as previously flagged by (13). In relation to the 
latter, Al-Khatri and Gadi (10) noted that the Arabic 
thermal sensation scale, after being translated, makes 
votes that are out of the three middle levels of the 
scale perceived as comfortable (10). This was also 
noticed in this study as the most frequently stated 
thermal sensation level was ‘cool’, and it appeared to 
mean comfortable for almost half of the respondents 
(41%). In addition, the direction of writing in Arabic is 
the opposite of English, which could bring out some 
level of inconsistency in response patterns (13). Future 
research could analyse English and Arabic responses 
separately and even examine native-language effects 
within the English sample to disentangle this.  

Results also show that the percentage of people 
dissatisfied with individual controls (6% to 7%) is lower 
than those dissatisfied with non-individual controls 
(8% to 11%). The average setpoint for all cases was 
found to be 22°C. This figure agrees with the study of 
Al Mumin et al. (16) which explored through a survey 
the setpoints for 30 homes of local residents in Kuwait 
(16) with similarities in AC system control type, 
economic status, high living standards, and cultural 
diversity (16) to this study. 

The cooling setpoint range proposed by Abu Dhabi 
International Building Code (ADIBC) that is also linked 
to ASHRAE standards, is 20°C to 24°C (17). Survey 
results from apartments and villas without individual 
room controls show ranges of setpoint choices, 
between 20°C to 22°C and 22°C to 24°C. On the other 
hand, apartments and villas with individual control 
show larger setpoint ranges for most expatriates, 
respectively between 20°C to 25°C.The study did not 
record the residents’ understanding of and overall 
perceptions related to AC controls’ use but previous 
research has shown that there are significant 
misconceptions around such features affecting user 
interactions with them (18). The self-declared 

Figure 5: Frequency distribution of individual AC setpoint 
temperatures in villas for different residents’ thermal 
preferences. 

 

 

setpoints quoted here do not provide information on 
the users’ ‘ideal’ indoor temperature, but rather 
reflect on their choices when interacting with these 
controls. 

It is important to highlight that for homes with 
individual controls, the survey did not request or 
record the rooms for which setpoints are set. Thus, 
respondents might well be reporting averages, 
temperatures for the room they either feel more 
comfortable or more discomfortable with, 
temperature for the room they are sitting when 
responding to the survey, etc. Further work is needed 
to match setpoints stated with actual room 
temperatures and thermal preferences. 

Overall, the declared setpoint choices which go as 
low as 9°C indicate that many of the expatriates in this 
context may not be resilient to the hot summer 
climate. This raises further concerns over potential 
passive design options suited to the region may carry 
as well as their acceptability by building occupants. 
Hybrid systems that make optimised use of passive 
and active design solutions are needed to address the 
demands especially in summer to properly assert 
adaptive comfort indoor temperatures and investigate 
expatriates’ tolerance and resilience to extreme heat.  
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1. INTRODUCTION  
Achieving climate goals and limiting global 

warming requires radical steps in transforming the 
built environment and preserving the nature. The 
critical importance of these activities has been 
reflected in recent political and social initiatives. On 
19 July 2023, The European Commission proposed a 
sixth Horizon Europe Mission dedicated entirely to 
the New European Bauhaus (NEB). If endorsed by the 
Member States and the community, this Mission 
would be added to the existing five which cover 
adaptation to climate change, cancer, climate neutral 
and smart cities, the restoration of our oceans and 
waters, and soils. With a focus on research and 
innovation solutions, the proposed NEB mission 
would aim to transform neighbourhoods across 
Europe and worldwide [1]. 

In the analysis of architecture and space in the 
context of NEB, three basic values are taken into 
account: Sustainability, Inclusiveness and Aesthetics 
[2]. In this article, we focus on the complex 
interdependencies between aesthetics and 
environmental sustainability, and attempt to identify 
indicators that will allow for an objective assessment 
how a given building or space implements these 
values. It should be noted that it is impossible to 
achieve the climate goals without fully implementing 
the goals of sustainable development [3], an integral 
part of which is inclusiveness and combating social 
inequalities, including energy poverty [4]. 

 

2. SUSTAINABILITY AND AESTHETICS IN NEB 
According to the GreenComp The European 

Sustainability Competence Framework [5], 
‘Sustainability means prioritizing the needs of all life 
forms and of the planet by ensuring that human 
activity does not exceed planetary boundaries”. The 
Building sector is one of the most dynamic economic 
sectors, generating wealth and income, and 
contributing highly to the global European 
development. The budget associated with the 
construction, renovation and management of 
buildings, development of urban projects, and 
extension of assets currently represent a huge budget 
close to 1.7 trillion Euros. In parallel, the construction 
sector is one of the most important employment 
sectors in Europe employing directly almost 4.1 
million workers. In addition to the direct employment 
capacity of the building sector a very high number of 
employees in other sectors depend on the growth 
and activities of the building sector such as materials 
and systems manufacturing. 

Buildings protect the health and wellbeing of 
humans. The built environment is not just a collection 
of buildings though, but the physical expression and 
manifestation of numerous economic, social, and 
environmental processes strongly related to the 
human activities and the changing needs of the 
society. To reflect these needs, various elements of 
user comfort are analysed, including thermal, 
acoustic, and visual comfort. Still, the of quality of 
experience beyond technical aspects are often 
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underestimated. This involves aesthetical acceptance 
of buildings and spaces by the end-users. 

Aesthetics brings extraordinary value to our lives. 
We tend to visit buildings and places that we consider 
beautiful more often, we take better care of them 
and we are more willing to retrofit and preserve 
them. If necessary, we look for new functions that 
will allow us to re-use them and maintain for the 
equally pleasant aesthetic experience of subsequent 
generations. Some cultural and natural landscapes 
represent such a unique value that they are protected 
by the law and it is often the case that their beauty is 
prioritised above other aspects. Heritage buildings 
might be even exempted from commonly adopted 
regulations so that different rules are applied for 
example to their energy efficiency requirements. In 
Wrocław townhall renovation (2003) (Fig.1) the 
improvement of energy efficiency was partially 
sacrificed to emphasise traditional methods and 
building techniques. In particular the very thin lime 
plaster was used to manifest the medieval origins of 
the edifice. In this case Aesthetics was prioritised 
above Sustainability but it was also noted that 
selected lime plaster did not create negative 
environmental impact so the Sustainability have not 
been compromised. There is on-going discussion how 
to preserve cultural heritage in the most sustainable 
way, but all actors agree that the recognition and 
maintenance of heritage representing accumulated 
creative achievements of the past are an integral 
responsibility of contemporary society. The same 
applies to the natural environment as a vital part of 
heritage of humanity. Therefore, ensuring a high 
quality urban environment, composed of both 
cultural and natural landscapes, is essential for the 
economic success, cultural vitality and social well-
being of cities and regions [6]. 
Meyer [7] and Lenzholzer [8] believe that the real 
beauty results from sustainability and in particular 
from skilful landscaping (Fig.2). Building symbiotic 
relations between nature and architecture, and 
applying nature-based solutions for natural cooling 
can be observed is several completed large-scale 
projects such as PARKROYAL on Pickering (2013, 
Singapore) designed by WOHA (Fig.3). However, 
sometimes Aesthetics and Sustainability in 
architecture are perceived as contradictory [9]. In 
many cases the contradiction might result from 
overexposure of infrastructural and technological 
elements, while the authors of renovations seek for  

the balance between the aesthetic and historical 
values, and the sustainability. NEB promotes deeper 
understanding of user needs, analysed not only 
through the prism of momentary "wants", but also in 
the context of long-term needs, the most important 
of which is the survival of the planet and 
counteracting climate change. Can these values be 

reconciled? The authors of this paper believe that this 
is absolutely possible. Greater understanding of 
aesthetic value can lead to more sustainable and 
strategic approach to the design of not only products 
but also of buildings and spaces [10].  

  

 
The first tool designed specifically to facilitate 

evaluation of NEB values (Sustainability, Aesthetics 
and Inclusiveness) of the project is a NEB Compass 
[11]. In this tool NEB values are combined with 
working principles: participatory process, multi-level 
engagement and a transdisciplinary approach. These 
principles describe the process through which a 
project should operate and work to achieve the 
highest level of ambition in the three values. The 

Figure 1: Wrocław Townhall after renovation (2003). Authors 

Figure 2: Arboretum in Wojsławice (2018, Poland). Authors 

 Figure 3: Hotel PARKROYAL on Pickering  (2013, Singapore) 
by WOHA. Source: Authors   
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Compass allows to assess how the project promotes a 
fair transformational outcome which is not only 
accepted, but also beneficial for everyone and 
mindful of the systemic and close relationships 
between complex social, environmental and 
structural factors. The authors of this paper build on 
the Compass with aim to manifest deeper 
interrelations and potential contradictions between 
Aesthetics and Sustainability. 

The European building sector is facing serious 
economic, environmental, technical, and social 
challenges caused mainly by the unprecedent global 
and local climate change, intensive urbanisation, 
excessive use of resources and social vulnerability 
and inequalities. The responses to these challenges 
will shape the present and future quality of life of 
several hundred million of Europeans and will define 
to a great extend the future socioeconomic pathways 
and the magnitude of the economic, technological 
and social growth In Europe. 
 
3. EXISTING INDICATORS FOR SUSTAINABILITY AND 
AESTHETICS 
2.1 Quantitative indicators 

Among the main, commonly used indicators with 
which we can measurably determine the level of 
sustainability, the following can be listed: energy 
efficiency, management, recycling and storage; 
operational energy consumption; balance between 
RES and non-RES used in the buildings / 
neighbourhoods / cities; embodied energy and 
carbon footprint of the built environment; GHG 
emissions; heat emissions. All above indicators can be 
demonstrated in a measurable (quantifiable) way and 
their achievement might be verified in a given time.  

For aesthetics dimension, it is much more difficult 
to extract quantifiable indicators, because most 
aspects are analysed using qualitative indicators. Part 
of the assessment of space quality can be measured 
by considering comfort aspects such as: 
• Thermal comfort assessed with the range of 

acceptable temperatures measured in relation 
to relative humidity and the type of clothing and 
activities performed [12]; 

• Air quality - measured by the percentage of 
individual gases in the breathing mix, the 
amount of pollutants, pathogens, etc. [13] 

• Acoustic comfort - measured by the number of 
decibels, frequency [14] 

• Visual comfort - daylight intensity in connection 
with cultural aspects, activities performed, glare, 
number of windows, field of vision, contact with 
space, nature and art, colour intensity in the 
visible spectrum of light [15]. 

Other aspects related to comfort include security, 
availability and functionality of solutions. 

 

3.2. Qualitative indicators  
The most difficult to measure values are context, 

sense of place and beauty. These are qualitative 
criteria and qualitative methods are used to assess 
them, allowing for drawing conclusions from multiple 
subjective assessments. However, conducting surveys 
and polls is time-consuming and in some situations 
similar methods cannot be used. This applies, for 
example, to the criteria used in green public 
procurement for the construction sector [16]. 

While the use of sustainability indicators in this 
area is a common practice today, an attempt to select 
adequate indicators in relation to beauty and the 
level of acceptance is extremely difficult. On the 
other hand, without proper consideration of 
aesthetic parameters, we will not achieve the 
expected level of acceptance for the built 
environment and the transformation will not become 
widespread. Consequently, the achievement of 
climate goals will be slowed down or even impossible. 

 
4. PROPOSED APPROACH TO INDICATORS DESIGN 

The authors of the article analysed currently used 
indicators of sustainability and aesthetics, and 
conducted research aimed at determining their 
mutual relationships in such a way that they could be 
used to assess the sustainability and aesthetics of 
buildings and spaces as objectively as possible [17].  

Defined quantitative assessment is mainly related 
to cultural and natural ecosystem, such as landscape 
aesthetics. In landscape metrics-based assessment 
approach, naturalness and landscape diversity can 
establish some baselines for assessment criteria, 
where Shannon's Diversity Index (SHDI), Shape Index 
(SHAPE) and Patch Density (PD) can be used as 
indicators [18]. It should be noted that while some 
indicators complement each other, e.g. distance to 
green areas as Aesthetics Indicator (AI) / biodiversity 
as Sustainability Indicator (SI), others may be 
contradictory, e.g. visual index of pro-environmental 
technologies as (SI) can be seen as disturbance in 
harmony of cultural and natural landscape (AI). The 
first couple of indicators illustrates that in order to 
assess the attractiveness of a space, it is necessary to 
include an indicator from the areas of sustainability. 
On the other hand, in the second case, sustainable 
technologies must be controlled in terms of beauty, 
visual appeal and acceptability by end users. 

 
4.1 Key objectives of Aesthetics assessment 
In purpose to select the key performance indicators 
for Aesthetics the key assessment areas were 
identified. They include: 
• Quality of experience, covering such aspects as 

safety and resilience to extreme events, 
versatility and functionality, all aspects of user 
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comfort as well as the use of novel materials, 
structures, technologies and design methods; 

• Context and sense of place, covering spatial 
coherence (planning and design), preservation 
of cultural and natural heritage, renovation and 
reuse of buildings and spaces as well as genius 
loci and sense of belonging; 

• Beauty, covering aesthetical acceptance of 
space and architecture including sensory 
aesthetic experience, spatial experience, 
cognitive, emotional and attentive response of 
users as well as intellectual experience resulting 
from comparison to actual styles and 
tendencies. 

The most important objective of the Aesthetics self-
assessment methodology is to ensure high level of 
aesthetical acceptance of space and architecture. This 
refers both to new and renovated spaces. The main 
goals are aimed at increasing the number of 
renovations, greater acceptance of sustainable 
technologies and improving their aesthetic 
appearance. To meet the social need for beauty and 
improve acceptance of the transformations in the 
built environment necessary to counteract climate 
change, seven primary targets relating to the 
assessment of aesthetic values have been defined: 

1. Ensuring high level of aesthetical acceptance of 
buildings and spaces;  

2. Providing spatial coherence in planning and 
design; 

3. Improving preservation of cultural and natural 
heritage; 

4. Enhancing renovation and reuse of buildings and 
spaces;  

5. Increasing genius loci and improving sense of 
belonging; 

6. Facilitating aesthetic perception of 
contemporary buildings and spaces through 
comparison to actual styles and tendencies in 
art and architecture [19]. 

Several existing tools, norms and standards offer 
methods to assess the quality of experience with a 
particular focus on safety and functionality [20]. In 
this paper we focus on indicators allowing for 
quantitative assessment of less explored areas such 
as aesthetical acceptance, context and sense of 
belonging. 
 
4.2 Key objectives of Sustainability assessment 

The proposed self-assessment methodology 
developed in the frame of the NEB, aims to promote 
sustainability in the European built Environment.  
Advanced and inclusive targets, methodologies, tools  
and indices are designed and proposed to assess all 
aspects of sustainability in buildings and cities, 
promote sustainable economic and financial 
activities, overcome local constraints and improve the 

quality of life of the European citizens indoors and 
outdoors. The main objectives of the designed self-
assessment methodology and of the related 
indicators:  

1. To setup the requirements of the private and 
financial market sectors to support NEB 
projects.  

2. To support the private sector in implementing 
ΝΕΒ transformation projects, addressing 
financing schemes.  

3. To quantify sustainable business practices for 
NEB projects.  

4. To improve sustainability in the production, use 
and management of energy.  

5. To minimise the emissions of greenhouse gases 
and mitigating the impact on global and local 
climate change. 

6. To minimise the non-energy related 
environmental impact of the building sector.  

In order to properly reflect the objectives in the 
planned self-assessment system, performance 
Indicators have been proposed towards the 
optimisation of the environmental quality in the built 
environment and the minimisation of the potential 
negative impacts, and the optimisation of the 
economic and financial environment to accelerate the 
sustainable development in the built environment. It 
was noted that indicators allowing us to assess the 
optimisation of economic and financial environment 
and its influence on the transformation of the built 
environment towards sustainability do not 
demonstrate direct corelation with the Aesthetics. 
 
4.3 Proposed set of indicators for Aesthetics 

The selection of AI was based on their relevance 
to key objectives of assessment, considering potential 
corelations with SI. Indicators cover: maintaining 
proportions, scale and visual coherence with 
surroundings, preservation and conservation of 
original historical buildings and their elements, 
preservation of cultural and natural landscapes, 
distance to green areas, overall feeling of coherence 
and harmony including seamless integration of 
technological elements, aesthetical acceptance for 
renovations, new functions adopted for re-use of 
buildings and spaces,  use of traditional materials and 
techniques, application of living systems and bio-
based materials, time spent on pedestrian walking 
routes, satisfaction from sensory experience. 
 
4.4 Proposed set of indicators for Sustainability 

Indicators aimed to assess the optimisation of the 
environmental quality in the built environment and 
the minimisation of the potential negative impacts 
were selected for further analysis due to their 
potential corelation with aesthetic perception of 
space and architecture. These indicators cover in 

 

particular optimisation of the built environment 
ability to remove and store carbon in the smart and 
efficient way as well as minimisation of Greenhouse 
Gas (GHG) Emissions using Life Cycle Assessment 
(LCA). The indicators consider also facilitation of 
sustainable mobility and increasing the amount of 
green areas absorbing carbon dioxide. Specific group 
of indicators are focused on energy sources 
(renewable and non-renewable energy balance), 
consumption (embodied and operational), storage 
and recovery. The last proposed set of indicators 
represents several aspects of circular economy, such 
as water and waste management, recycling and reuse 
of building parts and materials. 
 
4.5 Interdependencies between aesthetic and 
sustainable indicators 

Examples of positive and potentially negative 
correlations between SI and AI are presented in Table 
1. In the case of a positive corelation between SI and 
AI indicators, the highest possible percentage score in 
each criterion is desirable. The targets complement 
each other and the same targets apply to all defined 
categories, i.e. heritage buildings and spaces aimed at 
temporary use, renovated buildings and spaces aimed 
at regular use, and new buildings and spaces aimed at 
everyday use.  

In the case of negative corelation SI and AI might 

be contradictory or partially contradictory. Therefore, 
the balanced targets are preferred to definite targets, 
and different targets apply to the categories of 
buildings and spaces defined above. 
 
4. CONCLUSIONS 

The research on Sustainability and Aesthetics 
Indicators for buildings and spaces confirmed the 
need to apply SI and AI indicators in the technical 
assessment in relationships resulting from their 
mutual interdependence. In pursue to enable 
technical assessment how the NEB values are 
addressed in examined buildings and spaces, the 
authors performed preliminary tests of the set of SI 
and AI on selected case-studies for verification and 
self-calibration. The first results shown that for the 
projects aimed at the symbiotic relations between 
natural and architectural landscapes, such as 
Arboretum in Wojsławice, there is no contradiction 
between SI an AI and the highest scores can be 
achieved. In new large-scale buildings, applying 
nature-based solutions for natural cooling, while 
simultaneously increasing the amount of green 
spaces in the building and improving biological 
diversity, such as in Hotel PARKROYAL on Pickering, AI 
and SI were very well balanced. In Wrocław townhall 
renovation the improvement of energy efficiency was 
partially sacrificed to emphasise traditional methods 

Table 1: Examples of correlation between Sustainability and Aesthetics indicators and targets for various buildings and spaces 
 

Sustainability Indicator (SI) Correlation Aesthetics Indicator (AI) 
Optimisation of the built environment ability to remove 
and store carbon, minimisation of GHG Emissions using 
LCA 

 

Positive 

Natural and bio-based materials, living systems 
applied in the built environment 

Increasing biodiversity and the amount of green areas 
absorbing carbon dioxide 

Distance to green areas, skillful landscaping 

 
The targets complement each other – the same targets apply to all categories defined above 

Minimal target  Acceptable target Desired target 

 
Facilitation of sustainable mobility  

 

Potentially negative 

Preference to pedestrian walking routes 
Renewable and non-renewable energy balance, 
embodied and operational energy consumption, storage 
and recovery; visual index of pro-environmental 
technologies;  

Harmonious compositions of natural and cultural 
environment; seamless integration of technological 
elements 

Innovative materials and techniques; deep renovation 
for energy efficiency 

Traditional materials and techniques, sensory 
experience 

Recycling and reuse of building parts and materials; 
water and waste management 

An amount of preserved original building materials, 
elements and functions 

 
Targets might be contradictory - balanced targets are preferred to definite targets, different targets apply to the categories defined above 

Desired targets  Acceptable targets Balanced target 
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comfort as well as the use of novel materials, 
structures, technologies and design methods; 

• Context and sense of place, covering spatial 
coherence (planning and design), preservation 
of cultural and natural heritage, renovation and 
reuse of buildings and spaces as well as genius 
loci and sense of belonging; 

• Beauty, covering aesthetical acceptance of 
space and architecture including sensory 
aesthetic experience, spatial experience, 
cognitive, emotional and attentive response of 
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self-calibration. The first results shown that for the 
projects aimed at the symbiotic relations between 
natural and architectural landscapes, such as 
Arboretum in Wojsławice, there is no contradiction 
between SI an AI and the highest scores can be 
achieved. In new large-scale buildings, applying 
nature-based solutions for natural cooling, while 
simultaneously increasing the amount of green 
spaces in the building and improving biological 
diversity, such as in Hotel PARKROYAL on Pickering, AI 
and SI were very well balanced. In Wrocław townhall 
renovation the improvement of energy efficiency was 
partially sacrificed to emphasise traditional methods 
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and building techniques, but the selected solution  
did not create negative environmental impact so the 
proposed approach to SI and AI targets allowed for 
the high scores for the project.  

The study shown that even if the same indicators 
are used for assessment of aesthetic values and 
sustainability of particular building (or space), when 
the analysis is conducted separately for aesthetics 
and sustainability, for some aspects we will obtain 
different results than in the case of an analysis 
conducted jointly for both dimensions. Therefore, in 
order to assess the attractiveness of a space, it is 
necessary to include indicators from the area of 
sustainability. On the other hand, sustainable 
technologies, materials, approaches or building 
techniques must be controlled in terms of their 
beauty, visual appeal and acceptability by end users. 

At the moment of development of this article the 
technical assessment framework for the New 
European Bauhaus has been still in the preliminary 
phase. While the first results are promising, further 
tests are necessary for the full calibration of the 
method. 
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1. INTRODUCTION  
It is now over sixteen years since the then 

president of the American Institute of Architects 
(AIA), Carl Elefante, famously stated that “The 
greenest building is…one that is already built” [1], and 
yet architectural education continues to focus on 
new-build design [2, 3], even when teaching passive 
and low energy architecture. This is despite estimates 
that between 50-70% of global construction work is 
on existing buildings [4], and the growing importance 
of embodied carbon, as highlighted by the Architects’ 
Journal’s RetroFirst campaign [5], the RIBAs’ new 
“Reinvention” prize [6], and the recent outcome of 
the public inquiry against the proposed demolition 
and replacement of Marks & Spencer’s Oxford Street 
store [7].  

Set against this context, it is encouraging that 
“Conservation and Retrofit” was in 2019 voted 3rd by 
Master of Architecture (MArch) students at the XXX 
School of Architecture with regards to areas of key 
interest for their final year design thesis. This came 
just above “Zero/ Low Caron Design”, as also 
reflected in their free text comments (Fig.1). 

On the basis of this, the author was approached 
to create a design unit combining reuse, retrofit, and 
passive and low energy design. The development and 
results of which are presented in this paper. 

 
Figure 1: Word cloud from free-text requests from MArch 
students requests for final year design thesis unit topics 
2019 highlighting high interest in sustainable conservation 
and retrofit. 

 
2. CARBON PASTS, LOW CARBON FUTURES 

The South Wales Coalfield was chosen as the 
studio unit’s focus to immediately engage the 
students with the UK’s carbon legacy, and the current 
climate emergency. At its peak in 1913, the South 
Wales Valleys were one of the largest sites of carbon 
extraction in the world [8]. However, the 
subsequence decline and eventual end of the coal 
industry’s dominance in the region [8], has led to a 
continued period of economic hardship. 
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and building techniques, but the selected solution  
did not create negative environmental impact so the 
proposed approach to SI and AI targets allowed for 
the high scores for the project.  

The study shown that even if the same indicators 
are used for assessment of aesthetic values and 
sustainability of particular building (or space), when 
the analysis is conducted separately for aesthetics 
and sustainability, for some aspects we will obtain 
different results than in the case of an analysis 
conducted jointly for both dimensions. Therefore, in 
order to assess the attractiveness of a space, it is 
necessary to include indicators from the area of 
sustainability. On the other hand, sustainable 
technologies, materials, approaches or building 
techniques must be controlled in terms of their 
beauty, visual appeal and acceptability by end users. 

At the moment of development of this article the 
technical assessment framework for the New 
European Bauhaus has been still in the preliminary 
phase. While the first results are promising, further 
tests are necessary for the full calibration of the 
method. 
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It is now over sixteen years since the then 

president of the American Institute of Architects 
(AIA), Carl Elefante, famously stated that “The 
greenest building is…one that is already built” [1], and 
yet architectural education continues to focus on 
new-build design [2, 3], even when teaching passive 
and low energy architecture. This is despite estimates 
that between 50-70% of global construction work is 
on existing buildings [4], and the growing importance 
of embodied carbon, as highlighted by the Architects’ 
Journal’s RetroFirst campaign [5], the RIBAs’ new 
“Reinvention” prize [6], and the recent outcome of 
the public inquiry against the proposed demolition 
and replacement of Marks & Spencer’s Oxford Street 
store [7].  

Set against this context, it is encouraging that 
“Conservation and Retrofit” was in 2019 voted 3rd by 
Master of Architecture (MArch) students at the XXX 
School of Architecture with regards to areas of key 
interest for their final year design thesis. This came 
just above “Zero/ Low Caron Design”, as also 
reflected in their free text comments (Fig.1). 

On the basis of this, the author was approached 
to create a design unit combining reuse, retrofit, and 
passive and low energy design. The development and 
results of which are presented in this paper. 

 
Figure 1: Word cloud from free-text requests from MArch 
students requests for final year design thesis unit topics 
2019 highlighting high interest in sustainable conservation 
and retrofit. 

 
2. CARBON PASTS, LOW CARBON FUTURES 

The South Wales Coalfield was chosen as the 
studio unit’s focus to immediately engage the 
students with the UK’s carbon legacy, and the current 
climate emergency. At its peak in 1913, the South 
Wales Valleys were one of the largest sites of carbon 
extraction in the world [8]. However, the 
subsequence decline and eventual end of the coal 
industry’s dominance in the region [8], has led to a 
continued period of economic hardship. 

 

 

1461



 

 
As in other communities who have lost their 

primary industry, the impact of this on collective 
memory and identity has still yet to be fully 
understood [9], and there is the danger of 
“Smokestack Nostalgia” [10]. Yet at the same time, 
industrial heritage has been argued by some as the 
key to these communities future [11]. The remaining 
evidence of coal mining in the South Wales Valleys 
sits at the border of what is viewed as heritage and 
what is viewed as waste. For some they are symbols 
of pride, yet for others they embody exploitation, of 
people and natural resources, and economic and 
political disenfranchisement. This dichotomy provides 
the ideal springboard for finding alternative uses that 
transform these remnants into key components in 
the areas low carbon future. They provide the 
opportunity to explore the major challenges facing 
21st century society, including circular economy; 
social inclusion; passive and low energy design; the 
UK’s carbon legacy; and our role in tackling the 
climate emergency.  
 
3. LIVE PROJECT SITES 

For the each of the three academic years that the 
unit has so far run (2021/22, 2022/23 and 2023/24), a 
different site within the South Wales Coalfield has 
been selected for study. These have been selected 
using the following criteria; i. they have a historical 
link to the coal industry; ii. they have substantial 
surviving built heritage; and iii. they have real and 
ongoing challenges currently leading to an uncertain 
future.  

For the academic year 2021/22, unit focused on 
the grade II* listed Crumlin Navigation Colliery (fig.2), 
located in the heart of the Welsh Valleys. Once the 
source of high-quality steam coal, the site now offers 
low carbon opportunities, including the low enthalpy 
geothermal energy in the flooded mines [12].  
 

 
Figure 2: Crumlin Navigation Colliery (Whitman, 2021) 
 

In 2022/23 the unit studied the grade II* listed 
Cefn Coed Colliery (Figure 3), in the west of the 
Valleys Region. At one point the world’s deepest 
anthracite mine, it ceased operation in 1968, and 
became a museum in 1986. Today its future is 
uncertain having failed to reopen following the 
pandemic due to maintenance and financial concerns. 
A complementary use is therefore crucial and yet 
again mine water heat recovery could hold the key. 
 

 

Figure 3: Cefn Coed Colliery (Whitman, 2022) 
 

For the academic year 2023/24, the attention 
shifts from sites of carbon extraction to the social 
infrastructure that grew up during the 19th and 20th 
centuries to meet the needs of the miners and their 
families. Pontypridd Market Quarter (Fig.4) is a 
complex mixture of a working market, high street 
shops, underused office spaces, a lost chapel, and an 
abandoned theatre. 

 

Figure 4: Pontypridd Market and Town Hall Theatre 
(Whitman, 2023) 

 
4. PEDAGOGICAL METHODOLOGY AND THEORIES 

The pedagogical approach followed in the 
development and delivery of this teaching have been 
incrementally developed over a period of more than 
15 years by the author. This has parallels with “The 
Double-layered Asymmetrical Model” [13], especially 
as it is understood and presented by Salama [14], 
which provides a systemised, yet personal approach 
to complex existing contexts. The process starts (Fig.5 
(A)) with a period of information gathering in groups.  

Figure 5: Process of student design, adapted from [14] 
 

This involves desktop review of secondary sources 
(including archival research and literature review), 
original data collection (including building surveying, 
sketching, photography, and community engagement 
in the form of surveys and semi-structured 
interviews). This stage results in the production of a 
dossier of information that is then shared as unit-
wide resource to inform the subsequent stages.  
Simultaneously students are asked to develop and 
record an initial personal response (B) which begins 
to define individual design imperatives. For this the 
students are encouraged to experiment with the 
capturing of subjective, often abstract and intangible 
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Figure 2: Crumlin Navigation Colliery (Whitman, 2021) 
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ideas through a range of artistic mediums from 
painting to sculpture, and creative writing. 
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5. IMPLEMENTATION AND RESULTS  

The richness of the existing contexts have inspired 
students to go on an develop very different building 
programmes and architectural responses that are 
technically advanced and highly creative, despite each year 
sharing a common site. These have included renewable 
energy production; renewable energy storage and 
distribution; reuse and recycling centres; low carbon 
manufacture; education and knowledge sharing; 
wellbeing facilities; nature conservation; and 
innovation and research centres. Equally, through 
individual investigation and initiatives, key low energy 

design strategies have been incorporated (Table 1). 
Whilst implicit in the brief, it is the students’ 
engagement with the existing buildings that has 
ultimately led them to adopt these low carbon 
technologies. 

 

Table 1: Key low energy themes tackled by unit members 
(2021/22 and 2022/23 only). 
 

Theme No. of  
students 

Renewable Energy 16 
Design for Disassembly 13 
Low Carbon Materials 12 

Retrofit 9 
Biophilia 4 

Phytoremediation 2 
 
There follow four examples of students’ work, 

that foreground the possibilities of students engaging 
with existing buildings with a common focus on low 
energy architecture. 

 
5.1 Example 1 – MedTech Research Centre 

For this project the student, Jordan Grady, took 
inspiration from the heritage theories explored by 
historian David Lowenthal in his book, “The Past is a 
Foreign Country” [19], exploring the notion of 
building conservation and heritage as a continuous 
narrative. As such, the industrial legacy of Crumlin 
Navigation Colliery perpetuated through the 
proposed reuse for one of South Wales’s emerging 
key industries, Medical Technology, or MedTech. To 
achieve this, the new programme was conceived as 
the insertion of new “machinery” (Fig.6). 

 

 
Figure 6: Internal render of proposal at Crumlin Navigation 
Colliery for MedTech Research Centre, showing inserted 
“machinery”  (Grady, J., 2022) 
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This employed box-in-box construction for 
laboratory and research spaces, to meet their high 
environmental specification, whilst allowing the less 
onerous requirements of circulation spaces to be met 
by the historic fabric itself, with limited interventions. 
U-values of 0.1 W/m2K, excellent airtightness, 
controlled ventilation with heat recovery, acoustic 
separation and reverberation times of 1.2 sec, were 
all achieved within these new insertions. 

 
5.2 Example 2 – Renewable Energy Storage Facility 

This time the student, Rowan Luckman, took as a 
starting point Crumlin Navigation Colliery’s history as 
a past store of solar energy in the form of coal, and 
explored this through Burke’s notions of the sublime 
[20] and subsequent ideas of the post-industrial 
sublime [21]. The result was a storage facility for 
renewable energy investigating alternatives to 
chemical batteries and their inherent environmental 
impact and use of non-renewable resources. 
Technologies incorporated included pumped 
hydroelectric using the abandoned mine workings as 
the lower reservoir, winch-based gravity batteries in 
the south upcast mine shaft, and subterranean 
compressed air storage (Fig.7).  

 

 
Figure 7: Conceptual image of energy storage technologies 
for proposal at Crumlin Navigation Colliery for Renewable 
Energy Storage Facility (Luckman, R., 2022) 

 
This linked to a wider landscape masterplan, 

integrating photovoltaic, wind and small-scale hydro 
energy production. For the interventions on the 
existing buildings, lightweight materials were 
explored to reduce the loads on the historic fabric 
(Fig.8).  

 
Figure 8: Elevation of renovated Power House, part of a 
proposal at Crumlin Navigation Colliery for Renewable 
Energy Storage Facility (Luckman, R., 2022) 

 
However, due to the structural forces involved in 

both energy production and storage, the use of low 
carbon materials was limited, however a calculation 
was undertaken offsetting the new embodied carbon 
against that saved through increased renewable 
energy injection at peak-demand hours. This showed 
a carbon payback of just 2.7 days. There are 
potentially some oversimplifications in these 
calculations, however the basic precepts and 
methodology is correct. 

 
5.3 Example 3 – Mine Water Heat Recovery 
Research Centre and National Coal Archives 

The third proposal for Crumlin Navigation Colliery 
presented in this paper emerged from a detailed 
study undertaken by the student, Alexander 
McCormick, into the subterranean elements of the 
site (Fig.9), using historic mine plans, borehole logs, 
geological data, personal histories of former miners 
and their families, and peer reviewed research 
documents.  

 

 
Figure 9: Conceptual collage of subterranean and global 
connections, leading to the proposal at Crumlin Navigation 
Colliery for Mine Water Heat Recovery Research Centre and 
National Coal Archives (McCormick, A., 2022) 

 
This led to the design of a research centre for 

mine water heat recovery, combined with a National 
Coal Archives (Fig.10). Part of the project was 
designed as an earth sheltered building, using 
compressed earth blocks and charred Welsh larch. 
With the rest of the programme being incorporated 
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into the refurbished existing buildings, connected by 
a timber framed roof, the geometry of which was 
derived from principal coal seams present below the 
site. Across the site, space heating was provided from 
mine water sourced heat pump, based on a mean 
temperature of the mine water of 15.2⁰C [12].   

 

 
Figure 10: Cross section of proposal at Crumlin Navigation 
Colliery for Mine Water Heat Recovery Research Centre and 
National Coal Archives (McCormick, A., 2022) 

 
5.4 Example 4 – National Museum of Energy and 
Renewable Energy development Park 

The final example is one from the academic year 
2022/23 by Morgan Taylor and looks at Cefn Coed 
Colliery Museum. Again, the theme of energy is taken 
as the focus of the project, this time proposing a 
National Museum of Energy, as part of the 
Amgueddfa Cymru (National Museum of Wales) 
portfolio, accompanied by a renewable energy 
development park (Fig.11). 

 

 
Figure 11. Aerial axonometric of proposal at Cefn Coed 
Colliery for a National Museum of Energy and Renewable 
Energy development Park (Taylor, M., 2023) 

 
The museum exhibits depict industrial, 

transportation and domestic uses, and are curated to 
into three themed areas covering energy past, 
present and future. Energy past is displayed in the 

renovated existing historic buildings, energy present 
takes the form of demonstration low energy 
dwellings based on current new-build and retrofit 
technologies, and energy future incorporates a mine 
water heat recovery and ambient loop and creates a 
new enclosure for the grade II* listed range of boilers, 
replacing the current condemned asbestos shelter 
(Fig.12). All this lies at the centre of a low carbon 
mobility masterplan, thereby considering low energy 
design at the full range of scales.    

 

 
Figure 12. Sectional axonometric of the “Energy Futures” 
building, enclosing the grade II* listed boiler house, as part 
of the proposal at Cefn Coed Colliery for a National Museum 
of Energy and Renewable Energy development Park (Taylor, 
M., 2023) 
 
5.5 Outcomes 

As these four examples have demonstrated, there 
is a high level of engagement with low energy 
architecture engendered by working with these 
examples of industrial heritage. At the same time the 
quality of architectural creativity and complexity has 
not been restricted by the constraints posed by the 
existing buildings and structures, with a higher 
percentage than the year average of students being 
awarded a 1st or 2:1 degree. The work of the first year 
2021/22 was unprecedently nominated as an entire 
unit by the School for the RIBA Silver Medal, whilst 
the top student from the second year 2022/23 was 
awarded the School prize for best in year and was 
nominated for the RSAW medal.  

Following this success, and recognising the 
growing interest and need for designing with existing 
buildings, work has been undertaken, as part of a 
wider undergraduate curriculum redesign, to extend 
engagement with adaptation and reuse throughout 
the undergraduate BSc Architecture course. 

The work of this academic year, 2023/24, is still in 
its early stages, however initial work is showing 
interesting new areas of investigation emerging, with 
a growing emphasis on social sustainability, and the 
role that communities can play in tackling climate 
change. 
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6. CONCLUSION 
The work presented in this paper has highlighted 

the value of engaging with existing buildings in 
architectural pedagogy, and the level of success that 
is possible, especially with regards to the teaching of 
low energy architecture. It has shown how working 
specifically with sites that form part of the historical 
UK carbon legacy can inspire students to provide 
innovative solutions to the resultant climate 
emergency.  It is hoped that the increased 
acknowledgement by the architectural profession of 
the need to challenge demolition and new-build, now 
also being seen in our students and teaching, will 
continue to grow and expand to encompass the 
global construction industry as a whole. If we are to 
meet our ambitious targets of limiting anthropogenic 
climate change, it is essential that our focus shifts to 
making the most of the built assets that already exist 
and maximising their embodied carbon.  In these six 
pages it has not been possible to share all details and 
fully reflect on the benefits of working with existing 
buildings. The author looks forward to the 
opportunity to expand on this and share their 
experience with the PLEA community in Wrocław! 
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ABSTRACT: The paper describes a specific educational experience carried out at two Italian universities within 
distinct academic programs.  
At the Politecnico di Milano, within the School of Architecture AUIC, an architectural design studio was held with 
the aim to identify urban regeneration opportunities near to an area undergoing significant enhancement and 
repurposing. Meanwhile, at the Faculty of Computer Science at the University of Turin a course in a master's 
program on Digital Innovation for Living Environments, introduced students to spatial environments with diverse 
functionalities. The students analysed these environments to identify ways of supporting user needs through 
digital and innovative technologies. In both cases, spaces within public and private buildings, and urban spaces, 
were considered. Students were involved in qualitative and quantitative assessments of urban spaces' livability 
using a methodology based on the approach developed by the Barcelona Ecology Agency (AEUB). This approach 
aimed to synthesize, with a single indicator, the blend of qualitative and quantitative aspects contributing to the 
attractiveness and environmental well-being of places. 
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1. INTRODUCTION  
The paper describes a specific educational 

experience at two Italian universities within distinct 
academic programs driven by a shared goal of 
promoting sustainability evaluation for urban spaces. 
These programs can converge in transdisciplinary 
approaches and methods to enhance the 
implementation of strategies and tools aimed at 
improving livability in both existing and newly 
developed urban environments. A semester-long 
architectural design studio was held at the Politecnico 
di Milano, within the School of Architecture AUIC. Its 
objective was to identify opportunities for urban 
regeneration of the site around the Porta Romana 
Rail Yard in Milan. A significant part of the design 
process presented to student groups involved 
assessing, including quantitatively, the livability of 
public and urban spaces using a methodology derived 
from the approach implemented for many years by 
the Barcelona Ecology Agency (AEUB). During the 
same semester, a course on Digital Innovation for 
Living Environments was conducted at the Faculty of 
Computer Science at the University of Turin. This 
course, offered within the master's program, 
introduced students to spatial environments with 
diverse functionalities. The students analyzed these 
environments to identify ways of supporting user 
needs through digital and innovative technologies to 
enhance environmental conditions and livability. 
Spaces within both public and private buildings, as 
well as open spaces, were considered. During this 
course, the indicators from the AEUB were 

introduced, and methodologies and digital tools (i.e., 
customized codes) were developed to calculate the 
livability indicators. These tools are aimed at 
supporting the assessment of various elements 
contributing to the quantification of spatial quality 
and the degree of livability in public spaces. 
 
2. TOOLS AND METHODS FOR "QUANTIFYING" 
URBAN LIVABILITY 

A common ground between the educational 
activities conducted in the Architectural Design 
Studio for future architects and those for future 
computer scientists lies in the necessity to translate a 
concept, often exclusively qualitative, into a 
numerical indicator to compare different conditions 
(before and after a project, different spaces, design 
options, etc.). This process aims to identify the best 
acceptable solution while considering the various 
aspects of the urban realm. 

When the concept of livability is concerned, it can 
be defined as the combination of a number of 
variables [1], including safety, sustainability, 
environmental comfort, services, walkability and 
public transport, which can generate different 
livability conditions. In this context, the livability 
concept meets the users’ needs without sacrificing 
the functionality requirements of the spaces. The 
sustainability challenge is quantifying exquisitely 
qualitative aspects, such as the architectural quality 
of a space or its attractiveness, which is crucially 
important as it would allow us to consider all aspects 
in the overall evaluation of an area. It is hence 
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interesting how the contribution of computer science 
comes in support of automizing the process [2] of 
quantification. It defines a possible objective 
assessment structure that would otherwise be 
subjective and naive. The evaluation approach, 
developed by the AEUB, aims to synthesize, in a 
single indicator, the blend of qualitative and 
quantitative aspects contributing to the 
attractiveness and environmental well-being related 
to urban spaces [3,4]. All measurements are 
standardized on a score scale from 1 to 5 to combine 
the different parameters (1 is the worst, 5 is the best 
condition). In some cases, it is pretty easy to translate 
a value, like the thermal comfort indicator, in a score 
scale from 1 to 5. In other cases, it is more complex, 
for instance, when we need to evaluate the impact of 
the greenery in terms of attractiveness or the effect 
of the suited mix of commercial activities.  
 
2.1 The work of the Architecture students  

It is increasingly important to clarify to 
architecture students involved in designing livable, 
attractive, and sustainable urban space that the city is 
a system that integrates many aspects at different 
levels and that the design is the synthesis of 
acceptable solutions that the systemic, and therefore 
complex, vision poses, which often require different 
points of view, approaches and skills. The approach of 
the AEUB is particularly intriguing, as it considers 9 
indicators to calculate urban space livability, plus 
additional 3 indicators for estimating the livability of 
the surrounding urban area of the selected public 
space (Table 1). The categories of parameters 
considered are: 
1. Ergonomic characteristics; 
2. Attractiveness; 
3. Environmental features. 

The additional three parameters used for 
calculating the: 
4.  Surrounding livability are: 
 Number of services (i.e., schools, clinics, 

libraries, etc.) within a 300-meter radius; 
 Number of daily-use commercial activities 

within a 300-meter radius; 
 Number of public transportation networks 

within a 300-meter radius. 
Table 1 lists the parameters considered for the 
liveability assessment; the first 9 only related to a 
specific space, while the 12 parameters assess the 
liveability at urban level. 

Although the AEUB methodology was adopted for 
data collection and the final indicator calculation, in 
the case study selected by the architecture students, 
adjustments were made to adapt it to specific 
contexts and the availability of open data in the City 
of Milan [5]. This occurred, for instance, in assessing 
the best dimensional ratio, such as the view of the 

sky from the streets or the evaluation of functional 
mix and thermal comfort. 

Table 1: Parameters considered for the liveability 
assessment. 

Parameters mu How to assess 
1.1 
Pedestrian/vehicular 
areas ratio  

% 
Proportion between 
pedestrians and the 
whole area 

1.2 Accessibility % Sidewalk wideness and 
slope 

1.3 Dimensional ratio 
(H/D; SVF) Deg Degree of Sky View 

factor 
2.1 Functional mix Bit Shannon formula 
2.2 Attractivity N. Typology of activity 

2.3 Green volume % 

The ratio between 
green volume and the 
street volume (below 
8m) 

3.1 Thermal comfort n. 
hours 

The number of hours of 
t. comfort 

3.2 Acoustic comfort Dec Decibel level revealed 
with app 

3.3 Air quality NO2;  Pollutant data available 
from open data 

 

 

Figure 1: Table of correspondence of dimensional ratio and 
sky view factor of a street and score associated with 
different values, and below, two different sky view factor 
values of the same street, Ortles road at Milan, before and 
after a design proposal. 

Although the students of Politecnico worked on all 
the parameters to define the liveability indicator, the 
paper reports the analysis of some aspects which 
were then analyzed by the students of University of 
Turin.  

Among the works developed within the Design 
Studio, which aims to work within the city of Milan, 
an interesting case can be considered, in which the 
the location for evaluating the degree of livability of 
the public space focuses on a particularly significant 
road within the design strategy identified by the 
student’s groups. The road, viale Ortles, in the 
southern part of the city, is a traffic-devoted space 
with very low quality from every point of view. 

 

Nevertheless, it has the potential to be an important 
green corridor and an important arterial road that 
enables the connection of existing urban spaces and 
gardens. 

 
Figure 2: The current state of Ortles road in Milan, Italy. 

An accurate analysis of the area's current state is 
an integral part of the site knowledge process, 
preliminary to the project phase and necessary to 
assess the increase in the livability value achieved by 
the project proposal. One of the necessary elements 
to be investigated concerns the type of present plants 
(regarding bearing and height). Vegetation is an 
aspect impacting several parameters that contribute 
to the indicator calculation. In particular, in the 
section “attractiveness,” we find the volume of 
greenery. At the same time, in the group of 
environmental variables, it is important mainly for 
thermal comfort but also air quality. Vegetation can 
also be considered as a design strategy to change the 
dimensional ratio of the street 1.3), at least from the 
point of view of perception of the vertical limits of 
the space. The volume of greenery parameter (2.3) is 
calculated by considering the section of the street, 
possibly divided into parts if the section or the 
size/shape of the trees changes, up to the height of 8 
meters, which takes into account the real field of 
view of a person walking down the street. In the case 
of Ortles road in Milan, the analysis of the existing 
situation shows a relevant absence of vegetation, 
which is evident from Figures 1 and 2. The design 
proposal for vehicular traffic reduction and the 
livability and attractiveness enhancement of the 
street consists of a mix of actions, including the 
increase of pedestrian areas, new paved and 
vegetated surfaces, commercial activities and trees 
(considering the road section up to the height of 8 
meters, from the 7% to 25%, i.e., from the score of 1 
to 4). The street becomes a sort of "Rambla," where 
the green areas support different functions, including 
diverse types of plants characterized by specific 
shapes and sizes. Figure 3 reports the street and the 
facing built environment, the section with the line at 
8 m high for the calculation of the percentage of 
green and the plan of the area. With the proposed 
renovation, final users are attracted to and can fully 
enjoy the improved livability from several points of 
view. The improvement due to the vegetation 
increase on the final score is very evident; for other 
parameters, the increase in the score is not so strong. 

For example, the commercial activities on the ground 
floor of buildings facing the road (2.1) were weighted 
in terms of attractiveness (2.2), by those who worked 
with direct observations (e.g., site visits, Google 
Street map, etc.) and design analysis of plan 
instruments. 

 
Figure 3: Design proposal for revitalizing the Ortles road in 
Milan that use an adequate number of trees in the central 
pedestrian area (the Rambla) and along the sidewalks.  

The weight of each type of activity is performed as 
defined by AEUB, and it was calculated and averaged 
every 500 meters. The increase, from the initial score 
of 2.6 to 3, in the proposed renovation of the case 
study is due to the rise of some retail commercial 
activities within the Rambla, particularly ice cream 
kiosks, bars, and others in the buildings facing the 
road. The appropriate choice of both the types of 
activities and their location along the entire street 
axis also positively affected the diversity, the 
functional mix that ensures the presence of multiple 
users with different characteristics creates the 
livability of the area throughout the day. In this case, 
the calculation was done using the Shannon Diversity 
Index (2.1) formula, which calculates the bits of 
information based on the calculation of the types of 
activities present and their occurrence (1): 

H= - ∑ pi log2 pi   (1) 

where  H is the Diversity (bit) 
pi is the proportion of the entire community made up 
of species i.  

The higher the value of H, the higher the diversity 
of species (in this case, the attractive commercial 
activities in a particular location). According to the 
design proposal, the functional mix increased from 
1.5 to 2.6. Considering the whole strategy, the road 
livability increases from 2.6 to 3.7. 

 
2.4 The Work of Computer Science Students 

In the case of the architecture students, the 
primary purpose was a design proposal to improve 
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interesting how the contribution of computer science 
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to urban spaces [3,4]. All measurements are 
standardized on a score scale from 1 to 5 to combine 
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scale from 1 to 5. In other cases, it is more complex, 
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of the suited mix of commercial activities.  
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a system that integrates many aspects at different 
levels and that the design is the synthesis of 
acceptable solutions that the systemic, and therefore 
complex, vision poses, which often require different 
points of view, approaches and skills. The approach of 
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additional 3 indicators for estimating the livability of 
the surrounding urban area of the selected public 
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within a 300-meter radius; 
 Number of public transportation networks 

within a 300-meter radius. 
Table 1 lists the parameters considered for the 
liveability assessment; the first 9 only related to a 
specific space, while the 12 parameters assess the 
liveability at urban level. 

Although the AEUB methodology was adopted for 
data collection and the final indicator calculation, in 
the case study selected by the architecture students, 
adjustments were made to adapt it to specific 
contexts and the availability of open data in the City 
of Milan [5]. This occurred, for instance, in assessing 
the best dimensional ratio, such as the view of the 

sky from the streets or the evaluation of functional 
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after a design proposal. 

Although the students of Politecnico worked on all 
the parameters to define the liveability indicator, the 
paper reports the analysis of some aspects which 
were then analyzed by the students of University of 
Turin.  

Among the works developed within the Design 
Studio, which aims to work within the city of Milan, 
an interesting case can be considered, in which the 
the location for evaluating the degree of livability of 
the public space focuses on a particularly significant 
road within the design strategy identified by the 
student’s groups. The road, viale Ortles, in the 
southern part of the city, is a traffic-devoted space 
with very low quality from every point of view. 

 

Nevertheless, it has the potential to be an important 
green corridor and an important arterial road that 
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An accurate analysis of the area's current state is 
an integral part of the site knowledge process, 
preliminary to the project phase and necessary to 
assess the increase in the livability value achieved by 
the project proposal. One of the necessary elements 
to be investigated concerns the type of present plants 
(regarding bearing and height). Vegetation is an 
aspect impacting several parameters that contribute 
to the indicator calculation. In particular, in the 
section “attractiveness,” we find the volume of 
greenery. At the same time, in the group of 
environmental variables, it is important mainly for 
thermal comfort but also air quality. Vegetation can 
also be considered as a design strategy to change the 
dimensional ratio of the street 1.3), at least from the 
point of view of perception of the vertical limits of 
the space. The volume of greenery parameter (2.3) is 
calculated by considering the section of the street, 
possibly divided into parts if the section or the 
size/shape of the trees changes, up to the height of 8 
meters, which takes into account the real field of 
view of a person walking down the street. In the case 
of Ortles road in Milan, the analysis of the existing 
situation shows a relevant absence of vegetation, 
which is evident from Figures 1 and 2. The design 
proposal for vehicular traffic reduction and the 
livability and attractiveness enhancement of the 
street consists of a mix of actions, including the 
increase of pedestrian areas, new paved and 
vegetated surfaces, commercial activities and trees 
(considering the road section up to the height of 8 
meters, from the 7% to 25%, i.e., from the score of 1 
to 4). The street becomes a sort of "Rambla," where 
the green areas support different functions, including 
diverse types of plants characterized by specific 
shapes and sizes. Figure 3 reports the street and the 
facing built environment, the section with the line at 
8 m high for the calculation of the percentage of 
green and the plan of the area. With the proposed 
renovation, final users are attracted to and can fully 
enjoy the improved livability from several points of 
view. The improvement due to the vegetation 
increase on the final score is very evident; for other 
parameters, the increase in the score is not so strong. 

For example, the commercial activities on the ground 
floor of buildings facing the road (2.1) were weighted 
in terms of attractiveness (2.2), by those who worked 
with direct observations (e.g., site visits, Google 
Street map, etc.) and design analysis of plan 
instruments. 

 
Figure 3: Design proposal for revitalizing the Ortles road in 
Milan that use an adequate number of trees in the central 
pedestrian area (the Rambla) and along the sidewalks.  

The weight of each type of activity is performed as 
defined by AEUB, and it was calculated and averaged 
every 500 meters. The increase, from the initial score 
of 2.6 to 3, in the proposed renovation of the case 
study is due to the rise of some retail commercial 
activities within the Rambla, particularly ice cream 
kiosks, bars, and others in the buildings facing the 
road. The appropriate choice of both the types of 
activities and their location along the entire street 
axis also positively affected the diversity, the 
functional mix that ensures the presence of multiple 
users with different characteristics creates the 
livability of the area throughout the day. In this case, 
the calculation was done using the Shannon Diversity 
Index (2.1) formula, which calculates the bits of 
information based on the calculation of the types of 
activities present and their occurrence (1): 

H= - ∑ pi log2 pi   (1) 

where  H is the Diversity (bit) 
pi is the proportion of the entire community made up 
of species i.  

The higher the value of H, the higher the diversity 
of species (in this case, the attractive commercial 
activities in a particular location). According to the 
design proposal, the functional mix increased from 
1.5 to 2.6. Considering the whole strategy, the road 
livability increases from 2.6 to 3.7. 

 
2.4 The Work of Computer Science Students 

In the case of the architecture students, the 
primary purpose was a design proposal to improve 
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the livability conditions of the streets, while the 
computer science students focused on methods and 
tools to speed up and promote process automation in 
the evaluation procedure. 

In fact, the computer science students collected 
data on the city of Turin as case study and developed 
specific methodologies and codes to support 
verifications related to the following indicators: 

 Pollution/acoustic comfort; 
 Presence of trees in surveyed areas; 
 Percentage of green spaces; 
 Quantity of commercial services; 
 Diversity of activities in the test area. 
These methodologies can also be applied to verify 

the following indicators: 
 Air quality; 
 Thermal comfort. 

The students' activities primarily focused on 
collecting robust open data, enabling the 
identification of areas with acoustic pollution in the 
city of Turin, used as case study, and the mapping of 
existing trees in the urban area. They used an urban 
scale approach and then focused on district and 
street level. The use of open data allowed them to 
create maps for assessing critical areas and identify 
possible strategies for improving the situation [6], 
such as: 

 Areas in need of traffic control; 
 Acoustically critical areas that need specific 

strategies (e.g. limited traffic zones). 
The analysis allows to define where to promote 

the creation of new green areas supporting city-level 
decision-making processes with key local policies.  

The methodology is suitable for conducting a 
primary screening and general assessment of the 
conditions however, the precision and accuracy is 
reduced in specific streets where possibly some 
measurements can be required to define hourly 
scenarios.  

Open data and the translation in maps of the 
acoustic risk have been implemented using digital 
tools and data available as open source (Figure 2). To 
assess the trees in the Turin area, the students used 
the Treepedia [7] of the MIT Senseable City Lab of 
Boston to obtain an image containing the different 
trees in the city. Through this open resource, they can 
obtain the approximate number of trees on different 
streets using a very robust source and implement the 
possibility to automate the task. 

However, with this procedure, it is impossible to 
define the trees' and the tridimensionality. To 
overcome the first issue, the students developed a 
method to automate the process of counting the 
trees starting from the available open-source 
information (Figure 5).  

For trees counting, an "image classifier" was 
developed using a code that takes an image of a 

street as input, allowing the calculation of the 
percentage of pixels corresponding to the trees. The 
RGB value of the pixels is considered. When the pixel 
has a value with a prevailing green color, it is counted 
as public green, allowing the percentage of green 
automatic calculation in the street (Figure 4).  

 
Figure 4: Acoustic pollution map, city of Turin, Italy. 

 
Figure 5: Map of the trees in Turin and Pixel analysis to 
detect the green areas and the number of trees through the 
image classifier in a street.  

A possible future development uses the convolutional 
neural networks (CNN) to detect trees from images to 
include information related to the tridimensionality.  

 
Figure 6: Scheme of the image recognition performed 
through neural networks (CNN). 

To assess the value of the commercial activities 
and functional mix indicator, a python dashboard was 
organized to use the collected data, regarding all 

 

commercial activities in Turin through CSV files 
downloadable as open data. This dashboard enables 
filtering based on street or postal code. All the 
calculated indices can be visualized on an interactive 
dashboard. A customized code has been realized for 
extracting and elaborating the information by the 
open data of the city of Turin  

 
Uploading the file: This portion of the code loads 

the csv file that contains the information on business 
activities. The second line specifies the fields in the 
table that are kept and are useful for the calculations 
to be performed. The other fields in the file were not 
useful for the purpose of the project. The result is 
shown in the table below the code. 

 
Filter Table: In this portion of the code it is 

possible to filter the initial table on a specific city 
area. We can focus on a portion of a street, defined 
by a range, or on an area defined by a certain zip 
code. 

Search_address: 
Input:  

String min_integer -> interior here the considered street section 
begins 
String max_integer -> interior in here the considered street 
segment ends 
String address -> name of considered life e.g. street/course name 
DataFrame table -> table of business activities 
Output: table with activities between [address + min_integer, 
address + max_integer] 
search_CAP (zip code) 
Input: 
Int postal_office_code -> zip code that you want to consider in the 
search 
DataFrame table -> table of business activities 
Output: table with the business activities that have 
postal_code == zip_code 

 
Histogram: we can print an histogram that shows for 
each business category how many stores are in the 
chosen area. 

df_cat_mer -> Dataframe where we have for each category the 
total number of occurrences found in the table filtered above 
tot_shop -> I count how many businesses there are in total. 

 
The code can calculate the diversity of activities for 
the street.  
Urban diversity: A function that calculates the urban 
diversity index related to the specific equation is 
defined. It adds the probability of occurrence and 
information values to the filtered table for each row. 
urban_diversity 
Input: 
Dataframe table -> filtered table of categories and the number of 
stores belonging to them 
Int val -> number of total businesses 
Output: bit/person information value and updated 
table with two new columns: one for probability of 
occurrence and one for information 
urban_diversity_score 
Input: 
Int ud_index -> bit/person index value 
Output: urban_diversity_score 

 
Hence, we can have the Urban diversity index 
(2.0582) and the score (3) for the selected test area, 
collecting all the activities that can be then displayed 
as aggregated per area (Figure 7). 

 
Save the last table to a csv file 
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scale approach and then focused on district and 
street level. The use of open data allowed them to 
create maps for assessing critical areas and identify 
possible strategies for improving the situation [6], 
such as: 

 Areas in need of traffic control; 
 Acoustically critical areas that need specific 

strategies (e.g. limited traffic zones). 
The analysis allows to define where to promote 

the creation of new green areas supporting city-level 
decision-making processes with key local policies.  

The methodology is suitable for conducting a 
primary screening and general assessment of the 
conditions however, the precision and accuracy is 
reduced in specific streets where possibly some 
measurements can be required to define hourly 
scenarios.  

Open data and the translation in maps of the 
acoustic risk have been implemented using digital 
tools and data available as open source (Figure 2). To 
assess the trees in the Turin area, the students used 
the Treepedia [7] of the MIT Senseable City Lab of 
Boston to obtain an image containing the different 
trees in the city. Through this open resource, they can 
obtain the approximate number of trees on different 
streets using a very robust source and implement the 
possibility to automate the task. 

However, with this procedure, it is impossible to 
define the trees' and the tridimensionality. To 
overcome the first issue, the students developed a 
method to automate the process of counting the 
trees starting from the available open-source 
information (Figure 5).  

For trees counting, an "image classifier" was 
developed using a code that takes an image of a 

street as input, allowing the calculation of the 
percentage of pixels corresponding to the trees. The 
RGB value of the pixels is considered. When the pixel 
has a value with a prevailing green color, it is counted 
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Figure 5: Map of the trees in Turin and Pixel analysis to 
detect the green areas and the number of trees through the 
image classifier in a street.  
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include information related to the tridimensionality.  
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To assess the value of the commercial activities 
and functional mix indicator, a python dashboard was 
organized to use the collected data, regarding all 

 

commercial activities in Turin through CSV files 
downloadable as open data. This dashboard enables 
filtering based on street or postal code. All the 
calculated indices can be visualized on an interactive 
dashboard. A customized code has been realized for 
extracting and elaborating the information by the 
open data of the city of Turin  

 
Uploading the file: This portion of the code loads 

the csv file that contains the information on business 
activities. The second line specifies the fields in the 
table that are kept and are useful for the calculations 
to be performed. The other fields in the file were not 
useful for the purpose of the project. The result is 
shown in the table below the code. 

 
Filter Table: In this portion of the code it is 

possible to filter the initial table on a specific city 
area. We can focus on a portion of a street, defined 
by a range, or on an area defined by a certain zip 
code. 

Search_address: 
Input:  

String min_integer -> interior here the considered street section 
begins 
String max_integer -> interior in here the considered street 
segment ends 
String address -> name of considered life e.g. street/course name 
DataFrame table -> table of business activities 
Output: table with activities between [address + min_integer, 
address + max_integer] 
search_CAP (zip code) 
Input: 
Int postal_office_code -> zip code that you want to consider in the 
search 
DataFrame table -> table of business activities 
Output: table with the business activities that have 
postal_code == zip_code 

 
Histogram: we can print an histogram that shows for 
each business category how many stores are in the 
chosen area. 

df_cat_mer -> Dataframe where we have for each category the 
total number of occurrences found in the table filtered above 
tot_shop -> I count how many businesses there are in total. 

 
The code can calculate the diversity of activities for 
the street.  
Urban diversity: A function that calculates the urban 
diversity index related to the specific equation is 
defined. It adds the probability of occurrence and 
information values to the filtered table for each row. 
urban_diversity 
Input: 
Dataframe table -> filtered table of categories and the number of 
stores belonging to them 
Int val -> number of total businesses 
Output: bit/person information value and updated 
table with two new columns: one for probability of 
occurrence and one for information 
urban_diversity_score 
Input: 
Int ud_index -> bit/person index value 
Output: urban_diversity_score 

 
Hence, we can have the Urban diversity index 
(2.0582) and the score (3) for the selected test area, 
collecting all the activities that can be then displayed 
as aggregated per area (Figure 7). 

 
Save the last table to a csv file 
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The last code command allows the use of the 
information to create a table to be exported or it is 
possbile to plot the histogram of the activities used to 
calculate the index (Figure 7). 

Possible future development of this approach has 
been suggested as follows: 
 Adapt the code to calculate the remaining indices 

(thermal and acoustic, air quality, urban livability 
index, and morphological indices); 

 Dashboard creation for greater accessibility of 
data; 

 Ability to expand the system to other cities. 
 

 

Figure 7: Number of activities per each category for a test 
zip code (10136). 

 
3. THE DEVELOPMENT OF A SHARED APPROACH 

Based on the conducted analyses, it is conceivable 
that a collaborative pathway among students from 
different degree programs would be highly beneficial 
regarding knowledge increase and cultural and 
language cross-fertilization. This could promote co-
creation and interdisciplinary cooperation, enhancing 
students' possibilities and capabilities. It could also 
initiate a fresh collaborative approach concerning the 
sustainability of urban spaces on a novel basis [8]. 
The first aspect of systematizing to continue an 
effective transdisciplinary collaboration is related to 
the case study. Precisely, because of the need to 
"calibrate" the method and develop an approach that 
is useful to both groups, in the next step, we should 
work on the same case study, allowing the teams to 
interact and tune the calculation and design solutions 
according to the possibility of performing several 
iterations, in the early stages of the site investigation. 
A second relevant aspect is to enable students of 
Architecture, who are not prepared to develop ad hoc 
tools for the evaluation of specific parameters to 
have access to simplified calculation and simulation 
systems, allowing for quick verifications during the 
design process to enable more appropriate and 
informed design choices. 

4. CONCLUSION 
The paper delineates a dual experience carried 

out across two distinct universities and academic 
programs. However, this experience should ideally 
continue, as the genuine effectiveness becomes 
evident when these tools are put into practical use, 
tested, adjusted, and adapted to real-world cases, 
specifically when applied to the architectural design 
of an urban space. It is intriguing to consider that this 
process was initiated by the designer's requirement, 
then evaluated and observed from the different 
perspective of a computer scientist. Ultimately, 
through a transdisciplinary approach, it can return to 
the realm of design, where the product is "tested" 
and contributes to its refinement. 
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ABSTRACT: This paper introduces a design-simulation feedback responsive method based on the architectural 
design methodology of integrating functional and engineering requirements under the control of a prototype. 
The aim is to provide a building environment that is better aligned with human activities and comfort needs 
through design strategies prioritizing methods preceding energy and equipment solutions. Employing an in-
process project as a case study, the interactive design and research process focuses on the overall form design 
and constructional design strategies of the roof canopy, investigating their impact on thermal comfort in the 
semi-outdoor space beneath. During crucial decision points in the design process, the study conducts simulated 
research on the UTCI index and its distribution in the study area, offering theoretical references for design 
decision. 
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1. INTRODUCTION 
As a comprehensive expression, architecture is 

intricately interconnected with its site and 
environment. Whether manifesting itself as a 
sculptural and abstract entity, or a metaphorical and 
decorative structure, a building's form is 
fundamentally rooted in its context. Irrespective of its 
aesthetic manifestation, the underlying commonality 
lies in the imperative task of shaping the built 
environment in harmony with the site. 

Within the realm of architecture, particularly in 
the context of climate change and the energy crisis, a 
shift in methodology is necessitated. Architectural 
design must not only respond to the urgency of 
reducing negative environmental impact but must 
concurrently elevate architectural quality. Aligned 
with the 10R principles of the circular economy, with 
a prioritized focus on refuse, rethink, and reduce, the 
goal is to reduce energy consumption through 
judicious pathways [1]. Reducing the building volume 
requires heating and cooling through holistic 
utilization of outdoor spaces emerges as effective 
strategies for achieving emission reduction. Given the 
lesser need for stringent control in outdoor space, the 
passive strategy of formal design exerts a more 
discernible impact. 

This study delves into the intrinsic process within 
architectural practice, shaping spatial environment 
through architectural form, employing a design-
simulation feedback responsive method. The 
response of the architectural form to the 
environment is a blend of creativity, empiricism, and 

comprehensive value judgment. The overall direction 
of the project takes shape through this process, 
meanwhile scientific simulations serve as valuable 
reference points. Upon this foundation, architectural 
performance simulation guides design optimization, 
ensuring that design outcomes are objectively 
verified through systematic feedback methods. 
 
2. RESEARCH BACKGROUND 
2.1 Methodology background: a prototype-
controlled design method 

The research is accompanied by the design of the 
roof canopy for the Jiaxing High-speed Railway New 
Town Cultural Centre. (Figure 1-a) 

The project locates in Jiaxing High-speed Railway 
New town, Zhejiang, China. The location holds 
significance as a crucial landscape and ecological 
node within the city. Therefore, a response of 
elevated standards is imperative, addressing both 
urban identity and site ecology considerations. 

 
(a) 
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Figure 1: The project rendering (a); the semi-public space 
beneath the roof canopy(b) 
 

Jiaxing is in ⅢA zone (hot summer and cold 
winter) within the north subtropical monsoon climate 
category, characterized by concurrent rainfall and 
high temperatures, abundant sunshine, short spring 
and autumn seasons, and extended durations of 
winter and summer. 

The team practices a design methodology that 
address intricate functional demands and engineering 
challenges under the guidance of a priori prototype. 
The prototype, serving as a comprehensive control 
mechanism, encapsulates various design strategies in 
accordance with the specific project. Providing a high-
quality thermal comfort environment for semi-
outdoor spaces (figure 1-b) is a crucial goal in this 
project. The design-simulation feedback responsive 
method seeks to offer directional insights for design 
decisions through quantitative or semi-quantitative 
research at pivotal stages of the design process.  

Building mass reduction and thermal comfort 
enhancement are parts of the framework of the 
project's carbon neutrality strategies, complemented 
by other space organization strategies, construction 
system design considerations, and equipment system 
strategies (figure 2). 

 
Figure 2: The prototype-controlled methodology framework 
and the project's strategy framework 
 

2.2 Gap between theory and practice: integrating 
design and research for formal engineering projects 

While numerous studies and completed projects 
have explored under-roof semi-outdoor spaces, a 
noticeable gap exists in establishing a cohesive 
correlation between theory and practical application. 

Theoretical research on semi-outdoor spaces 
beneath roofs highlights a specific focus on the 
thermal comfort impact of shading facilities. For 
instance, a study in the arid climate of Arizona 
indicates that the type of shading structure (trees or 
pergolas) has no significant effect on thermal 
comfort. Meanwhile, it emphasizes that outdoor 
thermal perception is influenced by non-
meteorological factors, including physiological, 
psychological, and behavioural aspects.[2] 

Researches also delve into human thermal 
comfort perception and adaptability, exploring the 
neutral temperature, acceptable thermal comfort 
range, and preferred temperature in specific regions. 
Current studies suggest that in humid and hot 
environments, semi-outdoor spaces can significantly 
reduce perceived body temperatures, improving 
environmental thermal comfort compared to outdoor 
spaces. [3,4,5] Moreover, users demonstrate higher 
tolerance for thermal comfort in semi-outdoor and 
outdoor environments than in indoor settings [3]. 
During excessively warm summer conditions, users 
tend to feel more comfortable when the perceived 
temperature is slightly lower [4]. 

In the realm of existing architectural projects, 
there are cases intended to optimize the thermal 
environment in semi-outdoor spaces with roof 
canopies. For instance, the Barcelona's Flea Market 
employed a vernacular approach using sunshade 
canopies to enhance thermal comfort through sun 
shading and wind guidance. Similarly, the Metropol 
Parasol in Seville, Spain, aimed to optimize the 
thermal comfort of the plaza beneath with the roof 
canopy. However, according to a field study, 
compared to another traditional plaza in the same 
city, it is evident that the latter provides a more 
comfortable micro-climate and a more appealing 
outdoor space with the inclusion of trees and 
shadows [6]. Consequently, a thorough examination 
of the thermal comfort performance of outdoor 
spaces beneath the roof canopy is imperative during 
the design phase to prevent potential deviations from 
initial assumptions.  

An exemplary illustration of integrating research 
and practice is the Elytra Filament Pavilion, a project 
completed by ICD-ITKE University of Stuttgart and the 
climate engineering consultant Transsolar. During the 
installation, visitor behaviours were monitored, and 
the subsequent installation of the canopy units were 
based on the observed occupancy behaviour patterns 

 

of tourists [7]. An empirically responsive design 
method was explored.  

However, in larger-scale formal projects, the 
responsive on-site design method is no longer 
feasible. In this context, responsive Investigations and 
design decisions must be concluded before the 
commencement of construction.  

The proposed methodology in this study aims to 
assist formal engineering projects in achieving climate 
adaptation and sustainable goals. 

 
3. METHODOLOGY 
3.1 Simulation-Design interactive design method 

(1) Overall form concept of roof canopy 
The form of the roof canopy is inspired by the 

metaphor of traditional Chinese large roof eaves, 
utilizing contemporary architectural language to 
create a lightweight and graceful curved surface. This 
design seeks to establish an iconic landmark. 

The architectural prototype, integrating the main 
building with a roof canopy, strategically utilizes 
outdoor spatial organization to reduce the volume of 
air-conditioned areas, thereby achieving energy 
consumption reduction. Concurrently, the prototype 
aims to optimize the environmental comfort of semi-
outdoor spaces through the environmental regulation 
function of the roof canopy. 

(2) outdoor thermal comfort optimization 
oriented overall form control 

Roof canopy has the potential to improve comfort 
in the semi-outdoor space in summer, but it may also 
impact the sunlight exposure for occupants during 
winter. Therefore, how to balance the comfort effects 
between seasons while enhancing overall comfort is 
the issue to be addressed. 

Hence, the overall form control process emerges 
as a crucial decision point in the design process, 
necessitating research-backed assistance for 
informed judgment. 

(3) Deepening and comparison of design schemes 
Based on the overall shape, a comprehensive 

examination involving geometric construction 
scheme comparisons and parametric design is 
conducted, considering the requirements of 
functional integration, structural design, and 
construction implementation.  

(4) Thermal comfort evaluation and design 
feedback 

By conducting the performance evaluation and 
visualizing the design outcomes, the impact of the 
roof canopy on the thermal environment will be 
verified. The feedback information is instrumental for 
design optimization. This stands as the second 
decision point in the design process, requiring more 
detailed research results to guide pertinent design 
decisions such as the arrangement of spatial 
functionalities and visitor's spatial usage preferences.  

3.2 Index selection 
In this study, the UTCI index is used to assess the 

outdoor thermal comfort under the influence of the 
roof canopy. [8,9] 

 
3.3 Simulation Platform Selection 

This study uses the Rhino-Grasshopper platform 
to simulate the UTCI index in various zones of the 
semi-outdoor platform for corresponding analysis 
and optimization. In the overall form control stage, 
the emphasis is on examining the conceptual roof 
form and its variations for the overall thermal 
comfort impact on all beneath spaces. The Ladybug 
UTCI Comfort operator is used in this stage. In the 
design feedback stage, a more detailed consideration 
of the effects of roof construction details and 
platform morphology is required. The 
Honeybee_energy module UTCI_Comfort_Map 
operator is employed in this stage. 

 
4.RESULTS 
4.1 Overall form control 

Referring to the local annual UTCI index chart, the 
outdoor discomfort conditions are mainly 
overheating in summer and overcooling in winter. 

(1) Preliminary thermal comfort simulation 
setting: The study selects a typical day in summer and 
in winter respectively, calculating hourly changes in 
comfort during the main activity period from 9:00 to 
18:00. It involves two preliminary scenarios: no roof 
mode(a), total roof mode(d) (figure 3). 

 
Figure 3: Simulated canopy mode 

 
(2) Comparison of roof canopy geometry based on 

outdoor thermal comfort 
Experimenting with openings to reduce roof 

coverage area and find a form that balances summer 
and winter comfort, two gradients of openings are 
selected besides the preliminary scenarios to 
investigate the impact on UTCI index: small atrium 
mode (b), big atrium mode (c). 

Expanding the roof atrium openings attenuate the 
perceived temperature reduction of the UTCI index in 
winter, while reducing the cooling effect in summer 
The thermal comfort difference between the no-
opening mode and the no-roof mode is significant. 
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The operational conditions between the small atrium 
model and the big atrium model both fall within the 
range capable of balancing thermal comfort effects 
between winter and summer. (Figure 4) 

 
Figure 4: Box plot of summer UTCI data for simulation 
scenarios(a); Box plot of winter UTCI data in four simulation 
scenarios(b) 

 
Adjust the scope of the atrium and obtain comfort 

data in real time. The base form (e) for further design 
development is selected comprehensively considering 
the function of the main part of the building and the 
architectural form. (Figure 5) 
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4.2 Comparison of Roof Unit Forming Schemes 

On the basis of the overall roof canopy form, the 
subsequent design deepening should adhere to the 
coherence of construction and geometric logic of 
construction. Therefore, a space grid method is used 
to fit the three-dimensional curved surface; at the 
same time, the design must account for upcoming 
technical integrations, including construction, 
photovoltaics, drainage, lightning protection, 
construction implementation, etc. To ensure the 
feasibility of subsequent technological integration, a 
unitized design strategy is employed. 

In light of the above two strategies, several 
options are compared (Figure 6): 

 

Figure 6: Comparison of roof unit forming schemes 
The model of small grid units superimposed on 

medium-sized roof units is chosen for further 
development. This approach allows for independent 
control of the visual aesthetics of the space beneath 
canopy and the fifth facade of the building. In 
technical aspect, it enables uniform control over the 
size and type of grid units, thereby simplifying the 
deepening design and construction implementation. 

In the chosen canopy mode, an integrated 
strategy combining sunshades, courtyard atrium and 
skylight components is proposed to adjust semi-
outdoor space comfort. 

 
4.3 Comfort evaluation of the semi-outdoor space 

To optimize the spatial and functional 
organization of the platform with the physical 
environment, a thermal comfort simulation of the 
semi-outdoor space underneath is conducted. This 
process aims to validate the actual impact of 
pertinent design strategies, as well as to provide 
insights for further design optimization, function 
settings, and space utilization. 

A Honeybee Energy Model including details of 
building envelope, thermal parameter and canopy 
construction details is constructed. 
UTCI_Comfort_Map operator in the 
Honeybee_energy module is used for a more precise 
simulation (Figure 7). 

 
Figure 7: Thermal comfort Honeybee model  
 

The typical sunny days and overcast days in four 
seasons are selected to compare the annual thermal 
comfort performance under representative scenarios. 

UTCI equivalent temperatures of the semi-
outdoor platform are calculated at 12:00 noon on 
typical sunny days and overcast days in the four 
seasons. Drawing from researches in Wuhan and 
Shenzhen, this study adopts a UTCI thermal neutral 
temperature of around 25°C, with a thermal comfort 
range between 21 and 32°C and a preferred 
temperature of approximately 24°C. 

(1) Typical days in spring (Figure 8) 
Select April 17th as the typical sunny day: 
a. The UTCI equivalent temperature in the atrium 

area surpasses that in the platform area, with the 

 

atrium area consistently falling within the thermal 
comfort range. 

b. Despite the overall lower UTCI equivalent 
temperature, scattered regions within the platform 
area experience enhanced thermal comfort due to 
the solar radiation received through the skylights, 
thereby improving the thermal comfort in the semi-
outdoor space beneath the roof canopy. 

Select April 14th as the typical overcast day: 
a. The influence of skylight components in the 

roof canopy on the thermal comfort of the platform is 
not evident; 

b. The UTCI equivalent temperatures in the atrium 
and outer unobstructed areas are higher, but both 
remain below the thermal comfort range. 

 

 
Figure 8: Visualization of UTCI equivalent temperature on 
typical days in spring 

 
(2) Typical days in summer (figure 9) 
Select August 18th as a typical sunny day: 
a. The roof canopy notably lowers the UTCI 

equivalent temperature, substantially enhancing 
thermal comfort. Additionally, the sunlight radiation 
penetrating through the skylight components does 
not cause overheating in the platform area. 

b. The UTCI equivalent temperature in the atrium 
area is excessively high. 

Select August 17th as a typical overcast day: 
a. Overheating is observed in the atrium area and 

some unsheltered sections on the outer perimeter of 
the platform, while the majority of the platform area 
beneath the canopy falls within the thermal comfort 
range. 

 

 
Figure 9: Visualization of UTCI equivalent temperature on 
typical days in summer 
 

(3) Typical days in autumn (figure 10) 
Select November 3rd as the typical sunny day: 
a. The surrounding area of the atrium and partial 

platform sections are in the thermal comfort zone; 
b. The majority of the platform beneath the roof 

canopy registers temperatures lower than the 
comfort zone. 

c. The lighting from the skylight contributes to the 
distribution of point-like areas with enhanced 

thermal comfort, thereby improving overall comfort 
performance. 

Select November 4th as a typical overcast day: 
a. All areas are below the thermal comfort zone. 
b. The UTCI temperature in the atrium and the 

outer edge of some platforms is relatively high. 
 

 
Figure 10: Visualization of UTCI equivalent temperature on 
typical days in autumn 
 

(4) Typical days in winter (figure 11) 
Select December 23rd as a typical sunny day: 
a. The majority of areas fall below the comfort 

range, with some sections along the outer edge of the 
platform situated within the comfort zone. 

b. Skylights and atriums significantly improve 
thermal comfort. 

Select December 22nd as a typical overcast day: 
a. All areas are below the thermal comfort zone; 
b. The UTCI temperature in the atrium and the 

outer edge of some platforms is relatively high. 
 

 
Figure 11: Visualization of UTCI equivalent temperature on 
typical days in winter 
 
5.CONCLUSION 

The preliminary design simulations indicate that 
the roof canopy exhibits a pronounced shading effect 
during the summer months, whereas temperatures 
tend to be lower in spring, autumn and winter.  
Therefore, the further design aims to minimize the 
loss of shading effectiveness during summer while 
enhancing thermal radiation absorption in other 
seasons, achieving a balanced shading effect for the 
canopy. 

Further investigation during the deepening 
process reveals that atrium openings can improve 
comfort except in summer. Skylight components 
contribute to an improved thermal experience in 
sunny weather throughout spring, autumn, and 
winter, mitigating the adverse impacts of roof canopy 
shading. Skylights do not exert a negative effect on 
thermal comfort in any scenarios. As is shown in table 
1. In summary, the roof canopy integrating the 
strategies of sun shading, atrium openings, and 
skylight components, proves effective in enhancing 
the thermal comfort of the semi-outdoor public space 
in most scenarios.  
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Table 1: The impact of roof canopy form strategies on 
thermal comfort under different research scenarios 

 
Roof canopy  
form strategy 

overall 
sunshade 

courtyard 
atrium 

skylight 
component 

Spring 
Sunny - + + 

Overcast - + ⚪ 

Summer 
Sunny + - ⚪ 

Overcast + - ⚪ 

Autumn 
Sunny - + + 

Overcast - + ⚪ 

Winter 
Sunny - + + 

Overcast - + ⚪ 

+ represents a positive effect； 

- represents a negative effect； 
⚪ means no obvious effect. 

 
Additionally, the results can guide further design 

adjustments and layout of functional areas. For 
instance, to address overheating in outer perimeter 
areas, planting greenery can cool the space while 
unconsciously restricting activities in uncomfortable 
areas.  The next stage of the research will test 
comfort index and users’ comfort perceptions under 
typical weather conditions in the actual built 
condition, examining preferences for activity areas 
and behavioural types, to verify the thermal comfort 
adjustment capability of the canopy. 

This study provides a framework and offers 
examples for the design-simulation responsive design 
method, providing a basis for assessing the building 
performance post-implementation. Additionally, it 
provides a basis for further on-site research. 
 
6.DISCUSSION 

Contemporary life is reliant on artificial physical 
environments, often taking for granted the 
convenience based on excessive energy consumption. 
In architectural practices within regions with 
favourable outdoor climatic conditions, there is value 
in bridging the gap between humans and the 
environment. Through methods other than energy 
and equipment, we aim to provide physical 
environments that better align with the habits and 
comfort needs of human activities. 

Architectural design, under the control of a 
prototype, comprehensively addresses complex 
functional and engineering demands. The prototype, 
functioning as an integrated design control 
mechanism, accommodates various possibilities of 
design strategies. In this decision-making process, 
quantitative or semi-quantitative research targeting 
specific objectives can provide theoretical support for 
design at various levels. For example, in this project, 
regarding outdoor thermal comfort, simulations are 

conducted during the early stages of the canopy form 
control and the later stages of platform functional 
organization, providing conclusive findings to support 
design directions. In this process, parallel goals 
collectively contribute to the development of the 
project. 

The method of simulation has limitations of 
simplified boundary condition settings and idealized 
scenario setups; therefore, the research aims not to 
exert fine-grained control over design through 
simulation calculations. Under the feedback 
mechanism of post-occupancy evaluation of the built 
environment, the research team engages in more 
refined studies by means of on-site testing, subjective 
questionnaires, etc., providing feedback into the 
prototype and strategies for application in 
subsequent projects. 
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ABSTRACT: In the era of climate change and increased focus on sustainability, health, and wellbeing, it becomes 
imperative that architecture students own the fundamentals of building physics and human comfort. This paper 
delineates the integration of a student-centered Post Occupancy Evaluation (POE) project into architectural 
pedagogy, redefining traditional learning approaches. It illuminates the potential of immersive, research-
informed POEs as a learning tool within Environmental Technology courses for graduate students. Thermal 
comfort, air quality, lighting, and acoustics are studied through the lens of occupants' experience and measured 
data in existing built environments. Students navigate the convergence of theoretical knowledge and real-world 
application through systematic data acquisition and analysis. Focused on studying the students’ own college 
building, the project extended beyond the boundaries of the course, engaging stakeholders and demystifying the 
space through data dissemination. This paper advocates for integrating POE as a cornerstone in architectural 
education, poised at the intersection of academic exploration and practical implementation, ushering architects 
toward a more responsive and evidence-based architectural future. 
KEYWORDS: Post-occupancy evaluation, Architectural Education, Student-centered Instruction, Learning-by-
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1. INTRODUCTION  
Diverting from over-concentration to new 

construction, Bordass and Leaman advocated for a 
fresh approach to professionalism within the built 
environment field, emphasizing the importance of 
deepening their understanding of buildings that are 
already in use [1, 2]. Studying precedents has always 
been a favorite topic in architectural pedagogy [3, 4], 
particularly in sustainable environmental design [5, 
6]. Internet resources for studying existing buildings 
are plentiful today but often lack depth and validity 
or are inconsistent in providing evidence of 
performative statements [7]. Additionally, cognitive 
psychology has shown that episodic and semantic 
knowledge are not stored together and are difficult to 
combine. Lawson, in his article “Design and the 
Evidence” [8], says, “It is quite possible, for example, 
for a student to pass a theoretical examination in 
structural mechanics with flying colours, and yet 
apparently unable to use that knowledge creatively in 
design.” Students report learning faster and better 
when engaging in first-hand applications [9], 
especially when understanding and quantifying 
invisible or intangible parameters, such as thermal 
sensation and light. Combining the benefits of 
precedents’ study analytical methods with learning-
by-doing can provide a dynamic educational 
framework for teaching environmental technology 
fundamentals.  

Post Occupancy Evaluation (POE) is the process of 
obtaining feedback about the performance of existing 
buildings. Although a substantial part of the life-cycle 
of the building is feedback, POEs are not mandated or 
regulated, and the design profession has not fully 
appreciated their importance [10]. Most green 
building certification systems base their criteria on 
design documentation, with only a few relying on 
actual performance. As a result, it is mostly research 
initiatives that drive the application of POEs. POE 
projects have been used as teaching tools for 
educational purposes, adopting a more experiential 
learning-by-doing approach [11, 12] and engaging 
students actively in real-world scenarios to maximize 
their understanding and critical thinking abilities [6, 
12, 13]. The students return to understanding 
buildings as physical objects with physical processes, 
a concept exponentially getting lost since buildings 
started being designed on computer screens. 

This paper presents the development and 
implementation of a student-centered, research-
informed POE project as part of a core Environmental 
Technology (ET) course for first-year Master of 
Architecture (MArch) students with no former 
architectural education. The project aims to maximize 
student engagement, optimize learning efficiency, 
enhance understanding of “invisible” microclimatic 
properties, and increase awareness of environmental 
parameters that impact energy performance and user 
experience.  
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2. OVERVIEW OF THE POE PROJECT  
The case study building was the college building of 

architecture situated in a humid subtropical climate, 
explicitly focusing on the studio spaces where the 
students spend a significant amount of their time. 
The building was built in 1985 and is fixed on a 
central 40’ x 80’ (~12m x 24m) atrium. The atrium is 
sky-lit from above and acts as the central life to those 
in the college. The three upper levels are occupied by 
open-plan studio spaces clustered around the atrium, 
which is the core of the architecture students’ lives. 
The studio spaces are laid out on north and south-
oriented facades, and the floors differ in window size, 
access to the skylight, and height (Table 1 and Fig. 1).  

 
Table 1: Summary data of study areas  

ID* Area 
(m2/ft2) 

Avg. height 
(m/ft) 

w/w 
(%) 

Access to 
skylight 

2S 812/8,735 4.26/14 4.1 No 
2N 812/8,735 4.26/14 4.1 No 
3S 465/5,000 4.26/14 48.6 No 
3N 465/5,000 4.26/14 48.6 No 
4S 653/7,028 9.1/30 8.5 Yes 
4N 653/7,028 9.1/3o 8.5 Yes 
*ID name depicts floor number and cardinal orientation 

 
 
 
 
 
 
 
 

Figure 1: Building’s schematic plans and elevations 
 
3. THE POE DESIGN  

The project was divided into two distinct phases. 
During phase 1, the eleven enrolled students worked 
in groups of 3-4 people on one of the three floors. 
The findings of this phase became the basis for 
formulating individual research agendas on which the 
students worked during phase 2 (Fig. 2). 
Collaboration among students and teams became 
critical in reinforcing a holistic understanding of the 
building technologies and occupants’ interaction.  
 
3.1 Phase 1 – teamwork  

Phase 1 comprises four progressive assessment 
tasks designed based on time and resource 
availability. The studied properties were thermal 
comfort, air quality, lighting, and acoustics (Fig. 2).  

Task 1 - Secondary data collection: Energy 
consumption and operational data collection, 
building documentation, material properties, and 
envelope composition. The collection of this material 
helps formulate research hypotheses and questions. 

Task 2 - User perception and satisfaction (PS): 
The students collectively designed an anonymous 
survey in six sections: i) demographics and studio 

space identification, ii) thermal PS, iii) air quality PS, 
iv) visual PS, v) acoustical PS, and vi) general PS. They 
used the ASHRAE 55 [14] thermal sensation 7-point 
scale based on Fanger’s heat balance equation [15] 
and the ASHRAE 55 3-point preference scale.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Project organization around two subsequent 
phases. Every dot represents one student. 
 

Task 3 - Datalogging: Two data loggers (item 1 in 
Table 2) were installed centrally on each floor on the 
northern and southern sides, away from direct sun 
and air-conditioning (AC) outlets. They recorded dry 
bulb temperature (DBT), Relative Humidity (RH), and 
carbon dioxide (CO2) levels at 5-minute intervals 
between March 2nd and 10th, 2023.  

Task 4 - Interviews and spot measurements: 
Forty-six students were interviewed on February 14 
(cloudy - daily average temperature 21.3oC/70.41oF) 
and February 20 (sunny - daily average temperature 
20oC/68.03oF), 2023. The students took simultaneous 
DBT, RH, and airspeed measurements (using items 2 
and 3 in Table 2). All questions were designed based 
on the ASHRAE 55 [7] questionnaire so students can 
compare occupant subjective thermal comfort and 
computed comfort using the Predicted Mean Vote 
(PMV) calculation per Fanger’s equation [15]. 
Measured values were used in the calculation, 
together with observed or self-reported metabolic 
rate (met) and clothing levels (clo) values. For this 
initial study, it was assumed that DBT values equal 
operative temperatures.  

Air quality assessment included CO2 and VOC 
measurements using items 4 and 5 in Table 2, which 
were evaluated against ASHRAE 62 thresholds. Sound 
measurement evaluations using item 6 in Table 2 
used the World Health Organization (WHO) threshold 
recommendations to define noise pollution.  

Illuminance levels (using item 7 in Table 2) were 
mapped independently from the interview times on a 
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Table 1: Summary data of study areas  

ID* Area 
(m2/ft2) 

Avg. height 
(m/ft) 

w/w 
(%) 

Access to 
skylight 

2S 812/8,735 4.26/14 4.1 No 
2N 812/8,735 4.26/14 4.1 No 
3S 465/5,000 4.26/14 48.6 No 
3N 465/5,000 4.26/14 48.6 No 
4S 653/7,028 9.1/30 8.5 Yes 
4N 653/7,028 9.1/3o 8.5 Yes 
*ID name depicts floor number and cardinal orientation 

 
 
 
 
 
 
 
 

Figure 1: Building’s schematic plans and elevations 
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initial study, it was assumed that DBT values equal 
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Air quality assessment included CO2 and VOC 
measurements using items 4 and 5 in Table 2, which 
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horizontal level at desk height across the spaces 
during two days (one sunny and one overcast). 
Lighting was assessed as combined daylighting and 
artificial since the fixtures operated with motion 
sensors, and the students did not have access to 
controls.  
 
Table 2: List of environmental sensing equipment  

 

3.2 Phase 2 – individual agendas  
Students used the preliminary evaluation reports 

to synthesize a holistic understanding of building 
design and operations. This shared knowledge 
assisted students with identifying areas of interest 
and formulating their individual agendas on one of 
the study areas (Fig. 2). Phase 1 also exposed 
students to the methods and tools available to them 
to refine their methodology and approach to their 
individual research questions. The research 
methodologies used by the students at this stage 
spanned a variety of media and tools. Examples are 
further survey analysis, infrared imaging (using item 8 
in Table 2) to assist thermal comfort analysis, infrared 
imaging to assist mechanical systems’ inspection, and 
focused controlled experiments on reported issues on 
one of the four studied parameters. 
 
3.3 Project modules  

The course was spread across twelve 1.5-hour 
sessions led by one instructor and designed around 
five modules:  

1) Introduction to POE (three sessions): An 
overview of the origins, value, and examples of POE 
introduces the students to the process of 
investigating existing buildings. This lecture-based 
module takes place parallel to task 1.  

2) POE tools (three sessions): This module includes 
familiarization with the tools used to obtain occupant 
feedback (task 2) and collect environmental data 
(tasks 3 and 4). Leveraging primarily student-led 
workshops of collaborative learning, it results in 
substantial in-class work. Students design anonymous 
mass surveys and formulate interview questions for 

individuals. By the end of this module, students 
distribute the survey, and they install the dataloggers. 
Before collecting the data from those two tasks, 
which require a minimum of two weeks, students 
have time to perform targeted interviews with 
occupants and additional spot measurements.  

3) Benchmarking (one session): A key aspect of 
POE studies is benchmarking. This lecture-based 
module provides students the resources to evaluate 
their measurements against standards.  

4) Research hypothesis and methodologies (two 
sessions): Following the findings presentations at the 
end of phase 1, students are presented with a 
relevant research paper and are asked to analyze it, 
identifying its core structure. Through collaborative 
workshops, they learn to distinguish between the 
main components of a research project. This module 
is deemed essential for formulating their own 
research hypothesis for phase 2 and for identifying 
the analytical methods and tools critical to carrying 
out their individual research agendas.  

5) Data analytics and case studies (three sessions): 
This hybrid module (lectures and workshops) focuses 
on visualization techniques for the collected data 
using various media, such as combined graphs, 2D 
heat maps, and compiled images. The module's goal 
is to bridge the gap between data collection, data 
representation, and data interpretation. Figures 3-7 
show examples of student work during the semester, 
including phase 1 survey analysis and environmental 
data collection, as well as phase 2 individual studies 
and experiments.  
 
4. RESULTS  

Secondary data collection: The building operates 
at 22.7oC/73oF with two air handlers per floor. The R-
values are estimated for the cavity walls at 4.7 
ft2·°F·h/BTU, for the roof at 5.1 ft2·°F·h/BTU, and the 
windows/skylight U-value is estimated at 1.2 
ft2·°F·h/BTU. The initial hypothesis was that the 
central atrium exemplifies air stratification, 
generating a vertical gradient thermal environment. 
In addition, it was expected that different 
orientations and façade treatments per floor 
substantially affect the corresponding spaces. Being 
exclusively mechanically ventilated without 
economizers could result in low ventilation rates and 
air quality challenges during the studied mid-season. 

Survey: The survey was sent to 816 students and 
completed by 139, almost equally distributed among 
the three floors. The highest level of dissatisfaction 
pertained to noise levels across all floors, with 49% of 
participants reporting dissatisfied or very dissatisfied. 
Regarding thermal comfort during mid-season (when 
the data collection occurred), the greatest 
dissatisfaction appears on the 3rd and 4th floors. 
42.1% of the 3rd floor respondents reported feeling 

# Instrument Quantity Range 

1 Extech SD800 
CO₂ 0 to 4000 ppm 
Temp 32 to 122°F (0 to 50°C) 
RH 10 to 90% RH 

2 Extech 407119 Air Speed 40 to 3346ft/min,  
0.2 to 17.0m/s 

3 RH 101 
RH 10% to 95% 
Temp -4 to 140 °F (-20 to 60 °C) 
IR Temp -58 to 932 °F (-50 to 500 °C) 

4 VFM200 TVOC 0.00 to 9.99ppm (mg/m3) 
5 Extech CO260 CO₂ 0 to 5000, 5001 to 9999ppm  

6 Extech SDL600 Sound 30 to 80, 50 to 100, and 80 to 
130dB 

7 Extech 33 Illuminance 99.99, 999.9, 9999, 99990, 
999900 

8 Flir One Pro Temp -20° to 120°C (-4°F to 248°F)  
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cool or cold, and 36.8% preferred a warmer 
environment. On the 4th floor, 40% reported feeling 
warm or hot, and 51.4% preferred a colder 
environment. 75% of all participants reported having 
had to change their environment to improve thermal 
comfort. On the 2nd floor, most participants feel 
comfortable (72.2%), but only 55.6% prefer no 
change, with the rest of the respondents favoring 
warmer (19.4%) or colder (25%) environments. 
Examples of representations of survey results can be 
seen in Figure 3. 

Measurements - whole building: There was great 
variability in environmental conditions among spaces. 
The air stratification was not observed as expected, 
with the 3rd floor consistently exhibiting the lowest 
temperatures. The 2nd and the 3rd floors reach the 
highest CO2 levels (>1000ppm) during high occupancy 
times. The south studios have slightly higher humidity 
and CO2 levels than the north. High CO2 
concentration and VOC levels affect all open spaces 
on the same floor, usually with a small lag after 
occupancy increases. Examples of data logging and 
spot measurement representations can be seen in 
Figures 4 and 5. The high dissatisfaction with noise at 
the open-floor studios directed the design of a 
controlled experiment across all floors. A 65-dB loud 
noise was generated centrally in the studios. Noise 
levels dropped to 39dB in areas with partitions and 
carpet floors (3rd floor), while they only dropped to 
48dB for the same distance from the source in areas 
without partitions and vinyl floors (2nd floor). On the 
4th floor, sound levels were measured on a perimeter 
around the sound source. It was observed that the 
atrium's open space diffuses sound to 49dB while the 
walls reverberate it to 56dB (Fig. 7 left). 

Measurements - 2nd floor: The south-facing spaces 
are consistently warmer than the north-facing ones. 
Temperatures show the smallest diurnal variation 
compared to the other floors, and occupancy 
patterns only moderately affect temperatures. 
Averaged surface temperatures at the north studios 
are lower than the south ones during morning and 
evening. Even though radiant temperature analysis 
was done on a cloudy day and the windows are small, 
surface temperatures by the windows are much 
higher than those close to the corridors (Fig. 6). The 
2nd floor reaches the highest CO2 levels (> 1000 ppm). 
Lighting levels are sufficient across the floor, and on a 
sunny day, they are higher next to the south-facing 
windows. The inconsistent light distribution in the 
rest of the space is unrelated to the distance from the 
windows.  

Measurements - 3rd floor: The 3rd floor was the 
coldest floor during the recorded period. The north-
facing studios are consistently warmer than the 
south-facing ones, and the air always moves from the 
south side of the building to the north side, that is, 

from cold to warm, contrary to expectations. The 
vents on the 3rd floor south hall operate at much 
lower temperatures, ranging from 55oF to 66oF, with 
no predictable pattern (Fig. 7 right). Occupancy does 
not statistically relate to temperature variations. The 
correlation between CO2 levels and occupancy is 
moderate, with R2=.52. VOC levels were consistently 
elevated and related to the proximity of studio 
deadlines, measuring 0.4-2.2 ppm. An experiment 
was conducted using a LEVOIT LV-H132 HEPA Filter in 
each studio space. The unit dropped VOC levels by as 
much as 0.1 ppm with just 30 minutes of operation 
time. Lighting levels are generally sufficient on the 3rd 
floor. On a sunny day, light levels are significantly 
higher next to the large south-facing windows, which 
may cause glare. 

Measurements - 4th floor: On the 4th floor, thermal 
and air-quality responses in the north and south-
facing studios are almost identical due to minimal 
vertical windows. Temperatures show the largest 
diurnal variation compared to the other floors. Indoor 
dry bulb temperatures fluctuate relative to outdoor 
temperatures. Occupancy patterns only moderately 
affect temperatures. The 4th floor shows the lowest 
CO2 levels during high occupancy times. 

 
5. DISCUSSION 

The fully mechanically ventilated spaces 
dominated the thermal experience in most spaces, 
explaining that the middle floor (3rd) was consistently 
the coldest against any expectations. The fully 
exposed to the skylight 4th floor was an outlier to this 
observation, with solar gains through the dome 
dictating diurnal temperature fluctuations. On the 
other two floors, solar gains had a profound impact 
on radiant temperatures, distinctly differentiating 
thermal comfort profiles on different orientations 
and envelope configurations. Occupancy patterns 
moderately affected indoor temperature fluctuations, 
but were the driving force behind elevating CO2 
levels. The low CO2 levels on the 4th floor are 
attributed to its large height. Lighting was above 
recommended levels; however, the spaces were not 
uniformly lit by electrical lighting, and direct sunlight 
often became the cause of glare. The biggest cause of 
occupant dissatisfaction was noise due to open-plan 
space design. Simple partitions were proven effective.  

The study motivated the students to seek 
innovative research methods to interpret the 
building’s performance. Their recommendations 
included in no particular order: window replacement, 
shading on the 3rd floor south façade, mechanical 
system inspection and maintenance, acoustic tiles’ 
replacement, acoustic movable partitions, 
replacement of lighting fixtures and upgrade to LEDs, 
banning aerosols, and integrating indoor vegetation. 
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Figure 3: Examples of student work: Phase 1 survey analysis 
 
 
 
 
 
 
 
 

Figure 4: Examples of student work: Phase 1 spot measurements, illuminance (left), and thermal (right) 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5: Examples of student work: Phase 1 data logging 
 
 

 
 
 
 
 
 
 
 

Figure 6: Examples of student work: Phase 2 mechanical systems – diffusers’ operational temperature  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Examples of student work: Phase 2 acoustics experiment (left), acoustic treatment calculations (right) 
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The students also recommended the undertaking of 
similar studies during the cooling season. 

 
6. CONCLUSION 

This article outlines the implementation of a 
student-centered, research-informed environmental 
POE project, employing hands-on experiential 
education to assist in learning building physics and 
human comfort fundamentals. It highlights the 
transformative potential of POE as an educational 
tool within architectural pedagogy by emphasizing 
learning from existing built environments. Ultimately, 
it redefines the paradigm of architectural education, 
bridging theory with experiential learning.  

The POE project is embedded within an 
environmental technology course for graduate 
architecture students. By blending collaborative 
teamwork and individualized research agendas, it is 
grounded in systematically examining the students’ 
college building. The course is developed around five 
modules: Introduction to POE, POE Tools, Research 
Hypothesis and Methodologies, Benchmarking, and 
Data Analytics and Case Studies. Thermal comfort, air 
quality, lighting, and acoustics are explored through 
four designed tasks: secondary data collection, user 
perception and satisfaction, data logging, and 
interviews and spot measurements. Through data 
postprocessing methods and self-driven research, 
students gained insights into the building’s functional, 
technical, and environmental performance, as well as 
occupants’ perception and satisfaction. The students 
acquired hard and soft skills, practicing data 
processing, research questions and methods 
formulation, presentations, summary reporting, and 
evidence-based design ideation. The process yielded 
an impressive learning leap attributed only to the 
hands-on, learning-by-doing approach.  

The outcomes of the project extended the 
course’s requirements, fostering conversations about 
building design and operations through active 
engagement with the academic community and 
college leadership. Choosing the college as a case 
study intuitively created a sense of ownership and 
personal investment for the students. The physical 
presence of students as researchers around the 
college assisted with the project's propagation across 
the community. This paper strongly supports the 
integration of POE into architectural education, 
emphasizing its pivotal position where academic 
study meets hands-on application. By embracing POE 
as a learning tool, architectural education moves 
toward a more informed future grounded in 
evidence-based, responsive designs. 
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ABSTRACT: This paper presents the design, development, and performance evaluation of a Net-Zero attached 
housing project in the hot and humid climate of Northern Vietnam. Integrating bioclimatic design principles, 
contemporary environmental technologies, and local building materials. The project aimed to minimize energy 
consumption while improving the quality of life for the local Tay ethnic group with respect to their traditional 
lifestyles. A careful examination and adaptation of the traditional local house layouts enabled the integration of 
efficient passive design strategies such as natural cross-ventilation, shading, solar heating, thermal mass, and 
daylighting. The use of indigenous building materials and renewable energy sources, including solar panels, was 
crucial in achieving optimal thermal and lighting performance, resulting in net-zero energy consumption. The 
successful outcome of this project demonstrates the potential of environmentally friendly, economically viable, 
and culturally sensitive building practices in achieving sustainable development in the region. 
KEYWORDS: Energy, Comfort, Net-Zero, Bioclimatic Design 
 
 

1. INTRODUCTION 
The project is situated in a rural village within the 

mountainous region of Cao Bang, at an elevation of 
289 m above sea level. This village is inhabited by 
members of the Tay ethnic group, and its population 
consists of 14 multigenerational families. The local 
economy predominantly depends on agricultural and 
forestry activities, along with providing homestays for 
tourists. 

Our team had the opportunity to visit the village 
and conduct surveys on neighbouring houses. 
Measurements were taken for indoor illuminance, 
dry bulb temperature, and air velocity to evaluate the 
indoor environmental quality in November 2022. The 
findings revealed that the residents inhabit poorly 
ventilated spaces with dim interiors (127-136 lux) and 
cold environments (with no auxiliary heating). 

The project is in a region characterized by a 
temperate climate, experiencing a dry winter season 
and a hot summer season (Cwa) at a latitude of 22°N, 
according to the Koppen-Geiger climate system. It 
falls under the International Energy Conservation 
Code (IECC) climate zone 2A, which is categorized as 
hot and humid. The average highest temperature 
reaches 31°C, while the lowest temperature can drop 
to 11°C. Additionally, the global horizontal radiation 
can reach up to 503 W/m². By employing a modified 
comfort range tailored explicitly for Vietnamese 
individuals [1], which is 20°C-27.7°C, we have 
determined that passive design strategies such as 
internal heat gains and natural ventilation can 
effectively provide thermal comfort for 
approximately 80% of the year. Supplementary 

heating and cooling measures would be necessary 
only during the remaining 20% of the year. This 
approach ensures minimal reliance on energy 
consumption (refer to Figure 1). 

 
Figure 1: Adapted psychrometric chart for Vietnam. 
 

Our design approach encompasses five 
overarching objectives. Firstly, in terms of “quality of 
life,” our focus is on enhancing the well-being of the 
local community in Khuoi Ky Village. This involves 
addressing issues related to indoor environmental 
quality, with a particular emphasis on improving 
daylighting, natural ventilation, and thermal comfort. 

Secondly, sensibility plays a crucial role in our 
design philosophy. We acknowledge and respect local 
people's unique way of life and specific building 
attributes. Thus, our project aims to incorporate and 
honour local customs and architectural features 
seamlessly. Thirdly, passive design is integral to our 
strategy. We employ natural ventilation, daylighting, 
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The students also recommended the undertaking of 
similar studies during the cooling season. 

 
6. CONCLUSION 

This article outlines the implementation of a 
student-centered, research-informed environmental 
POE project, employing hands-on experiential 
education to assist in learning building physics and 
human comfort fundamentals. It highlights the 
transformative potential of POE as an educational 
tool within architectural pedagogy by emphasizing 
learning from existing built environments. Ultimately, 
it redefines the paradigm of architectural education, 
bridging theory with experiential learning.  

The POE project is embedded within an 
environmental technology course for graduate 
architecture students. By blending collaborative 
teamwork and individualized research agendas, it is 
grounded in systematically examining the students’ 
college building. The course is developed around five 
modules: Introduction to POE, POE Tools, Research 
Hypothesis and Methodologies, Benchmarking, and 
Data Analytics and Case Studies. Thermal comfort, air 
quality, lighting, and acoustics are explored through 
four designed tasks: secondary data collection, user 
perception and satisfaction, data logging, and 
interviews and spot measurements. Through data 
postprocessing methods and self-driven research, 
students gained insights into the building’s functional, 
technical, and environmental performance, as well as 
occupants’ perception and satisfaction. The students 
acquired hard and soft skills, practicing data 
processing, research questions and methods 
formulation, presentations, summary reporting, and 
evidence-based design ideation. The process yielded 
an impressive learning leap attributed only to the 
hands-on, learning-by-doing approach.  

The outcomes of the project extended the 
course’s requirements, fostering conversations about 
building design and operations through active 
engagement with the academic community and 
college leadership. Choosing the college as a case 
study intuitively created a sense of ownership and 
personal investment for the students. The physical 
presence of students as researchers around the 
college assisted with the project's propagation across 
the community. This paper strongly supports the 
integration of POE into architectural education, 
emphasizing its pivotal position where academic 
study meets hands-on application. By embracing POE 
as a learning tool, architectural education moves 
toward a more informed future grounded in 
evidence-based, responsive designs. 
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ABSTRACT: This paper presents the design, development, and performance evaluation of a Net-Zero attached 
housing project in the hot and humid climate of Northern Vietnam. Integrating bioclimatic design principles, 
contemporary environmental technologies, and local building materials. The project aimed to minimize energy 
consumption while improving the quality of life for the local Tay ethnic group with respect to their traditional 
lifestyles. A careful examination and adaptation of the traditional local house layouts enabled the integration of 
efficient passive design strategies such as natural cross-ventilation, shading, solar heating, thermal mass, and 
daylighting. The use of indigenous building materials and renewable energy sources, including solar panels, was 
crucial in achieving optimal thermal and lighting performance, resulting in net-zero energy consumption. The 
successful outcome of this project demonstrates the potential of environmentally friendly, economically viable, 
and culturally sensitive building practices in achieving sustainable development in the region. 
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1. INTRODUCTION 
The project is situated in a rural village within the 

mountainous region of Cao Bang, at an elevation of 
289 m above sea level. This village is inhabited by 
members of the Tay ethnic group, and its population 
consists of 14 multigenerational families. The local 
economy predominantly depends on agricultural and 
forestry activities, along with providing homestays for 
tourists. 

Our team had the opportunity to visit the village 
and conduct surveys on neighbouring houses. 
Measurements were taken for indoor illuminance, 
dry bulb temperature, and air velocity to evaluate the 
indoor environmental quality in November 2022. The 
findings revealed that the residents inhabit poorly 
ventilated spaces with dim interiors (127-136 lux) and 
cold environments (with no auxiliary heating). 

The project is in a region characterized by a 
temperate climate, experiencing a dry winter season 
and a hot summer season (Cwa) at a latitude of 22°N, 
according to the Koppen-Geiger climate system. It 
falls under the International Energy Conservation 
Code (IECC) climate zone 2A, which is categorized as 
hot and humid. The average highest temperature 
reaches 31°C, while the lowest temperature can drop 
to 11°C. Additionally, the global horizontal radiation 
can reach up to 503 W/m². By employing a modified 
comfort range tailored explicitly for Vietnamese 
individuals [1], which is 20°C-27.7°C, we have 
determined that passive design strategies such as 
internal heat gains and natural ventilation can 
effectively provide thermal comfort for 
approximately 80% of the year. Supplementary 

heating and cooling measures would be necessary 
only during the remaining 20% of the year. This 
approach ensures minimal reliance on energy 
consumption (refer to Figure 1). 

 
Figure 1: Adapted psychrometric chart for Vietnam. 
 

Our design approach encompasses five 
overarching objectives. Firstly, in terms of “quality of 
life,” our focus is on enhancing the well-being of the 
local community in Khuoi Ky Village. This involves 
addressing issues related to indoor environmental 
quality, with a particular emphasis on improving 
daylighting, natural ventilation, and thermal comfort. 

Secondly, sensibility plays a crucial role in our 
design philosophy. We acknowledge and respect local 
people's unique way of life and specific building 
attributes. Thus, our project aims to incorporate and 
honour local customs and architectural features 
seamlessly. Thirdly, passive design is integral to our 
strategy. We employ natural ventilation, daylighting, 
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and shading strategies to ensure occupant comfort, 
reduce energy consumption, and enhance indoor 
environmental quality. Fourthly, constructability 
considerations were meticulously studied, 
considering the village's location, community setting, 
and accessibility. We prioritized utilizing locally 
sourced materials and low-skilled construction 
techniques while still achieving the desired insulation 
levels. Lastly, resilience is a crucial aspect of our 
design, with the project aptly responding to common 
hazards like flooding and landslides in the area. This 
holistic approach ensures a comprehensive and 
sustainable solution that aligns with the unique 
context of Khuoi Ky Village. 

 
2. METHODOLOGY 

The optimization of energy and lighting 
performance of the three attached housing units 
involved utilizing software tools, such as 
ClimateStudio [2], Sefaira SketchUp [3], ALFA, IESVE 
[4], Meteonorm [5], Rhino, OneClickLCA [6], and 
Ekotrope [7]. These programs facilitated a 
comprehensive assessment and refinement of 
environmental technologies to enhance the overall 
project. Performance metrics included Energy Use 
Intensity (EUI) for energy consumption efficiency, 
Home Energy Rating System (HERS) for overall energy 
efficiency, and Spatially Daylight Autonomy (sDA) and 
Annual Sunlight Exposure (ASE) for natural lighting 
assessment. Equivalent Melanopic Lux (EML) 
addressed circadian lighting impacts, while Daylight 
Glare Probability (DGP) ensured visual comfort. Air 
quality was evaluated through Air Changes per Hour 
(ACH) and Local Mean Age of Air (LMA) using the CFD 
tools available in IESVE. Lighting Power Density (LPD) 
gauged lighting efficiency, Solar Production (kW) 
measured solar energy generation, and Carbon 
Footprint Target (LCA) provided an environmental 
impact assessment. 

 
3. RESULTS 

This project is a sensible intervention aimed at 
addressing existing issues regarding access to energy, 
living conditions, lifestyle, and the economy. The 
houses were conceptualized to accommodate a 
multi-generational family, following the typical 
pattern of development in the local village. 
Additionally, they were designed to be an adaptable 
and affordable housing prototype for future 
development in the region. Due to the growing 
tourist homestay market, the project also lends itself 
to a homestay typology that a family could administer 
from one of the housing units. 

The houses were designed to adapt to future 
weather changes, explicitly considering the years 
2050 and 2090 (see Figure 2). The building envelope, 
shading, and ventilation systems were carefully 
designed to respond and adapt effectively to 

variations in solar radiation, temperature, and 
relative humidity. This was accomplished through 
detailed simulations to assess the future thermal 
loads and optimize the design accordingly. 

 

 
Figure 2: Future climate projections 2020-2090, 
temperature (T) and global horizontal solar radiation (R). 
 
3.1 Architecture 
3.1.1 Site & Programming 

The Khuoi Ky Houses consist of three independent 
housing units attached to an outdoor veranda that 
serves as the main entrance, a gathering space, and a 
shaded area. The houses are labelled as Modules A, 
B, and C in Figure 3. Modules A and C have a living 
room, dining room, two bedrooms, bathroom, and 
kitchen for a total internal net area of 90.6 m2. 
Module B has the same programming but with only 
one bedroom for a total of 76.6 m2. 

The site is elongated along the NE- SW axis and 
can only be accessed from a road on the eastern side. 
A vegetated mountainside borders the western side 
of the site. Importance was given to the south-
eastern orientation due to local customs, access to 
views, and prevailing winds during the hot season. 

 

 
Figure 3: Site Plan. 

 
3.1.2 Architectural Strategies 

The building massing aligns with the NE-SW axis of 
the site's geometry. The three housing units are 
intentionally separated from each other to allow the 
placement of windows on opposite sides of each 
room, promoting natural cross-ventilation and 
uniform daylighting. The massing of the three units 
was deliberately kept as a shallow floor plate to allow 
for cross-ventilation and daylighting, with the 
deepest space being 4.5 m. The northern facade of 
the houses has an azimuth angle of 31° offset from 
True North. The houses cast shade on each other to 
help regulate solar heat gains. An outdoor veranda 

 

facing southeast connects the units and acts as a 
shading device while promoting access to morning 
circadian light. 

 

 
Figure 4: Main design features 
 

Given that the users rely on agricultural practices, 
the backside of the housing units was designed as 
planting terraces. This helped to create a buffer zone 
to avoid landslide hazards. The initial site survey also 
revealed that the locals use exterior gathering spaces. 
Thus, the front side of the project was designed as a 
veranda that connects all the housing units. 

The decision to elevate the building responds to 
natural hazards and local customs, where the ground 
level is often used for storage and multifunctional 
spaces. Elevating the building also provides a better 
sense of privacy, access to unobstructed views, and a 
summer breeze. The roofs were designed for efficient 
solar power generation and to provide an area for 
north-facing clerestories. The operable clerestory 
windows provide even distribution of daylighting and 
take advantage of the stack effect to enhance natural 
ventilation further. 

 
3.2 Integrated Performance 
3.2.1 Structure and Building Materials 

The project adopts a hybrid structural system 
tailored to meet the unique requirements of the rural 
Cao Bang region, focusing on efficient thermal 
insulation, low embodied carbon, and resilience 
against natural hazards. Also, the construction system 
is designed to be implemented by low-skilled 
laborers. 

Structural System: We incorporated a stone 
foundation and frame to elevate the ground floor. 
This decision was influenced by the local availability 
of materials and techniques and the reduced need for 
specialized labour and long-haul transportation. The 
stone foundation is environmentally sustainable and 
offers superior flood resistance and waterproofing 
capabilities. For the upper structure, a wooden and 
bamboo frame was selected.  

Insulation System: The project features a thermal 
insulation system comprising two key concepts: 

1. Continuous building envelope insulation. Rigid 
insulation panels (Expanded Polystyrene, EPS) were 
used over the envelope to minimize heat transfer, 

eliminate thermal bridging over shading devices, and 
reduce dependency on air conditioning. 

2. R-values of series heat transfer. The R-value for 
each building component (roof, floor, and wall) and 
U-value for windows were determined based on 
climate characteristics, parametric energy 
simulations, and future climate change. 

 
Table 1: R-values for various building components. 

Building components R-value SI (IP) 
Wall 3.79 (21.54) 
Roof 5.37 (30.52) 
Floor 4.71 (26.76) 

Windows U-value: 1.42 (0.25) 
 

3.2.2 Mechanical Equipment 
In Khuoi Ky homes, all equipment, including a 

mini-split air conditioner, is Energy Star certified, 
offering 30% more energy efficiency compared to 
standard models. Advanced exhaust fans equipped 
with humidity and temperature sensors efficiently 
regulate moisture levels. The air conditioning system, 
rated at 21 SEER and 1.16 kW, alongside fans with 
varied CFM and Sones ratings, dynamically adjusts to 
human activities, conserving energy. Compliant with 
ASHRAE, LEED, and other local standards, this setup 
ensures optimal performance and energy 
conservation in varying humid conditions. 

 
3.2.3 Energy Use Intensity 

The Khuoi Ky houses will consume 93-99% less 
source energy than the LEED Source Energy Budget 
limit. The American Institute of Architecture (AIA) 
2030 Challenge serves as a viable climate strategy, 
outlining a comprehensive framework of benchmarks 
and objectives aimed at achieving net-zero emissions 
within the built environment. Khuoi Ky houses' 
Energy Use Intensity (EUI) exceeds the current AIA 
2030 Challenge target of 8, signifying a remarkable 
energy efficiency standard that represents a 94% to 
97% improvement compared to the RESNET’s Home 
Energy Rating System (HERS) [see Table 2]. Electric 
lighting was distributed based on the visual tasks and 
use of each space, resulting in 0.2 LPD. The thermal 
comfort simulation included the natural ventilation 
and air conditioning operating hours. 

 
Table 2: Rating systems & energy targets. 

Rating System Target 
Results 

A B C 
AIA 2030 Challenge 
Energy Use Intensity 8 0 0 0 

HERS index 0 -1 -5 -1 
Zero tool - 100% 

Carbon footprint Less than 500 kgCO2e/m2 
 

3.2.4 Solar Panel Design 
The photovoltaic panel (PV) capability is 675-

700W, and its capacity lasts at least 30 years. The PV 
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and shading strategies to ensure occupant comfort, 
reduce energy consumption, and enhance indoor 
environmental quality. Fourthly, constructability 
considerations were meticulously studied, 
considering the village's location, community setting, 
and accessibility. We prioritized utilizing locally 
sourced materials and low-skilled construction 
techniques while still achieving the desired insulation 
levels. Lastly, resilience is a crucial aspect of our 
design, with the project aptly responding to common 
hazards like flooding and landslides in the area. This 
holistic approach ensures a comprehensive and 
sustainable solution that aligns with the unique 
context of Khuoi Ky Village. 

 
2. METHODOLOGY 

The optimization of energy and lighting 
performance of the three attached housing units 
involved utilizing software tools, such as 
ClimateStudio [2], Sefaira SketchUp [3], ALFA, IESVE 
[4], Meteonorm [5], Rhino, OneClickLCA [6], and 
Ekotrope [7]. These programs facilitated a 
comprehensive assessment and refinement of 
environmental technologies to enhance the overall 
project. Performance metrics included Energy Use 
Intensity (EUI) for energy consumption efficiency, 
Home Energy Rating System (HERS) for overall energy 
efficiency, and Spatially Daylight Autonomy (sDA) and 
Annual Sunlight Exposure (ASE) for natural lighting 
assessment. Equivalent Melanopic Lux (EML) 
addressed circadian lighting impacts, while Daylight 
Glare Probability (DGP) ensured visual comfort. Air 
quality was evaluated through Air Changes per Hour 
(ACH) and Local Mean Age of Air (LMA) using the CFD 
tools available in IESVE. Lighting Power Density (LPD) 
gauged lighting efficiency, Solar Production (kW) 
measured solar energy generation, and Carbon 
Footprint Target (LCA) provided an environmental 
impact assessment. 

 
3. RESULTS 

This project is a sensible intervention aimed at 
addressing existing issues regarding access to energy, 
living conditions, lifestyle, and the economy. The 
houses were conceptualized to accommodate a 
multi-generational family, following the typical 
pattern of development in the local village. 
Additionally, they were designed to be an adaptable 
and affordable housing prototype for future 
development in the region. Due to the growing 
tourist homestay market, the project also lends itself 
to a homestay typology that a family could administer 
from one of the housing units. 

The houses were designed to adapt to future 
weather changes, explicitly considering the years 
2050 and 2090 (see Figure 2). The building envelope, 
shading, and ventilation systems were carefully 
designed to respond and adapt effectively to 

variations in solar radiation, temperature, and 
relative humidity. This was accomplished through 
detailed simulations to assess the future thermal 
loads and optimize the design accordingly. 

 

 
Figure 2: Future climate projections 2020-2090, 
temperature (T) and global horizontal solar radiation (R). 
 
3.1 Architecture 
3.1.1 Site & Programming 

The Khuoi Ky Houses consist of three independent 
housing units attached to an outdoor veranda that 
serves as the main entrance, a gathering space, and a 
shaded area. The houses are labelled as Modules A, 
B, and C in Figure 3. Modules A and C have a living 
room, dining room, two bedrooms, bathroom, and 
kitchen for a total internal net area of 90.6 m2. 
Module B has the same programming but with only 
one bedroom for a total of 76.6 m2. 

The site is elongated along the NE- SW axis and 
can only be accessed from a road on the eastern side. 
A vegetated mountainside borders the western side 
of the site. Importance was given to the south-
eastern orientation due to local customs, access to 
views, and prevailing winds during the hot season. 

 

 
Figure 3: Site Plan. 

 
3.1.2 Architectural Strategies 

The building massing aligns with the NE-SW axis of 
the site's geometry. The three housing units are 
intentionally separated from each other to allow the 
placement of windows on opposite sides of each 
room, promoting natural cross-ventilation and 
uniform daylighting. The massing of the three units 
was deliberately kept as a shallow floor plate to allow 
for cross-ventilation and daylighting, with the 
deepest space being 4.5 m. The northern facade of 
the houses has an azimuth angle of 31° offset from 
True North. The houses cast shade on each other to 
help regulate solar heat gains. An outdoor veranda 

 

facing southeast connects the units and acts as a 
shading device while promoting access to morning 
circadian light. 

 

 
Figure 4: Main design features 
 

Given that the users rely on agricultural practices, 
the backside of the housing units was designed as 
planting terraces. This helped to create a buffer zone 
to avoid landslide hazards. The initial site survey also 
revealed that the locals use exterior gathering spaces. 
Thus, the front side of the project was designed as a 
veranda that connects all the housing units. 

The decision to elevate the building responds to 
natural hazards and local customs, where the ground 
level is often used for storage and multifunctional 
spaces. Elevating the building also provides a better 
sense of privacy, access to unobstructed views, and a 
summer breeze. The roofs were designed for efficient 
solar power generation and to provide an area for 
north-facing clerestories. The operable clerestory 
windows provide even distribution of daylighting and 
take advantage of the stack effect to enhance natural 
ventilation further. 

 
3.2 Integrated Performance 
3.2.1 Structure and Building Materials 

The project adopts a hybrid structural system 
tailored to meet the unique requirements of the rural 
Cao Bang region, focusing on efficient thermal 
insulation, low embodied carbon, and resilience 
against natural hazards. Also, the construction system 
is designed to be implemented by low-skilled 
laborers. 

Structural System: We incorporated a stone 
foundation and frame to elevate the ground floor. 
This decision was influenced by the local availability 
of materials and techniques and the reduced need for 
specialized labour and long-haul transportation. The 
stone foundation is environmentally sustainable and 
offers superior flood resistance and waterproofing 
capabilities. For the upper structure, a wooden and 
bamboo frame was selected.  

Insulation System: The project features a thermal 
insulation system comprising two key concepts: 

1. Continuous building envelope insulation. Rigid 
insulation panels (Expanded Polystyrene, EPS) were 
used over the envelope to minimize heat transfer, 

eliminate thermal bridging over shading devices, and 
reduce dependency on air conditioning. 

2. R-values of series heat transfer. The R-value for 
each building component (roof, floor, and wall) and 
U-value for windows were determined based on 
climate characteristics, parametric energy 
simulations, and future climate change. 

 
Table 1: R-values for various building components. 

Building components R-value SI (IP) 
Wall 3.79 (21.54) 
Roof 5.37 (30.52) 
Floor 4.71 (26.76) 

Windows U-value: 1.42 (0.25) 
 

3.2.2 Mechanical Equipment 
In Khuoi Ky homes, all equipment, including a 

mini-split air conditioner, is Energy Star certified, 
offering 30% more energy efficiency compared to 
standard models. Advanced exhaust fans equipped 
with humidity and temperature sensors efficiently 
regulate moisture levels. The air conditioning system, 
rated at 21 SEER and 1.16 kW, alongside fans with 
varied CFM and Sones ratings, dynamically adjusts to 
human activities, conserving energy. Compliant with 
ASHRAE, LEED, and other local standards, this setup 
ensures optimal performance and energy 
conservation in varying humid conditions. 

 
3.2.3 Energy Use Intensity 

The Khuoi Ky houses will consume 93-99% less 
source energy than the LEED Source Energy Budget 
limit. The American Institute of Architecture (AIA) 
2030 Challenge serves as a viable climate strategy, 
outlining a comprehensive framework of benchmarks 
and objectives aimed at achieving net-zero emissions 
within the built environment. Khuoi Ky houses' 
Energy Use Intensity (EUI) exceeds the current AIA 
2030 Challenge target of 8, signifying a remarkable 
energy efficiency standard that represents a 94% to 
97% improvement compared to the RESNET’s Home 
Energy Rating System (HERS) [see Table 2]. Electric 
lighting was distributed based on the visual tasks and 
use of each space, resulting in 0.2 LPD. The thermal 
comfort simulation included the natural ventilation 
and air conditioning operating hours. 

 
Table 2: Rating systems & energy targets. 

Rating System Target 
Results 

A B C 
AIA 2030 Challenge 
Energy Use Intensity 8 0 0 0 

HERS index 0 -1 -5 -1 
Zero tool - 100% 

Carbon footprint Less than 500 kgCO2e/m2 
 

3.2.4 Solar Panel Design 
The photovoltaic panel (PV) capability is 675-

700W, and its capacity lasts at least 30 years. The PV 
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panels are placed on the roof and are oriented 
Southeast, at 211° and tilted 22° to maximize the 
incident solar radiation. The total collector irradiance 
is 1,232 kWh/m², producing 2,868 kW per house 
annually. The total operational hours of the PV panels 
in Khuoi Ky Village are 4,616 hours a year. The 
module type BSM700PMB-70SDC has an efficiency of 
22.81%, and the energy production for locations A, B, 
and C is 8.4 kW. 

 
3.2.5 Solar Water Heater 

The solar water heater was designed to preheat 
water to minimize energy consumption during the 
heating process. The solar water heater features a 
durable SUS 304 stainless steel insulated tank. The 
interior of the tank is equipped with a 2-inch-thick 
layer of polyurethane foam insulation, which can 
maintain heat for up to 72 hours. The solar water 
heater is oriented southeast, at 211°, tilted 22 °, and 
placed on the roof to maximize the performance 
[Table 3]. The electric water heater is tankless, 
resulting in lower energy usage. 

 
Table 3: Solar water heater characteristics. 

Demand for hot water in households 110 l/day 
Hot water supply flow in 1 second 5.766 l/s 

Required heat capacity 603 kW 
Hot water heating needs of 

households 3.2 kWh/day 

Hot water demand for the whole 
year (200 days) 640 kWh/year 

Total heat required in a year 914 kWh/year 

 
3.2.6 Life Cycle Assessment 

We conducted the three houses' life cycle 
assessment (LCA), adhering to EN 15978 guidelines 
and ISO 14044 framework. We evaluated the 
environmental impacts across the entire lifecycle, 
from raw material extraction to end-of-life stages 
[Table 4]. Our analysis aimed to scrutinize the 
environmental efficiency of these houses and explore 
avenues for diminishing their ecological footprints. 
Achieving the design goal, each house and its shared 
veranda successfully maintained a carbon footprint 
below 500 kgCO₂e/m². 

 
Table 4: Embodied carbon rating of LCA for House A&C, 
House B, and the shared space - Veranda. 

Structures kgCO₂e/m² Rating 
Module A & C 291 B 

Module B 243 B 
Veranda 140 A 

 
3.3 Durability and Resilience 

The project's unique location, adjacent to a river 
and a mountain, required strategies to mitigate 
natural hazards like floods and landslides, inherent 
due to the area's topography and rainy climate. 

Conversely, this setting offered an opportunity for 
sustainable water management through rainwater 
harvesting, enhancing environmental sustainability. 

 
3.3.1 Flooding Measures 

To combat flooding risks, the project integrated 
architectural and landscaping measures. Elevating the 
main living areas was a crucial architectural step to 
minimize flood damage. A strategically placed 
drainage system diverts the mountain runoff into the 
river, preventing water accumulation near the 
buildings. Additionally, a retaining wall built from 
local stone along the river's north bank was designed 
to prevent river overflow and floodwater 
encroachment, combining architectural foresight with 
effective landscaping. 

 
3.3.2 Landslides Prevention 

Bamboo is used for soil stabilization for landslide 
prevention, leveraging its strength, resilience, and 
extensive root system. This approach, proven in 
various Asian countries, effectively prevents 
landslides. To control bamboo spread, a root barrier 
system and the integration of native trees like Teak 
and Acacia were employed. Additionally, minimal 
retaining walls offered extra protection against 
landslides, blending biological and structural methods 
for comprehensive risk management. 

 
3.3.3 Rainwater Harvesting System 

The rainwater harvesting system was calculated in 
two steps. The first one quantified the potential 
rainwater collection from the roof based on the local 
average monthly rainfall, roof catchment area, 
roofing material's collection efficiency, and a 
conversion factor, estimating a monthly harvest of 
approximately 31,000 liters. 

The second step assessed the outdoor water 
needs, particularly for the planting area. It was 
estimated that the natural rainfall is sufficient for 
irrigation, eliminating the need for a supplemental 
irrigation system. Therefore, all harvested rainwater 
is allocated for indoor use, such as in bathrooms, 
laundry, and car washing. This efficient use of 
rainwater enhances the project’s sustainability and 
water resource management. 

 
3.4 Occupant experience and environmental quality 
3.4.1 Daylighting & non-visual comfort 

The predominant annual sky types of the local 
EPW weather file, generated by Meteonorm, were 
evaluated. It revealed predominantly cloudy sky 
conditions for approximately 81% of the year, 
whereas clear days constituted less than 1%, as 
illustrated in Table 5 and Figure 5. The evaluation of 
sky types by hours confirmed similar annual 
percentages. 
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year (200 days) 640 kWh/year 

Total heat required in a year 914 kWh/year 
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Table 5: Annual sky types of Khuoi Ky Village. 
Annual Sky types Days (%) Hours (%) 

Clear 3 (1%) 44 (1%) 
Partly cloudy 66 (18%) 892 (19%) 

Cloudy 296 (81%) 3,699 (80%) 
 

 
Figure 5: Monthly sky types in Khuoi Ky Village. 
 

Due to the reduced annual daylight availability, 
multiple daylighting systems were integrated to 
provide high indoor daylighting levels throughout the 
year. This strategy entailed installing high-
performance windows positioned strategically in 
various orientations in conjunction with high-
operable clerestories for natural ventilation. These 
measures guarantee extensive natural light 
penetration within the houses, consequently 
reducing dependence on electric lighting and 
augmenting healthy circadian light for occupants. The 
effectiveness of these interventions was evaluated 
using climate-based daylight modeling, yielding the 
results summarized in Table 6, Figures 6 and 7. 
 
Table 6: Summary of dynamic daylighting simulation 
results. 

 House A House B House C 
UDI (% hrs) 77.4 % 68.8 % 77.0 % 

sDA (% space) 99.5 % 92.8 % 96.8 % 
ASE (% space) 3.3 % 0 % 1.6 % 
DGP (% space) 5.9 % 2 % 5.6 % 
EML (% space) 81.5 % 75.5% 78.7 % 

 

 
Figure 6: Useful Daylight Autonomy (UDI) results. 
 

 
Figure 7: EML simulation results for December 21, 9 AM. 
 
3.4.2 CFD analysis 

In the design phase, an in-depth examination of 
indoor air quality was conducted for the housing 
units, with a particular focus on natural ventilation. 
This analysis involved the use of IESVE’s CFD tools to 
simulate indoor air conditions with fully open 
windows. A key aspect of this simulation was 
enhancing air circulation through the introduction of 
operable clerestory windows. Figure 8 presents the 
velocity vectors in the living room on a typical 
summer day, illustrating that high windows promote 
air streams of greater velocities, thereby enhancing 
the efficiency of air exchange rates. 

 
Figure 8: Velocity vectors in living room on a summer day. 
 

Further analysis was carried out to examine the 
air changes per hour (ACH), a crucial metric for 
assessing ventilation efficacy. Our simulations for 
June conditions revealed that several window 
openings in the living room yielded an average of 25 
ACH (Figure 9.) This result underscores the 
effectiveness of natural ventilation in maintaining 
recommended ventilation levels during the warmer 
seasons. 

The Local Mean Age (LMA) of air quantifies the 
average time required for air to traverse from the 
supply inlet to various locations within a typical 
kitchen. Figure 10 depicts a maximum LMA value of 
2.4 minutes on a typical summer day (June 21). The 
LMA simulation confirms an efficient air turnover and 
mitigates the risk of stagnant air conditions within the 
housing units. 
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Figure 9: ACH results in the living room of house C. 
 

 
Figure 10: LMA contours in the typical kitchen. 
 
4. DISCUSSION 
4.1 Natural Ventilation and Humidity Control 

In the humid climate of Cao Bang, our project 
leverages natural ventilation, particularly operable 
clerestory windows, to reduce high humidity, as 
confirmed by CFD analysis (refer to Figure 6). This 
approach cools the indoor environment and manages 
humidity, which is essential for comfort. Smart 
systems with humidity-sensitive exhaust fans 
automatically adjust to humidity and temperature 
changes, although they may pose maintenance 
challenges in Khuoi Ky Village. 
 
4.2 Daylighting and Its Impacts 

Addressing limited natural light in a cloudy region 
(see Table 5), our design uses high-performance and 
clerestory windows to maximize daylight, improving 
visual comfort and circadian health, as shown by 
daylighting simulations (Table 6). The night-time 
lighting selected is also crucial for circadian rhythm 
and energy efficiency. 
 
4.3 Local Material Use and Low-skilled Labor 

Emphasizing community engagement and 
sustainability, our approach was centered on using 
locally sourced materials and straightforward 
construction techniques accessible to low-skilled 
labour. This strategy bolsters the local economy and 
encourages residents to partake in constructing their 
homes, easing economic pressures. The chosen 
materials and thoughtful design enhance thermal 
efficiency and comfort. Considering the rural areas of 

northern Vietnam, local biodiversity offers a 
significant opportunity for future housing projects. 

 
4.4 Net-Zero and Climate Adaptation for Future 

Our design considered the future climatic changes 
up to the year 2090 (Figure 2), incorporating 
adaptable daylighting and ventilation systems for 
resilience. Strategic solar panel placement 
contributes to economic and ecological benefits, 
aligning with our net-zero goal and ensuring the long-
term adaptability of the housing units. 
 
5. CONCLUSION 

In summary, the Khuoi Ky Houses project in rural 
Vietnam is an example of innovation in local, 
sustainable housing development. This project 
skilfully balances energy efficiency, environmental 
quality, and community engagement using advanced 
architectural and technological solutions. Key 
achievements include exceptionally low EUI, 
optimized natural lighting and ventilation, and 
enhanced occupant comfort while respecting local 
cultural contexts. The use of local materials and 
construction methods has bolstered the economy 
and encouraged community participation. Looking 
ahead, the project's design response to future 
climatic change ensures long-term resilience and 
sustainability. This initiative sets a precedent for the 
future of rural housing in Vietnam, combining 
traditional practices with modern technology to 
create a sustainable and culturally sensitive future. 
 
ACKNOWLEDGEMENTS 

The authors would like to thank to all the 
members of the 2023 Solar Decathlon TAMU-HUCE 
team. To Dr. Pham Thi Hai Ha and her team at Hanoi 
University of Civil Engineering for their invaluable 
support. Special thanks to our TAMU students: Na 
Wang, Sejal Sanjay Shanbhag, Li Chloe, Jumana Naser, 
and Quynh Le for their contribution to the project. 
 
REFERENCES  
1. Ha, P.T.H., Hoa, N.T., Binh, P.T. (2021). Simple method to 
improve the TCXDVN 306:2004 indoor climate standard for 
closed office workplaces in Vietnam. Scientific Review 
Engineering and Environmental Sciences, 30 (1) p.117-133. 
2. Solemma, (2021). ClimateStudio Software. [Online], 
Available: https://www.solemma.com/climatestudio. 
3. Sefaira, (2023). Sefaira Software. [Online], Available: 
https://support.sefaira.com/hc/en-us. 
4. Integrated Environmental Solutions, (2023). IES VE 
Software. [Online], Available: https://www.iesve.com/. 
5. Meteotest (2023). Meteonorm Software. [Online]. 
Available: https://meteonorm.com/. 
6. One Click LCA, (2023). OneClickLCA Software. [Online], 
Available: https://www.oneclicklca.com/. 
7. Ekotrope, (2023). Ekotrope Software. [Online], Available: 
https://www.ekotrope.com/. 
8. RESNET, (2023). HERS Index. [Online], Available: 
https://www.hersindex.com/. 

1490



 

 
Figure 9: ACH results in the living room of house C. 
 

 
Figure 10: LMA contours in the typical kitchen. 
 
4. DISCUSSION 
4.1 Natural Ventilation and Humidity Control 

In the humid climate of Cao Bang, our project 
leverages natural ventilation, particularly operable 
clerestory windows, to reduce high humidity, as 
confirmed by CFD analysis (refer to Figure 6). This 
approach cools the indoor environment and manages 
humidity, which is essential for comfort. Smart 
systems with humidity-sensitive exhaust fans 
automatically adjust to humidity and temperature 
changes, although they may pose maintenance 
challenges in Khuoi Ky Village. 
 
4.2 Daylighting and Its Impacts 

Addressing limited natural light in a cloudy region 
(see Table 5), our design uses high-performance and 
clerestory windows to maximize daylight, improving 
visual comfort and circadian health, as shown by 
daylighting simulations (Table 6). The night-time 
lighting selected is also crucial for circadian rhythm 
and energy efficiency. 
 
4.3 Local Material Use and Low-skilled Labor 

Emphasizing community engagement and 
sustainability, our approach was centered on using 
locally sourced materials and straightforward 
construction techniques accessible to low-skilled 
labour. This strategy bolsters the local economy and 
encourages residents to partake in constructing their 
homes, easing economic pressures. The chosen 
materials and thoughtful design enhance thermal 
efficiency and comfort. Considering the rural areas of 

northern Vietnam, local biodiversity offers a 
significant opportunity for future housing projects. 

 
4.4 Net-Zero and Climate Adaptation for Future 

Our design considered the future climatic changes 
up to the year 2090 (Figure 2), incorporating 
adaptable daylighting and ventilation systems for 
resilience. Strategic solar panel placement 
contributes to economic and ecological benefits, 
aligning with our net-zero goal and ensuring the long-
term adaptability of the housing units. 
 
5. CONCLUSION 

In summary, the Khuoi Ky Houses project in rural 
Vietnam is an example of innovation in local, 
sustainable housing development. This project 
skilfully balances energy efficiency, environmental 
quality, and community engagement using advanced 
architectural and technological solutions. Key 
achievements include exceptionally low EUI, 
optimized natural lighting and ventilation, and 
enhanced occupant comfort while respecting local 
cultural contexts. The use of local materials and 
construction methods has bolstered the economy 
and encouraged community participation. Looking 
ahead, the project's design response to future 
climatic change ensures long-term resilience and 
sustainability. This initiative sets a precedent for the 
future of rural housing in Vietnam, combining 
traditional practices with modern technology to 
create a sustainable and culturally sensitive future. 
 
ACKNOWLEDGEMENTS 

The authors would like to thank to all the 
members of the 2023 Solar Decathlon TAMU-HUCE 
team. To Dr. Pham Thi Hai Ha and her team at Hanoi 
University of Civil Engineering for their invaluable 
support. Special thanks to our TAMU students: Na 
Wang, Sejal Sanjay Shanbhag, Li Chloe, Jumana Naser, 
and Quynh Le for their contribution to the project. 
 
REFERENCES  
1. Ha, P.T.H., Hoa, N.T., Binh, P.T. (2021). Simple method to 
improve the TCXDVN 306:2004 indoor climate standard for 
closed office workplaces in Vietnam. Scientific Review 
Engineering and Environmental Sciences, 30 (1) p.117-133. 
2. Solemma, (2021). ClimateStudio Software. [Online], 
Available: https://www.solemma.com/climatestudio. 
3. Sefaira, (2023). Sefaira Software. [Online], Available: 
https://support.sefaira.com/hc/en-us. 
4. Integrated Environmental Solutions, (2023). IES VE 
Software. [Online], Available: https://www.iesve.com/. 
5. Meteotest (2023). Meteonorm Software. [Online]. 
Available: https://meteonorm.com/. 
6. One Click LCA, (2023). OneClickLCA Software. [Online], 
Available: https://www.oneclicklca.com/. 
7. Ekotrope, (2023). Ekotrope Software. [Online], Available: 
https://www.ekotrope.com/. 
8. RESNET, (2023). HERS Index. [Online], Available: 
https://www.hersindex.com/. 

PLEA 2024 WROCŁAW 
(Re)thinking Resil ience  

 

Transforming a European Commission’s Building into 
Beautiful, Sustainable and Inclusive Spaces 

Renovation and adaptation aligned to the New European Bauhaus 
principles 

 
EVANGELIA BEKTASIADOU¹ 

 
¹ European Commission, Joint Research Centre, Directorate R, Support Services Geel, (JRC.R.6), Geel, Belgium 

 
ABSTRACT: Rethinking buildings’ resilience can be achieved by renovating and adapting existing buildings into 
sustainable, beautiful and inclusive spaces. This has been the ambition for the hero of this paper, the Conference 
Building, a European Commission’s building located at the European Commission’s Joint Research Centre in Geel, 
Belgium. Aiming to give the building a new lease of life and adapt it to current and future needs, a deep 
renovation and extension concept was proposed. Simultaneously, a participatory and multidisciplinary journey 
was launched with identified stakeholders, to co-create, brainstorm and collaborate in generating ideas to 
enhance the building’s performance. This co-creation journey towards the final design effectively aligned the 
building project with the New European Bauhaus initiative. The project and its approach can serve as a role 
model in practice for deep renovation and adaptation of existing structures into buildings resilient to future 
challenges and in line with the New European Bauhaus values and working principles.  
KEYWORDS:  deep renovation, environmental impact, NEB Compass, co-creation, Level(s)  
 

1. INTRODUCTION  
In the view of a building project at the Joint 

Research Centre (JRC) in Geel, Belgium, a distinctive 
approach to respond to the project’s challenges has 
been introduced. This paper demonstrates the 
chosen process towards reuse and efficient 
renovation of an existing building versus demolition 
and replacement by a new building. In addition, it 
highlights the essential role of a participatory and 
multidiscipline collaboration in identifying the 
building’s purpose, co-creating ideas, evaluating 
sustainability and brainstorming design outcomes.  

A unique co-creation journey started during the 
predesign phase of the Conference Building project, 
(Fig. 1). The ambition was to engage identified 
stakeholders, share visions and expertise, and co-
design sustainable, beautiful and inclusive spaces, 
aligned to the New European Bauhaus initiative. It is 
anticipated that this journey and the design outputs 
could inspire future renovation projects, and the 
renovated building itself could become a role model 
in practice of renovating and adapting the existing 
building stock into buildings that can be resilient and 
adapted to future challenges.  

 

 
Figure 1: The Conference Building at the JRC - Geel site 

2. CONTEXT 
2.1 The joint research centre (JRC) 

The Joint Research Centre (JRC) is the European 
Commission’s science and knowledge service. It 
provides “independent, evidence-based knowledge 
and science, supporting European Union’s policies to 
positively impact society”, [1]. The JRC facilities, are 
sited in Belgium, (Brussels and Geel), Germany 
(Karlsruhe), the Netherlands (Petten), Italy (Ispra), 
and Spain (Seville). 

 
2.2 JRC-Geel and the Conference building 

The JRC-Geel site in Belgium was founded in 1962 
within an area of nearly 40 hectares, in the Antwerp 
province. At the JRC-Geel site, approximately 280 
employees contribute daily in the fields of 
biotechnology, reference materials, food and feed 
safety, food fraud detection, healthcare, 
nanotechnology, nuclear safety and security, threat 
detection, support services, etc. Throughout the 
multi-disciplinary scientific work, the goal is to 
promote standardisation and harmonisation across 
the European Union to stimulate innovation and to 
protect consumers and citizens, [2]. These main 
activities take place in fifteen buildings, owned by 
JRC. Many of these buildings are new, constructed 
during the past fifteen years, while a few others are 
very old and at the end of their service life.  

The JRC-Geel Conference Building is one of those 
later buildings, present at the JRC-Geel site for nearly 
45 years. Over the years, it has been adapted to meet 
the demands of its time, but still it lacks resilience to 
further adaptations. Its future is currently quite 
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uncertain mainly due to excessive energy 
consumption, deterioration of materials and non-
compliances with legal obligations.  
 
3. RENOVATION VERSUS DEMOLITION 

Up to recently, demolition of buildings and 
replacement by new buildings has been common 
practice. While environmental experts, activists, and 
architects have been campaigning on climate change 
and sustainability, building demolition was 
implemented in favour of new buildings and without 
consideration of the negative environmental cost. 

Fortunately, the tides are changing. Since the 
beginning of our century, environmental legislation 
and guidelines are in place, encouraging building 
renovation, caring for nature, boosting the economy, 
people’s wellbeing and quality of life. The European 
Green Deal, 2019, towards a sustainable future and 
Europe, [3], the renovation wave strategy, 2020, [4] 
and the New European Bauhaus initiative, 2021, [5],  
are but a few of the initiatives going ahead today.  
 
4. THE DESIGN CONCEPT  

Demolition and constructing an entirely new 
building, was not an option to be deliberated for this 
project. Instead, the focus was on improving building 
resilience, minimising the environmental impact, and 
reducing life cycle costs. Essential considerations 
involved redefining the building's purpose and 
required functionalities. 

We aimed to renovate in depth, adapt and expand 
the Conference Building, with respect to our needs, 
teaching new working methods and implementing EU 
policies and initiatives. The current structure and plan 
of the building could be fortunately adapted without 
significant modifications in the existing structural 
part, offering flexibility even to future adaptations. 

The initial approach and design concept favoured 
openness, beauty, sustainability, inclusivity and 
collaboration. Setting the objective of transforming 
the building into a place, where JRC staff, scientists, 
students, universities, start-ups and citizens could 
meet, interact, co-create, innovate and work together 
for the European Citizen’s well-being, we had to 
envisage with new challenges. The vision for this 
building has been to evolve it into a multifunctional 
building for all, which has being provisionally named 
“Citizen’s Centre for the citizen’s well-being”. 
 
5. WORKING METHODS AND OUTCOMES 
5.1 Participatory approach with staff  

Following our initial design concept within the 
Support Services Geel Unit (R.6), a bottom up 
approach was launched. We wanted to brainstorm on 
the Conference Building’s needs and functionalities 
and to include JRC-Geel staff to be innovative and 
design together with us their visions. Staff became 
voluntarily part of a co-creation experimental journey 

and a key stakeholder, participating actively in a 
variety of events, such as co-creation workshops, 
online informative sessions and surveys. During this 
period, we collaborated with archipelago architects 
to brainstorm and co-develop our initial idea, while 
decoding the workshops’ deliverables. Soon, three 
main functionalities for the Conference Building were 
distinguished: an auditorium, a visitor’s centre and 
social spaces. In addition, an aspiration towards 
sustainable, beautiful and inclusive spaces, accessible 
to staff, collaborators and citizens was clearly 
underlined by staff.  

Subsequently, we developed three design 
proposals and asked staff to endorse the most 
preferred option. In parallel, a stakeholder’s analysis 
assisted us to identify internal European 
Commission’s stakeholders, as well as additional ones 
from the academia, Belgian research organisations 
and industry. Emphasising the importance of 
stakeholders in co-creation, and decision-making, we 
wanted to engage additional partners, looking for 
insights and expertise to enhance the process.  
 
5.2 Assessing Sustainability in Level(s)  

To assess the building’s sustainability, we applied 
the Level(s) European framework, [6]. By applying 
Level(s), we could support the New European 
Bauhaus in the fields of EU climate, circular economy, 
and healthy and comfortable living spaces [7]. 
Moreover, with Level(s), we aimed to experience a 
multidisciplinary collaboration together with our 
architects and stakeholders involved in the project.  

The Level(s) framework can be implemented in 
three levels (phases), which are Level 1_ Predesign, 
Level 2_ Design and Construction, and Level 3_ 
Building in use. This framework is based on six macro 
objectives, which cover in total sixteen sustainability 
indicators. Depending on the project and 
expectations, the related levels of Level(s) and 
indicators for assessment and reporting, can be 
thoroughly assessed. The Level(s) indicators are: 
1.1 Use stage energy performance (kWh/m²/yr.) 
1.2 Life Cycle Global Warming Potential CO2eq /m²/yr.  
2.1 Bill of quantities, materials and lifespans 
2.2 Construction & Demolition waste and materials 
2.3 Design for adaptability and renovation 
2.4 Design for deconstruction, reuse and recycling 
3.1 Use stage water consumption (m³/occupant/yr) 
4.1 Indoor air quality 
4.2 Time outside of thermal comfort range 
4.3 Lighting and visual comfort 
4.4 Acoustics and protection against noise 
5.1 Protecting occupier health and thermal comfort 
5.2 Increased risk of extreme weather 
5.3 Sustainable drainage 
6.1 Life cycle costs (€/m²/yr.) 
6.2 Value creation and risk factors 
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wanted to engage additional partners, looking for 
insights and expertise to enhance the process.  
 
5.2 Assessing Sustainability in Level(s)  

To assess the building’s sustainability, we applied 
the Level(s) European framework, [6]. By applying 
Level(s), we could support the New European 
Bauhaus in the fields of EU climate, circular economy, 
and healthy and comfortable living spaces [7]. 
Moreover, with Level(s), we aimed to experience a 
multidisciplinary collaboration together with our 
architects and stakeholders involved in the project.  

The Level(s) framework can be implemented in 
three levels (phases), which are Level 1_ Predesign, 
Level 2_ Design and Construction, and Level 3_ 
Building in use. This framework is based on six macro 
objectives, which cover in total sixteen sustainability 
indicators. Depending on the project and 
expectations, the related levels of Level(s) and 
indicators for assessment and reporting, can be 
thoroughly assessed. The Level(s) indicators are: 
1.1 Use stage energy performance (kWh/m²/yr.) 
1.2 Life Cycle Global Warming Potential CO2eq /m²/yr.  
2.1 Bill of quantities, materials and lifespans 
2.2 Construction & Demolition waste and materials 
2.3 Design for adaptability and renovation 
2.4 Design for deconstruction, reuse and recycling 
3.1 Use stage water consumption (m³/occupant/yr) 
4.1 Indoor air quality 
4.2 Time outside of thermal comfort range 
4.3 Lighting and visual comfort 
4.4 Acoustics and protection against noise 
5.1 Protecting occupier health and thermal comfort 
5.2 Increased risk of extreme weather 
5.3 Sustainable drainage 
6.1 Life cycle costs (€/m²/yr.) 
6.2 Value creation and risk factors 

 

For the project concerned, reporting on Level 1 
(Predesign phase) and part of Level 2 (Design phase) 
have been finalised. The complete Level 2 and Level 
3, which are related to the subsequent phases of the 
project (construction and building in use), will be 
examined in the future and are not within the scope 
of this paper. 
 
5.2.1 Level(s), Level 1 workshop, (Predesign phase) 

During the Level 1 workshop, the Level(s) 
indicators were deliberated. Together with the 
architects, engineers and our identified stakeholders, 
we brainstormed and discussed the interest in 
addressing all the Level(s) indicators. Additionally, the 
project’s plan was set up, and the Level 1 checklist 
was completed. Understanding the methodology, led 
us to fruitful insights on how Level(s) could be 
implemented to improve the project. 
 
5.2.2 Level(s), Level 2 workshop (Design phase) 

Subsequent to the Level 1 workshop, various 
meetings and brainstorming sessions aimed at better 
defining the design concept, monitoring the evolution 
of the environmental studies and reporting on 
specific indicators. To determine how material mass, 
openings, natural ventilation, shading and natural 
light, could affect the building’s energy efficiency, 
comfort and resilience, archipelago architects worked 
on various dynamic energy simulation models. 
Factors such as the building’s occupancy, as well as 
current and future weather data, were also taken into 
consideration influencing the outcomes. The data 
derived throughout these studies were deliberated at 
the Level 2 workshop. Simultaneously, we 
brainstormed on building materials and construction 
implementations (build-ups), Life Cycle Assessment 
(LCA), Life Cycle Costs (LCC), heating and cooling, 
flexibility, health and thermal comfort, etc.  

During the Level 2 workshop, we decided to 
explore alternative design solutions through a 
comparative analysis and make essential decisions 
prior to the final design. Finalising one design 
proposal and assessing its sustainability would have 
prevented the opportunity to evaluate and compare 
different design alternatives. Therefore, we decided 
to reflect on different materials and construction 
choices (build-ups) at element level (impact per m²). 
This approach, in combination with various design 
scenarios, enable us to enrich the results at building-
level and shape the final design.  

In line with this decision to work at element level, 
and aligned to the Level(s) assessment process, 
various construction implementations (build-ups) 
were chosen. Our main goal has been to examine and 
evaluate these build-ups, for renovating the existing 
walls, floors, and roofs, and for constructing newly 
walls, floors and roofs at the building envelope level. 

Following, we could implement these results at 
building level, (impact for the total m²).  

The environmental impact of the different build-
ups was studied by KU Leuven, (University of Leuven -
Research division Architectural Engineering). For 
these studies, the LCA assesses all life cycle stages of 
the building over a 50 years’ service life. Both the 
Global Warming Potential, (GWP) and a total 
environmental impact have been assessed. For these 
later studies the Belgian MMG method was applied, 
[8]. This is the Belgian LCA method of construction 
products and buildings. It considers a broad list of 
environmental indicators in line with the 
EN15804+A1 standard, and expresses the impacts in 
an aggregated single score, expressed in a monetary 
value, reflecting the “cost to prevent or repair the 
environmental damage” in €/m² (surface of wall, 
roof, floor, etc.). 

Part of the process we followed will be 
demonstrated through an example of the energetic 
renovation of the existing non-insulated cavity walls, 
(Table 1). For these studies, the insulation values and 
the bearing capacity were kept identical to ensure 
objective results. Factors such as the environmental 
impact of materials, heat storage capacity and 
investment cost, were taken into consideration. The 
possible build-ups we examined are listed below:  
_BT  : Existing cavity wall without insulation 
_BT1: Replacing brick veneer & installing insulation 
_BT2: Replacing brick veneer with brick strips & 
installing insulation   
_BT3: Replacing brick veneer by a panel façade and 
installing insulation 
_BT4: Adding additional insulation & rendering  
_BT5: Internal insulation and internal finishing 

For each of these build-ups, the indicators 1.2 
(LCA Global Warming (CO2eq/m² wall) and 6.1 (LCC, 
Euro/m² wall) have been assessed.  

 
Table 1: Renovation options (build-ups) for renovating 
existing cavity walls (_BT), (archipelago architects) 

 
 

The analysis shows that the environmental impact 
LCA (in €/m²) of renovating the existing non-insulated 
cavity wall (_BT), can be reduced up to 65% (build-up 
_BT3) and up to 73%, (build-up –BT5), depending on 
our choices, (Fig. 2). Analysing the Life Cycle Global 
Warming Potential (GWP), (Fig. 3), it appears that 
_BT3 and _BT5 build-ups have the lowest impact for 
both the total environmental impact and the GWP.  
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Figure 2: Total environmental impact LCA in €/m² wall, (KU 
Leuven) 
 

 
Figure 3: Life Cycle Global Warming Potential operational 
energy use included, (KU Leuven) 
 

Considering the Life Cycle Cost (LCC), (Fig. 4), it is 
the lowest for the build-ups _BT4 and _BT5. It is also 
noticeable that the option of not renovating the wall 
(_BT) has the lowest Life Cycle Cost, as the energy use 
for renovation stays quite high, (Fig. 4). Nevertheless, 
such an option cannot improve the energy 
performance of the building envelope. 

 

 
Figure 4: Life Cycle Cost (KU Leuven) 
 

While the conclusion of the LCA and LCC analysis 
have been that the _BT4 and _BT5 solutions scored 
higher from an environmental point of view, 
additional parameters in consideration adapted the 
data and our decisions. For instance, the use of 
internal insulation to improve the energy 
performance of the existing walls was not in favour, 
due to lack of air tightness and thermal mass. 
Furthermore, reporting on the indicator 2.4, 
(deconstruction - massed based circularity cost and 
ease of recovery and recycling), contributed towards 
diverse decisions. 
 Focusing in the build-ups of the existing walls, the 
studies made by VITO (Independent Flemish Research 
Organisation, Belgium) on the later 2.4 indicator, 
illustrate that the built-up of the wall _BT1, was a 
better choice, as this type of build-up could be easily 
recycled and reused, and with the appropriate lime-
mortar could be slightly reversible, (Table 2).  

Table 2: Mass-based circularity score – comparison between 
different options of renovating the existing non-insulated 
cavity wall (_BT), (VITO) 

 
Additional studies demonstrated that the total 

environmental impact of the _BT1 build-up could be 
even less, by reusing the existing brick veneers or 
using recycled ones. For all these reasons, the _BT1 
build-up was selected as the most efficient option.  

We adequately implemented this methodology 
for the newly added walls, the new and renovated 
roofs and the new and renovated floors. The 
investment cost per build-up, the aesthetics of 
numerous materials and their availability at the 
market have been also examined and influenced our 
decisions. Trying to consolidate our findings and the 
impact of the chosen build-ups for the total surfaces 
of walls, roofs and floors (renovated and new), of the 
building envelope, two scenarios of comparison were 
set. At the table below, (Table 3), there is a 
comparison between renovation and extension of the 
building envelope (option 1) and the option of an 
entire new building envelope, (option 2). 

 
Table 3: Selected build-ups for the building envelope- 
comparison table, (Archipelago architect) 

Initial cost 
€/m² - total 
surface of all 
build-ups 

indicator 6.1: 
LCC (€/m²) 

LCA 
Envir. 
Impact 
(€/m²) 

indicator 1.2: 
LCA Global 
warming (kg 
CO2 eq/m²) 

1. Renovation & extension (build-ups - building envelope) 
804 792.00€ 2 203.28€ 68 258.00€ 679 290.00 
2. Implementation of new build-ups - building envelope 
966 715.00€ 2 340.80 € 70 489.00€ 672 580.00 
Comparison of the build-ups -building envelope 
- 161 923.00 
(€)     - 20% 

-137527.00     
(€)      - 6% 

- 2 232.00  
(€)      - 3% 

6,710.00  
1%                 

Between these two choices, the renovation and 
extension option resolves in a lower LCC (6%) and LCA 
(3%), and a significant lower investment cost (20%). 
The CO2 emissions are almost the same but slightly 
higher at the renovation option, (1%) mainly due to 
specific design choices, as for example to keep the 
uninsulated existing floor of the auditorium, 
(increased embodied carbon footprint, which should 
be distinguished to the total environment footprint).  

The above methodology and the comprehensive 
analysis aligned to the Level(s) process, inspired us to 
derive discussions and take thorough decisions, 
focusing on the building’s energy performance, 
comfort, adaptability and aesthetics. The financial 
impact of our choices have been also considered and 
shaped our final decisions. 

Global Warming, in kg 
CO2eq/m² wall including 
operational energy use 

 

6.  NEW EUROPEAN BAUHAUS (NEB) ALIGNMENT  
The design of the potential building project has 

been aligned to the New European Bauhaus (NEB) 
values, that of sustainability, beauty and inclusivity. 
Additionally, the whole process, journey, following a 
participatory, multidisciplinary and transdisciplinary 
approach and methodology has been aligned to the 
NEB working principles. This journey has been a great 
example of collaboration across numerous 
departments and Directorates within the European 
Commission. Co-creation and brainstorming with 
managers and peers was challenging and productive, 
supporting the multi-level engagement of different 
partners. Collaboration with external stakeholders 
has also been inspiring and rewarding. The whole 
approach became a transdisciplinary journey, 
bringing together knowledge of different fields 
towards a better understanding, implementation and 
dissemination of EU values and policies. 

Evaluating the project under the NEB Compass, 
[9], our ambitions successfully reach the highest 
score, both for the NEB working principles and values. 
A brief description on how the NEB values fulfil the 
NEB Compass, is given below.  

 
6.1 Sustainability (NEB Compass -AMBITION III) 

The goal to minimise the environmental impact of 
the building has been very ambitious. By applying 
Level(s), working on energy simulation models, and 
implementing additional studies aligned to national 
legislation, the building’s sustainability has been 
thoroughly enhanced. Supplementary studies such as 
analysis of construction materials and built-ups reuse 
and ease of recycling, also guaranteed a positive 
impact on the building’s environmental footprint. 

The sustainability ambition has been set even 
higher, considering the fact that our goal was to 
renovate, extent and preserve the largest part of the 
existing building versus demolition and a new 
construction. This approach will allow us to 
implement and disseminate our findings within the 
premises of the European Commission and even 
beyond. Introducing this building and process as a 
role model for future renovation projects, sets a more 
ambitious sustainability goal, with an overall Compass 
score of AMBITION III. 

 
6.2. Beauty (NEB Compass -AMBITION III) 

The design concept of the project is well 
integrated within the natural setting, and a 
continuous strong dialogue between the new and old 
building volumes strengthens the building’s antiquity 
and authenticity. Through the implementation of 
Level(s) and simulation models, attention has been 
given to studying the use of light, shading, thermal 
and visual comfort, and air quality, assuring for the 
users comfortable, healthy and beautiful spaces.  

The proposed extension surrounds the existing 
dominant volumes like an external caring skin, 
creating flexible spaces to wonder around, work, 
meet and interact. The auditorium keeps its leading 
role to host beautiful scientific and cultural events, 
while a few private places are accessible only for staff 
establishing the sense of ownership. The proposed 
carefully chosen materials, add an extra layer of 
beauty, promising an attractive and cosy atmosphere. 
This ambiance extends through the glazed façade, 
connecting in harmony the building with its 
neighbourhood and natural surroundings, (Fig. 5, 6). 

Overall, the building has been designed to offer 
new ways of interaction, communication and 
collaboration. This new experience of interaction, 
learning and evolving, could create the sense of “us”, 
setting overall according to the NEB Compass, the 
NEB beauty value score to AMBITION III. 

 

 
Figure 5: Sustainable design, interaction with nature and 
the neighbourhood. Garden view (archipelago architects) 
 

 
Figure 6: Beautiful, inclusive spaces, honesty of materials, 
ease of movements (archipelago architects) 
 
6.3. Inclusivity (NEB Compass - AMBITION III) 

Accessibility and inclusivity have been our major 
concerns. Therefore, a single level plan has been  
proposed to guarantee ease of moments within the 
building and pleasant connections with nature. The 
circulation areas are carefully designed to give access 
to all. For the second level, access is gained through a 
wide staircase and a lift. A green roof terrace ensures 
additional connections to nature for the occupants of 
the upper level, (Fig. 5, 6). 

The prospective building will provide staff and 
collaborators access to knowledge of JRC scientific 
achievements and EU policies. It can become a Hub, 
offering diverse activities and spaces, accessible to 
staff and stakeholders to collaborate and interact. 
This building has the potential to make a positive 
impact on our society, which is fully aligned to JRC’s 
role. Therefore, the ambition is set at level III, (Fig. 7). 
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Figure 2: Total environmental impact LCA in €/m² wall, (KU 
Leuven) 
 

 
Figure 3: Life Cycle Global Warming Potential operational 
energy use included, (KU Leuven) 
 

Considering the Life Cycle Cost (LCC), (Fig. 4), it is 
the lowest for the build-ups _BT4 and _BT5. It is also 
noticeable that the option of not renovating the wall 
(_BT) has the lowest Life Cycle Cost, as the energy use 
for renovation stays quite high, (Fig. 4). Nevertheless, 
such an option cannot improve the energy 
performance of the building envelope. 

 

 
Figure 4: Life Cycle Cost (KU Leuven) 
 

While the conclusion of the LCA and LCC analysis 
have been that the _BT4 and _BT5 solutions scored 
higher from an environmental point of view, 
additional parameters in consideration adapted the 
data and our decisions. For instance, the use of 
internal insulation to improve the energy 
performance of the existing walls was not in favour, 
due to lack of air tightness and thermal mass. 
Furthermore, reporting on the indicator 2.4, 
(deconstruction - massed based circularity cost and 
ease of recovery and recycling), contributed towards 
diverse decisions. 
 Focusing in the build-ups of the existing walls, the 
studies made by VITO (Independent Flemish Research 
Organisation, Belgium) on the later 2.4 indicator, 
illustrate that the built-up of the wall _BT1, was a 
better choice, as this type of build-up could be easily 
recycled and reused, and with the appropriate lime-
mortar could be slightly reversible, (Table 2).  

Table 2: Mass-based circularity score – comparison between 
different options of renovating the existing non-insulated 
cavity wall (_BT), (VITO) 

 
Additional studies demonstrated that the total 

environmental impact of the _BT1 build-up could be 
even less, by reusing the existing brick veneers or 
using recycled ones. For all these reasons, the _BT1 
build-up was selected as the most efficient option.  

We adequately implemented this methodology 
for the newly added walls, the new and renovated 
roofs and the new and renovated floors. The 
investment cost per build-up, the aesthetics of 
numerous materials and their availability at the 
market have been also examined and influenced our 
decisions. Trying to consolidate our findings and the 
impact of the chosen build-ups for the total surfaces 
of walls, roofs and floors (renovated and new), of the 
building envelope, two scenarios of comparison were 
set. At the table below, (Table 3), there is a 
comparison between renovation and extension of the 
building envelope (option 1) and the option of an 
entire new building envelope, (option 2). 

 
Table 3: Selected build-ups for the building envelope- 
comparison table, (Archipelago architect) 

Initial cost 
€/m² - total 
surface of all 
build-ups 

indicator 6.1: 
LCC (€/m²) 

LCA 
Envir. 
Impact 
(€/m²) 

indicator 1.2: 
LCA Global 
warming (kg 
CO2 eq/m²) 

1. Renovation & extension (build-ups - building envelope) 
804 792.00€ 2 203.28€ 68 258.00€ 679 290.00 
2. Implementation of new build-ups - building envelope 
966 715.00€ 2 340.80 € 70 489.00€ 672 580.00 
Comparison of the build-ups -building envelope 
- 161 923.00 
(€)     - 20% 

-137527.00     
(€)      - 6% 

- 2 232.00  
(€)      - 3% 

6,710.00  
1%                 

Between these two choices, the renovation and 
extension option resolves in a lower LCC (6%) and LCA 
(3%), and a significant lower investment cost (20%). 
The CO2 emissions are almost the same but slightly 
higher at the renovation option, (1%) mainly due to 
specific design choices, as for example to keep the 
uninsulated existing floor of the auditorium, 
(increased embodied carbon footprint, which should 
be distinguished to the total environment footprint).  

The above methodology and the comprehensive 
analysis aligned to the Level(s) process, inspired us to 
derive discussions and take thorough decisions, 
focusing on the building’s energy performance, 
comfort, adaptability and aesthetics. The financial 
impact of our choices have been also considered and 
shaped our final decisions. 

Global Warming, in kg 
CO2eq/m² wall including 
operational energy use 
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supporting the multi-level engagement of different 
partners. Collaboration with external stakeholders 
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approach became a transdisciplinary journey, 
bringing together knowledge of different fields 
towards a better understanding, implementation and 
dissemination of EU values and policies. 

Evaluating the project under the NEB Compass, 
[9], our ambitions successfully reach the highest 
score, both for the NEB working principles and values. 
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The goal to minimise the environmental impact of 
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Level(s), working on energy simulation models, and 
implementing additional studies aligned to national 
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role model for future renovation projects, sets a more 
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score of AMBITION III. 
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continuous strong dialogue between the new and old 
building volumes strengthens the building’s antiquity 
and authenticity. Through the implementation of 
Level(s) and simulation models, attention has been 
given to studying the use of light, shading, thermal 
and visual comfort, and air quality, assuring for the 
users comfortable, healthy and beautiful spaces.  

The proposed extension surrounds the existing 
dominant volumes like an external caring skin, 
creating flexible spaces to wonder around, work, 
meet and interact. The auditorium keeps its leading 
role to host beautiful scientific and cultural events, 
while a few private places are accessible only for staff 
establishing the sense of ownership. The proposed 
carefully chosen materials, add an extra layer of 
beauty, promising an attractive and cosy atmosphere. 
This ambiance extends through the glazed façade, 
connecting in harmony the building with its 
neighbourhood and natural surroundings, (Fig. 5, 6). 

Overall, the building has been designed to offer 
new ways of interaction, communication and 
collaboration. This new experience of interaction, 
learning and evolving, could create the sense of “us”, 
setting overall according to the NEB Compass, the 
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6.3. Inclusivity (NEB Compass - AMBITION III) 

Accessibility and inclusivity have been our major 
concerns. Therefore, a single level plan has been  
proposed to guarantee ease of moments within the 
building and pleasant connections with nature. The 
circulation areas are carefully designed to give access 
to all. For the second level, access is gained through a 
wide staircase and a lift. A green roof terrace ensures 
additional connections to nature for the occupants of 
the upper level, (Fig. 5, 6). 

The prospective building will provide staff and 
collaborators access to knowledge of JRC scientific 
achievements and EU policies. It can become a Hub, 
offering diverse activities and spaces, accessible to 
staff and stakeholders to collaborate and interact. 
This building has the potential to make a positive 
impact on our society, which is fully aligned to JRC’s 
role. Therefore, the ambition is set at level III, (Fig. 7). 
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Figure 7: Diversity and inclusivity (archipelago architects) 
 
7. CONCLUSIONS 

The implemented approach of this building 
project has been distinct and innovative compared to 
previous procedures. Assessing and reporting the 
building’s sustainability through the Level(s) 
framework and alternative tools, initiating essential 
discussions and evaluating a variety of build-ups at 
element level per square meter, supported 
collaboration, respectable choices and decisions. 

Throughout this project, sustainability, beauty and 
inclusivity have been embraced. Furthermore, the 
participatory, transdisciplinary and multi-level 
engagement has profited the project’s outcomes 
aligning it successfully to the NEB initiative. 

Underlining the importance of deep renovation 
over demolition, this NEB project aims to become a 
role model in renovation approaches, inspiring 
diverse approaches in building projects. The 
preliminary assumptions will be confirmed during the 
Level(s) Level 2 and 3 phase (building in construction 
and in use), but still, the knowledge gained during 
this experimental journey can be implemented in 
future infrastructure projects and shared to 
disseminate knowledge on EU values and policies. 
Our ambition is to persist in this journey and create a 
New European Bauhaus multifunctional building, 
resilient to future challenges, fit for purpose, and 
prepared to affect positively our society, (Fig. 8). 

 

 
Figure 8: Transforming the Conference building, into 
beautiful and sustainable multifunctional spaces, inclusive 
to all, (by archipelago architects) 
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ABSTRACT: “Climate and built form” is a combined theory and design course at the MSc in Sustainable 
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1. INTRODUCTION  
“Climate and built form” is a combined theory and 

design course at the MSc in Sustainable Architecture, 
at the Norwegian University of Science and 
Technology - NTNU - where architecture and 
engineering students are called to collaborate in the 
design of climate adapted buildings [1]. The course is 
structured in a series of pedagogic modules where 
students are trained in the use of digital simulation 
tools. Those are used to analyze the environmental 
performance of case studies or to cope with complex 
computational analyses in integrated energy design 
processes. Teaching experiences showed, however, 
that an extensive use of digital tools risk to 
simplistically reduce the complexity behind 
architectural design to a discreet number of 
quantitative parameters, limiting the attention 
addressed to social sustainability or functional 
efficiency of the project [2]. The most courageous and 
innovative proposals, generally based on intuitive 
approaches, are often the most difficult to simulate. 
Students therefore often need to choose if to follow a 
purely qualitative approach through sketching and 
physical models or abandoning courageous ideas in 
favor of more numerically convincing analyses. Such 
condition limits the potential of the course for the 
development of holistic and innovative concepts and 
processes.  

Researchers suggest moreover that hands-on 
activities, such as sketching and model making, still 

represent a powerful tool for processing knowledge 
and letting students to better grasp theory [3-6]. 
Question is therefore how to combine digital and 
analog tools in a way to take advantage of the 
computational capabilities of the first, while exploiting 
values of hands-on approaches for handling holistic 
design processes and enhancing the learning 
environment.  With this purpose, in 2016, thanks to 
the support of NTNU, we initiated the development of 
the Climate HubLab (figure 1), as a pedagogical 
laboratory collecting a series of analog machines for 
environmental performance analyses (such as 
heliodons and streamlines visualization tools) and 
equipment for facilitating the transfer of information 
between the digital to the analog environment.  

The ultimate intention of the climate HubLab is 
that of transforming courses in climate and built form 
into an experimental laboratory where theory is 
grasped by involving students in a series of activities or 
experiments were analog and digital tools are 
balanced in a reasoned way. This transition requires 
three fundamental ingredients:  

 Understand how digital tools can be used 
not only for their computational capabilities but 
also to enhance the learning potential of hands-
on activities. 

 facilitate the transfer of information from 
the analog to the digital environment, 
distinguishing values and potential on each side. 

1496



 

 
Figure 7: Diversity and inclusivity (archipelago architects) 
 
7. CONCLUSIONS 

The implemented approach of this building 
project has been distinct and innovative compared to 
previous procedures. Assessing and reporting the 
building’s sustainability through the Level(s) 
framework and alternative tools, initiating essential 
discussions and evaluating a variety of build-ups at 
element level per square meter, supported 
collaboration, respectable choices and decisions. 

Throughout this project, sustainability, beauty and 
inclusivity have been embraced. Furthermore, the 
participatory, transdisciplinary and multi-level 
engagement has profited the project’s outcomes 
aligning it successfully to the NEB initiative. 

Underlining the importance of deep renovation 
over demolition, this NEB project aims to become a 
role model in renovation approaches, inspiring 
diverse approaches in building projects. The 
preliminary assumptions will be confirmed during the 
Level(s) Level 2 and 3 phase (building in construction 
and in use), but still, the knowledge gained during 
this experimental journey can be implemented in 
future infrastructure projects and shared to 
disseminate knowledge on EU values and policies. 
Our ambition is to persist in this journey and create a 
New European Bauhaus multifunctional building, 
resilient to future challenges, fit for purpose, and 
prepared to affect positively our society, (Fig. 8). 

 

 
Figure 8: Transforming the Conference building, into 
beautiful and sustainable multifunctional spaces, inclusive 
to all, (by archipelago architects) 
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1. INTRODUCTION  
“Climate and built form” is a combined theory and 

design course at the MSc in Sustainable Architecture, 
at the Norwegian University of Science and 
Technology - NTNU - where architecture and 
engineering students are called to collaborate in the 
design of climate adapted buildings [1]. The course is 
structured in a series of pedagogic modules where 
students are trained in the use of digital simulation 
tools. Those are used to analyze the environmental 
performance of case studies or to cope with complex 
computational analyses in integrated energy design 
processes. Teaching experiences showed, however, 
that an extensive use of digital tools risk to 
simplistically reduce the complexity behind 
architectural design to a discreet number of 
quantitative parameters, limiting the attention 
addressed to social sustainability or functional 
efficiency of the project [2]. The most courageous and 
innovative proposals, generally based on intuitive 
approaches, are often the most difficult to simulate. 
Students therefore often need to choose if to follow a 
purely qualitative approach through sketching and 
physical models or abandoning courageous ideas in 
favor of more numerically convincing analyses. Such 
condition limits the potential of the course for the 
development of holistic and innovative concepts and 
processes.  

Researchers suggest moreover that hands-on 
activities, such as sketching and model making, still 

represent a powerful tool for processing knowledge 
and letting students to better grasp theory [3-6]. 
Question is therefore how to combine digital and 
analog tools in a way to take advantage of the 
computational capabilities of the first, while exploiting 
values of hands-on approaches for handling holistic 
design processes and enhancing the learning 
environment.  With this purpose, in 2016, thanks to 
the support of NTNU, we initiated the development of 
the Climate HubLab (figure 1), as a pedagogical 
laboratory collecting a series of analog machines for 
environmental performance analyses (such as 
heliodons and streamlines visualization tools) and 
equipment for facilitating the transfer of information 
between the digital to the analog environment.  

The ultimate intention of the climate HubLab is 
that of transforming courses in climate and built form 
into an experimental laboratory where theory is 
grasped by involving students in a series of activities or 
experiments were analog and digital tools are 
balanced in a reasoned way. This transition requires 
three fundamental ingredients:  

 Understand how digital tools can be used 
not only for their computational capabilities but 
also to enhance the learning potential of hands-
on activities. 

 facilitate the transfer of information from 
the analog to the digital environment, 
distinguishing values and potential on each side. 
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 moving from cumulative to formative 
assessment practices, leaving space to “learning 
from failure”. 

 

 
Figure 1: The climate HubLAB at NTNU was conceived 

and developed with the purpose of exploring the pedagogical 
potential of equipping conventional design studios with 
equipment for testing physical models. 

 
This paper focuses on the first of these points and 

it is built over the premises hereby described and 
experiences gained during the last ten years of 
teaching bioclimatic design at NTNU. Results and 
discussions are the result of activities run, with the 
help of a PhD student, inside a multidisciplinary 
research project focusing on pedagogics of 
environmental design, and involving students, 
teachers and a pedagogist. Teaching and learning 
activities tested in the form of a experimental 
workshop have been built as result of feedback 
collected from students on the use of digital 
simulation tools, with an insight on their beneficial or 
adverse role for creatively handling holistic 
architectural design processes.  

 
2. TEACHING BIOCLIMATIC DESIGN 

Since 2013, courses in “Climate and built form” 
have been structured in a sequence of pedagogic 
modules where theory, generally transferred through 
a lecture, is used as the basis for the use of simulation 
tools. Looking at Bloom’s taxonomy [7], learning in the 
course was assumed as a linear process (Figure 2) 
where students introduced to knowledge through 
lectures would gain the ability to apply it in practice by 
simply taking part in multidisciplinary design tasks. A 
comparison between grading in the theory and in the 
design course, conducted from 2010 to 2014, showed 
however that students could master knowledge in 
climate adaptive design without necessarily 
developing the ability to apply it in practice.  

For this reason, from year to year, focus on the 
development of the pedagogic modules moved from 
content to the process of learning: from refining 
knowledge transferred through lectures, to the 
development of activities that could enhance student 

learning by involving them in experimental hands-on 
activities. Such transition is represented in Figure 2. 
Assignments in the course have been moved from 
cumulative assessment to formative ones, where 
progression of the students is monitored during the 
analysis of the case studies. Following experiential 
learning theories [8], pedagogic modules have been 
turned into a series of experiments where knowledge 
is grasped by involving students in numerical exercises 
and solve numerical problems related to the 
adaptation of form, construction, and systems of a 
building to a specific climatic context.  

 
 

Figure 2: Evolution of teaching and learning activities in the 
course in the last years.   

 
Moreover, in order to enhance the phases of 

reflective observation and abstraction of principles for 
bioclimatic design, structure of the pedagogic module 
have been flipped. After the lecture, students receive 
a video tutorial on how to build a script and a task to 
solve. Students use the script independently and with 
the possibility of looking at the video several times. 
After that, students gather in the class and discuss with 
peers their analyses and difficulties. This general 
structure is represented in Figure 3, where the three 
phases of experimentation, reflection and abstraction 
are represented as the premise for a more conscious 
active experimentation during the design process.  
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Figure 3: a graphic representation of teaching and 

learning activities in the revised pedagogic model  
 

3. THE EXPERIMENTAL WORKSHOP 
In 2023, with the purpose of analyzing the 

pedagogical potential of combining analog and digital 
tools for environmental design, we designed an 
experimental workshop where digital tools were used 
to support the learning potential of hands-on 
activities, rather than as mere computational tools. 
The workshop focused on the revision of the 
pedagogic module about “sun and form”. During the 
workshop, students were asked to question and reflect 
over specific aspects of their project through a series 
of experiments.  

The workshop was developed as an intensive 
experimental activity of the regular design course 
where students, distributed in five different climatic 
conditions, were asked to design a prefabricated 
climate adaptive shelter for post disaster recovery. 
Concepts were developed on a purely intuitive basis in 
the time of one before the workshop started. In 
defining the concept students had to compromise 
specific functional and dimensional requirements 
while embedding solutions for improving the project 
environmental performance, involving form, 
construction, and systems to employ throughout the 
year. In this stage students were asked to only look at 
climatic data without building any model for digital 
simulations. Once concept was developed, students 
were asked to expose their concepts to three 
experiments, where the first and third were based on 
hands-on activities, and the second one on the use of 
a digital parametric modeling tool. In the first step, 
students were asked to formulate three climate-

specific questions to investigate through the use of a 
manual heliodon (i.e. optimize form to minimize self-
shading; identify orientation ensuring maximum 
exposure in winter, etc.). In the second step, students 
were asked to use a digital script for relating the 
morphological characteristics of their project to the 
assigned climatic context on quantitative basis. Finally, 
students were invited to run a more detailed analysis 
in an automated heliodon equipped with micro-
cameras to analyze solar access and adjust detailed 
components within the project (i.e. distribution of 
thermal mass, effectiveness of a solar shading system, 
etc.).  

 
3.1 The revised digital module 

The second stage of the workshop represented the 
only “digital step” in a sequence of hands-on activities, 
involving sketching, model making and testing in two 
different kinds of heliodons. In this second stage, 
thanks to a premade script in grasshopper, students 
could calculate the optimal proportions and 
orientation of a hypothetical box in the specific 
climatic context where they were working. This 
exercise was voluntarily included as an intermediate 
step such that students would rather use this piece of 
information to reflect over their proposal, developed 
on a purely intuitive basis in a more holistic setting. 
Students would be exposed to learn from failure and 
adjust the form, rather than get a specific answer from 
the computer at the beginning of the process and risk 
to not use their own critical abilities. 

As each step in the workshop, also this second one 
was structured following the four steps internal to the 
experiential learning cycle: (1) Using the script 
students would get a concrete experience about the 
use of simulation tools for morphological 
optimization; (2) the results would give them the 
possibility to reflect over their proposals, being able to 
quantify implications of choices taken in the concept 
stage; (3) comparing numerical result and their 
concept morphology, students can now more easily 
abstract principles for climate adaptive design and (4) 
enter an active experimentation stage where they can 
more consciously adjust form of their project on the 
basis of knowledge gained through the processed 
experience.   

3.2 Coding Olgyay 
The adaptation of morphological characteristics of 

a building to a specific climatic context represents one 
of the very fundamental steps for ensuring a proper 
passive environmental performance. Form determines 
the ability of a building to take advantage of external 
resources, limiting or enhancing the efficiency of 
passive strategies such as passive solar heating and 
natural ventilation.   

The original pedagogic module about sun and form 
in the course aimed to equip students with the ability 
to calculate and analyze heat quantities in a building. 
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Through digital simulation tools, students could 
analyze heating and cooling demand as the result of 
the building thermal budget and adjust morphological 
characteristics in a way to increase solar intake or 
construction and schedules to improve airtightness or 
facilitate natural ventilation. The limit of such an 
approach was that of working on refining a form 
without being aware of how much that form is close or 
not to the ideal, or optimal, one, in terms of thermal 
balance. For this reason, in the digital step of the 
experimental workshop, we decided to develop a code 
that could make it possible to identify the optimal form 
on a numerical basis. The script was developed 
following the sol-air approach, as defined by Victor 
Olgyay [9], according to which the optimal form of a 
building is the one able to take maximum advantage of 
solar radiation whenever temperatures are below the 
comfort zone, while ensuring minimum intake while 
outdoor temperatures are above it.  

  The sol-air temperature - Tsol-air - is a fictitious 
temperature value that makes it possible to quantify 
the heat exchange through the envelope as result of 
both temperature difference and extra contribution 
due to the solar radiation. Tsol-air can be calculated as:  

  
Tsol-air = Tout + Isol×α×Rs,e      (1) 

where: 
Tout=outdoor temperature   
Isol=incident solar radiation 
Rs,e, the surface’s exterior air thermal resistance 

commonly assumed as 0,04 m2/kW  
α is the absorbance assumed as 0.8 for opaque 

surfaces.  
Once Tsol-air is known, heat exchanges through the 

envelope can be calculated as:   
 

Qsurface = A×U×ΔT= A×U×(Tsol-air-Ti)      (2) 

Thus, for a given form, the total heat exchange 
through an exposed surface Qc is calculated as:  

  
QC = Qwalls + Qroof        (3) 

In building the script we referred to the 
dimensional requirements of the given task, according 
to which the shelter should have been characterized 
by a gross area of 64sqm and a maximum height of 6 
meters. As input students had to define the number of 
floors, orientation, characteristics of the envelope and 
targeted design-days. As an output students would get 
two diagrams: a first one (Figure 4), showing the 
distribution of sol-air values throughout the day, giving 
a preliminary understanding of the contribution of 
solar radiation from different orientations; and a 
second one, showing heat exchanges for a range of 
forms and making it possible to identify the ideal form 
as the one characterized by minimal heat gains in the 

summer and maximum heat gains in the winter (Figure 
5).  

 
Figure 4: The script made it possible to calculate Tsol-air for the 
identified design days, showing values for the different 
orientations and the roof. 

 
Figure 5: Thanks to the script it is possible to identify the 
optimal form as the one characterized by maximum solar 
intake in the underheated period and minimum intake in the 
overheated one.  

4. WORKSHOP ANALYSIS 
In order to evaluate the impact of the revised 

digital module on students’ learning we looked at 
experiential learning theories while taking advantage 
of action research methods. Before the workshop, 
students learning style was mapped following Kolb’s 
theories [10] asking students to fill a questionnaire 
about their attitudes when approaching learning tasks. 
During the workshop, action research methods were 
used as “a form of systematic inquiry, prioritizing 
reflection and bridging the gap between theory and 
practice” [11]. Following action research methods, we 
did not only observe but interacted with students and 
intervened whenever a good opportunity for learning 
arose. Finally, after the workshop, we collected 
relevant feedback from students through a 
questionnaire and an interview in design groups.  

 

 
5. RESULTS  
Results of the workshop’s analyses are collected in 

Table 1. The upper part of the table was developed 
over the analysis of the material delivered by students 
and and complemented with information collected 
during the interview. In this part it is described how 
students approached the use of the digital script, if the 
experiment provided unexpected results or supported 
a more holistic understanding of “sun and form”, a 
reflection or a design choice influencing the design 
process. Finally it is also added a mark whenever the 
digital module opened to more active 
experimentation. In the second part of the Table, it is 
collected other relevant comments given at the 
interviews about timing, concept and administration 
of the workshop.  

Besides it is not easy to identify a pattern in the 
analysis of the results, a few reflection points can be 
drawn. Four of five groups made use of the digital 
script developed on the basis of the sol-air approach in 
order to relate their proposals to the optimal as 
calculated following the sol-air approach. Only the 
group working in the cold climate of Oslo recurred to 
a different software. Students working in the hot-arid 
and mediterranean climate, where shading in the 
overheated season is a relevant concern, claimed to 
have used the script to test alternative solutions and 
came into unexpected results that affected their 
design choices and process ahead.  People working in 
warm-humid climatic contexts such as Kuala Lumpur 
and Trivandrum, where houses needed mostly to be 
shaded from the zenith and where natural ventilation 
and wind patterns played a stronger role for the 
concept development, got a broader understanding of 
climate adaptive design issues related to sun and form; 
none of them claims that the experiment influenced 
their design process anyway. The group working in the 
cold climatic context of Oslo, focusing on maximizing 
passive solar heat gains, used the script to identify the 
proportion of the ideal box in their climatic context but 
preferred to leave the project as originally planned 
(anyway close to the optimal) because of other 
concerns related to aesthetics and prefabrication of 
the project.  

The groups working in Rome, Kuala Lumpur and 
Oslo wished that the digital tool module could be 
implemented earlier and, among them, students from 
the group working in Rome felt that the digital tool 
limited their creativity and possibility for exploring 
alternative design solutions. Together with them, the 
group working in Trivandrum reported that the digital 
tool was more difficult to grasp than the use of 
heliodons and four out of five groups preferred hands-
on activities to the digital module.  

 

Table 1: A resume of the analysis of the workshop 
showing a reflection over activities and feedback provided by 
students.  

 
It is important to notice that only groups working 

in Rome and Cairo claimed to have used the script to 
test alternative design solutions, developing choices 
that affected the design process forward. This might 
be due to the fact that the climatic context, in 
comparison to others, resulted more inspiring and 
brought them to unexpected results that were then 
translated into concepts. Evaluation criteria of the 
design course prized anyway those projects that gave 
evidence of a systematic effort for the adaptation of 
their projects to climate and context and those two 
projects seemed to have gained the most from the 
experimental arena tested in the workshop.  
 

6. DISCUSSION  
Analyses conducted at the end of the workshop 

highlighted that those students for which the content 
of the sun and form was more aligned to the concept 
got the highest benefit from the workshop. Those 
groups that in their concept put the premises for a 

1500



 

Through digital simulation tools, students could 
analyze heating and cooling demand as the result of 
the building thermal budget and adjust morphological 
characteristics in a way to increase solar intake or 
construction and schedules to improve airtightness or 
facilitate natural ventilation. The limit of such an 
approach was that of working on refining a form 
without being aware of how much that form is close or 
not to the ideal, or optimal, one, in terms of thermal 
balance. For this reason, in the digital step of the 
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that could make it possible to identify the optimal form 
on a numerical basis. The script was developed 
following the sol-air approach, as defined by Victor 
Olgyay [9], according to which the optimal form of a 
building is the one able to take maximum advantage of 
solar radiation whenever temperatures are below the 
comfort zone, while ensuring minimum intake while 
outdoor temperatures are above it.  

  The sol-air temperature - Tsol-air - is a fictitious 
temperature value that makes it possible to quantify 
the heat exchange through the envelope as result of 
both temperature difference and extra contribution 
due to the solar radiation. Tsol-air can be calculated as:  

  
Tsol-air = Tout + Isol×α×Rs,e      (1) 

where: 
Tout=outdoor temperature   
Isol=incident solar radiation 
Rs,e, the surface’s exterior air thermal resistance 

commonly assumed as 0,04 m2/kW  
α is the absorbance assumed as 0.8 for opaque 

surfaces.  
Once Tsol-air is known, heat exchanges through the 

envelope can be calculated as:   
 

Qsurface = A×U×ΔT= A×U×(Tsol-air-Ti)      (2) 

Thus, for a given form, the total heat exchange 
through an exposed surface Qc is calculated as:  

  
QC = Qwalls + Qroof        (3) 

In building the script we referred to the 
dimensional requirements of the given task, according 
to which the shelter should have been characterized 
by a gross area of 64sqm and a maximum height of 6 
meters. As input students had to define the number of 
floors, orientation, characteristics of the envelope and 
targeted design-days. As an output students would get 
two diagrams: a first one (Figure 4), showing the 
distribution of sol-air values throughout the day, giving 
a preliminary understanding of the contribution of 
solar radiation from different orientations; and a 
second one, showing heat exchanges for a range of 
forms and making it possible to identify the ideal form 
as the one characterized by minimal heat gains in the 

summer and maximum heat gains in the winter (Figure 
5).  

 
Figure 4: The script made it possible to calculate Tsol-air for the 
identified design days, showing values for the different 
orientations and the roof. 

 
Figure 5: Thanks to the script it is possible to identify the 
optimal form as the one characterized by maximum solar 
intake in the underheated period and minimum intake in the 
overheated one.  

4. WORKSHOP ANALYSIS 
In order to evaluate the impact of the revised 

digital module on students’ learning we looked at 
experiential learning theories while taking advantage 
of action research methods. Before the workshop, 
students learning style was mapped following Kolb’s 
theories [10] asking students to fill a questionnaire 
about their attitudes when approaching learning tasks. 
During the workshop, action research methods were 
used as “a form of systematic inquiry, prioritizing 
reflection and bridging the gap between theory and 
practice” [11]. Following action research methods, we 
did not only observe but interacted with students and 
intervened whenever a good opportunity for learning 
arose. Finally, after the workshop, we collected 
relevant feedback from students through a 
questionnaire and an interview in design groups.  

 

 
5. RESULTS  
Results of the workshop’s analyses are collected in 

Table 1. The upper part of the table was developed 
over the analysis of the material delivered by students 
and and complemented with information collected 
during the interview. In this part it is described how 
students approached the use of the digital script, if the 
experiment provided unexpected results or supported 
a more holistic understanding of “sun and form”, a 
reflection or a design choice influencing the design 
process. Finally it is also added a mark whenever the 
digital module opened to more active 
experimentation. In the second part of the Table, it is 
collected other relevant comments given at the 
interviews about timing, concept and administration 
of the workshop.  

Besides it is not easy to identify a pattern in the 
analysis of the results, a few reflection points can be 
drawn. Four of five groups made use of the digital 
script developed on the basis of the sol-air approach in 
order to relate their proposals to the optimal as 
calculated following the sol-air approach. Only the 
group working in the cold climate of Oslo recurred to 
a different software. Students working in the hot-arid 
and mediterranean climate, where shading in the 
overheated season is a relevant concern, claimed to 
have used the script to test alternative solutions and 
came into unexpected results that affected their 
design choices and process ahead.  People working in 
warm-humid climatic contexts such as Kuala Lumpur 
and Trivandrum, where houses needed mostly to be 
shaded from the zenith and where natural ventilation 
and wind patterns played a stronger role for the 
concept development, got a broader understanding of 
climate adaptive design issues related to sun and form; 
none of them claims that the experiment influenced 
their design process anyway. The group working in the 
cold climatic context of Oslo, focusing on maximizing 
passive solar heat gains, used the script to identify the 
proportion of the ideal box in their climatic context but 
preferred to leave the project as originally planned 
(anyway close to the optimal) because of other 
concerns related to aesthetics and prefabrication of 
the project.  

The groups working in Rome, Kuala Lumpur and 
Oslo wished that the digital tool module could be 
implemented earlier and, among them, students from 
the group working in Rome felt that the digital tool 
limited their creativity and possibility for exploring 
alternative design solutions. Together with them, the 
group working in Trivandrum reported that the digital 
tool was more difficult to grasp than the use of 
heliodons and four out of five groups preferred hands-
on activities to the digital module.  

 

Table 1: A resume of the analysis of the workshop 
showing a reflection over activities and feedback provided by 
students.  

 
It is important to notice that only groups working 

in Rome and Cairo claimed to have used the script to 
test alternative design solutions, developing choices 
that affected the design process forward. This might 
be due to the fact that the climatic context, in 
comparison to others, resulted more inspiring and 
brought them to unexpected results that were then 
translated into concepts. Evaluation criteria of the 
design course prized anyway those projects that gave 
evidence of a systematic effort for the adaptation of 
their projects to climate and context and those two 
projects seemed to have gained the most from the 
experimental arena tested in the workshop.  
 

6. DISCUSSION  
Analyses conducted at the end of the workshop 

highlighted that those students for which the content 
of the sun and form was more aligned to the concept 
got the highest benefit from the workshop. Those 
groups that in their concept put the premises for a 
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more detailed analysis about wind and form naturally 
perceived the workshop as a distraction and ended up 
not exploiting the activity or underestimating its 
potential contribution for the development of the 
project. This should have be more attention in the next 
round of the course. The tested experimental 
framework will be used however next year to define a 
new module about wind and form where the use of 
CFD tools will be combined with a water based 
streamline visualization tool for testing alternative 
morphological solutions and wind patterns.  

This work represented the first attempt to define a 
clear methodology for the analysis and discussion of 
experimental workshops combining analog and digital 
tools for environmental design. The methodology 
included also mapping of students’ learning style in a 
way to understand if different kind of learners 
approached or benefited from the workshop in 
different ways. However, collected information did 
not make easy to overlap and compare learning style 
and the way the workshop was approached and 
perceived. Questionnaire and interviews will be 
refined in the next round to tackle this issue.  

 
7. CONCLUSION 
The revision of the digital module with a coding of 

Olgyay’s sol-air approach served the purpose of 
facilitating the process of reflection and understanding 
of general principles of climate adaptive design. 60% 
of students claimed that the script was useful or very 
useful, while 5% rated it as informative and 5% as not 
useful. Remaining 20% did not express their opinion. 
However, the planning of the activities did not success 
in exploiting the connection between analog and 
digital tools and the three steps seemed to be 
perceived as independent attempts rather than part of 
a one flow. Finally, the way activities have been 
planned and monitored, did not make it easy to 
understand the connection between the use of the 
digital script and the desire to follow active 
experimentation through the automated heliodon or 
other tools. Interviews seemed to suggest on the other 
hand that hands-on activities became so attractive 
that the digital tool ended up into a side activity. This 
clearly limited the intention of exploiting the potential 
of using digital tools as a computational tool for more 
qualitative analyses run through the use of hands-on 
activities.  
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ABSTRACT: In pursuing resilient urban transformations, streets must be transformed into multifunctional spaces 
integrated into the urban green infrastructure (UGI), but there is a lack of systemic understanding of synergies and 
trade-offs of UGI in streetscapes. System dynamics (SD) modelling is a method to better understand complex 
interconnections between indicators in a multidisciplinary context and, therefore, can help achieve multifunctional 
streets. We propose here a SD model focusing on four sub-projects of a Research Training Group (active mobility 
comfort, private yard morphology, bird community composition, and tree canopy growth) and centred around two 
urban planning goals, i.e. enhancing Active Mobility Comfort (AMC) and increasing Bird Biodiversity (BBD). The 
resulting model allowed us to exemplify relevant indicators, synergies and trade-offs of UGI elements, indirect 
paths to reach urban planning objectives and high-impact indicators serving as a lever for street transformations. 
Through this endeavour, we gained a more holistic understanding of street UGI interactions, which is beneficial 
for interdisciplinary research and effective decision-making. 
KEYWORDS: Streets, Multifunctional, System dynamics, Modelling, Multidisciplinary   
 
 

1. INTRODUCTION 
In the face of current climate change projections, 

Urban green infrastructure (UGI) is seen as a critical 
component in creating resilient and sustainable cities 
[1]. More than just the ecosystem services that UGI 
provides, its multifunctional character makes it a 
central component of resilient urban spaces [2]. For 
this reason, developing UGI demands a multi-scalar 
and multidisciplinary approach [2]. This is the 
challenge that the Research Training Group (RTG) 
“Urban Green Infrastructure – Training Next 
Generation Professionals for Integrated Urban 
Planning Research” at the Technical University of 
Munich aims to address since its start in 2022.  The 
RTG comprises 14 departments from the natural 
sciences, engineering, and planning disciplines. We 
strive to address part of this challenge here. 

Streetscapes, defined here as the areas between 
building facades that include public streets and 
adjacent spaces, represent a convergence point of the 
research projects of the RTG as they are increasingly 

recognised as pivotal components within urban 
ecosystems to achieve a continuous UGI in densely 
built areas [3]. Moreover, they are already undergoing 
transformations around the world significantly in part 
due to a shift in the mobility paradigm - from car-based 
mobility towards active mobility, i.e. walking and 
cycling [3]. These current transformations can be an 
opportunity to integrate more elements of the UGI, 
therefore becoming multi-functional spaces and 
helping to achieve resilience and sustainability goals. 
Nonetheless, these transformations represent a 
challenge because of the variety of actors involved and 
the lack of a multidisciplinary approach leading to a 
common understanding of the benefits and trade-offs 
of UGI in streets [4]. To contribute to this, we focused 
our study on urban transformations taking place in 
streets and considered the integration of UGI 
elements crucial to achieving resilient urban 
streetscapes. 

1.1 Opportunities of a System Dynamics Modeling 
Approach 
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To achieve a better understanding of the benefits 
and trade-offs of UGI in streets, a method applicable 
to studying complex problems, such as sustainable 
development with a multidisciplinary approach, is 
needed [1]. System dynamics models (SD) do just that 
[5,6] by describing complex systems through time by 
illustrating stocks, flows, feedback loops, and time 
delays [5]. SD models frequently find application 
within the domain of urban development as a 
foundation for formulating policies and exchanges 
with decision-makers [5] and can, therefore, be a tool 
to facilitate the planning of multifunctional street 
spaces. 

Our SD model aims to identify critical indicators 
and types of connections between the four identified 
project focuses to analyse synergies and trade-offs 
relevant to reaching two selected urban planning 
goals. Our model aims to facilitate a holistic 
understanding in the context of interdisciplinary 
research and pave the way for the planning of 
multifunctional, resilient streetscapes. 

2. METHODS 
2.1 Model Context and Boundaries 

Here we present a conceptual framework for 
developing a SD  model of urban streets. Our aim is to 
allow a systemic understanding between domains 
within UGI. As a lack of clear model boundaries is 
identified as a research gap [5], we limited our model 
to encompass the following domains: 1) Active 
mobility comfort, 2) Private yard morphology, 3) Bird 
community composition and 4) Tree canopy growth. 
These represent sub-projects focuses within the 
Research Training Group and are described in more 
detail below. 

In the active mobility domain, the project focuses 
on the interactions of UGI with active mobility modes 
due to the direct exposure of pedestrians and cyclists 
to the urban environment, making them the group of 
users to profit the most from the benefits of 
vegetation in streetscapes. [4] Within the domain of 
private frontage morphology, the focus lies on the role 
of frontages as a buffer area between public and 
private urban spaces that contain a significant share of 
green elements and hold great potential in 
contributing to the integration of UGI in streetscapes. 
[7] The bird community composition is relevant as the 
complex interactions between different taxa and 
urban green are just beginning to be understood [8]. 
Birds are one of the best-studied urban taxa and are 
nearly ubiquitous in urban environments. Lastly, the 
domain of tree canopy growth is particularly relevant 
in streetscapes as trees are a decisive factor for 
microclimate [9] and bird habitat in otherwise highly 
sealed streetscapes [10]. 

To further reduce the scope of this specific 
endeavour, this model was developed to gain a further 

systemic understanding of two specific urban planning 
objectives which are, among others, relevant in 
achieving resilient cities, i.e. (1) enhancing Active 
Mobility Comfort (AMC) and (2) increasing Bird 
Biodiversity (BBD). Indeed, these two urban planning 
goals are two significant points defined by The New 
Leipzig Charter under the dimension of a “green city”, 
which contributes to developing resilient cities in the 
European context [11]. 

 
2.2 Model Development 

We used a three-step process to develop the 
system model (Fig. 1). First, we identified relevant 
indicators for the four domains using relevant 
literature and domain expertise. To identify the 
influence of the indicators, we categorised them into 
adjustable, affected, or linked types. This facilitated 
result analysis for determining loops in the model. 
"Affected" indicators undergo changes mostly 
indirectly through other indicators in the model (e.g., 
Walking/Cycling comfort). "Adjustable" indicators 
represent potential levers within the system that can 
be changed or adjusted directly (e.g., Tree Species). 
Finally, "linking" indicators are crucial for illustrating 
indirect relationships between adjustable and affected 
indicators. 

In the second step, we looked for connections 
between the identified indicators in step one. The 
connection between indicators could be either 
directed or mutual, exemplifying the causes and 
consequences of the model. In addition to the 
direction of these connections, they were categorised 
by the connection types, which can be ++, +-, --, and 
+/-. Table 1 explains all possible types and directions 
of connections in the model. 

 Table 1: Typology of connections between indicators. 
 
In the third step, we visualised the indicators and 

connections through a causal-loop diagram using 

Type  Direction  Interpretation 

++ or +- Directed Increasing index X will increase/ 
decrease index Y. 

+/-  Directed One index influences the other, 
but the positive or negative effect 
is not apparent. (e.g., categorical 
indicators) 

+/-   Mutual Both indicators influence each 
other reciprocatively, but the 
indicators are qualitative or 
categorical. 

++ or -- Mutual Both indices influence each other 
reciprocatively and will increase 
/decrease correspondingly 
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“Kumu”1. The resulting causal-loop diagram captures 
the indicators' causal connections (Fig.2). We used this 
tool to define the causal loops by focusing on two 
urban planning goals: 1) enhancing Active Mobility 
Comfort (AMC) and 2) increasing Bird Biodiversity 
(BBD). To improve the readability of the model, 
indicators were grouped into eight thematic 
categories: 1) Active mobility, 2) Bird community 
composition, 3) Urban Typology, 4) Network Structure, 
5) Vegetation properties, 6) Individual characteristics, 
7) Climate conditions, and 8) Spatial conditions. The 
thematic categories linked to urban planning goals 
(AMC and BBD) were set at the two extremities of the 
model. This visual organisation allowed for 
highlighting cross-discipline connections and indirect, 
unforeseen relationships (Fig. 2). 

The causal-loop diagram was iteratively 
developed, involving a continuous process of 
refinement based on expert assessment to ensure its 
accuracy and alignment with established literature. 
Therefore, the result of step 3 helped adjust the 
indicators and connections along steps 1 and 2 to 
increase the model's accuracy (Fig.1). 

The resulting model was then interpreted by 
observing direct and indirect connections between 
indicators which are relevant to the urban planning 
goals (Fig.2). We also identified high-impact indicators, 
which are indicators that are characterised as 
adjustable and related at the maximum second-degree 
to indicators of the two urban planning goals. Each 

 
1 https://kumu.io/ 

connection was backed up by a literature reference, 
which is cited in the interpretation of the results. 
 

 
 

Figure 2: Visualisation of the SD model using the tool Kumu depicting the connections between indicators grouped into 8 thematic 
categories. 

Figure 1: Flow chart of the methodological process 
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3. RESULTS AND DISCUSSION 
3.1 Pursuit of Urban Planning Objectives 

While The SD model illustrated known direct 
relationship indicators, it also highlighted indirect ones 
that are more surprising. 

When focusing on indicators relevant to the first 
objective, AMC, the model illustrates indicators and 
relationships that are commonly described in the 
literature, such as the Vegetation area (Fig.3). This 
indicator indeed is known to participate in improving 
the microclimate thanks to evapotranspiration and 
shading [12, 9]. Our model additionally helped identify 
other, less obvious indirect relationships. For example, 
the Width of frontages is indirectly related to the 
indicator Walking and Cycling comfort through its 
influence on Vegetation type and Surface cover type 
(Fig. 3). Indeed, narrow frontages do not allow to plant 
certain tree species, and various widths of frontages 
allow for different usages such as parking and 
therefore have different surface cover types [7]. 
Another example of an indirect relationship is that of 
the Vocal activity rate of birds, which affects Active 
mobility comfort through its impact on Acoustic 
comfort (Fig. 3) [13-14].   

 
When focusing on the second objective, BBD, the 

model illustrates connections between obvious 
indicators, also identified in the literature, such as Tree 
age and Species, Vegetation area, Type and Volume, 
and Canopy continuity. [10] Additionally to these,  the 
results show that Building height has an unexpectedly 
significant relationship with Bird activity as it not only 
has a direct impact on bird mobility [15] but also 
affects Tree growth [16], which affects Vegetation 
volume, which then affects Bird species as identified 
earlier [10] (Fig.2).  
 

 
3.2 Discovery of High-impact Indicators 

The SD model allowed us to identify high-impact 
indicators that are adjustable and impact both 
pursued urban planning goals simultaneously. We 
observed ten high-impact indicators: Vegetation type, 
Vegetation volume, Tree species, Tree growing site,  
Surface cover type, Illumination, Width of frontages, 
Green ratio of building block, Street typology and 
Illumination (Fig.2). For example, the Vegetation area 
and the Tree growing site quality both substantially 
impact the Canopy continuity indicator [16, 17], which 
is a linking indicator related to both urban planning 
goals (Fig.4). Indeed, the Canopy continuity is 
significant for the Shading percentage and 
consequently affects Thermal comfort [12], which in 
turn affects Walking/ cycling comfort and Bird species 
richness by affecting their habitat [10]. This means that 
to achieve the urban planning goals, planners or 
policymakers can focus on these two adjustable high-
impact indicators to achieve significant results. 

Street typology is another one of these high-
impact indicators as it affects the Tree growing site by 
changing the distance and height of the surrounding 
buildings [16] and the Vegetation area as different 
street typologies will impact the tree planting design 
[18]. Those indicators then have an impact on both 
pursued urban planning goals.  

Another discovery pertains to the dual 
relationships of artificial light at night, represented by 
the indicator Illumination: it both has a positive 
influence on Cycling lane/path security and a negative 
influence on bird-related indicators, i.e. Vocal activity 
rate. While crucial for the safety of nocturnal 
pedestrians and cyclists, it represents a trade-off 
regarding bird habitat quality [19-20] and, therefore, 
requires particular attention.  

 

Figure 3: Direct and indirect stressors on Active mobility comfort 
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 3.3 Implications for Interdisciplinary Research 
This SD model allowed us to connect components 

specific to four sub-projects of a Research Training 
Group at the Technical University of Munich. This 
interdisciplinary visualisation facilitates the 
comprehension of correlations between research 
outcomes across sub-projects and scientific domains. 
The empirical evidence produced by each sub-project 
can gain meaningful interpretation through its 
insertion in the larger SD model, enabling the 
validation of anticipated correlations and the 
discovery of new ones. This strategic approach 
effectively contributes to developing a comprehensive 
knowledge framework specific to the interdisciplinary 
research group and is seen for this matter as a 
powerful tool for interdisciplinary collaboration. 
Moreover, it allows for results that are explored in a 
fundamental manner to be put into perspective with 
urban planning goals, making these results more 
applicable. 

 
3.4 Process Governance 

This SD model can be used as a framework for the 
governance of various ecosystem services that are 
difficult to manage by highlighting high-impact 
indicators that wield a substantial effect. The 
visualisation of the interdependencies among 
different indicators of the model can help decision-
makers choose appropriate strategies and actions that 
lead to the pursued urban planning goals in practice. 
This is particularly important in UGI planning, where 
decisions can have long-term impacts.  

The integrative and multidisciplinary character of 
the model allows for more informed policymaking, 
taking into consideration also indirect effects that can 
be overlooked in other circumstances. This aids in the 
effective allocation of resources to domains that may 
seem distantly connected to the goal but wield 
substantial impact. Assessing the feasibility of such 
changes further allows for prioritising interventions 
and optimising the pathway toward achieving the 
overall urban planning goals. Moreover, the risk of 
overlooking relevant actors is diminished, offering a 
more transparent and holistic perspective on 
stakeholder engagement.  

 

3.5 Limitations and Outlook 
While the proposed SD model has inherent 

limitations due to its scope centred around two 
specific urban planning objectives and four project 
focuses of the RTG, this deliberate framing provides 
clarity. It also allows the identification of potential 
interfaces of the model with other disciplines not 
presently incorporated but which can be potentially 
considered in the future. An illustration of this is 
evident in the omission of urban water systems, which 
would significantly impact many indicators in the 
Vegetation properties category. This illustrates 
potential connection points for further extending this 
model. Additionally, it's worth noting that another 
limitation of this system model lies in its conceptual 
nature. In the subsequent stage, it necessitates being 
populated with measurements to advance towards 
conducting behaviour reproduction tests, thereby 
verifying and quantifying the relationships between 
indicators within a local context. 

 
4. CONCLUSION 

In conclusion, the system dynamics model 
discussed in this paper proves to be a valuable tool for 
interdisciplinary research by elucidating high-impact 
indicators and highlighting synergies, trade-offs, and 
potential side effects of UGI in streetscapes. Focusing 
on two urban planning objectives — enhancing Active 
Mobility Comfort and increasing Bird Biodiversity —
serves as a proxy to illustrate complex relationships 
and interdependencies between disciplines. This 
model can serve as a basis for further models 
integrating more domains and illustrating increasingly 
complicated relationships between indicators. The 
developed conceptual framework aids decision-
making by identifying adjustable indicators within 
urban spaces and creating a baseline for 
interdisciplinary collaborative governance. This 
enhanced understanding, facilitated by system 
dynamics modelling in interdisciplinary research, is 
crucial for addressing complex challenges, such as 
transforming urban streets into integral components 
of Urban Green Infrastructure and enhancing urban 
resilience. 
 
 

Figure 4: High impact of Canopy continuity 
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ABSTRACT: The imperative to integrate urban planning with sustainable energy management is increasingly 
recognized as vital in addressing contemporary environmental and energy challenges. Sustainable Energy Action 
Plans (SEAPs) have been instrumental in facilitating this integration, successfully implemented by numerous 
European cities. These plans play a crucial role in defining urban energy strategies, setting objectives for 
renewable energy usage, and reducing greenhouse gas emissions. This paper explores the integration of SEAPs 
within the Tri-City Metropolitan Area in Poland, which is characterized by significant environmental issues 
including pollution and high heat energy import dependency, making it a critical case study. We applied critical 
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1. INTRODUCTION
In the face of rapid urbanization, growing global 

environmental challenges, the integration of urban 
planning and sustainable energy management also at 
city level has become more crucial than ever. This 
need for integration is made even more urgent by the 
global imperative for energy transformation, 
highlighted by international climate agreements. 
Furthermore, the ongoing war in Ukraine has added 
to the urgency, particularly in the context of energy 
security and the increasing challenges related to 
natural resources. These issues, coupled with the 
impacts of climate change, underscore the 
importance of aligning urban development with 
energy-efficient and environmentally conscious 
practices. Cities, as hubs of innovation and economic 
activity, must therefore play a crucial role in shaping 
these sustainable futures.  In light of these facts, EU 
energy and environmental policies aim for 
sustainability and climate neutrality, focusing on 
reducing emissions, enhancing renewable energy, 
and improving efficiency. The Paris Agreement [1] 
and the European Green Deal [2] are central, 
targeting a climate-neutral EU by 2050 and 
addressing climate change. Initiatives also promote 
sustainable energy use in cities and buildings, 
contributing to an integrated strategy for a resilient 
and green future. 

This paper addresses the integration of 
sustainable urban planning and energy management 
at city level, focusing on the comparison of current 

cities energy and climate strategies among 8 
European cities leading in this area and Tricity 
Metropolitan Area (TMA) located in northern in 
Poland. Poland is actively pursuing an energy shift, 
yet the transition from its long-established coal 
reliance is complex, influenced by economic and 
cultural factors, and a robust coal industry 
infrastructure. The situation is further strained by the 
war in Ukraine and gas supply issues, adding to the 
challenges of diversifying Poland's energy mix and 
moving towards more sustainable sources.  

The Polish Tricity exhibits a unique morphology 
and is characterized by the contiguous urban layout 
of Gdańsk, Sopot, and Gdynia. Tricity faces also 
significant environmental and energy challenges such 
as environmental pollution and reliance on energy 
imports [3]. In Tricity there is also lack of updated 
Sustainable Energy Action Plans (SEAPs).  

This study aims to provide clear guidelines for 
sustainable urban and energy development by 
applying a novel methodology for creating effective, 
updated SEAPs for Tricity, and taking insights and 
general trends from successful plans across European 
cities.  
1.1 The importance Sustainable Energy Action Plans 
(SEAP) and analogical cities strategic energy and 
climate plans 

Sustainable Energy Action Plans (SEAPs) are 
strategic frameworks guiding cities to reach energy 
and climate goals, including emissions reduction and 
energy efficiency. These plans, essential for 
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natural resources. These issues, coupled with the 
impacts of climate change, underscore the 
importance of aligning urban development with 
energy-efficient and environmentally conscious 
practices. Cities, as hubs of innovation and economic 
activity, must therefore play a crucial role in shaping 
these sustainable futures.  In light of these facts, EU 
energy and environmental policies aim for 
sustainability and climate neutrality, focusing on 
reducing emissions, enhancing renewable energy, 
and improving efficiency. The Paris Agreement [1] 
and the European Green Deal [2] are central, 
targeting a climate-neutral EU by 2050 and 
addressing climate change. Initiatives also promote 
sustainable energy use in cities and buildings, 
contributing to an integrated strategy for a resilient 
and green future. 

This paper addresses the integration of 
sustainable urban planning and energy management 
at city level, focusing on the comparison of current 

cities energy and climate strategies among 8 
European cities leading in this area and Tricity 
Metropolitan Area (TMA) located in northern in 
Poland. Poland is actively pursuing an energy shift, 
yet the transition from its long-established coal 
reliance is complex, influenced by economic and 
cultural factors, and a robust coal industry 
infrastructure. The situation is further strained by the 
war in Ukraine and gas supply issues, adding to the 
challenges of diversifying Poland's energy mix and 
moving towards more sustainable sources.  

The Polish Tricity exhibits a unique morphology 
and is characterized by the contiguous urban layout 
of Gdańsk, Sopot, and Gdynia. Tricity faces also 
significant environmental and energy challenges such 
as environmental pollution and reliance on energy 
imports [3]. In Tricity there is also lack of updated 
Sustainable Energy Action Plans (SEAPs).  

This study aims to provide clear guidelines for 
sustainable urban and energy development by 
applying a novel methodology for creating effective, 
updated SEAPs for Tricity, and taking insights and 
general trends from successful plans across European 
cities.  
1.1 The importance Sustainable Energy Action Plans 
(SEAP) and analogical cities strategic energy and 
climate plans 

Sustainable Energy Action Plans (SEAPs) are 
strategic frameworks guiding cities to reach energy 
and climate goals, including emissions reduction and 
energy efficiency. These plans, essential for 
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facilitating a city's transition to a low-carbon 
economy, are typically driven by commitments to 
initiatives like the Covenant of Mayors for Climate 
and Energy in Europe (SEAPs). Particularly, SEAPs 
were initiated as a response to global climate change 
challenges, SEAPs have gained prominence, 
particularly with the Covenant of Mayors for Climate 
and Energy in Europe, starting in 2008. This initiative 
motivates cities to aim for at least a 40% reduction in 
CO2 emissions by 2030. Regardless of their varied 
names (SEAP, Climate and Energy Plans etc.), they all 
aim for a sustainable, low-carbon future. SEAPs and 
analogical documents are essential for cities to 
contribute to national and international climate goals, 
offering local benefits like improved air quality and 
energy security. Initially focusing on energy 
consumption and renewable energy, recent SEAPs 
have evolved to include sustainable transportation, 
waste management, and water conservation. 

The effectiveness and importance of SEAPs (and 
analogical documents) in energy transition and 
climate change mitigation are well-documented in 
scientific literature. For instance, Kona and others [4], 
analysed the climate mitigation trajectory of 
Covenant of Mayors (CoM) signatories, highlighting 
the significant role of these initiatives in adhering to 
the Paris Agreement commitments. Similarly, 
Palermo and others [5] assessed 315 SEAP policies in 
cities participating in the CoM initiative, shedding 
light on the various types of policies adopted and 
their effectiveness. Despite the frequent coverage of 
Sustainable Energy Action Plans (SEAPs) in academic 
literature, there remains a notable research gap in 
the detailed examination of SEAPs in the Tricity area, 
whose unique morphological layout, ecological 
considerations, economic factors, and social 
dynamics present a distinct case study yet to be 
thoroughly explored. 
2. METHODOLOGY 

We used critical case studies analysis and 
comparative analysis methods to study successfully 
implemented SEAPs (Sustainable Energy Action Plans) 
and analogical documents of European cities. Based 
on them we drew conclusions and proposed a novel 
urban framework (including trends and 7 common 
areas of change) for creating updated SEAPs in Tricity. 
In total we analysed 12 municipal and cities 
sustainable energy, climate and urban plans of 
following European cities: Malmö [6], Stockholm [7], 
Oslo [8], Grenoble [9], Rennes [10], Freiburg [11], 
Vienna [12], London [13] along with Tricity SEAPs of: 
Gdańsk [14], Gdynia [15] and whole Tricity [16] 
(Fig.1.). The SEAP (Sustainable Energy Action Plan) of 
Sopot was not available at the time of analysis due to 
technical reasons. It is important to note that each 
city in the Tricity area - Gdańsk, Sopot, and Gdynia - 
has its own individual SEAP, and they collectively 
share a common SEAP as part of the Tricity 

metropolis. The criteria of choosing such 
international examples for case studies were: similar 
planning culture in Europe, location in cool temperate 
climate zone as Tricity (according to Passsivhaus 
Institute 2016), accessibility of existing updated 
policies and continuation of their municipal energy 
policy on district level (erecting new sustainable 
energy housing district according to this policy). 

 
Figure 1: Map with locations of cities whose SEAPs were 
analysed in this study. 
2.2 Tricity as a main case study area  

Tricity metropolis is the fastest growing area of 
northern Poland, an international rank, thus 
interweaving in the network of metropolitan 
connections occupies a place in networks of various 
scales. It has developed connections both regionally, 
nationally and internationally. According to Central 
Statistical Office [17], Tricity is experiencing the most 
dynamic suburbanization in whole Poland. This 
intense growth in residential areas, is driven by a 
significant housing market deficit. Unfortunately it is 
leading to a rapidly and chaotically evolving suburban 
landscape that is not adequately supported by 
corresponding infrastructural expansion. A large part 
of the metropolis is covered by landscape parks and 
nature reserves, with large share of Natura 2000 
protected areas located within the city of Gdańsk. In 
Tricity, the number of certified green buildings, 
primarily LEED and BREAM, is steadily increasing. 
Additionally, the opening of a waste incineration 
plant at the Szadółki landfill is planned for 2024. This 
facility will enable the disposal of large amounts of 
high-energy waste while simultaneously generating 
clean energy (Fig. 2). 

 
Figure 2: Environmental protection in Tricity metropolis. 
Authors’ elaboration. 

Several major plants contributing significantly to 
environmental pollution in Gdańsk were identified in 
a recent study on Tricity's environmental issues. 
These facilities have contributed to exceeding the 
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Several major plants contributing significantly to 
environmental pollution in Gdańsk were identified in 
a recent study on Tricity's environmental issues. 
These facilities have contributed to exceeding the 

 

annual PM10 dust concentration standards, with the 
most critical levels observed during both the heating 
and summer seasons [18]. The primary sources of air 
pollutants in this region are identified as the high-
speed roads traversing the Tricity and low emission 
form heating. Furthermore, the study highlights a 
significant flood risk, particularly in the coastal areas 
of Gdynia and the downtown regions of Gdańsk. 
These areas are notably vulnerable to the impacts of 
climate change, emphasizing the urgent need for 
comprehensive climate strategies (Fig.3.). Tricity faces 
energy challenges due to its reliance on external 
electricity supplies from other Polish regions (up to 
50%), while simultaneously holding significant 
potential for local renewable energy development 
[18]. 

 
Figure 3: Environmental hazards and pollution in Gdańsk 
Metropolis. Authors’ elaboration. 
 2.3. European Reference Cities: Comparing Tricity's 
Opportunities and Challenges 
     The chosen European cities leading in sustainable 
urban and energy planning and having developed 
plans similar to SEAP- Malmö, Stockholm, Oslo, 
Grenoble, Rennes, Freiburg, Vienna, and London - 
share common characteristics with Tricity, such as a 
European planning culture and a temperate climate. 
However, they  differ in having established 
sustainable housing districts which Tricity currently 
lacks (Tab.1.). We used this these cities as case 
studies to assess SEAPs, providing insights for Tricity, 
using comparative analysis (presented in further 
tables). While the analysed cities differ from the 
Tricity area in many aspects such as exact population 
size and geographical location, there are similarities 
that make them relevant for comparison in 
ecological, energy, and urban planning contexts, such 
as: commitment to sustainable development:, 
development of sustainable public transport, 
initiatives for energy efficiency, urban planning 
challenges (i.a. need for the revitalization of degraded 
areas, spatial development, and ensuring affordable 
housing amidst rising real estate prices). 
Table 1: Comparative Analysis of basic information on cities 
chosen for further studies.  

City Country 

Number of 
inhabitants 
of the city 

Sustainable 
districts located in the 

city 
Malmö SE 344 166 Bo01, Västra Hamnen 
Stockholm SE 975 551 Hammarby Sjöstad 

Oslo NO 634 293 Pilestredet Park 
Grenoble FR 158 198 Zac de Bonne 
Rennes FR 215 366 La Courrouze 
Freiburg DE 230 241 Vauban 
Vienna A 1 920 949 Seestadt Aspern 
London UK 9 541 000 BedZED 
Gdańsk PL 486 345 not present 
Gdynia PL 242 141 not present 
Tricity PL ~1 500 000 not present 
3. RESULTS  
3.1 Seven common areas of sustainable urban and 
energy development in analysed SEAP documents  

During our critical analysis of SEAPs of chosen 
cities we observed the occurrence of 7 common areas 
of interdisciplinary approach. We identified these 7 
areas as critical for sustainable urban and energy 
development: 
 Sustainable planning and spatial management 

(1) 
 Building structures and their surroundings (2) 
 Sustainable energy systems (3). 
 Sustainable transport (4), 
 Environmental protection (5), 
 Research and Cooperation (B&R) (6), 
 Fair policy and society (7). 

3.1. SEAPs and analogical documents in European 
Cities – comparative analysis of results in tables. 
 
Table 2: Basic characteristics on SEAP plans – sustainable 
planning and spatial management (1).  

City 

I 
Type of 

SEAP 
plan 

II 
SEAP validity 

period 

III 
Main scales 

of SEAP 
interventions 

IV 
Building 
intervent

ions 
Malmö P, W -2030 C (D) E, N 
Stockholm P, W -2040 C (D) E, N 
Oslo P -2030 C E, N 
Grenoble W, M -2030 C,D ,G, B E, N 
Rennes P,W -2024 C,D, G, B E, N 
Freiburg P,W, M - 2050 C, D, G, B E, N 
Vienna P, W n.d. ‘future’ C, D, G, B E, N 
London P, W -2047 C, D, G, B E, N 
Gdańsk P 2018  expired C,B E 
Gdynia P, W 2018  expired C,B E 
Tricity P 2018  expired C,B E 
Abbreviations:  
I - masterplan (M), sustainable energy plan (P), webpage (W) 
III- city (C), district (D), neighbourhood, group of buildings (G), building (B) 
IV- existing (E) and new (N) residential buildings 
 
Table 3: Cities main sustainable energy goals in their 
SEAPs.(1) 

City 

Energy 
autonom

y 

Reducti
on of 
GHG 

Carbon 
neutrality 

Climate 
neutralit

y 

Use 
of 

RES 
Malmö by 2030 + + + + 
Stockholm n.d. + by 2040 + + 
Oslo n.d. + - + + 
Grenoble n.d. + - + + 
Rennes n.d. + - + + 
Freiburg by 2050 + + + + 
Vienna by 2050 + + + + 
London n.d. + by 2030 + + 
Gdańsk n.d. + - - + 
Gdynia n.d. + - - + 
Tricity n.d. + - - + 
Table 4: Building Structures and Surrounding Environment -
main goals of cities SEAPs (2). Builidings’: 
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City 

Energy Demand 
Reduction 

Energy 
retrofitting 

Energy 
Efficiency 

Materials' 
LCA  

Malmö + + + + 
Stockholm + + +  
Oslo + + +  
Grenoble + + +  
Rennes + + +  
Freiburg + + +  
Vienna + + + + 
London + + + + 
Gdańsk + + + + 
Gdynia + + +  
Tricity + + + + 
 
Table 5: Sustainable Energy System cities’ SEAPs (3). The use 
of renewable energy sources (RES): 
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Malmö + + + + + +  
Stockholm +  + +  +  
Oslo +  +     
Grenoble +  + +    
Rennes +  +     
Freiburg + + + +    
Vienna + + + +  +  
London +  +   +  
Gdańsk + + + +   + 
Gdynia + + + +    
Tricity + + + +   + 
Table 6: Sustainable Energy System of cities’ SEAPs (3). The 
use at the city scale of: 

City 

Utilization of 
waste heat/ 

cooling 

Local 
energy 

generation 

Smart 
energy 
systems 

Urban district 
heating 
network 

Malmö + + + + 
Stockholm  + + + 
Oslo  + + + 
Grenoble + + + + 
Rennes  +  + 
Freiburg  +  + 
Vienna + + + + 
London + + + + 
Gdańsk   + + 
Gdynia  + + + 
Tricity   + + 

Abbreviations: H.C. - Housing cooperatives 
 
Table 7: Sustainable transportation issues in cities’ SEAPs. 
(4) 

City 

Priority to 
pedestrian and 

bicycle 
movement 

Eco-Public 
transporta

tion* 

Promotion of individual 
vehicles powered by 

biofuels and electricity**  
Malmö + + + 
Stockholm + + + 
Oslo + + + 
Grenoble + +  
Rennes + +  
Freiburg + + + 
Vienna + + + 
London + + + 
Gdańsk + +  
Gdynia + +  
Tricity + +  

*Eco-public transportation: support for ecological transport using 
biofuels, hydrogen, or electrified transport utilizing locally generated 
renewable energy sources; support for convenient and frequent public 
connections 

**powered by local renewable energy sources 
Table 8: Major environmental protection issues in SEAPs (5). 

City 
Sustainable Water 

Management* 
Supporting 
Biodiversity 

Waste Recycling, 
Circular Economy 

Malmö SP SP SP 
Stockholm SP SP + 
Oslo + + + 
Grenoble SP SP SP 
Rennes + + + 

Freiburg + + + 
Vienna + + + 
London + + + 
Gdańsk + SP + 
Gdynia + - - 
Tricity + + + 

Abbreviations: SP – The City has formulated and disseminated 
separate program addressing this issue (not included in SEAP). 

*Sustainable Water Management: utilization of grey and/or black 
water and rainwater retention 
Table 9: Research and cooperation. Interdisciplinary 
collaboration among stakeholders from various sectors in 
cities’ SEAPs. (6) Sectors: 

City 
Energy 

Const
ructio
n 

City / 
Municip
ality 

Researc
h 

Busin
ess 

Citize
ns 

Malmö + + + + + + 
Stockholm + + +  + + 
Oslo + + + + + + 
Grenoble + + + + + + 
Rennes + + + + + + 
Freiburg + + + + + + 
Vienna + + + + + + 
London + + + + + + 
Gdańsk + + + + + H.C. 
Gdynia   +    
Tricity + + + + + H.C. 

Abbreviations: H.C. - Housing cooperatives 
Table 10: Fair Policy and Society in cities’ SEAPs (7). 

City 

Support 
programs for 
eco-solutions 

Resident 
participati

on 

Ecological 
education for 

residents 

Publicly 
accessible 
guidance* 

Malmö + + + + 
Stockholm + + + + 
Oslo + + + + 
Grenoble + + + + 
Rennes + + + + 
Freiburg + + + + 
Vienna + + + + 
London + + +  
Gdańsk +  + SP 
Gdynia +  + SP 
Tricity +  + SP 

Abbreviations: SP – The City has formulated and disseminated 
separate program addressing this issue (not included in SEAP). 

*advisory on planning and design for residents regarding ecological 
building practices 

 
3.3 Comparative analysis of cities’ SEAPs (Tables 2-
10). 
Assessing SEAPs across Europe: trends, challenges, 
and opportunities. 

The Sustainable Energy Action Plans (SEAPs) 
analyzed in various European cities, including Tricity, 
reveal a range of strategies and priorities. A prevailing 
form of SEAP presentation is the plan format, while 
webpages and maps are less common. The majority 
of these plans are set to be active until at least 2030, 
contrasting with the outdated plans of Tricity, which 
currently lack prospects for updates (Tab. 2.). SEAPs 
interventions primarily focus on the city level, 
occasionally extending to districts, neighbourhoods, 
and buildings. The guidelines typically address both 
new and existing residential buildings, but in Tricity, 
they are limited to existing structures only (Tab. 2.) 

Cities like Malmö, Freiburg, and Vienna stand out 
for their ambitions towards local energy 
independence and carbon neutrality, an approach not 
as commonly observed elsewhere. All cities commit 
to reducing greenhouse gas emissions and utilizing 
renewable energy sources (RES) (Tab. 3.). This 
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Efficiency 

Materials' 
LCA  

Malmö + + + + 
Stockholm + + +  
Oslo + + +  
Grenoble + + +  
Rennes + + +  
Freiburg + + +  
Vienna + + + + 
London + + + + 
Gdańsk + + + + 
Gdynia + + +  
Tricity + + + + 
 
Table 5: Sustainable Energy System cities’ SEAPs (3). The use 
of renewable energy sources (RES): 

City PV
 a

nd
 s

ol
ar

 
co

lle
ct

or
s 

W
in

d 
En

er
gy

 

Bi
om

as
s/

Bi
o

ga
s 

G
eo

th
er

m
al

 
En

er
gy

 

W
av

e 
En

er
gy

 

H
yd

ro
ge

n 
El

ec
tr

ol
ys

is
 

H
yd

ro
po

w
er

 

Malmö + + + + + +  
Stockholm +  + +  +  
Oslo +  +     
Grenoble +  + +    
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Gdynia + + + +    
Tricity + + + +   + 
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3.3 Comparative analysis of cities’ SEAPs (Tables 2-
10). 
Assessing SEAPs across Europe: trends, challenges, 
and opportunities. 

The Sustainable Energy Action Plans (SEAPs) 
analyzed in various European cities, including Tricity, 
reveal a range of strategies and priorities. A prevailing 
form of SEAP presentation is the plan format, while 
webpages and maps are less common. The majority 
of these plans are set to be active until at least 2030, 
contrasting with the outdated plans of Tricity, which 
currently lack prospects for updates (Tab. 2.). SEAPs 
interventions primarily focus on the city level, 
occasionally extending to districts, neighbourhoods, 
and buildings. The guidelines typically address both 
new and existing residential buildings, but in Tricity, 
they are limited to existing structures only (Tab. 2.) 

Cities like Malmö, Freiburg, and Vienna stand out 
for their ambitions towards local energy 
independence and carbon neutrality, an approach not 
as commonly observed elsewhere. All cities commit 
to reducing greenhouse gas emissions and utilizing 
renewable energy sources (RES) (Tab. 3.). This 

 

commitment extends to buildings, where energy 
demand reduction, retrofitting, and efficiency are 
universally prioritized. However, the inclusion of 
buildings material's Life Cycle Assessment (LCA) in 
SEAPs is not as widespread (Tab. 4.). The plans 
universally endorse the use of renewable energy, 
particularly photovoltaics (PV), solar collectors, 
biomass, and biogas (Tab. 5.). Urban district heating 
networks are consistently featured across all cities. 
Local energy generation is a common goal, though 
not shared by Gdańsk and Tricity. Most cities, 
excluding Rennes and Freiburg, are keen on 
implementing smart energy systems (Tab. 6.). A 
consistent theme across all cities is also the 
prioritization of pedestrian and bicycle movement, 
alongside eco-friendly public transportation. The 
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vehicles, using local renewable sources, is prevalent, 
although not uniformly adopted by cities like Tricity, 
Grenoble, and Rennes (Tab. 7.). 
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4. DISCUSSION 
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tailoring effective SEAPs, particularly for areas like 
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The study highlights the significance of 
interdisciplinary collaboration and resident 
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infrastructure to facilitate engagement. Addressing 
these barriers could enhance the inclusivity and 
effectiveness of SEAPs. 

 

5. CONCLUSION 
5.1. Enhancing Tricity's Sustainable Energy Action 
Plans (SEAPs): a comprehensive approach 

Tricity should undertake several key steps to 
enhance its Sustainable Energy Action Plans (SEAPs). 
Firstly, there is a need to update the existing SEAPs, 
expanding their scope from not just the city and 
individual buildings but also to include districts and 
neighbourhoods. This should involve creating 
guidelines for new residential constructions, which 
could aid in energy transition and potentially lead to 
the creation of eco-districts. Furthermore, Tricity 
should explore strategies for energy autonomy to 
reduce its dependence on centralized energy 
supplies, a move that is particularly crucial for 
suburban areas. Local energy generation needs to be 
a focus, especially in Gdańsk and the wider Tricity 
region, along with the utilization of waste heat and 
cooling. Lastly, emphasizing resident participation in 
the SEAP process across the entire Tricity area is vital 
for ensuring community engagement and support for 
these sustainable initiatives. 

 

5.2. Key urban framework for sustainable energy 
action plans in Tricity 

Based on our study and conclusions from 
comparative analyses we created updated key urban 
framework for creating SEAPs in Tricity (Fig.4.).  
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Figure 4: Key urban frameworks for TMA, detailing the 
elements of local integrated urban and energy planning at 
the municipal, city, and district levels. 

The key urban framework in the just energy 
transition era should include  
 Integrated energy management initiatives. 
 Grassroots actions that involve stakeholder 

cooperation across sectors, including 
participation and education of end-users. 

 Top-down strategies implementing structured 
regulations, standards, and programs. 

 An integration of issues from the seven common 
areas of European SEAPs into the planning 
process. 

 A local focus that includes the development of 
city-wide Sustainable Energy Management 
Plans. 

 Use of objective tools: planning, statistical, and 
energy, which when skilfully integrated, can help 
achieve set goals. 

Our research presents significant key urban 
framework as a starting point for sustainable energy 
management, that can be applicable globally with 
local adjustments. The findings emphasize the need 
for integrated urban and energy planning, and the 
adoption of sustainable energy action plans, 
highlighting the role of collective thinking in 
sustainable urban development. Our research 
underlines the necessity of adopting comprehensive, 
forward-looking, and sustainable energy action plans, 
and it affirms the importance of fostering a culture of 
collective thinking, learning, teaching, and leadership 
in sustainable urban development. 
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ABSTRACT: The Escola da Cidade is an architecture and urbanism college that has been integrating innovative 
didactic-pedagogical approaches into its program. The Itinerant School is one of these initiatives, in which 
students embark on a meticulously planned itinerary for destinations across Brazil and Latin America. This article 
details a pedagogical experience during an Itinerant School to Belo Horizonte. Preparatory classes focusing on 
bioclimatic strategies for the city were organized and a booklet was created to direct attention towards various 
aspects related to environmental comfort. A noteworthy outcome of these activities was a significant rise in 
student engagement in learning throughout the semester. According to some reports, there has been an 
improvement in the way students perceive and analyse buildings, as well as internal and external spaces.  
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1. INTRODUCTION 

The Escola da Cidade Association, established in 
1996 in São Paulo, is a non-profit organization 
dedicated to the education of architects and urban 
planners. It brings together professionals from diverse 
fields who share the common goal of fostering an 
environment conducive to intellectual freedom and 
reflection. Presently, the institution boasts a distinctive 
educational approach compared to most of the 
architecture and urbanism programs in Brazil. It is 
characterized by the integration of innovative didactic 
and pedagogical practices in architectural and urban 
planning education. 

Among these notable practices is the Vertical 
Studio, a research and project workshop that 
collaborates with students across different academic 
years. Additionally, there is an external experience 
exclusively available to fifth-year students, who are 
granted a six-month absence from Escola da Cidade for 
extracurricular activities. The institution also hosts the 
Contemporary Reality and Culture Seminar, held 
weekly, inviting students to engage in discussions and 
reflections on topics beyond the scope of traditional 
architecture.  

The Itinerant School is an integral part of this 
educational context, organizing national and 
international trips to provide students with direct 
experiences, on-site observations, and in-depth 
analyses. This approach aims to foster a 
comprehensive understanding of the social and 
cultural dynamics of the visited locations, activating 

all human senses in a manner challenging to achieve 
within the confines of a traditional classroom setting 
[1]. Aligned with the Course Pedagogical Project, this 
initiative contributes to shaping architects equipped 
with critical and reflective capacities, ready to 
confront the complexities of the ever-evolving global 
reality. The itineraries are guided by historical context 
and draw upon architectural and urban repertoires. 

Throughout the six years of their undergraduate 
education, students undergo a series of six one-week 
trips, featuring diverse itineraries and destinations 
across Brazil and Latin America. These selections are 
tailored to accommodate the specific needs and 
possibilities of each cohort. The cost associated with 
participating in the Itinerant School is encompassed 
within the monthly tuition fees, ensuring the 
inclusion of all students in the program, including 
those on scholarships. The success of these activities 
relies on the mobilization of numerous teachers who 
guide students, and a meticulously prepared script is 
studied and defined in advance. 

As part of the broader initiative to redefine the 
landscape of architectural and urban planning 
education in Brazil, Escola da Cidade has actively 
contributed to the restructuring of the teaching of 
environmental comfort. This involves the 
construction of models, engagement in external 
experiences, the organization of laboratories, and an 
attempt to establish a horizontal alignment between 
disciplines related to environmental comfort and 
design. This approach aims to move away from 
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traditional methods, reducing the emphasis on purely 
expository classes dominated by calculations. 

It is noteworthy that, since 1994, with the 
enactment of Ordinance Nº 1,770 by the Ministry of 
Education (then known as the Ministry of Education 
and Sports), environmental comfort has been 
mandated as a compulsory professional subject in all 
Brazilian architecture and urban planning courses [2]. 
Despite its well-intentioned connection to the 
imperative of sustainable development, this mandate 
inadvertently led to a disconnection between 
bioclimatic architecture concepts and architectural 
design. Consequently, there is a need to establish a 
counterpoint by bridging the teaching of comfort with 
design practice. The Itinerant School emerges as a 
crucial instrument in this endeavour, providing a 
tangible understanding of environmental comfort in 
the built environment when appropriately directed. 

In the second semester of 2023, first-year students 
were programmed to participate in the Itinerant School, 
with Belo Horizonte as the chosen destination – a 
Brazilian state, capital of Minas Gerais, renowned for its 
cultural, historical, and patrimonial richness. 
Simultaneously, these students were immersed in the 
Environmental Comfort 1 course throughout the 
semester. The primary aim of this endeavour is to 
convey the experience of integration, both within and 
beyond the classroom. It offers students a unique 
opportunity to perceive space in a multisensorial 
manner, fostering an appreciation for the development 
of bioclimatic projects with a specific emphasis on the 
well-being and health of end-users. This integrated 
approach aims to enhance students' understanding by 
connecting theoretical knowledge with real-world 
experiences, encouraging a holistic perspective on 
architectural and environmental considerations.  

This paper will introduce the environmental 
comfort activity that was devised for first-year 
students who took part in the Belo Horizonte Itinerant 
School, along with its principal outcomes concerning 
the teaching and learning process of the students. It is 
noteworthy that this current experience represents an 
enhancement compared to a previous Itinerant School 
held in 2022 and the identified issues highlighted 
through feedback from previous students have been 
addressed and rectified [3]. 
 
2. INSTRUMENTAL PREPARATORY CLASSES 

Environmental comfort classes at Escola da Cidade 
are conducted on a weekly basis. Each session is 
designed to incorporate concepts and strategies from 
bioclimatic architecture, along with references to 
various projects for climate analysis and 
sustainability-focused solutions. For the upcoming 
second semester of 2023, all classes are strategically 
structured to contribute significantly to the success of 
the Itinerant School, particularly from the perspective 
of environmental comfort.  

The three classes the preceded the Minas Gerais 
trip have had a heightened focus on the locations to 
be visited and key aspects that warrant observation 
and analysis during the journey. In the initial class, 
students were introduced to the tools (psychrometric 
charts, software, and national regulations) and 
resources essential for climate diagnosis. 
Subsequently, in the second class, students actively 
conducted this diagnosis for Belo Horizonte. Finally, 
in the third class, students were encouraged to 
explore bioclimatic strategies pertinent to the specific 
climatic conditions of the city. This sequential 
approach aims to equip students with the necessary 
knowledge and skills to engage effectively with the 
environmental aspects of the upcoming Itinerant 
School experience. 

The objective of this approach is to sensitize 
students to architectural design by imparting a 
comprehension of fundamental techniques. These 
include understanding the surroundings, determining 
optimal orientation based on sunlight and prevailing 
winds, implementing sun protection devices, 
optimizing the use of natural light, and strategically 
positioning rooms for noise attenuation, among other 
considerations. It is important to note that the 
intention is not to transform students into 
environmental consultants. Rather, the goal is to instil 
an intuitive awareness of these elements so that 
students can naturally incorporate them into their 
design process. This approach seeks to cultivate a 
holistic understanding of environmental factors that 
should inform and enhance their architectural 
designs. 

 
2.1 Climatic context 

In terms of climate, the city of Belo Horizonte 
(Latitude 19.82° S; Longitude 43.96° W) is situated in 
the South tropical zone, and the Köppen-Geiger 
climate classification for the region is tropical, with a 
dry winter season (Aw). Elevated at 869 meters above 
sea level, Belo Horizonte experiences a notable cooling 
effect attributed to its relatively high elevation, 
mitigating the high maximum air temperatures 
observed in nearby cities at lower altitudes. The 
climate is characterized by warm-humid summer days 
featuring partially or cloudy skies, and mild-drier 
winter days with predominantly sunny conditions. 
Prevailing wind directions are Southeast and East 
throughout the year. Air temperatures remain 
moderate for the most part, with an annual average 
temperature of 21.75 °C, according to data from the 
climatological bank of the National Institute of 
Meteorology [4]. On typical extremely hot days with 
clear skies, temperatures can reach 32 °C in the early 
afternoon. On the other hand, under a cloudy sky, air 
temperatures on warm days hover around 20 °C. 
During the winter season, temperatures can drop 
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traditional methods, reducing the emphasis on purely 
expository classes dominated by calculations. 

It is noteworthy that, since 1994, with the 
enactment of Ordinance Nº 1,770 by the Ministry of 
Education (then known as the Ministry of Education 
and Sports), environmental comfort has been 
mandated as a compulsory professional subject in all 
Brazilian architecture and urban planning courses [2]. 
Despite its well-intentioned connection to the 
imperative of sustainable development, this mandate 
inadvertently led to a disconnection between 
bioclimatic architecture concepts and architectural 
design. Consequently, there is a need to establish a 
counterpoint by bridging the teaching of comfort with 
design practice. The Itinerant School emerges as a 
crucial instrument in this endeavour, providing a 
tangible understanding of environmental comfort in 
the built environment when appropriately directed. 

In the second semester of 2023, first-year students 
were programmed to participate in the Itinerant School, 
with Belo Horizonte as the chosen destination – a 
Brazilian state, capital of Minas Gerais, renowned for its 
cultural, historical, and patrimonial richness. 
Simultaneously, these students were immersed in the 
Environmental Comfort 1 course throughout the 
semester. The primary aim of this endeavour is to 
convey the experience of integration, both within and 
beyond the classroom. It offers students a unique 
opportunity to perceive space in a multisensorial 
manner, fostering an appreciation for the development 
of bioclimatic projects with a specific emphasis on the 
well-being and health of end-users. This integrated 
approach aims to enhance students' understanding by 
connecting theoretical knowledge with real-world 
experiences, encouraging a holistic perspective on 
architectural and environmental considerations.  

This paper will introduce the environmental 
comfort activity that was devised for first-year 
students who took part in the Belo Horizonte Itinerant 
School, along with its principal outcomes concerning 
the teaching and learning process of the students. It is 
noteworthy that this current experience represents an 
enhancement compared to a previous Itinerant School 
held in 2022 and the identified issues highlighted 
through feedback from previous students have been 
addressed and rectified [3]. 
 
2. INSTRUMENTAL PREPARATORY CLASSES 

Environmental comfort classes at Escola da Cidade 
are conducted on a weekly basis. Each session is 
designed to incorporate concepts and strategies from 
bioclimatic architecture, along with references to 
various projects for climate analysis and 
sustainability-focused solutions. For the upcoming 
second semester of 2023, all classes are strategically 
structured to contribute significantly to the success of 
the Itinerant School, particularly from the perspective 
of environmental comfort.  

The three classes the preceded the Minas Gerais 
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climatic conditions of the city. This sequential 
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environmental aspects of the upcoming Itinerant 
School experience. 
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comprehension of fundamental techniques. These 
include understanding the surroundings, determining 
optimal orientation based on sunlight and prevailing 
winds, implementing sun protection devices, 
optimizing the use of natural light, and strategically 
positioning rooms for noise attenuation, among other 
considerations. It is important to note that the 
intention is not to transform students into 
environmental consultants. Rather, the goal is to instil 
an intuitive awareness of these elements so that 
students can naturally incorporate them into their 
design process. This approach seeks to cultivate a 
holistic understanding of environmental factors that 
should inform and enhance their architectural 
designs. 
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In terms of climate, the city of Belo Horizonte 
(Latitude 19.82° S; Longitude 43.96° W) is situated in 
the South tropical zone, and the Köppen-Geiger 
climate classification for the region is tropical, with a 
dry winter season (Aw). Elevated at 869 meters above 
sea level, Belo Horizonte experiences a notable cooling 
effect attributed to its relatively high elevation, 
mitigating the high maximum air temperatures 
observed in nearby cities at lower altitudes. The 
climate is characterized by warm-humid summer days 
featuring partially or cloudy skies, and mild-drier 
winter days with predominantly sunny conditions. 
Prevailing wind directions are Southeast and East 
throughout the year. Air temperatures remain 
moderate for the most part, with an annual average 
temperature of 21.75 °C, according to data from the 
climatological bank of the National Institute of 
Meteorology [4]. On typical extremely hot days with 
clear skies, temperatures can reach 32 °C in the early 
afternoon. On the other hand, under a cloudy sky, air 
temperatures on warm days hover around 20 °C. 
During the winter season, temperatures can drop 

 

below 15 °C, and on cooler days, they may rise to 
around 24 °C due to the impact of solar radiation. 
 
2.2 Recommendations and strategies 

In accordance with the Brazilian Bioclimatic 
Zoning [6], the city of Belo Horizonte is situated 
within Bioclimatic Zone 3 and the technical-
constructive guidelines for this zone are succinctly 
outlined in Table 1, adapted from ABNT NBR 15220 
[5]. 

Assisted by the Climate Consultant 6.0 software 
and utilizing the ASHRAE Adaptive Model and Standard 
55 [6] as an assessment parameter, the students 
observed that natural ventilation, coupled with 
shading, significantly contributes to achieving comfort 
during warmer periods of the year. Additionally, the 
analysis revealed a noteworthy percentage of hours 
necessitating dehumidification, accounting for almost 
30% of the year. Conversely, cold discomfort during 
lower temperatures could be mitigated by leveraging 
the internal thermal load generated through 
occupation complemented by the presence of thermal 
inertia. Solar heat also assumes a pivotal role during 
this period. 

 
Table 1: Technical-constructive guidelines for Bioclimatic Zone 
3.  
 

PASSIVE THERMAL CONDITIONING STRATEGIES 
Summer Winter 

(I) Cross-ventilation 
(I) Solar heating 

(II) Heavy internal seals (thermal 
inertia) 

APERTURES 
For ventilation A (in % of floor area) Shading 

Medium 15% < A < 25% Sun access during 
winter 

EXTERNAL SEALS 
Walls Roof 

Light and reflective Light and insulated 
U-Factor 
(W/m²K) 

Thermal 
Lag (h) 

Solar 
Factor (%) 

U-Factor 
(W/m²K) 

Thermal 
Lag (h) 

Solar 
Factor (%) 

U ≤ 3.60  ϕ ≤ 4.30 FSo ≤ 4.0 U ≤ 2.00 ϕ ≤ 3.30 FSo ≤ 6.5 

 
3. ITINERANT SCHOOL 

The last trip primary focus centred around the city 
of Belo Horizonte, supplemented by visits to the 
surrounding areas. The itinerary commenced as 
students and teachers arrived in Belo Horizonte on 
October 2nd in the morning. In the afternoon, they 
explored Praça da Liberdade and its environs, 
including the Niemeyer Building. 

The subsequent morning was dedicated to the 
historical city centre, featuring a visit to the Santa 
Tereza Viaduct – constructed in 1929 with reinforced 
concrete – and the Museum of Arts and Crafts, 
situated within the historical complex of the former 
Central Station of Brazil's Estrada de Ferro Central, 
one of the nation's inaugural railways. The group 
acquainted themselves with the JK complex, a 
structure from 1952 consisting of two mixed-use 

blocks that also serves as a symbol of modern 
architecture [7]. 

The third day encompassed a tour of another 
section of the city's historical center, highlighting 
notable buildings such as Acaica, Sulacap, and Cine 
Brasil, and the Municipal Park. In the afternoon, an 
activity unfolded in collaboration with students from 
the Federal University of Minas Gerais (UFMG), 
during which Escola da Cidade and local teachers 
presented their studio productions. 

On the following day, the morning was dedicated 
to visiting the Serra do Curral, a national heritage site 
listed by the National Historical and Artistic Heritage 
Institute and situated in the transition between the 
Brazilian biomes of Cerrado and Mata Atlântica. This 
location is characterized by conflicts arising from 
environmental issues stemming from indiscriminate 
mining. The afternoon was reserved for a visit to the 
Pomar do Cafezal House and the Lá da Favelinha 
Cultural Centre – an independent artistic-cultural 
organization promoting cultural activities and 
professional training for favela residents [8]. 

On the fifth day, the students journeyed to 
Brumadinho and explored the Inhotim Institute, an 
esteemed open-air Contemporary Art Museum and 
Botanical Garden. The last day was dedicated to the 
Pampulha neighbourhood, home to the iconic Church 
of São Francisco de Assis, designed by Oscar 
Niemeyer. 

 
4. PROPOSED EXERCISE: ENVIRONMENTAL BOOKLET 

With the intention of guiding students' attention 
towards specific parameters or strategies, a notebook 
was developed for them to respond to during the 
Itinerant School. This material was crafted in A5 size 
in the most inviting and friendly manner possible, 
encouraging students to feel stimulated to fill it out, 
incorporating the use of various icons. Some 
questions had a response scale ranging from 0 to 100, 
reflecting each student's comfort perception. This 
allowed for a subsequent quantitative evaluation. 

It is emphasized that this notebook was 
developed based on the previous experience of the 
Itinerant School in the Vale do Paraíba, where three 
buildings were analysed at the students' choice. For 
this edition in Belo Horizonte, two buildings were pre-
selected through a classroom draw – presented in 
next subsection –, along with two urban routes, to 
also include sensations perceived in different parts of 
the city. However, this article presents only the 
observations related to the interior of the buildings.  

For the students perceived analysis, the notebook 
was divided into the following items: (I) general 
project data; (II) overall perception; (III) lighting and 
daylight; (IV) thermal and ventilation aspects; (V) 
environmental sketch and detail of an environmental 
strategy; and (VI) identified strategies and notes. 
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In the first section, the identification of the case 
study is conducted, along with information such as 
latitude, day, time, air temperature, and sky 
conditions. In the second item, the student is 
required to document their sensations concerning 
environmental variables. In parts 3 and 4, the student 
is tasked with responding to more technical questions 
about lighting and thermal aspects, connecting their 
perception of the environment to these factors. 
Subsequent sections provide spaces for sketches 
representing the studied building and a bioclimatic 
strategy present in it. There is also an area for notes 
and the identification of other, more complex 
environmental strategies. This material was handed 
out to the students during the final class before the 
trip to Belo Horizonte, along with instructions for its 
proper completion. 
 
4.1 Selected buildings 

The JK Complex (Fig. 1), designed by the architect 
Oscar Niemeyer and inaugurated in 1951, stands as 
an exemplary representation of modern architecture 
and was provisionally listed as a cultural heritage site 
in 2021. The complex is structured into two distinct 
scales: a monumental scale at the ground level 
supported by pillars, aligning with the city's scale, and 
a human scale established by the streets that 
interconnect the floors. 

The complex consists of two mixed-use blocks. 
Block A, with 23 floors, has its longer facades to the 
north-south axis, featuring glass windows to facilitate 
natural ventilation, along with blind walls facing east 
and west. Block B, consisting of 36 floors, orients its 
longer facades to the east and west, incorporating 
iron windows for natural ventilation. Notably, the 
west-facing facade is equipped with vertical shading 
devices. The north and south facades of Block B are 
structured as a closed system of enclosure. 

The Pomar do Cafezal House (Fig. 2), designed by 
the Levante Collective and completed in 2020, 
occupies a 70 m² space in a neighbourhood 
characterized by predominantly self-built structures. 
The construction materials and techniques employed 
align with the local context, utilizing a reinforced 
concrete structure with precast slabs and unfurnished 
ceramic block walls. The house is situated on a steep 
plot and follows a 3 x 3 m construction module, with 
its main facades oriented towards the northeast and 
southwest. 

The internal spaces are distributed across three 
levels: the entrance level encompasses a combined 
living room and kitchen, a bathroom, and a laundry 
area; the middle floor accommodates a bedroom, 
bathroom, and balcony; and the upper level serves as a 
terrace. The windows, designed in a casement style, are 
strategically positioned to facilitate ventilation. 
Additionally, the ceramic blocks were laid in a non-

conventional manner, contributing to enhanced thermal 
inertia within the structure. 

 

 
Figure 1: JK Complex in Belo Horizonte. On the left, 

image of the complex - Photo: Thiago Giardini. Above, 
urban context in which it is located - Photo: Viva JK. Below, 
details of the facades (Photos: Igor Fracalossi and Viva JK). 

 

 
Figure 2: Pomar do Cafezal House in Belo Horizonte. On the 
left, image of the project. Above, urban context in which it is 
located. Below, details of the shaded main access and the 
interior of the bedroom. Photos: Leonardo Finotti. 
 
5. RESULTS 

The outcomes of this experience can be assessed 
through various means: (I) return of the experience 
booklet by the students, encompassing numerous 
questions and observations regarding the built 
environment; (II) a satisfaction and learning 
questionnaire, featuring inquiries related to the 
overall experience and the integration between the 
Itinerant School and the classes conducted 
throughout the semester; (III) field observations and 
reports, given that in this edition of the Itinerant 
School, there was an environmental comfort teacher 
accompanying the students and guiding their senses 
and attention towards the adopted bioclimatic 
strategies. 
5.1 Answered booklets 

Upon the arrival from the trip, the notebooks 
were returned to the teachers for evaluation and 
analysis. Multiple-choice questions and those with a 
scaled response were tabulated, while sketches and 
notes were individually reviewed. 

The tabulation of responses recorded by students 
in their notebooks is a crucial procedure as it allows 
for the analysis of questions with higher levels of 
comprehension difficulty, marked by significant 
divergence in responses. This aids in adjusting the 
activities for the future Itinerant Schools. It also 
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5. RESULTS 

The outcomes of this experience can be assessed 
through various means: (I) return of the experience 
booklet by the students, encompassing numerous 
questions and observations regarding the built 
environment; (II) a satisfaction and learning 
questionnaire, featuring inquiries related to the 
overall experience and the integration between the 
Itinerant School and the classes conducted 
throughout the semester; (III) field observations and 
reports, given that in this edition of the Itinerant 
School, there was an environmental comfort teacher 
accompanying the students and guiding their senses 
and attention towards the adopted bioclimatic 
strategies. 
5.1 Answered booklets 

Upon the arrival from the trip, the notebooks 
were returned to the teachers for evaluation and 
analysis. Multiple-choice questions and those with a 
scaled response were tabulated, while sketches and 
notes were individually reviewed. 

The tabulation of responses recorded by students 
in their notebooks is a crucial procedure as it allows 
for the analysis of questions with higher levels of 
comprehension difficulty, marked by significant 
divergence in responses. This aids in adjusting the 
activities for the future Itinerant Schools. It also 

 

facilitates an understanding of the diverse 
perceptions of users regarding the built environment 
and its variables, demonstrating practically the 
substantial degree of subjectivity inherent in 
environmental comfort. Furthermore, by employing 
environmental variable measurement equipment, 
another scientific study can be conducted to compare 
measurements with perceptions, accompanied by an 
interpretation of these results. The intention is to 
carry out this comparison in future research 
endeavours. 

A total of 44 students participated in the Itinerant 
School, and 40 notebooks were returned to the 
teachers. In general, due to the divergence in 
responses, it was evident that there were difficulties 
in understanding the layout of the building on the 
plot, the orientation of the main facade, the extent to 
which the surroundings mask the building, the 
relationships between opaque and transparent 
materials, the thickness of the walls (which needed to 
be answered in palms to accommodate the potential 
absence of a ruler or tape measure), and issues 
related to accessibility. Given that these students 
were in their first year, some design concepts were 
not yet well-defined. On the other hand, the students 
demonstrated ease in identifying types of natural 
ventilation, as well as recognizing openings in 
buildings, solar shading devices, and lighting control 
mechanisms (Fig. 3). 

In the JK Complex, when asked to respond 
regarding their perception of natural ventilation, 79% 
of the students provided answers ranging from 30 to 
50 on a scale of 0 to 100, where 0 represents no 
wind, 50 is a breeze, and 100 is a strong wind. 
However, perceptions regarding the presence of 
noise varied significantly. When questioned about 
overall comfort, 75% of the students reported feeling 
comfortable, while the remaining students, who 
expressed discomfort, attributed it to a sensation of 
heat and stuffiness.  

Regarding the Pomar do Cafezal House, in the 
question about thermal ambiance on a scale of 0 to 100, 
where 100 represents warmth, 50 neutrality, and 0 cold, 
more than 80% of the students provided responses above 
80 points. However, when evaluating the comfort 
question "do you feel comfortable?", also more than 80% 
of the responses were affirmative. This suggests that the 
perception of thermal comfort is not solely related to 
environmental variables but also to the environmental 
quality of the building and the user's current experience, 
in this case, a relaxed occasion among friends. For 
instance, one student mentioned feeling uncomfortable 
due to fatigue from the trail they had undertaken. 
Perceptions regarding natural ventilation and noise varied 
widely, once again highlighting the subjective nature of 
environmental comfort. 

 

 
Figure 3: Student sketches identifying bioclimatic strategies. 
 
5.2 Questionnaire results 

To enhance future experiences, a satisfaction survey 
was conducted with the students. The questionnaire 
was divided into four sections, with the first pertaining 
to the preparatory classes conducted before the trip, 
the second focusing on the provided booklet, the third 
addressing the activities during the Itinerant School, and 
the last concentrating on the impact generated by the 
immersion week. More than 77% of the respondents 
found that the content covered in the classes was 
sufficient for completing the notebook, and nearly 90% 
stated that the activities were clear. Additionally, 80% of 
the students deemed the execution of the climate 
diagnosis before the trip to be important or very 
important. 

Regarding the notebook, 100% of the respondents 
found the layout and organization to be excellent, and 
likewise, 100% believed that the clarity of information 
in the material was excellent or good, resulting in a 
100% satisfaction rate with the printed material. 
Concerning the Itinerant School, nearly 90% of the 
students indicated that the presence of a professor 
specializing in environmental comfort was necessary or 
very necessary. Some mentioned difficulties in 
completing the material during the trip. Regarding the 
impact felt from the external experience, the most 
important aspects brought by the Itinerant School 
included the broadening of repertoires and references, 
the training of senses for understanding architectural 
and urban space, and the knowledge of new cultures 
and societies. Additionally, almost 80% of the 
respondents stated that they feel this activity has 
made them more familiar with and receptive to the 
discipline of environmental comfort. 
5.3 Field observations and classroom discussions 

The essence of the Itinerant School's richness lies in 
the interplay between individuals and the climate, the 
city and its structures, and the simultaneous stimulation 
of the senses. Students had the opportunity to 
experience sensations provoked by the relationship 
between space, whether built or open, and their own 
bodies. 

Throughout the week, the temperature remained 
consistently around 30°C, significantly influencing the 
perception of discomfort due to the extreme heat. 
The breaks provided for students to document their 
experiences in booklets played a crucial role in 
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fostering their awareness of comfort and discomfort 
in various locations, whether urban or rural. 

One notable instance occurred during a stroll in 
an underground passage between Sapucaí streets 
and a train station, where students were captivated 
by a refreshing breeze generated by a wind corridor. 
The visit to the municipal park underscored the 
significance of green and shaded areas: along the 
lake's perimeter, students could discern temperature 
variations between exposed and shaded zones. 

The trek along the Serra do Curral presented 
intense heat (ranging from 28.9 °C to 30.6 °C), but the 
overcast day offered relief. Students acknowledged 
that on a clear day, without shade and considering 
the local vegetation, the experience would be even 
more overwhelming.  

The students' prompt adaptation to the climatic 
conditions was evident in their choice of attire. While 
some initially wore pants on the first day, the 
prevailing choice in subsequent days became shorts 
and dresses. 

Armed with prior knowledge, students could 
concretely address technical aspects of comfort. 
Recognizing that everyone experiences comfort and 
discomfort in different manners, the architect's role is 
to adeptly translate these sensations into projects 
that align with local needs. 

In the first class that followed the trip, a discussion 
session was conducted, during which students were 
invited to reflect on their experiences and connect 
them with the topics previously covered in the 
classroom and the climate diagnosis that had been 
carried out by them. It was observed that the 
discussion was particularly insightful at this juncture, as 
the trip possessed the capacity to stimulate and 
further engage them in the semester's content. 
However, the students were unable to correlate the 
climate diagnosis they had formulated with their 
observations in the visited city, given that the trip 
coincided with the days of the heatwaves that 
occurred in Brazil in 2023 [9], making issues related to 
climate change and global warming tangible.  
 
 
6. CONCLUSIONS 

In this paper, the entire experience gained by the 
Environmental Comfort group at Escola da Cidade 
during the Itinerant School in the city of Belo 
Horizonte, in southeastern Brazil, has been shared. The 
organization commenced prior to the trip with 
preparatory classes and the development of an activity 
booklet. The week-long journey resulted in a 
noticeable increase in student engagement with the 
discipline's activities upon their return to regular 
classes. This demonstrates that such experiences, in 
addition to enriching their repertoire, provide a 
moment of relaxation combined with learning during 
the semester, thereby enhancing the teaching-learning 

process. In addition, the exercise also brought 
contributions to the academic and professional future 
of these students, as indicated by some reports on the 
change in the way they perceive and analyse buildings 
and internal and external spaces. 

The inclusion of a professor specializing in 
environmental comfort accompanying the students 
during the trip was essential for addressing doubts 
and guiding the perspectives of first-year students 
who are not yet accustomed to perceiving and 
analysing certain components, systems, and design 
decisions. For the upcoming editions of the Itinerant 
School, it is necessary to review certain aspects of the 
proposed activity, considering reports of insufficient 
time to answer all questions and draw sketches.  
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in various locations, whether urban or rural. 
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an underground passage between Sapucaí streets 
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by a refreshing breeze generated by a wind corridor. 
The visit to the municipal park underscored the 
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the local vegetation, the experience would be even 
more overwhelming.  

The students' prompt adaptation to the climatic 
conditions was evident in their choice of attire. While 
some initially wore pants on the first day, the 
prevailing choice in subsequent days became shorts 
and dresses. 

Armed with prior knowledge, students could 
concretely address technical aspects of comfort. 
Recognizing that everyone experiences comfort and 
discomfort in different manners, the architect's role is 
to adeptly translate these sensations into projects 
that align with local needs. 

In the first class that followed the trip, a discussion 
session was conducted, during which students were 
invited to reflect on their experiences and connect 
them with the topics previously covered in the 
classroom and the climate diagnosis that had been 
carried out by them. It was observed that the 
discussion was particularly insightful at this juncture, as 
the trip possessed the capacity to stimulate and 
further engage them in the semester's content. 
However, the students were unable to correlate the 
climate diagnosis they had formulated with their 
observations in the visited city, given that the trip 
coincided with the days of the heatwaves that 
occurred in Brazil in 2023 [9], making issues related to 
climate change and global warming tangible.  
 
 
6. CONCLUSIONS 

In this paper, the entire experience gained by the 
Environmental Comfort group at Escola da Cidade 
during the Itinerant School in the city of Belo 
Horizonte, in southeastern Brazil, has been shared. The 
organization commenced prior to the trip with 
preparatory classes and the development of an activity 
booklet. The week-long journey resulted in a 
noticeable increase in student engagement with the 
discipline's activities upon their return to regular 
classes. This demonstrates that such experiences, in 
addition to enriching their repertoire, provide a 
moment of relaxation combined with learning during 
the semester, thereby enhancing the teaching-learning 

process. In addition, the exercise also brought 
contributions to the academic and professional future 
of these students, as indicated by some reports on the 
change in the way they perceive and analyse buildings 
and internal and external spaces. 

The inclusion of a professor specializing in 
environmental comfort accompanying the students 
during the trip was essential for addressing doubts 
and guiding the perspectives of first-year students 
who are not yet accustomed to perceiving and 
analysing certain components, systems, and design 
decisions. For the upcoming editions of the Itinerant 
School, it is necessary to review certain aspects of the 
proposed activity, considering reports of insufficient 
time to answer all questions and draw sketches.  
 
REFERENCES  
1. Escola da Cidade. Escola Itinerante. 2021. Available: 
<https://escoladacidade.edu.br/graduacao/escola-
itinerante/>. [20 December 2023]. 
2. Leite, M. A Aprendizagem Tecnológica do Arquiteto. 
Thesis (PhD). University of São Paulo, 2005. 
3. Cavalcanti, C.; Lima, E.; Coutinho, L.; Uzum, M. (2023) 
Sensibilização aos Conceitos de Conforto Ambiental: 
experiência didático-pedagógica em Escola Itinerante. In 
ENCAC/ELACAC. São Paulo, Brazil, October 30-31 and 
November 1. 
4. Climate data. [Online], Available: 
http://climate.onebuilding.org [12 December 2023].  
5. Associação Brasileira de Normas Técnicas. 2005. ABNT 
NBR 15220: Desempenho térmico de edificações. Rio de 
Janeiro, Brazil. 
6. American Society of Heating, Refrigerating and Air 
Conditioning. 2020. ANSI/ASHRAE Standard 55-2013. 
Thermal environmental conditions for human occupancy. 
7. Vivajk. Por um JK vivo, harmônico e plural. [Online], 
Available: https://vivajk.org/ [26 August 2023]. 
8. Lá da Favelinha. [Online], Available:  
https://ladafavelinha.c om.br/quem-somos/centro-
cultural/ [26 August 2023]. 
9. Reuters. Climate change drove deadly winter heat wave 
in South America, study says. 2023. [Online], Available: 
https://www.reuters.com/world/americas/climate-change-
drove-deadly-winter-heat-wave-south-america-study-says-
2023-10-10/. [20 December 2023]. 

PLEA 2024 WROCŁAW 
(Re)thinking Resil ience  

 

Natural Ventilation Awareness Through Wind-Tunnel Tests:
 

–

–

1525



 

’

tests’ typology, the number and duration 

 

 

 

 

 

workshop programme; (3) a “did
” section; a “

” section;

 

“

”

and a final discussion about students’ findings.

prompted discussions on how the building’s 

students’ findings. 

1526



 

’

tests’ typology, the number and duration 

 

 

 

 

 

workshop programme; (3) a “did
” section; a “

” section;

 

“

”

and a final discussion about students’ findings.

prompted discussions on how the building’s 

students’ findings. 

1527



 

students’ 

students’

 

 

 

 

 

 

 

 

–

1528



 

students’ 

students’

 

 

 

 

 

 

 

 

–

1529



 PLEA 2024 WROCŁAW 
(Re)thinking Resil ience  

 

Towards A Reduction Of The Impact On The Universities' 
Activities  

Project Nearly Zero Emissions Campus–University of Colima 
 

CARLOS J. ESPARZA-LÓPEZ1, OSCAR F. VÁZQUEZ-VUELVAS2, JORGE A. OJEDA-SÁNCHEZ1, 
ALFONSO CABRERA-MACEDO1, JUAN CARLOS TEJEDA-GONZÁLEZ3 

 
1Faculty of Architecture and Design, University of Colima, Colima, México 

2 Faculty of Chemical Sciences, University of Colima, Colima, México 
3 Faculty of Civil Engineering, University of Colima, Colima, México 

 
 
ABSTRACT: University centers serve as hubs for significant human interaction. The activities conducted within 
these spaces necessitate substantial resources and generate considerable waste. In Mexico, more than 3.65 
million students are enrolled in over 3,000 universities at the higher education level. Situated along the Pacific 
coast, the University of Colima stands as the primary higher education institution in the region, catering to the 
needs of 65% of students across six extensive campuses. This document outlines the methodology employed to 
gather information from these areas, aiming to define a diagnosis of the impact generated from one the 
campuses in order to formulate proposals that alleviate the impacts associated with these activities. The study 
focus areas include energy, indoor environmental quality, waste, and water. The outcomes of these studies will 
inform implementation plans, programs, and actions geared towards minimizing the university's environmental 
footprint and aligning with the Sustainable Development Goals (SDGs) in the short term. 
KEYWORDS: Carbon emissions, Methodology, Educational building, Impact reduction, Net Zero. 
 
 

1. INTRODUCTION  
Universities serve as hubs for meaningful human 

knowledge and interactions. The various activities 
undertaken within these environments necessitate 
substantial resources and generate considerable 
waste. Lifestyles have undergone changes that have 
transformed the environment, leading to permanent 
consequences and jeopardizing essential assets.  

These impacts on resource consumption, as well 
as waste production, contribute to the overall 
emission of greenhouse gases, adding to the 
international emergency of climate change. To 
address the impacts of climate change, it is crucial to 
decrease carbon dioxide emissions across all sectors 
[1]. 

Decarbonization entails reducing the reliance on 
carbon as an energy source. It is linked with the 
carbon footprint, which assesses the amount of 
carbon utilized for energy generation through 
human-driven activities. This metric encompasses the 
total CO2 emissions, primarily from fossil fuel 
combustion for energy production, subtracting the 
amount of atmospheric CO2 used, such as through 
plant absorption or their derivatives like biofuels. 
When the sum of CO2 emissions and the quantity of 
reabsorbed atmospheric carbon reaches equilibrium, 
the process can be termed as achieving net-zero 
carbon emissions [2]. 

This document outlines the procedural framework 
employed to amass data about different areas of 

impact, such as energy, water, indoor air quality, and 
waste, to formulate recommendations aimed at 
mitigating the repercussions engendered by said 
activities. The focal areas of study encompassed 
energy usage, indoor environmental quality, waste 
generation, and water utilization. The energy team 
appraised the energy consumption and the inventory 
of electrical apparatuses deployed on campus. The 
faction devoted to indoor environmental quality 
examined variables such as ambient temperature, 
relative humidity, acoustics, and lighting preferences 
of occupants. The waste division scrutinized the 
volume and nature of refuse produced. Lastly, the 
water cohort investigated water resource sourcing, 
distribution, and application.  

The findings will serve as the foundation for 
strategies, initiatives, and measures intended to 
curtail the impact on the university while 
concurrently advancing the attainment of the 
Sustainable Development Goals in the near term. 

 
2. PROJECT NEARLY ZERO EMISSIONS CAMPUS- 
UNIVERSITY OF COLIMA (GENERAL METHOD) 

Institutional policy to address environmental 
problems is delineated in the University of Colima 
Development Plan 2022-2025 [3]. These documents 
align with the United Nations Sustainable 
Development Goals (SDGs) and promote 
environmental policies focused on legislation 
managing all natural resources. It is essential to 
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mention that The University of Colima is centered on 
an environmental management policy, described by 
the sustainability of forestry and hydric resources. 

The University of Colima is segmented into six 
extensive campuses, with three located within the 
capital city's metropolitan region, two in coastal 
municipalities (Manzanillo and Tecoman), and an 
additional one in the central area of Coquimatlan. 
This last campus is designated explicitly for studies 
related to exact sciences and serves as the focal point 
for the project (refer to Figure 1). 

The campus has four faculties: Architecture and 
design [FAD], chemical sciences [FCS], civil 
engineering [FCE], and mechanical and electrical 
engineering [FMEE], a two-shift high school (morning 
and evening), and administrative and services areas. 

The "Towards a nearly zero emissions campus- the 
University of Colima" project began in August 2022 
and is currently completing its first stage. The main 
objective is to "Develop a comprehensive 
management plan for implementing a campus with 
low consumption of resources and highly efficient 
(Nearly Zero Emissions Campus) that allows serving as 
an example and leverage for the community where 
the processes are implemented and established to be 
able to extrapolate its execution to other campuses 
and areas." It was planned to work in 4 stages in 4-5 
areas depending on the stage, as shown in Figure 2. 

 
Figure 1: Location of the University campus and distribution 
of faculties. 
 

To assess the repercussions arising from activities 
conducted on this university campus, a consortium of 
over 80 researchers and students representing 
diverse fields of expertise convened to evaluate the 
effects of human endeavors across four primary 
domains. This investigation intended to scrutinize the 
influence of human actions within the university 
precinct. 

Figure 2: General method of the NZEC-UdeC project. 
 
The initial phase, termed "diagnosis," encompassed 
four focal areas: energy, indoor environmental 
quality, waste, and water. Subsequent phases, 
labelled as "proposals," "implementation and 
evaluation," and "monitoring," introduced a fifth area 
known as "community." Each area featured a 
dedicated workgroup, with each team devising a 
tailored methodology for conducting the diagnostic 
assessment based on specialization. As such, the 
faculty of chemical sciences concentrated on waste-
related matters, the faculty of civil engineering 
centered on water management, the faculty of 
mechanical and electrical engineering addressed 
energy-related aspects, and the faculty of 
architecture and design tackled indoor environmental 
quality. Nonetheless, this arrangement did not 
preclude cross-area participation by team members, 
allowing them to contribute to other areas based on 
their expertise or personal interests. 
 
2.1 Energy method 

The work method developed directly inspects the 
equipment, power outputs, and lighting systems 
installed on the Campus. The objective was to define 
in a particular way the general operation of each of 
the buildings, laboratories, and workshops, among 
other buildings, that the faculties and dependencies 
must determine their correct operation and 
functionality based on the established requirements 
in the reference standards. 

Lighting: In this section, both the type of lighting 
and its quality on the work surfaces will be 
quantified, taking as reference the equipment or 
machinery that will be working in the building to 
reduce the risk of accidents. For this system, surveys 
were carried out by type of lamp, power, and 
distribution of lighting points according to the NOM-
025-STPS-2008 standard [4], Lighting requirements in 
work centers, which refers to the quantity of 
Minimum lighting depending on the activity to be 
carried out in the reference building. 

Strength: the connection points for the equipment 
that will be installed were accounted for so that the 

 

required energy is supplied and reduces the risk of 
failure and breakdown and its correct operation. 
Tension measurements were carried out for each 
power output, as well as a visual inspection of the 
cable gauge and physical condition for each output 
following the NOM-001-SEDE-2012 standard [5], 
Electrical distribution systems, use, which governs 
everything related to the installation of electrical 
circuits, from cable gauge, ampacity, conduits, to 
types of feeders for load centers and their 
protections. 

Load centers: It is essential to verify that each 
building has a center in good condition, that the 
feeder circuits can supply the connected load, and 
that the protections are by it. To comply with this 
section, a visual inspection and voltage measurement 
were carried out in each load center, reviewing 
installed gauges and functionality and their 
interruption capacity according to the same standard 
NOM-001-SEDE-2012 [5]. 

 
2.2 Indoor Environmental Quality method 

A survey was carried out to know the perception 
of the inhabitants of educational spaces. The 
variables that define the space environment were 
addressed, such as dry bulb temperature, relative and 
absolute humidity, wind, sounds, lighting, air quality, 
and hygiene. 

The approximate study universe of the campus 
was 2767. The process of applying surveys to 
determine the perception of the quality of the indoor 
environment in university spaces began on October 
28, 2022, and concluded in May 2023. One thousand 
sixty-eight surveys were applied, giving a sample of 
close to 39% of the population that lives on campus. 
However, filtering the responses and eliminating 
those with discordant values resulted in 534 (19%) 
valid surveys for statistical analysis. 

The process for applying surveys and 
environmental monitoring in classrooms complied 
with the recommendations of the following 
standards: ISO 7726 ergonomics of the thermal 
environment. Instruments for measuring physical 
quantities (ISO 7726, 1998); and ANSI/ASHRAE 
Standard 55:2017 Thermal environmental conditions 
for human occupancy (ANSI - ASHRAE Standard 55, 
2017).  

The survey was designed in several sections:  
-Identification data.  
-General data and hygrothermal history.  
-Hygrothermal comfort.  
-Acoustics.  
-Lightning.  
-Air pollution 
-Closing. 

The following table shows the recorded variables, 
the equipment used for each of them, and the 
general measurement units for each. 

 
Table 1. Variables and equipment used.  
# Variable Equipment Unit 
1 Dry Bulb 

Temperature 
Data logger U12-012, 

onsetcomp 
°C 

Thermal stress station 
HD32.2, Delta OHM 

°C 

2 Black globe 
temperature 

Thermal stress station 
HD32.2, Delta OHM 

°C 

3 Relative humidity Data logger U12-012, 
onsetcomp 

% 

Thermal stress station 
HD32.2, Delta OHM 

% 

4 Surface 
temperature 

Thermal camera i5, flir °C 

5 Wind speed Thermal stress station 
HD32.2, Delta OHM 

m/s 

6 lightning Data logger U12-012, 
onsetcomp 

Lumen/
ft2 

7 Sound Decibelimeter SLM-25 
Sound lever meter 

Db 

8 CO2 Air quality monitor 
BEYHT001, ym 

ppm 

Air quality monitor 
ML4-154, KAMYSEN 

ppm 

 
2.3 Waste method 

The methodology for sampling solid waste 
considered municipal (office garbage, schools, 
houses, and similar non-chemical-biological 
hazardous waste) was based on the NMX-AA-015-
1985 standard [7]. The collection was planned so that 
an amount was accumulated for 24 hours, one typical 
day of the week.  

The population of people who use the facilities in 
the study was considered for selection on the 
sampling day. Quantification was carried out with 
mechanical weighing equipment. Once the initial 
containers were weighed, sampling was carried out 
for separation and classification, considering the 
quartering method indicated in [7] Environmental 
protection - Soil contamination - Municipal solid 
waste - Selection and quantification of byproducts. 

 
2.4 Water method  

A lifting of all the hydraulic furniture of the 
campus was made in all buildings. In addition, 
hydraulic planes for irrigation systems were 
reviewed. Because there were no water flow meters, 
the amount of potable water and drainage was 
estimated from the counting of furniture and outputs 
for irrigation systems. 
 
3. RESULTS 

The results are presented for each work area 
designed in the diagnostic stage. Each area presented 
an extensive diagnosis of those found. The general 
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results indicated areas of opportunity in each of 
them. 

 
3.1 Energy results 

Figure 3 shows the quantities of lamps by 
technology and their installed capacity throughout 
the Coquimatlán Campus. About 50% of the lighting 
technology in spaces comprises fluorescent lamps. 
LED lamps have already replaced 40% of the 
technology. 
 

 
Figure 3. Percentage of lighting technology. 
 

The installed power capacity for luminaires by 
technology is shown below in Figure 4, with 
fluorescent technology once again making up the 
most significant percentage. 
 

 
Figure 4. Percentage of lighting capacity. 
 
3.2 Indoor Environmental Quality results 

According to the climatic characteristics of the 
area, three climatic seasons described below were 
considered: warm and humid, which includes the 
months of June to November; temperate from 
December to March, and warm and dry in April and 
May. For the hot-humid season, temperatures ranged 
between 24°C and 32°C inside the spaces. In Figure 5, 
the distribution of temperatures related to the users' 
responses regarding the sensation they perceived of 
their space can be seen, with -3 being very cold, 0 
being neither cold nor hot, and +3 being very hot. 

Figure 5 shows that the neutral temperature value 
is close to 27°C, above the standard of 25°C for 
naturally ventilated spaces. 

For the acoustic variable, the values for 
background noise ranged between 47 dB and 77 dB in 

the recorded measurements; however, when the 
passing of the train was recorded, unrecorded values 
of up to 85 dB were achieved, as well as values close 
to 90 dB in the FMEE workshops. Regarding the 
acoustic sensation, it can be seen in the trend line 
that the values considered comfortable were close to 
50 dB, higher than those indicated by the standards 
for educational spaces, which are around 30 dB at 35 
dB. dB [8]. 
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The values observed during the survey ranged 
from 10 lux to 710 lux for the lighting variable. In 
terms of the sensation on the student's part, it is 
generally observed that, regardless of the value 
recorded, low lighting values were perceived in the 
spaces. It can even be seen that the trend line 
remains constantly close to the value -1 as low 
illumination. 

Finally, for the last variable analyzed, the average 
values of CO2 concentrations in the spaces used at 
the time of the survey, for the most part, remained 
close to 500ppm, which, according to the 
occupational risk prevention department of the 
Complutense University of Madrid [9] and the 
environmental health department for the same 
locality [10] are within the permissible limits for this 
type of spaces. However, a considerable percentage 
of spaces presented values higher than the said mark, 
even reaching almost 2,000 ppm, requiring, according 
to said technical reports, immediate ventilation to 
maintain the hygiene of the space. According to the 
above, it is necessary to implement effective 
ventilation strategies that guarantee the health of its 
occupants. 

 
3.3 Waste results 

The results showed that 245.5 kg of solid waste 
was counted in 24 hours (See figure 3). The most 
abundant component was organic material, mainly 
from food and kitchen waste, which comprised 48.8% 
of the identified components, constituting 119.9 kg. 
Secondly, plastic from bags and jars or bottles, both 
polyethylene and PET, accounted for 26.3% of the 
total quantified waste, constituting 64.5 kg daily. 
Thirdly, paper constituted 10.8% of the total 
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results indicated areas of opportunity in each of 
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Figure 3. Percentage of lighting technology. 
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Figure 4. Percentage of lighting capacity. 
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quantified waste, having an estimated emission of 
26.5 kg in 24 hours. Subsequently, cardboard and 
glass presented a similar composition of 4.2% and 
5.2% of the total waste, and plastic from expanded 
polystyrene, which is generally used as food 
packaging, represented 2.3% by weight of the total. 

 

 
Figure 3. Waste quantification for 24 hours. 
 

The annualized projection represents a total of 
39,344 kg of solid waste. The materials with the 
highest emissions projected annually correspond to 
food waste material and kitchen waste at 19,179 kg, 
PET and Polyethylene plastics at 10,327 kg, paper at 
4,242 kg, and cardboard at 1,660 kg. 

 
3.4 Water results 

A starting from the lifting of each space of the 
campus, a final count of all hydraulic furniture was 
made. Table 1 can see that the most useful furniture 
on campus is toilet with 120 units that represents 
23% of the total furniture, followed by the bath sinks 
with 109 (21%), laboratory faucets with 84 units 
(16%), kitchen sinks with 79 units (15%) and migitory 
with 60 units (12%). To a lesser extent are the faucet, 
shower and eye-showers. 
 
Table 1. Quantity of water furniture in the campus. 

Furniture Quantity 

Toilet 120 

Bath sink 109 

Migitory 60 

Kitchen sink 79 

faucet 38 

Laboratory faucet 84 

shower 23 

Eye-shower 6 

 
To calculate the estimated consumption of water 

in the campus, the provision of water per minute is 
presented in table 2. 
 
 
 

Table 2. Provision of water per minute for each type of 
furniture. 

Furniture  Provision (l/min) 

Toilet 10 

Bath sink 5 

Migitory 10 

Kitchen sink 10 

faucet 15 

Laboratory faucet 5 

 
Based on previous information, the estimated 

water consumption of the campus per year, 
considering 210 days of effective activity on the 
campus, following the calendar of the University of 
Colima for the period 2022-2023, and with a use 
factor daily of 52.5% of the devices, and a 40% loss 
due to distribution was 408,410,100 liters of water 
per year (408,410.1 m3 of water per year). 

While, for irrigation, its consumption was 
estimated considering an effective irrigable area of 
60,000 m2 and an ideal expenditure of 5 l/m2/day, 
with an over-irrigation factor of 3 and a 40% loss due 
to distribution, taking as a result 264,600,000 liters of 
water per year (264,600 m3 of water per year). 

Therefore, the estimated final consumption of the 
campus was 673,010,100 liters per year (673,010 m3 
per year). 

 
4. CONCLUSION 

Specific initiatives pursued by university 
institutions entrusted with spearheading the journey 
toward carbon neutrality involve generating 
greenhouse gas-free energy. These practices have 
seamlessly integrated into curricula, projects, 
research endeavors, infrastructure modifications, and 
equipment upgrades. This concerted effort ensures 
that upcoming generations have enhanced prospects 
for residing in an improved environment. The general 
conclusions for each area are presented next: 

 For energy, the high consumption of artificial air 
conditioning and the operation of computers and 
specialized equipment require changing the energy 
source towards renewable sources. In addition, it is 
necessary to update practically the entire 
infrastructure with more efficient equipment. 

For the quality of the indoor environment, the 
comfort temperatures indicated differences in terms 
of more remarkable adaptation of the inhabitants 
concerning standards such as ASHRAE 55. For the 
quality of the environment, the values remained 
below the dangerous range, between 500 ppm and 
700 ppm. 

For the waste area, the amount of municipal solid 
waste was concentrated in Styrofoam from the food 
area and waste from pruning green areas. It is 
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presented as an opportunity to create policies to 
reduce waste production. 

For water, it is necessary to update the bathroom 
furniture for those with low consumption, create 
mechanisms for rainwater harvesting, and reconsider 
green areas with high water consumption. 

The impact of human activities on the 
environment is undeniable, as observed in the results 
of the diagnosis presented here. The pressure 
exerted on resources such as water or energy to 
adapt our spaces to the daily activities of the campus 
is enormous, coupled with the large amount of waste 
produced of which few are treated to reincorporate 
them in productive or usable cycles. 
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ABSTRACT: This paper reports on the educational model undertaken in two specialized summer schools in Denmark 
(2022) and Poland (2023) on daylighting in buildings. As a part of a European educational initiative, these schools 
aimed to deepen participants' understanding of the impact of daylight on building design. The programme, a 
collaborative effort between universities, companies, associations, professionals, and students, integrated an 
online platform for theoretical knowledge with practical summer schools. The paper presents the objectives and 
results of the summer schools, the project-based learning outcomes, topics and the structure of the teaching 
activities. The participants' positive responses highlight the summer schools' success and suggest future 
improvements.  
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1. INTRODUCTION  
With the implementation of the daylight 

assessment method in compliance with the EN 15193 
standard [1], and particularly with the adoption of EN 
17037 for the assessment of daylight in buildings [2], a 
clear trend is emerging in the field of built 
environment design, which increasingly considers 
daylighting. Designers are at the forefront of this 
change, committed to the challenge of creating 
energy-efficient buildings for the next generations. It 
underlines the importance of fully understanding 
daylight regulations, their design implications, and 
beyond the standards. However, studies highlight a 
widespread lack of knowledge regarding lighting 
retrofitting and the energy performance evaluation of 
modern lighting systems [3, 4]. Moreover, other 
studies reveal how designers still rely on simplified 
methods and rules of thumb in the early stages of the 
project [5, 6]. Others show that there is a growing need 
for better daylight education [7-10].  

In response to these challenges and recognizing 
the evolution of the building design, this article shows 
the vital role of specialized summer schools in teaching 
daylight. These educational initiatives aim to bridge 
the knowledge gap, provide designers with insights 
and cutting-edge tools, and prepare them to meet the 
increasing demand for sustainable and energy-
efficient building practices.  

2. PROJECT STRUCTURE  
The educational project "New Level of Integrated 

Techniques for Daylighting Education" (NLITED) was 
introduced within the Erasmus+ funding program in 
2020, with the participation of four European 
universities in Denmark, Italy, Poland, and Sweden. 
The project's main goal was to increase knowledge of 
daylighting in the construction sector to benefit 
professionals and university students.  
 
2.1 The educational package  

The educational project involved a synergy 
between theoretical knowledge, provided through a 
free e-learning platform based on independent 
modules, and applied knowledge, provided through 
intensive study programmes in summer schools. The 
combination of these two learning approaches was 
designed to enrich the educational experience and 
offer the opportunity to deepen specialized 
knowledge that can contribute significantly to 
understanding environmental sustainability.  

Networks of stakeholders played a strategic role in 
defining the project's goals. The networks, including 
other universities, consulting and design companies, 
trade associations, (day)lighting associations, and 
technical publishing houses, were created nationally.  

The networks of stakeholders were a vital part of 
the project, actively contributing to the creation of the 
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curriculum, participating in the implementation of the 
teaching modules, and realizing the summer schools. 
For the definition of the curriculum, fourteen 
workshops (three or four in each country) were held 
between January and February 2021, involving 63 
experts. Besides, 98 opinions were collected from 
other professionals through an online questionnaire. 
The experts' views and the 98 professionals' responses 
were influential in defining educational needs and 
gaps [12].  
 
2.2 The NLITED eLearning Platform 

The NLITED educational platform is free and open 
access, designed to fill knowledge gaps and tailored to 
learners' educational needs [11]. The curriculum is 
structured into five thematic areas ("blocks") covering 
(1) health, (2) daylighting design, (3) energy aspects, 
(4) daylight assessment, and (5) daylighting simulation. 
Each block includes coordinated lectures ("eModules") 
that provide theoretical knowledge and practical case 
studies. Interactive self-assessment exercises are 
integrated with engaging participants. Each module 
has a final knowledge assessment test for issuing the 
attendance certificate. Additionally, each module 
undergoes a quality evaluation test ("eModule 
evaluation", EE). Overall, 32 modules were developed 
with the involvement of stakeholders from the 
strategic network, who serve as instructors and 
present case studies.  

The NLITED online learning platform was launched 
on January 31, 2022. After over two years (data as of 
February 29, 2024), the platform has over 800 
registered users. The introduction of the educational 
platform is detailed in publications [12, 13], and initial 
results have also been reported [14, 15].  
 
3. THE NLITED SUMMER SCHOOLS  

Two summer schools, 'Daylighting in buildings', 
were implemented within the NLITED project. The first 
occurred in Copenhagen at the Technical University of 
Denmark (DTU) from 16 to August 22 2022. The event 
was closely connected to the BuildSim Nordic 
Conference, held in Copenhagen on August 22-23, 
2022. During this event, the summer school 
participants presented their projects in a poster 
session as part of the scientific discourse. The second 
summer school was held in Gdańsk, Poland, at the 
Technical University of Gdańsk from 25 to August 31 
2023. With a similar structure to the previous one, the 
participants presented their final work at a public 
event explicitly organized by the Polish institution to 
promote the design initiatives PPNT (Pomeranian 
Science and Technology Park).  

The main objectives and peculiarities of the 
summer schools, which make them a unique learning 

approach to foster the interaction between students 
and experts, were: 

1) Foster an Engaging Learning Experience. 
Develop an interactive and captivating approach to 
learning. All elements of the summer school, i.e., 
lectures, group discussions, pitches, and presentations 
throughout the week and the directed project-based 
work in collaboration with teachers, lecturers, and 
industry experts, were designed to allow for 
interaction and knowledge exchange in every detail of 
the project.  

2) Provide Comprehensive Work Exposure. 
Participants gain holistic work experience. The project-
based approach and group work were the two 
significant elements of the summer schools that 
allowed for a real-life representation of a task in 
industry. Projects, addressed in groups, expose the 
group members to diverse experiences, study 
backgrounds, and knowledge. Throughout the 
conceptualization of the training program adopted in 
the two summer schools, we ensured that the main 
elements of a real working environment were adopted 
in the training process, i.e., 
▪ Troubleshooting and comparison with standards  
▪ Exchange of knowledge  
▪ Communication in group and teamwork  
▪ Diverse expertise and skills  
▪ Dissemination  

3) Facilitate networking with experts from 
studios, industries, and firms. Create opportunities 
for participants to connect with professionals from 
studios and companies in the industry. The teachers at 
the summer school were a team of experienced 
daylighting professionals from different European 
universities and industry partners. The participants 
had the opportunity to learn from the experts, gain 
practical experience in daylighting design, and 
network with other professionals in the field.  

4) Designed for Both Master's and Ph.D. Students 
and Professionals. This program is tailored to benefit 
both master's and Ph.D. students and professionals 
seeking an immersive study experience.  

5) Culminate in a Presentable Final Product 
(Event/Competition). The projects were to be 
concluded by creating a tangible and presentable final 
output, presented at a more significant event and with 
a larger audience of peers in the building industry with 
possibly different backgrounds and fields.  
 
3.1 Summer School n.1: Copenhagen 2022  

The week-long program included training, 
technical tours of laboratories and actual buildings, 
and a final poster competition at the BuildSim Nordic 
conference. The 24 participants included students and 
professionals. The primary aim of the summer school 
was to carry out an entire daylighting design project. 

1538



 

curriculum, participating in the implementation of the 
teaching modules, and realizing the summer schools. 
For the definition of the curriculum, fourteen 
workshops (three or four in each country) were held 
between January and February 2021, involving 63 
experts. Besides, 98 opinions were collected from 
other professionals through an online questionnaire. 
The experts' views and the 98 professionals' responses 
were influential in defining educational needs and 
gaps [12].  
 
2.2 The NLITED eLearning Platform 

The NLITED educational platform is free and open 
access, designed to fill knowledge gaps and tailored to 
learners' educational needs [11]. The curriculum is 
structured into five thematic areas ("blocks") covering 
(1) health, (2) daylighting design, (3) energy aspects, 
(4) daylight assessment, and (5) daylighting simulation. 
Each block includes coordinated lectures ("eModules") 
that provide theoretical knowledge and practical case 
studies. Interactive self-assessment exercises are 
integrated with engaging participants. Each module 
has a final knowledge assessment test for issuing the 
attendance certificate. Additionally, each module 
undergoes a quality evaluation test ("eModule 
evaluation", EE). Overall, 32 modules were developed 
with the involvement of stakeholders from the 
strategic network, who serve as instructors and 
present case studies.  

The NLITED online learning platform was launched 
on January 31, 2022. After over two years (data as of 
February 29, 2024), the platform has over 800 
registered users. The introduction of the educational 
platform is detailed in publications [12, 13], and initial 
results have also been reported [14, 15].  
 
3. THE NLITED SUMMER SCHOOLS  

Two summer schools, 'Daylighting in buildings', 
were implemented within the NLITED project. The first 
occurred in Copenhagen at the Technical University of 
Denmark (DTU) from 16 to August 22 2022. The event 
was closely connected to the BuildSim Nordic 
Conference, held in Copenhagen on August 22-23, 
2022. During this event, the summer school 
participants presented their projects in a poster 
session as part of the scientific discourse. The second 
summer school was held in Gdańsk, Poland, at the 
Technical University of Gdańsk from 25 to August 31 
2023. With a similar structure to the previous one, the 
participants presented their final work at a public 
event explicitly organized by the Polish institution to 
promote the design initiatives PPNT (Pomeranian 
Science and Technology Park).  

The main objectives and peculiarities of the 
summer schools, which make them a unique learning 

approach to foster the interaction between students 
and experts, were: 

1) Foster an Engaging Learning Experience. 
Develop an interactive and captivating approach to 
learning. All elements of the summer school, i.e., 
lectures, group discussions, pitches, and presentations 
throughout the week and the directed project-based 
work in collaboration with teachers, lecturers, and 
industry experts, were designed to allow for 
interaction and knowledge exchange in every detail of 
the project.  

2) Provide Comprehensive Work Exposure. 
Participants gain holistic work experience. The project-
based approach and group work were the two 
significant elements of the summer schools that 
allowed for a real-life representation of a task in 
industry. Projects, addressed in groups, expose the 
group members to diverse experiences, study 
backgrounds, and knowledge. Throughout the 
conceptualization of the training program adopted in 
the two summer schools, we ensured that the main 
elements of a real working environment were adopted 
in the training process, i.e., 
▪ Troubleshooting and comparison with standards  
▪ Exchange of knowledge  
▪ Communication in group and teamwork  
▪ Diverse expertise and skills  
▪ Dissemination  

3) Facilitate networking with experts from 
studios, industries, and firms. Create opportunities 
for participants to connect with professionals from 
studios and companies in the industry. The teachers at 
the summer school were a team of experienced 
daylighting professionals from different European 
universities and industry partners. The participants 
had the opportunity to learn from the experts, gain 
practical experience in daylighting design, and 
network with other professionals in the field.  

4) Designed for Both Master's and Ph.D. Students 
and Professionals. This program is tailored to benefit 
both master's and Ph.D. students and professionals 
seeking an immersive study experience.  

5) Culminate in a Presentable Final Product 
(Event/Competition). The projects were to be 
concluded by creating a tangible and presentable final 
output, presented at a more significant event and with 
a larger audience of peers in the building industry with 
possibly different backgrounds and fields.  
 
3.1 Summer School n.1: Copenhagen 2022  

The week-long program included training, 
technical tours of laboratories and actual buildings, 
and a final poster competition at the BuildSim Nordic 
conference. The 24 participants included students and 
professionals. The primary aim of the summer school 
was to carry out an entire daylighting design project. 

 

Students were divided into groups, with two teachers 
accompanying each group throughout the project.  

 
Figure 1: Overview of the summer school.  
 

The training program took place over four days, 
with daily lectures addressing the task at hand, 
supervised by various lecturers. The fourth day was 
allocated for project finalization and 
presentation/communication aspects. The program 
included a guided Technical Tour across the city.  
 
3.1.1 The training concept  

The students were grouped and completed a set of 
tasks with clear learning objectives: understanding 
photometric measurements, design approaches, 
technologies, and interventions to enhance a 
building's daylight conditions, and finally, evaluating 
the design through simulation.  

 
Figure 2: The NLITED educational program was defined to 
complement the ePlatform content for a more hands-on and 
realistic experience.  
 

The teaching and learning activities were 
structured around three core tasks designed to 
provide a more hands-on and realistic experience:  

▪ Task 1: Measurement and Interpretation  
The learning objectives of this task were to 

familiarise the students with the basics of the physics 
of light and photometry through measurement to 
understand the quantities behind the numbers. Light 
intensity, colour, spectral distribution, and visual 
comfort-related parameters were measured.  

▪ Task 2: Integration and Intervention  
This task focused on integrating daylighting 

concepts and interventions into the design process. 
The participants and the tutors defined the problems 
in the buildings to study and theoretically examined 
different architectural solutions.  

▪ Task 3: Simulation and Evaluation  
The strategies, solutions, and design scenarios 

examined in the previous task were tested and 

evaluated through simulations to evaluate their 
impact. The learning objectives at this stage were 
focused on understanding the results from daylighting 
simulation and strategies through hands-on work, 
listing & remembering the daylighting metrics, 
evaluating the metrics through a comparative 
assessment, and finally evaluating the daylighting 
design.  

 
Figure 3: The planned distribution of knowledge exchange 
and group work throughout the program.  
 
3.1.3 Summer School Features  

▪ Scientific Board  
The Consortium coordinators primarily undertook 

the operational responsibilities and active 
engagement in the scientific board. Additionally, select 
teachers from the network were invited to serve as 
Lecturers and Mentors, playing a vital role in guiding 
participants throughout the enriching summer school 
experience.  

▪ Boot camp  
The summer school was structured as an 

immersive boot camp. Participants and teachers 
shared the same venue and communal meals, 
fostering a sense of community. This approach was 
aimed to facilitate a cohesive learning environment 
and contribute significantly to creating a community 
spirit among all participants. 

▪ Final Event  
As a culmination of the programme, the NLITED 

summer school hosted a final event, which served as a 
platform for participants to showcase their work 
through scientific posters. The event was a formal 
presentation during the popular scientific BuildSim 
Nordic conference. Participants presented their 
results and engaged in academic discussions, enriching 
their learning experience.  

▪ Admission Criteria  
An essential requirement was a fundamental 

understanding of the physics of light, daylight 
assessment principles, and building simulation. To do 
this, significant emphasis was placed on completing at 
least four eModules of the [name] platform, 
highlighting the programme's commitment to building 
a solid knowledge base on daylighting. 
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▪ Projects and Presentation Preparation 
Eight projects tackled real daylighting problems at 

the DTU campus. One day was dedicated to preparing 
the posters, with lessons on scientific reporting and 
communication skills. The groups evaluated their work 
and designed the posters to communicate findings.  
 
3.2 Summer School n.2: Gdansk 2023  

The second summer school occurred in Gdansk, 
Poland, in August 2023. It attracted 19 in-presence 
persons and seven online participants, including MSc 
and PhD students alongside professionals. Retaining 
the thematic divisions from the first summer school 
(Daylight Quality, Design, Simulation, Dissemination), 
the students worked in groups of three (totalling six 
groups). The critical modification was in the afternoon 
student-teacher interaction, which allowed 
independent work, with consolidated feedback 
sessions at the end of each day. The schools started 
with a technical tour to visit different districts of 
Gdansk and the university campus that hosts the 
buildings used as case studies, plus the day of the 
open-to-public presentations at the Gdansk University 
of Technology. Similarly to the first summer school, 
the participants presented their final work in a public 
event at the Pomeranian Science and Technology Park 
(PPNT). The event was co-hosted by Gdynia Design 
Days, promoting sustainable design solutions.  
 
3.2.1 Schedule  

The summer school lasted from August 26 to 
August 31, 2023. It started with a technical tour of the 
Gdansk area to learn about local architectural and 
urban solutions, emphasizing daylight for residential 
areas in Gdansk over the last 250 years, and to visit the 
case studies. The tour was guided by the local 
architects and urban planners, who explained how 
urbanists and architects designed residential areas for 
people through the centuries and how daylight was 
treated in buildings and at an urban scale.  

The training program started with an open-to-
public lecture on daylight quality at the Gdansk 
University of Technology. Like the previous year, the 
second edition had a boot camp formula: the training 
sessions were held in the university resort centre in 
Sopot, where students and teachers worked for a 
week. The participants presented their projects as a 
video clip at an open-public event co-organized in the 
neighbouring city of Gdynia with the local design 
organization called 'Gdynia Design Days'. This event 
was hybrid, and many emphases were placed on 
disseminating daylight topics to a diverse audience.  
 
3.2.2 The Role of Chronobiology Lectures  

The novelty proposed during this summer school 
was that chronobiology lectures focused on interactive 

lighting, daylight exposure, and well-being were 
offered. At the beginning of the school, an 
introductory lecture on non-visual aspects of light was 
delivered. Then, a critical session with an invited 
chronobiology expert was offered at the end of the 
week. The idea was to allow students to evaluate their 
projects from a chronobiological point of view after 
considering all other aspects. The chronobiology 
expert also delivered a dissemination lecture on the 
circadian aspects of light and its impact on our lives at 
the final hybrid event.  

 
3.2.3 Projects  

The summer school proposed to the students a 
choice among seven projects focusing on two buildings 
- a dormitory and an office building - located at the 
Gdansk Tech campus. These projects explored various 
aspects of daylighting design:  

(1) Dormitory Building:  
▪ Façade Design: Investigated changes in window 

size, glazing type, and facade design for improved 
indoor lighting conditions.  

▪ Interior Layout: Explored furniture settings, room 
sizes, and view direction to enhance visual and 
non-visual aspects.  

▪ Solar Shading: Examined the impact of solar 
control devices on indoor lighting.  
(2) Urban Densification:  

▪ Explored how to achieve higher urban density 
around the dormitory building while ensuring 
compliance with daylight standards. 
(3) Office Building:  

▪ Façade Design: Investigated changes in window 
size, glazing type, and facade design for improved 
indoor lighting conditions. 

▪ Interior Layout: Explored furniture settings, room 
sizes, and view direction to enhance visual and 
non-visual aspects. 

▪ Solar Shading: Examined the impact of solar 
control devices on indoor lighting. 
These projects aimed to provide students with 

hands-on experience by designing spaces, prioritizing 
daylighting, and fostering innovative solutions within 
established standards.  
 
3.2.4 Presentation and Communication Preparation 

The summer school participants discussed their 
progress on design tasks daily, except for the day 
allocated to prepare the final video clip and event. 
Different tutors asked the groups daily to evaluate 
their work, create an explanatory movie to convey 
their findings from the practice and communicate the 
selected design solutions to the general audience. The 
emphasis was put on suggesting design solutions 
concerning both visual and non-visual effects of light.   

 

3. RESULTS 
Activity satisfaction surveys were conducted at the 

end of each summer school. The questionnaire 
covered satisfaction with the training offer, agenda 
structure, training objectives and involvement 
aspects. Approximately 25 responses were collected 
from the 41 participants in both editions, representing 
a response rate of 61%.  

 
 

 

 

 

 

Figure 4: Some of the results of the satisfaction questionnaire 
administered to the participants of both summer school 
editions. 
 

The survey responses generally showed positive 
feedback from participants, highlighting the many 
strengths of the summer school programme (Fig. 4): 
▪ Appreciation for the Educational Model: 65% of 

participants expressed a score of 4, reflecting their 

appreciation. This positive feedback underscores 
the effectiveness of the program in delivering 
educational content. 

▪ Collaboration Between Architects and Engineers: 
75% of participants found the summer school 
curriculum consistent with the learning outcomes 
and the workload adequate. These findings 
highlighted the program's success in promoting 
collaboration between architects and engineers, 
fostering a comprehensive understanding of 
daylighting principles, and balancing creativity and 
performance.  

▪ Interaction Between Students and Experts: One of 
the key aspects of summer school is the interaction 
between students and experts. An outstanding 
100% of participants found the tutoring provided 
by teachers valuable and helpful.  

▪ Inspiration and Enjoyment: 100% of participants 
found attending the summer school inspiring, and 
95% reported enjoying it. This positive feedback 
emphasizes the program's ability to motivate and 
engage participants, making it an enjoyable and 
fulfilling educational experience.  

▪ Relevance to Career and Academic Development: 
90% of participants felt confident about the 
knowledge they gained, indicating that the 
educational content was relevant to their career 
and academic development. Additionally, 85% 
found that the concepts they learned were helpful 
in their academic curriculum or professional 
careers.  

▪ Recommendation: 95% of participants expressed 
willingness to recommend the summer school to 
colleagues, underscoring their confidence in the 
program's quality and value.  

 
4. DISCUSSION  

Both editions received highly favourable responses 
from participants. The participants appreciated the 
educational model and the opportunity for close 
interaction with their instructors. While design topics 
were well-developed, specific weaknesses surfaced. 
The participants expressed concerns about the limited 
time following afternoon reviews in the first edition. 
Educators expressed doubts about the demanding 
pace. The second edition aimed to specialize case 
studies and optimize time management; however, 
feedback still indicated ongoing time constraints. 
Additionally, teachers observed overly simplistic 
projects, lacked creativity, and focused excessively on 
verification, according to the mere project guidelines.  

From the experiences of the summer schools, 
valuable insights have emerged regarding teaching 
daylighting principles to young students and 
professionals in architecture and building design. The 
summer school format represented a unique learning 
model, where participants had the chance to work on 
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▪ Projects and Presentation Preparation 
Eight projects tackled real daylighting problems at 

the DTU campus. One day was dedicated to preparing 
the posters, with lessons on scientific reporting and 
communication skills. The groups evaluated their work 
and designed the posters to communicate findings.  
 
3.2 Summer School n.2: Gdansk 2023  

The second summer school occurred in Gdansk, 
Poland, in August 2023. It attracted 19 in-presence 
persons and seven online participants, including MSc 
and PhD students alongside professionals. Retaining 
the thematic divisions from the first summer school 
(Daylight Quality, Design, Simulation, Dissemination), 
the students worked in groups of three (totalling six 
groups). The critical modification was in the afternoon 
student-teacher interaction, which allowed 
independent work, with consolidated feedback 
sessions at the end of each day. The schools started 
with a technical tour to visit different districts of 
Gdansk and the university campus that hosts the 
buildings used as case studies, plus the day of the 
open-to-public presentations at the Gdansk University 
of Technology. Similarly to the first summer school, 
the participants presented their final work in a public 
event at the Pomeranian Science and Technology Park 
(PPNT). The event was co-hosted by Gdynia Design 
Days, promoting sustainable design solutions.  
 
3.2.1 Schedule  

The summer school lasted from August 26 to 
August 31, 2023. It started with a technical tour of the 
Gdansk area to learn about local architectural and 
urban solutions, emphasizing daylight for residential 
areas in Gdansk over the last 250 years, and to visit the 
case studies. The tour was guided by the local 
architects and urban planners, who explained how 
urbanists and architects designed residential areas for 
people through the centuries and how daylight was 
treated in buildings and at an urban scale.  

The training program started with an open-to-
public lecture on daylight quality at the Gdansk 
University of Technology. Like the previous year, the 
second edition had a boot camp formula: the training 
sessions were held in the university resort centre in 
Sopot, where students and teachers worked for a 
week. The participants presented their projects as a 
video clip at an open-public event co-organized in the 
neighbouring city of Gdynia with the local design 
organization called 'Gdynia Design Days'. This event 
was hybrid, and many emphases were placed on 
disseminating daylight topics to a diverse audience.  
 
3.2.2 The Role of Chronobiology Lectures  

The novelty proposed during this summer school 
was that chronobiology lectures focused on interactive 

lighting, daylight exposure, and well-being were 
offered. At the beginning of the school, an 
introductory lecture on non-visual aspects of light was 
delivered. Then, a critical session with an invited 
chronobiology expert was offered at the end of the 
week. The idea was to allow students to evaluate their 
projects from a chronobiological point of view after 
considering all other aspects. The chronobiology 
expert also delivered a dissemination lecture on the 
circadian aspects of light and its impact on our lives at 
the final hybrid event.  

 
3.2.3 Projects  

The summer school proposed to the students a 
choice among seven projects focusing on two buildings 
- a dormitory and an office building - located at the 
Gdansk Tech campus. These projects explored various 
aspects of daylighting design:  

(1) Dormitory Building:  
▪ Façade Design: Investigated changes in window 

size, glazing type, and facade design for improved 
indoor lighting conditions.  

▪ Interior Layout: Explored furniture settings, room 
sizes, and view direction to enhance visual and 
non-visual aspects.  

▪ Solar Shading: Examined the impact of solar 
control devices on indoor lighting.  
(2) Urban Densification:  

▪ Explored how to achieve higher urban density 
around the dormitory building while ensuring 
compliance with daylight standards. 
(3) Office Building:  

▪ Façade Design: Investigated changes in window 
size, glazing type, and facade design for improved 
indoor lighting conditions. 

▪ Interior Layout: Explored furniture settings, room 
sizes, and view direction to enhance visual and 
non-visual aspects. 

▪ Solar Shading: Examined the impact of solar 
control devices on indoor lighting. 
These projects aimed to provide students with 

hands-on experience by designing spaces, prioritizing 
daylighting, and fostering innovative solutions within 
established standards.  
 
3.2.4 Presentation and Communication Preparation 

The summer school participants discussed their 
progress on design tasks daily, except for the day 
allocated to prepare the final video clip and event. 
Different tutors asked the groups daily to evaluate 
their work, create an explanatory movie to convey 
their findings from the practice and communicate the 
selected design solutions to the general audience. The 
emphasis was put on suggesting design solutions 
concerning both visual and non-visual effects of light.   

 

3. RESULTS 
Activity satisfaction surveys were conducted at the 

end of each summer school. The questionnaire 
covered satisfaction with the training offer, agenda 
structure, training objectives and involvement 
aspects. Approximately 25 responses were collected 
from the 41 participants in both editions, representing 
a response rate of 61%.  

 
 

 

 

 

 

Figure 4: Some of the results of the satisfaction questionnaire 
administered to the participants of both summer school 
editions. 
 

The survey responses generally showed positive 
feedback from participants, highlighting the many 
strengths of the summer school programme (Fig. 4): 
▪ Appreciation for the Educational Model: 65% of 

participants expressed a score of 4, reflecting their 

appreciation. This positive feedback underscores 
the effectiveness of the program in delivering 
educational content. 

▪ Collaboration Between Architects and Engineers: 
75% of participants found the summer school 
curriculum consistent with the learning outcomes 
and the workload adequate. These findings 
highlighted the program's success in promoting 
collaboration between architects and engineers, 
fostering a comprehensive understanding of 
daylighting principles, and balancing creativity and 
performance.  

▪ Interaction Between Students and Experts: One of 
the key aspects of summer school is the interaction 
between students and experts. An outstanding 
100% of participants found the tutoring provided 
by teachers valuable and helpful.  

▪ Inspiration and Enjoyment: 100% of participants 
found attending the summer school inspiring, and 
95% reported enjoying it. This positive feedback 
emphasizes the program's ability to motivate and 
engage participants, making it an enjoyable and 
fulfilling educational experience.  

▪ Relevance to Career and Academic Development: 
90% of participants felt confident about the 
knowledge they gained, indicating that the 
educational content was relevant to their career 
and academic development. Additionally, 85% 
found that the concepts they learned were helpful 
in their academic curriculum or professional 
careers.  

▪ Recommendation: 95% of participants expressed 
willingness to recommend the summer school to 
colleagues, underscoring their confidence in the 
program's quality and value.  

 
4. DISCUSSION  

Both editions received highly favourable responses 
from participants. The participants appreciated the 
educational model and the opportunity for close 
interaction with their instructors. While design topics 
were well-developed, specific weaknesses surfaced. 
The participants expressed concerns about the limited 
time following afternoon reviews in the first edition. 
Educators expressed doubts about the demanding 
pace. The second edition aimed to specialize case 
studies and optimize time management; however, 
feedback still indicated ongoing time constraints. 
Additionally, teachers observed overly simplistic 
projects, lacked creativity, and focused excessively on 
verification, according to the mere project guidelines.  

From the experiences of the summer schools, 
valuable insights have emerged regarding teaching 
daylighting principles to young students and 
professionals in architecture and building design. The 
summer school format represented a unique learning 
model, where participants had the chance to work on 
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daylighting side by side with specialists to develop a 
project like building practitioners and daylighting 
specialists do in the current practice. Besides, visiting 
real buildings during the dedicated tours and designing 
their daylighting retrofitting was also a unique 
experience. This learning approach is far more 
productive and enriching than any other approach 
offered in standard academy courses.  

Results underline that there is not a single teaching 
approach for daylighting. Enhanced collaboration 
between architects and engineers is offered to yield a 
more holistic proposal in upcoming editions, 
effectively reconciling creative and performative 
knowledge. Notably, the most compelling aspect of 
these summer schools remains the interaction 
between students and experts, facilitating deeper 
knowledge acquisition and delivering a valuable 
educational experience for all participants.  

The integrated educational model, combining 
online modules and hands-on summer schools, forms 
a robust framework for knowledge dissemination on 
daylighting. The synergy between theoretical e-
learning and practical summer sessions enriches the 
learning experience and caters to diverse participant 
needs. Besides, stakeholder involvement in curriculum 
development ensures relevance.  
 
5. CONCLUSION  

From the experiences of the first summer schools, 
valuable insights emerged on teaching daylighting 
principles to young students and professionals in 
architecture and building design. The results, as 
reflected in participant feedback and its broader 
impact on sustainable construction practices, highlight 
the urgency of expanding educational initiatives in 
daylighting design.  

The most significant contribution has been 
addressing a crucial educational gap, promoting 
sustainable construction practices, encouraging 
multidisciplinary learning, and fostering a community 
of educated professionals through a unique learning 
approach that bridges the gap between the academic 
and professional worlds. 

Areas for improvement remain, especially 
concerning a closer collaboration between architects 
and engineers to produce a more holistic proposal in 
future editions to effectively reconcile creative and 
performative knowledge. However, as all the 
participants emphasized, the most engaging aspect of 
these summer schools lies in the interaction between 
students and experts, which facilitates deeper 
knowledge acquisition and provides a valuable 
educational experience. 

In addition, even after the conclusion of the 
funding, new intensive study experiences have been 
planned for 2024: a Winter School has taken place in 

Viterbo, Italy, in January, while the third summer 
school will take place in Lund, Sweden, in August. The 
fact that the NLITED group has managed to continue 
without direct funding but through the strength of the 
network attests to the group's resilience and ongoing 
interest in the subject, as well as the interest in the 
new funding agencies, such as the Swedish TO BE 
COMPLETED.  
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ABSTRACT: In a multi-disciplinary Architecture education, students may often have a gap in their physics and 
mathematics skills set, which may render their low energy design proposals as under-developed ones. This skills 
set is however required to provide building physics and performance simulation based scientific evidence for 
drafting of the design costing with clients and property developers. A good building science learning toolkit 
should support students in reinforcing this skills set and should be based on comprehensive assessment of joint 
design-technology pedagogy that prepares students for working as a performance simulation expert or 
consultant in multi-disciplinary practices. This educational research paper provides such toolkit and attempts to 
establish the inter-relationship between pedagogical tools [: an instrument to teach a subject], models [: an 
approach that understands how students learn and tutors teach], employability skills [: a potential learning 
outcomes of a study programme should have] and fit-for-purpose building science learning toolkit [: a teaching 
resource that facilitates students’ and tutors’ learning] that demonstrates how to teach BPS to architects as an 
assisting tool for performance evaluation of their design intents. In addition to the learning toolkit, this paper 
presents a holistic assessment criteria that evaluates suitability of a pedagogical model based on levels and a 
range of employability skills a student may attain.  
KEYWORDS: Building performance simulation, Architectural Technology, Low energy design Pedagogy, 
Decarbonisation, Overheating risks   
 
 

1. INTRODUCTION  
Architecture education is an interdisciplinary 

journey where a student who embarks on it, to be 
highly knowledgeable and competent practitioner in 
their future career, would have to possess knowledge 
and skills in diverse subjects ranging from artistic 
designs, humanities and building science and 
technology disciplines. Throughout the journey as per 
student’s interests and inclination, they go on 
developing their set of skills and expertise in either of 
these broad subject areas, which opens different 
employability avenues for them as architectural 
designer, historian, and environmental consultant / 
technologist. The pedagogical approaches to teaching 
of the last skills set to Architecture students is of 
interest for this research paper under ‘Together we 
can’ topic to learn and teach building resilience and 
energy sustainability. This is because Architecture 
students often have skills gap in their mathematics 
and physics subject training and these skills are the 
most important ones when they work in sustainable 
building and urban design simulation practice and 
performance research discipline.  

So, when working in practice and / or research 
discipline one would expect a strong collaboration 
culture between architects and other specialists i.e., 
say environmental consultants to be able to design 
and deliver low-zero energy buildings. Ideally, 

fostering such a diverse work environment and 
culture should start from early on from their 
undergraduate and postgraduate programme of 
studies. In that vein, one could find a kind of an 
evolution in the teaching of building science and 
technology with BPS tools from no interaction 
between building design studio and technology 
modules [1] [2] to collaborative teaching of the 
modules, attempting to apply BPS in the design 
projects [3][4][5]. As analysed from the related 
literature, there are however few key challenges in 
thoroughly implementing the studio-technology 
collaborations and integration of building physics and 
performance science subjects teaching (with BPS 
software and tools) in Architecture curricula. 
 
1.1 The THREE key challenges for integration 

Firstly, depending upon the academic expertise of 
a tutor, the practices around building science and 
related performance modelling and simulation 
teaching to Architects would vary e.g., when studio 
tutors who don’t necessarily come from Science and 
Engineering education background. 

Secondly, pedagogic technique: teaching building 
science and engineering subjects i.e., physics of heat, 
air, light and acoustics and its thermodynamic 
applications in buildings requires adapting problem-
based learning technique, which has widely been 
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daylighting side by side with specialists to develop a 
project like building practitioners and daylighting 
specialists do in the current practice. Besides, visiting 
real buildings during the dedicated tours and designing 
their daylighting retrofitting was also a unique 
experience. This learning approach is far more 
productive and enriching than any other approach 
offered in standard academy courses.  

Results underline that there is not a single teaching 
approach for daylighting. Enhanced collaboration 
between architects and engineers is offered to yield a 
more holistic proposal in upcoming editions, 
effectively reconciling creative and performative 
knowledge. Notably, the most compelling aspect of 
these summer schools remains the interaction 
between students and experts, facilitating deeper 
knowledge acquisition and delivering a valuable 
educational experience for all participants.  

The integrated educational model, combining 
online modules and hands-on summer schools, forms 
a robust framework for knowledge dissemination on 
daylighting. The synergy between theoretical e-
learning and practical summer sessions enriches the 
learning experience and caters to diverse participant 
needs. Besides, stakeholder involvement in curriculum 
development ensures relevance.  
 
5. CONCLUSION  

From the experiences of the first summer schools, 
valuable insights emerged on teaching daylighting 
principles to young students and professionals in 
architecture and building design. The results, as 
reflected in participant feedback and its broader 
impact on sustainable construction practices, highlight 
the urgency of expanding educational initiatives in 
daylighting design.  

The most significant contribution has been 
addressing a crucial educational gap, promoting 
sustainable construction practices, encouraging 
multidisciplinary learning, and fostering a community 
of educated professionals through a unique learning 
approach that bridges the gap between the academic 
and professional worlds. 

Areas for improvement remain, especially 
concerning a closer collaboration between architects 
and engineers to produce a more holistic proposal in 
future editions to effectively reconcile creative and 
performative knowledge. However, as all the 
participants emphasized, the most engaging aspect of 
these summer schools lies in the interaction between 
students and experts, which facilitates deeper 
knowledge acquisition and provides a valuable 
educational experience. 

In addition, even after the conclusion of the 
funding, new intensive study experiences have been 
planned for 2024: a Winter School has taken place in 

Viterbo, Italy, in January, while the third summer 
school will take place in Lund, Sweden, in August. The 
fact that the NLITED group has managed to continue 
without direct funding but through the strength of the 
network attests to the group's resilience and ongoing 
interest in the subject, as well as the interest in the 
new funding agencies, such as the Swedish TO BE 
COMPLETED.  
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ABSTRACT: In a multi-disciplinary Architecture education, students may often have a gap in their physics and 
mathematics skills set, which may render their low energy design proposals as under-developed ones. This skills 
set is however required to provide building physics and performance simulation based scientific evidence for 
drafting of the design costing with clients and property developers. A good building science learning toolkit 
should support students in reinforcing this skills set and should be based on comprehensive assessment of joint 
design-technology pedagogy that prepares students for working as a performance simulation expert or 
consultant in multi-disciplinary practices. This educational research paper provides such toolkit and attempts to 
establish the inter-relationship between pedagogical tools [: an instrument to teach a subject], models [: an 
approach that understands how students learn and tutors teach], employability skills [: a potential learning 
outcomes of a study programme should have] and fit-for-purpose building science learning toolkit [: a teaching 
resource that facilitates students’ and tutors’ learning] that demonstrates how to teach BPS to architects as an 
assisting tool for performance evaluation of their design intents. In addition to the learning toolkit, this paper 
presents a holistic assessment criteria that evaluates suitability of a pedagogical model based on levels and a 
range of employability skills a student may attain.  
KEYWORDS: Building performance simulation, Architectural Technology, Low energy design Pedagogy, 
Decarbonisation, Overheating risks   
 
 

1. INTRODUCTION  
Architecture education is an interdisciplinary 

journey where a student who embarks on it, to be 
highly knowledgeable and competent practitioner in 
their future career, would have to possess knowledge 
and skills in diverse subjects ranging from artistic 
designs, humanities and building science and 
technology disciplines. Throughout the journey as per 
student’s interests and inclination, they go on 
developing their set of skills and expertise in either of 
these broad subject areas, which opens different 
employability avenues for them as architectural 
designer, historian, and environmental consultant / 
technologist. The pedagogical approaches to teaching 
of the last skills set to Architecture students is of 
interest for this research paper under ‘Together we 
can’ topic to learn and teach building resilience and 
energy sustainability. This is because Architecture 
students often have skills gap in their mathematics 
and physics subject training and these skills are the 
most important ones when they work in sustainable 
building and urban design simulation practice and 
performance research discipline.  

So, when working in practice and / or research 
discipline one would expect a strong collaboration 
culture between architects and other specialists i.e., 
say environmental consultants to be able to design 
and deliver low-zero energy buildings. Ideally, 

fostering such a diverse work environment and 
culture should start from early on from their 
undergraduate and postgraduate programme of 
studies. In that vein, one could find a kind of an 
evolution in the teaching of building science and 
technology with BPS tools from no interaction 
between building design studio and technology 
modules [1] [2] to collaborative teaching of the 
modules, attempting to apply BPS in the design 
projects [3][4][5]. As analysed from the related 
literature, there are however few key challenges in 
thoroughly implementing the studio-technology 
collaborations and integration of building physics and 
performance science subjects teaching (with BPS 
software and tools) in Architecture curricula. 
 
1.1 The THREE key challenges for integration 

Firstly, depending upon the academic expertise of 
a tutor, the practices around building science and 
related performance modelling and simulation 
teaching to Architects would vary e.g., when studio 
tutors who don’t necessarily come from Science and 
Engineering education background. 

Secondly, pedagogic technique: teaching building 
science and engineering subjects i.e., physics of heat, 
air, light and acoustics and its thermodynamic 
applications in buildings requires adapting problem-
based learning technique, which has widely been 
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practised, well-developed and acknowledged by 
academics in teaching a Science and Engineering 
discipline subject [6]. The technique that motivates 
the learner to actively learn and then self-learn how 
to solve a problem using the iterative trial-and-error 
method. Using the BPS tools, students can develop 
their problem-solving skills based on the evidence 
and feedback of performance implications that their 
design interventions would generate – resembling the 
iterative design principle with trial-and-error 
problem-solving nature. The studio tutors from non-
Engineering background may not be well familiar with 
the flipped way of teaching building physics with BPS 
tools in the discipline.  

Thirdly, students’ way of learning: Architecture 
students being highly visual and experiential in the 
way they learn throughout majority of their modules, 
the experimental way of building physics teaching 
using computer simulation wouldn’t initially appear as 
straightforward application of their previous skills. On 
tutors’ part, this would involve encouraging and 
motivating students in getting on with the learning 
curve and making them understand the benefits the 
learning would bring when working with or 
themselves as environmental consultants in practice. 
When tasked with designing low energy buildings in 
the face of climate emergency [7], the future 
Architects will have to be well-equipped with the 
experimental, technical and analytical skills in 
building physics and performance simulation, for to 
be able to deliver zero energy buildings. 

Along with accounting for the challenges, this 
research work consolidates previous published works 
in building physics education research to provide 
holistic insight on what pedagogical tools and models 
exist and how suitable are they when teaching in joint 
and collaborative context of studio design and 
technology modules to Architecture and Architectural 
Engineering cohorts. This research work attempts to 
address these by developing and demonstrating a 
building science learning toolkit, based on robust 
understanding of pedagogy and related fit-for-
purpose model implementation.         
 
1.2 Research aim and objectives. 

The aim of this educational research piece is to 
develop a learning toolkit, that demonstrates how 
building physics and performance simulation teaching 
can be integrated in sustainable architectural and 
urban design and engineering programmes. And the 
objectives are:  

1. Present a synthesis of the existing 
pedagogical tools and models.  

2. Propose a criteria for assessing suitability of 
the reviewed joint models.  

3. Develop and demonstrate a learning toolkit, 
based on fit-for-purpose pedagogical model.     

1.3 Paper structure 
The paper starts with analysing what different 

pedagogical tools are being used to teach Architects 
and Architectural Engineers different subjects, 
assessing how different building physics and 
performance simulation teaching is and what 
pedagogical tool may work best for such teaching. 
Drawing on the experimental tool that can be used, 
the subsection next derives from the literature the 
different ways to teach building simulation by 
illustrating pedagogical models that have been 
practised in design-technology collaborative teaching 
[8] [9]. The dedicated section on toolkit development 
proposes the criteria for assessing the suitability of 
the pedagogical models for simulation teaching (Fig. 
1). The subsection next proposes the fit-for-purpose 
model that’s been implemented, along with the 
presentation of a prototype of learning toolkit. The 
paper concludes with the next steps on how the 
scope of the toolkit can be extended, to include 
teaching and learning of advance developments in 
building simulation brought by development of 
statistical and machine learning techniques in recent 
years [10] [11].     
 

 
Figure 1: Elements of Building science learning toolkit: The 
pedagogical 1) tools and 2) models, 3) Assessment criteria   
 
2. JOINT DESIGN-TECHNOLOGY PEDAGOGY     

The literature review that follows presents 
current practices in teaching building physics with 
performance simulation software to Architecture and 
Architectural Engineering students. It discusses what 
the related pedagogical practices and 
implementation challenges faced across UK [3] [13] 
and overseas higher education providers [4] [5] are, 
the progress that’s been made so far [12], and further 
investigates and presents learning from the practices 
[9] [14].  

Following a range of search techniques to perform 
systematic literature review [15], conventional 
subject searching, reference list checking and citation 
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assessing how different building physics and 
performance simulation teaching is and what 
pedagogical tool may work best for such teaching. 
Drawing on the experimental tool that can be used, 
the subsection next derives from the literature the 
different ways to teach building simulation by 
illustrating pedagogical models that have been 
practised in design-technology collaborative teaching 
[8] [9]. The dedicated section on toolkit development 
proposes the criteria for assessing the suitability of 
the pedagogical models for simulation teaching (Fig. 
1). The subsection next proposes the fit-for-purpose 
model that’s been implemented, along with the 
presentation of a prototype of learning toolkit. The 
paper concludes with the next steps on how the 
scope of the toolkit can be extended, to include 
teaching and learning of advance developments in 
building simulation brought by development of 
statistical and machine learning techniques in recent 
years [10] [11].     
 

 
Figure 1: Elements of Building science learning toolkit: The 
pedagogical 1) tools and 2) models, 3) Assessment criteria   
 
2. JOINT DESIGN-TECHNOLOGY PEDAGOGY     

The literature review that follows presents 
current practices in teaching building physics with 
performance simulation software to Architecture and 
Architectural Engineering students. It discusses what 
the related pedagogical practices and 
implementation challenges faced across UK [3] [13] 
and overseas higher education providers [4] [5] are, 
the progress that’s been made so far [12], and further 
investigates and presents learning from the practices 
[9] [14].  

Following a range of search techniques to perform 
systematic literature review [15], conventional 
subject searching, reference list checking and citation 

 

searching were adopted for the review of papers that 
involved keywords as ‘Building physics’, ‘Architectural 
Technology’, ‘Simulation based approach’ and 
‘Architectural education’. The Web of Science, 
ScienceDirect and Google Scholar platforms were 
searched with the keywords. Only handful of papers 
that are highly relevant for this research work are 
selected and cited. The sections and subsections 
present the synthesis of the literature references.      

The pedagogical tools that’s been used to teach 
students different subjects do vary significantly [16] – 
for instance – 

1. the essay stories in classroom lecture-based 
format to teach humanities-oriented 
subjects like history of solar technology or 
Energy use in Society.   

2. more visual tools e.g., drawing, model 
making and painting in studio environment 
to teach sustainable design speculation and 
imagination as project-based pedagogy, 

3. experiential tools – observation, 
questionnaire surveys and interviews - to 
teach accounting of human behaviour and 
their energy practices in design and its 
feedback on their behaviour and practices as 
a result, 

4. experimental tools – in-situ field and lab 
measurements and experiments, computer 
experiments using building performance 
modelling and simulation tools - to teach 
evidence-based assessment of effectiveness 
of design and technology interventions in 
improving indoor and outdoor comfort 
conditions and in reducing building’s likely 
energy use and environmental impact. 

A precedent analysis of a case study building 
design done using the first three tools may develop 
students’ ‘thermal intuition’ about a sustainable 
design project and its massing (e.g., size, shape, 
glazing and orientation) but only in a speculative, 
abstract and imaginative way. Inherently, these three 
teaching tools don’t provide students with a building 
physics-based evidence and an ability to make 
predictions about how their design might perform 
and what might like the likely performance be 
particularly in the contexts of overheating risks, solar 
gain and thermal mass against insulation type and 
position analyses, evaluation of night time natural 
ventilation for passive cooling, fabric energy 
efficiency analysis using synthetic vs bio-based 
materials and sizing of HVAC systems and renewable 
energy technologies. The fourth tool however can 
develop students’ ability to quantify and give 
scientific rigour to their abstract ‘thermal intuition 
and ideas’ and assess the performance implications of 
their thought design interventions in the varying 
contexts of environmentally conscious design 

decision making. The joint teaching of the simulation 
skills set has been experimented in the past, to foster 
collaborative working in interdisciplinary groups. As 
per [8] and [9], the below joint pedagogical models 
have been practised toward including building physics 
and performance simulation teaching with BPS 
software in studio environment. 

The [8] and [9] propose two teaching approaches 
– ‘domain’-specific and ‘User’-centric to teach BPS 
subject. Each of them has got different teaching goals 
and pedagogical models. The ‘domain’-specific one 
focuses on training a student as a BPS tool creator 
and a simulation expert / simulationist where 
students may likely come with Engineering 
background due to the understanding of how heat 
phenomena are dealt is required. The ‘User’-centric 
one rather focuses on training a student as a BPS 
consumer and performer where students may likely 
be from Architecture due to interpretation and 
evidence-based skills set needed to inform design 
decision making. This research work focuses on 
teaching BPS to Architects it is therefore reviews 
‘User’-centric approach to the teaching, which is also 
the widely employed approach [17].           
 
2.1 The joint pedagogical models  
2.1.1 ‘Consumer’ model A: Simulation outputs made 
available by an expert.   

This model allows more close collaboration 
between a consultant and architecture students, 
where the consultant provides simulation models and 
takes the role of an expert. Apart from introducing 
Climate and indoor comfort analysis tools, no further 
BPS software training is provided in the studio and 
the consultant does the simulations iteratively for 
students. The consultant’s role is to prepare 
simulation models and teach them how to interpret 
and analyse the results (e.g., energy demand and 
temperature peaks) in the context of their design 
intents. 

This model has been found to be consistent with 
an undergraduate programme where students were 
given an opportunity to fully focus on their designs 
with BPS results available as a ‘service’. This model 
allowed to resemble the architect/consultant 
collaboration in professional practices more closely. 
On the other hand, however bringing in an expert 
consultant can help students in gaining knowledge 
about practice examples and receiving expert’s advice 
on their design projects. This could involve 
interactions in the form of individual and / or group 
portfolio reviews by experts in lectures and 
workshops. 
 
2.1.2 ‘Consumer’ model B: Collaborative approach  

This model has a focus on bringing architecture 
and engineering students as consultants together to 
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work in interdisciplinary environment. Consultants 
are expected to use a BPS software, by asking a group 
of students to volunteer for training themselves. It 
has got advantages in having an opportunity to 
develop some ‘in-house’ expertise among the cohort 
and as well as reducing the workload on instructor’s 
part in preparing simulations. The saved time can 
effectively be used to advise and supervise a group of 
volunteers instead. 

This model was better at encouraging peer 
learning among students than the previous ones 
because the volunteers have been tasked to prepare 
simulations for their own as well as their peers’ 
designs – the architect/consultant collaboration one 
would expect in practice. Overall, the approach 
received a mixed response from students because 
more able designers were confident enough to 
integrate BPS in their design pipeline than the less 
able ones who expressed learning a BPS software was 
an added burden.    
 
2.1.3 ‘Performer’ to ‘Expert’ model  

The format for this model is split in two stages: 
first stage provides the basic training to all students 
and second stage provides more confident students 
to do in-depth analysis with a BPS software. The 
approach was found to be most suited for students 
enrolled on dual degree courses, due to the nature of 
workshop format split into group of students taking 
roles as architect and simulation performer. 

The model allowed problem-based learning 
environment for students to learn from each other, 
encouraged closely interlinked design synthesis and 
related simulation analysis. Given how self-elected 
volunteers in the second stage further develop their 
simulation and performance analysis skills, they could 
really be a good resource as a teaching assistant 
training junior students and as well as can act as 
internal expert for the first two models. 
 
3. DEVELOPMENT OF AN ASSESSMENT CRITERIA FOR 
JOINT PEDAGOGICAL MODELS 

It is highly important to establish the effectiveness 
of the pedagogical models in achieving the 
programme level goals and outcomes, which are 
mostly about assessing of how their degree level 
modules have prepared students in gaining 
meaningful employment and first professional 
experiences after they graduate. In addition to BPS 
and analytical skills it is important to know and 
understand about how good students’ 
communication, collegial and transferrable skills are. 
Following a questionnaire survey sent to recent 
graduates in Spain [18] and review of the literature 
that’s been identified earlier, the below assessment 
criteria is proposed. The criteria allow us to better 
understand the effectiveness of different joint 

pedagogical models that have been practised by UK 
and overseas higher education providers.  

A. Collaborative working and peer learning: the 
level of interaction within and between 
study groups, ranging from precedent 
analysis to evaluating design interventions. 

B. Industry engagement: amount of time 
invested in developing and teaching BPS by 
an expert / external consultant. 

C. Independent learning: the range of 
opportunities provided - from basic 
scaffolding, self-learning to making own 
interpretations and understanding of the 
performance feedback from environmental 
design interventions. 

D. Transferrable skills training: the level of 
attainment - from confidence in applying to 
a real-life projects in practice to become a 
provider of a similar collaborative problem-
based learning environment elsewhere as an 
instructor / external expert. 

 
3.1 Assessment of pedagogical models 

This subsection assesses the models as per the 
proposed criteria, to guide selection of a model for 
our proposed toolkit development.  

 

 
Figure 2: Assessment and Ranking of pedagogical models 
against the criteria. Please refer Fig. 2 for colour coding.    
 

‘Consumer’ model A where simulation results are 
provided by an expert ranks amongst the lowest 
because of only Industry experience students may 
gain. It doesn’t do well in supporting peer learning 
among students as there is a direct interaction with 
an expert and less so among students. It doesn’t 
score well either on independent learning and 
transferrable skills criteria as the tasks involved are 
only about developing simulation interpretation skills 
without developing actual performing skills.    

‘Consumer’ model B on collaborative approach 
support highly conducive environment for peer 
learning as engineering students as consultant 
providing simulations to architects and adapting the 
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only about developing simulation interpretation skills 
without developing actual performing skills.    
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simulation as per design decisions. It does well on 
remaining three criteria on students gaining Industry 
exposure with an expert mentoring engineering 
students; they are being given good opportunities to 
learn independently and will be able to apply their 
consultancy skills to other similar projects.  

‘Performer’ model is being ranked one of the best 
to teach BPS to architecture students. Given a 
student is performing simulations and they are also 
the ones responsible for making sense of the results 
they get in view design performance targets, it is a 
well-rounded approach to BPS teaching. Students 
also learn problem solving skills in an environment 
that supports both peer and independent learning. 
Students can also be given Industry exposure when 
expert advice is needed, allowing them to think about 
how they can apply their newly learned simulation 
and analysis skills to different real-world projects.  

‘Expert’ model from ‘domain’-specific approach in 
general performs well across the criteria, except 
when in case of collaborative / peer learning. It is due 
the fact that only very few among architecture 
student cohort are enthusiastic to bridge their maths 
and physics skills gap to learn how to engineer / 
model different design decisions (e.g., natural 
ventilation and passive cooling) using one or more 
BPS tools (for the example it will require simulating 
both thermal and airflow using EnergyPlus and 
ANSYS). Based on the assessment and ranking 
analysis, the ‘Performer’ model is selected for the 
purposes of learning toolkit development.  
 
3.2 Development of the learning toolkit  

Based on the ‘Performer’ model, the teaching 
format involved demonstration of DesignBuilder 
interface to EnergyPlus and its related features that 
students can use to test performance criteria. The 
brief involved zero energy design of a Mixed-use 
University building, which may have outdoor seating 
area, café, computer and classrooms. The 
performance criteria included avoiding overheating 
risks in summer months and minimal utilisation of 
heating systems in Winter months with requirement 
to maintain desirable comfort temperatures.  

As inherent to the pedagogic model, the 
demonstration of BPS software and subsequent 
interpretation of results followed developing 
incremental understanding of BPS by experimenting 
with the design interventions and evaluating their 
impact on performance. A total of 4 hours of contact 
time with the instructor was provided. An hour of 2 
hours long session involved enhancing students’ 
understanding on how their theoretical knowledge 
apply to estimating energy balances and performing 
overheating risks and related energy demand 
calculations. The second hour of the session involved 
teaching iterative design-and-evaluate approach 

using University building as a case study, by showing 
how different design components (e.g., varying air 
flow rates by changing openable window area), 
allowing parametric way of assessing their design 
interventions. This way it allowed them to 
understand how to generate evidence for their design 
intentions and how to assess effectiveness of them in 
achieving the target performance.  

Another 2-hour long session in that week was 
structured in a flipped way where students were 
given time and asked in advance of the session to 
begin modelling their design proposals and 
interventions and use the session time to seek 
support from the tutor, who assisted them in solving 
the design problem the students started working on. 
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sizing. The assessment brief also involved an open-
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3.3 Prototype implementation of the learning toolkit  

MIRO platform was used to design tutorial sheets, 
which were shared each week after first 2-hour long 
session. Students were asked to use the time 
between the release of this and the 2-hour long 
flipped session to practising the BPS tool and start 
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Figure 3: Prototype of learning toolkit: Typical tutorial sheet   
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3.4 Beyond learning toolkit. 
Currently, this toolkit is a part of simulation 

teaching on MSc Sustainable Architecture Studies 
(SAS) programme at the University of Sheffield. This 
toolkit philosophy can be extended for a programme 
level approach that University adapts when 
developing a new curriculum. In view of this, this 
toolkit has a potential to be developed into a whole 
new curriculum on building and urban performance 
science and engineering simulation, that’s based on 
application of building physics and related machine 
learning methods [10] [11].    
 
4. CONCLUSION 

This paper delivers below tangible outcomes:  
- A synthesis of ‘Consumer’, ‘Performer’ and 

‘Expert’ pedagogical models that have been 
developed to deliver BPS teaching (Section 
2.1) and how they have been worked out in 
teaching practice.  

- A holistic assessment criteria that’s been 
demonstrated to evaluate how good a 
pedagogical model performs in developing 
different levels and range of employability 
skills in students (Section 3, 3.1).  

- A building science learning toolkit that 
demonstrates how the best of four 
‘Performer’ model have been implemented 
to deliver building overheating risks 
evaluation teaching using BPS tool (Section 
3.2, 3.3).     
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Digital and Analog Tools for Bioclimatic Design
Learning Potential and Limitations 

ABSTRACT: This article summarizes the first attempt of a series of experimental workshops aiming to build a 
comprehensive methodology for conducting systematic investigations of bioclimatic design strategies 
through the utilization of analog and digital tools. The workshop was conducted within the “Climate and Built 
Form” course, part of the MSc in Sustainable Architecture at NTNU. The study investigated the impact of 
integrating both digital and analog tools in architectural education and explored the pedagogical potential of 
combining them in different teaching and learning activities. The goal was to offer educators insight into the 
teaching and learning potential, as well as the limitations, of these tools. 
KEYWORDS: analog tools, bioclimatic design, digital tools, experimental workshop, pedagogic potential 

1. INTRODUCTION
Digital tools have significantly transformed many 

aspects of architecture, from the design processes 
and methods to the educational approaches and 
curricula [1-2]. This shift from traditional analog tools 
to software-based approaches has revolutionized 
fields like environmental and bioclimatic design, 
among others. Digital tools developed in the last 
decades allow architects and engineers to experiment 
with complex forms and to simulate and explore 
buildings' environmental and energy performance in 
detail. Software programs make the computational 
analysis of the complex numerical aspects of 
architecture easier and more effective while 
minimizing the related costs.  

However, this transition also has an impact on 
architectural education. There is an ongoing debate 
about the implications of the teaching methods and 
learning outcomes of architecture students across 
different architectural domains because of this shift 
[3-4].  

Digital tools often have embedded predefined 
solutions readily available for improving 
environmental performance. While this can be very 
useful in the practice, in education it can potentially 
limit students’ creativity and capacity to explore 
different ideas. It can further make students reliant 
on these tools instead of on their own knowledge, 
experience, and intuition.

Studies [5] show that hands-on activities in the 
early stages of design allow students to build a better 
understanding of new concepts and frameworks and 
develop the ability to implement them in their work. 

While digital technologies are already dominating 
the mental and operational landscape of our lives [6], 
effective learning often requires a blend of analog and 

hands-on methods [7]. On one side, hands-on 
engagement with analog tools sparks creativity, 
facilitating rapid idea sketching, prototyping, and 
testing. On the other hand, digital simulations 
empower students to explore a wider range of 
scenarios and variables, fostering a deeper 
understanding of complex climatic interactions in the 
built environment. 

This study investigates the impact of integrating 
both digital and analog tools in architectural 
education and explores the pedagogical potential of 
combining them in different teaching and learning 
activities. 

An experimental workshop has been set up, 
balancing the use of both sets of tools. The workshop 
has been designed to create an engaging learning 
environment, enabling students to define their own 
design processes where analog and digital tools for 
environmental design can be freely combined. 

Seeking to strike a balance between these 
approaches, particularly in the context of bioclimatic 
design education, the workshop prompts critical 
thinking about different design drivers and processes 
by allowing students to actively experiment.    

Students were not only encouraged to experiment 
with both physical and virtual simulation tools, but 
also to record and reflect on their findings. This was 
done to encourage the completion of the learning 
cycles [8] embedded in the research design and test 
the students’ capacity to define innovative design 
processes with those tools and to develop their 
design projects systematically on the basis of 
evidence. The goal was to offer educators insight into 
the teaching and learning potential, as well as the 
limitations, of these tools. 
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 Our hypothesis is that digital tools can not only be 
used as mere computational tools but also as tools 
enhancing the learner’s experience when integrated 
into hands-on learning activities. 
 
2. EXPERIMENTAL WORKSHOP DESIGN: 
THEORETICAL BACKGROUND 

Following Kolb’s Learning Cycle [8] and Action 
research framework [9], the investigation aimed to 
shed light on the role of tools in design processes 
developed as part of educational activities at NTNU.  

Research shows [10-12] that hands-on 
experimentation is an appropriate tool for developing 
creativity and innovative thinking.  

Kolb, building upon Dewey, Lewin, and Piaget’s 
theories [8], developed the theory of experiential 
learning and upgraded the previously mentioned 
pedagogical theorists’ ideas of learning cycles. His 
take on these theories led him to establish four main 
categories, defining the main steps within the 
learning cycles – ‘concrete experience’ (CE), 
‘reflective observation’ (RO), ‘active 
conceptualization’ (AC), and ‘active experimentation’ 
(AE).  

In his theory, the cycle can be entered and exited 
at any stage. Furthermore, the cognitive learning style 
of each individual influences the way they approach 
the learning cycle and their tendency to rely on some 
categories more than others. However, for 
knowledge to become fully embodied, even 
transformed later into what we call tacit knowledge 
and intuition, the learner must go through the full 
cycle. Often, this cycle is not completed or is 
completed on a superficial level, meaning that the 
instructions might be followed, and all tasks might be 
completed, but the stages of reflection do not lead to 
any abstraction of principles or internalization of any 
particular knowledge.  

One potential problem could be that many times, 
the experimentation phase is replaced by an exercise. 
Exercises are useful in theoretical courses, where the 
acquiring of factual knowledge and related specific 
competencies are desired as learning outcomes. 
However, design education is about developing the 
capacity to bring about changes in the "made" world 
[13]. In the framework of Kolb’s Learning Cycle, an 
exercise is rather a “concrete experience” that allows 
for reflections, but it has limited learning potential.  

The architect's education might begin with 
hierarchical or goal-oriented knowledge being taught 
where exercises have an important role. However, 
Vowels [14] argues that inevitably, in the later stages, 
especially once one reaches the master's level, the 
knowledge becomes process-oriented. In the 
architectural design studio, exercises cannot be 
sufficient in replacing the step of ‘active 
experimentation’ when the desired learning 

outcomes include developing the ability to creatively 
design or develop innovative concepts.  

Another potential problem could be the complete 
lack of experimentation as an established step in the 
design process. One of the key concerns is that grades 
can stagnate the design process by encouraging 
students to focus solely on achieving high scores 
rather than exploring innovative and creative 
solutions and thus discourage them from performing 
experiments on their own,  outside of the curriculum, 
that might not yield results. Furthermore, it can lead 
to a cautious, formulaic approach to design, where 
students prioritize producing safe, predictable 
outcomes that they believe will earn them higher 
grades. This phenomenon is called “design fixation” 
[15].  

The centuries-old culture of master-apprentice 
dynamics in architecture education, paired with the 
largely implicit and untaught criteria of what 
constitutes the culturally prevailing image of an 
architect, pose serious challenges for many learners 
when it comes to taking alternative approaches to 
design [14].  

Building on Kolb’s theories, Jeb Schenck and Jessie 
Cruickshank developed the Co-Constructed 
Developmental Teaching Theory [16]. This theory 
simply repeats Kolb’s Learning Cycle as a basis. 
However, the learning cycles are not perceived as 
separate events but rather as a part of a continuous 
spiral where every next inquiry increases in 
complexity. 

 

 
Figure 1. Kolb’s Learning Cycle and Jeb Schenck’s and Jessie 
Cruickshank’s Co-Constructed Developmental Teaching 
Theory 

 

To summarize the theoretical background and 
research drivers for this inquiry, we focused on Kolb’s 
experiential learning theory, Kolb’s Learning Cycles 
(Fig. 1), and Jeb Schenck’s and Jessie Cruickshank’s 
Co-Constructed Developmental Teaching Theory (Fig. 
1) to investigate the pedagogical potential of analog 
and digital tools by implementing “active 
experimentation” as an additional step in the design 
studio. 

Using an Action research framework, we revised 
the conventional structure of one pedagogic module 
of the Climate and Built Form course. The module 
focuses on the relationship between sun and form, 
where originally theory was first transferred through 
a lecture, and then students were trained to use 
digital tools. The experimental workshop instead was 
designed in a way to ensure that students would 
complete three learning cycles alternating between 
analog and digital tools, breaking the original 
structure of the course. Encouraging students to 
engage with the theory repeatedly and enabling them 
to experiment by introducing hands-on activities at 
every cycle of the learning design process and 
alternating between different analog and digital tools 
used to investigate the same problems, the workshop 
activities allowed students to understand the vast 
possibilities of investigative tactics for environmental 
performance problems. 

By creating an environment where students can 
actively manipulate and observe both physical and 
virtual simulations, the workshop stimulates critical 
thinking about design solutions. Focusing on the sun 
as a design driver, the workshop employs a 
conceptually clear heliodon, an automated heliodon, 
and digital parametric modeling tools. This 
juxtaposition of physical and digital simulations 
highlights their strengths and weaknesses.  

Our main aim was to deepen the students’ 
understanding of real-world climatic phenomena, to 
gain firsthand insight into how different simulation 
tools replicate these real-world phenomena, and to 
master the nuances of simulation results. 

Furthermore, by encouraging the students to run 
more structured experiments with various simulation 
tools, the workshop activities enabled them to 
improve their designs on the basis of evidence in a 
systematic manner.  
 
3. METHODOLOGY  

Given the provided background information, we 
suggest that distinctions exist between the 
pedagogical potential of digital and analog tools in the 
design studio, significantly influencing the 
educational outcomes depending on how those tools 
have been integrated into different teaching and 
learning activities. While analog tools facilitate a 
more holistic approach to design, they have 

limitations to the complexity of the simulations that 
can be performed with them. Similarly, while the 
computational capabilities of digital tools can provide 
strong evidence for strengthening one’s concept, 
they can also stagnate creativity by offering 
predefined solutions or specific numerical answers. 

To test our hypothesis, we planned a three-week-
long experimental workshop restructuring the 
pedagogical framework of the existing module called 
‘Sun and Form’ of the ‘Climate and Built Form’ course 
and introducing various analog and digital simulation 
tools. 

This section details the workshop design 
conditions and theoretical framework, the teaching 
and learning activities embedded in the workshop, 
the participants, the data collection process, and the 
data interpretation process. 

 
3.1. Workshop design conditions 

The experimental workshop was designed as part 
of the semester design project of the ‘Climate and 
Built Form’ due to the time limitations of the 
semester and to avoid the workshop becoming an 
extra task for the students. We decided to keep the 
main focus of the workshop on the semester project 
to allow the students to be able to give their full 
attention to the workshop activities at hand even 
though they were not graded. 

For the semester design project, students were 
split into five groups and asked to design a 
prefabricated climate adaptive shelter for post-
disaster recovery. Each group was given a different 
climatic context to work with. Before the workshop 
started, the students were asked to develop design 
concepts on a purely intuitive basis without using any 
simulation tools. To develop their designs, they had 
to take into consideration spatial requirements, 
functional distribution, environmental performance, 
construction, and infrastructure requirements. 

The workshop was designed in three connected 
cycles. Each cycle built in complexity, encouraging 
students to see the same problems through different 
lenses and systematically improve their design based 
on the evidence gathered. The cycles further allowed 
students to reflect on their findings, conceptualize 
ideas, and later test them through active 
experimentation, including hands-on activities. Kolb’s 
Learning Cycle was used as a basis for the individual 
activities, and the whole workshop followed the Co-
Constructed Developmental Teaching Theory (Fig. 1). 

The framework of the workshop design can be 
seen in (Fig. 2), where the starting point is the theory 
circle near the center. 
 
3.2 Theoretical framework: Action research   

Action research has been selected for the 
research design because this framework allows us as 
researchers to engage in ongoing situations and take 
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Figure 1. Kolb’s Learning Cycle and Jeb Schenck’s and Jessie 
Cruickshank’s Co-Constructed Developmental Teaching 
Theory 
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3.1. Workshop design conditions 
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though they were not graded. 
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The workshop was designed in three connected 
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on the evidence gathered. The cycles further allowed 
students to reflect on their findings, conceptualize 
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Learning Cycle was used as a basis for the individual 
activities, and the whole workshop followed the Co-
Constructed Developmental Teaching Theory (Fig. 1). 

The framework of the workshop design can be 
seen in (Fig. 2), where the starting point is the theory 
circle near the center. 
 
3.2 Theoretical framework: Action research   

Action research has been selected for the 
research design because this framework allows us as 
researchers to engage in ongoing situations and take 
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an active role in influencing the unfolding events 
while at the same time measuring the impact of our 
interventions. Action research focuses on assessing 
deliberately planned change. This framework has also 
allowed us to actively participate in the planning and 
implementation phases [9].  

 
Fig. 2 Pedagogical Loop 
 

This approach led us to develop a double-loop 
Action research design (Fig. 2) and (Fig. 3), where the 
same didactics we used for the workshop activities 
were applied to the research structure itself. This was 
done in order to be able to structure our 
interventions, data collection, and data 
interpretation protocols. 

 
Fig. 3 Research Design Loop 
 

We began our own learning cycle with a 
hypothesis. Based on this hypothesis, we established 

a series of “red threads” (Fig. 3) or, in other words, 
patterns we wanted to investigate. We incorporated 
the “red threads” in the research protocols at every 
level. 

The teaching and learning activities in the 
workshop served as experiments, where we actively 
engaged with the students in hands-on activities.  

The data collected gave us a concrete basis for 
reflections and adjusting the research protocols if 
needed.  

This loop allowed us to revise our objectives with 
every activity, to understand the results better, and 
to recognize many factors that might influence those 
results. Furthermore, by creating this double-loop 
Action research design, we established a strong 
foundation for further improvement of the course 
activities and a basis for further investigations in the 
next planned workshop. The research design loop is 
represented in the graph in (Fig. 3). 
   
3.3 Teaching and learning activities 

There were three teaching and learning activities 
in the workshop, and each activity included a 
different simulation tool. 

In the first week of the workshop, the students 
were introduced to a conceptually clear heliodon. 
They were asked to develop three research questions 
regarding their own design in relation to the sun's 
geometry and try to answer them by performing 
experiments in the heliodon. At the end of the week, 
the students were asked to present their findings. 

In the second week, the students were introduced 
to Grasshopper, a parametric modeling tool, and 
Ladybug, an environmental analysis plugin, and given 
an exercise following the Sol-Air approach [17]. The 
exercise followed a pre-written script for form 
optimization and orientation of a hypothetical box in 
the same climatic context as their design task. The 
task was intentionally not applied directly to the 
students’ design concepts in order to avoid a specific 
software-generated answer influencing the design 
choices from the outset and undermining the 
students’ critical thinking abilities. At the end of the 
week, the students were once more asked to present 
their findings. 

In the third and last week, the students were 
introduced to an automated heliodon equipped with 
micro-cameras for solar access analysis. No specific 
task was given, but the students were encouraged to 
investigate in more detail the solar-responsive design 
solutions they have integrated into their projects. 
 
3.4 Participants 

There were twenty participants in total, all of 
them master students. The participants had different 
educational backgrounds since the course is 
interdisciplinary.  

 

The majority of the students, 70%, had an 
architecture background, 20% an engineering 
background, and 10% a mix of the two.  

The students were from 10 different countries, 
where 35% were from Norway.  

About 40% of the students had some prior 
knowledge about the digital tools introduced in the 
workshop, and 60% had no prior knowledge. One 
person had in-depth knowledge, 55% had some basic 
knowledge, and 40% had no prior knowledge about 
bioclimatic design theory. 
 
3.5 Data collection 

While a large number of data was recorded 
throughout the workshop using different data 
collection methods, the scope of this article is to 
investigate the pedagogical potential, as well as the 
limitations, of digital and analog simulation tools for 
environmental performance. Because of this, certain 
data is not included in the data analysis in this paper. 

Since we used a mixed-methods approach in this 
research, we were able to collect and interpret both 
qualitative and quantitative data.  

The data collected consists of: 
▪ Mapping sheets (educational background of 

each student and country of previous 
education degree, prior knowledge of the 
digital tools introduced in the workshop, and 
prior knowledge about bioclimatic design 
and environmental performance). Ethical 
approval for collecting this data was not 
required since no names, ages, or other 
distinguishable information was collected.  

▪ Likert scale charts mapping the students’ 
satisfaction with the different teaching and 
learning activities 

▪ Field notes from semi-structured round 
table discussions with each group 

▪ Field notes from four group presentations 
▪ Project reports concluding the workshop. 

Protocols were established for the data collection 
procedures. These protocols allowed us to put 
constraints on the collected material in order to put 
the data in context. We called these constraints ‘red 
threads,’ as mentioned earlier, which were directly 
integrated into the data collection protocols and later 
served as a ‘start list’ [18] for the first cycle of coding 
the data by using a Provisional Coding method.  
 
3.6 Data interpretation 

The collected data was manually coded in three 
cycles using different coding methods. The coding 
methods were selected in accordance with what is 
appropriate for the Action research framework and 
the type of data collected. Later, the data was 
‘themed’ [18] and reflected upon through analytical 
memos in order to be visually represented in a matrix. 

A separate matrix was used for each cycle of the 
workshop in order to be able to compare and contrast 
the outcomes of the use of the different tools. 
Furthermore, the matrices were aligned with the 
learning cycle steps for further coherence. 

By using these categories in matrices, we 
managed to analyze to what degree each group of 
students engaged in the learning cycles, if they 
conducted experiments, whether those experiments 
yielded results, if the students reflected on the 
results, and if the results influenced their design 
choices.  

   
 4. RESULTS 

The results of the workshop data analysis were 
collected into matrices and visually represented on 
the framework scheme of the workshop, which was 
presented in (Fig. 2). This visual representation of the 
results can be seen in (Fig. 4), where one group’s 
performance is given as an example. 

 
Fig. 4 Example of results graph (Group 5) (red – completed 
task, white – not completed task, pink – outside of workshop 
timeframe) 
 

In the first module, with the conceptually clear 
heliodon, all five groups conducted experiments by 
using the tool, “made a discovery,” engaged in 
thorough reflections, and claimed that the use of the 
tool impacted their design choices. 75% of the 
students found this module very useful or 
useful.  10% found the activities informative, and the 
remaining 15% did not express opinions. 

In the second module, following the Sol-Air 
approach with the digital tools, one group was 
discarded from the statistic because even though 
they completed the exercise, they opted for another 
software for optimizing their design. However, all 
four other groups conducted experiments in the 
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software after the exercise, they all claimed to have 
“made discoveries” or have “seen the bigger picture.” 

They further claimed that the second task allowed 
them to reflect on their design. However, only two 
groups claimed that this module influenced their 
design choices. 60% of students found this module 
useful or very useful, 5% found the activities 
informative, and 5% rated them as not useful. The 
remaining 20% did not express any opinion. 

Unfortunately, due to time constraints and the 
approaching final semester presentations, only two 
groups used the tool and completed the TLA in the 
third and final module of the workshop. Only one 
group claimed that the activity influenced their design 
choices.  
 
5. DISCUSSION  

The analysis conducted after the workshop 
emphasized a few reflection points that require 
heightened attention in the further development of 
this study in order to refine the methodology and 
strengthen the basis for drawing conclusions.  

For example, the climatic context the students 
worked with determined certain attitudes toward the 
workshop activities. Seeing that the main topic of the 
workshop was “Sun and Form,” naturally, groups that 
aligned their concept development with other 
bioclimatic strategies, like the relationship between 
wind and form, for example, perceived the workshop 
as a distraction, either not fully utilizing the activity or 
underestimating its potential contribution to their 
project development. 
   
6. CONCLUSIONS 

This article summarizes the first attempt of a 
series of experimental workshops aiming to build a 
comprehensive methodology for conducting 
systematic investigations of bioclimatic design 
strategies through the utilization of analog and digital 
tools. 

Some patterns were detected, but the sample of 
5 groups was too small to draw conclusions. A second 
workshop is planned for the autumn semester of 
2024, which will repeat the study with refined 
protocols based on our current findings. It will expand 
the sample size and will span over another module, 
combining CFD tools with a water-based streamline 
visualization tool focusing on the relationship 
between wind and form.  
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ABSTRACT: This paper focuses on architecture and urban design education facing climate change, and the urgent 
need to integrate sustainability within university programs at Tunisian architecture schools. 
Our methodology is structured around two important phases. First, the literature review examines several 
pedagogical experiences and case studies to identify emerging trends to build the AKSA Matrix (Awareness, 
Knowledge, Skills, And Attitude) as an assessment tool.  
Secondly, we confront this matrix with the local pedagogical context. The investigation is conducted to 
determine the level of the current implementation of sustainability issues at the macro (academic program) and 
micro (design studio) levels from the first to last year. This involves analyzing the content of the courses and 
examining the whole design process, teaching methods, and students’ outcomes. 
The findings reveal that the challenges are to deal with multiple difficulties at different levels especially when it 
comes to knowledge delivered, and skills needed. Despite some efforts, Sustainability issues are not taken 
seriously and are still looked at as a facultative matter in the Tunisian academic curriculum.  
This research suggests the AKSA model as an instrument for change to enhance the integration of sustainability 
within the local context, taking into consideration the unique specificities and needs.  
KEYWORDS: Sustainability, Architecture, education, knowledge, skills. 
 
 

1. INTRODUCTION  
The growing global focus on incorporating 

sustainable development into architecture and urban 
design education is a worldwide concern. This 
emphasizing situation indicates the urgent need to 
rethink and acknowledge that the built environment 
plays a vital role in dealing with the interconnected 
challenges of the 21st century. The Commission of 
the European Communities has defined Sustainable 
Development as a strategy aimed at ensuring the 
continuity over time of economic and social 
development while respecting the environment and 
ensuring that it meets the needs of the present 
without compromising the ability of future 
generations to meet their own needs [1]. 

This emerging paradigm admits several definitions 
and various ambiguities that can be seen from diverse 
angles and multidisciplinary visions. It cannot be 
implemented as additional knowledge but asks us to 
rethink outside disciplinary boundaries and limits. A 
substantial shift in policies is needed to facilitate the 
transfer of knowledge and enhance the 
implementation of environmental sustainability 
within the creative design [2]. 

In this context, many strategies, initiatives, and 
experiences have been conducted to integrate 
sustainability issues into architectural education. 

They shed light on new teaching methods and 
approaches to successfully integrate these issues into 
academic curricula and programs. The accreditation 
requirements and regulatory bodies worldwide play a 
role in supporting and promoting sustainability in 
architectural education.  

The aim is to improve understanding and develop 
awareness, knowledge, skills, and attitudes needed to 
face this challenge so students can act and develop 
solutions to environmental, social, and economic 
problems. The UNESCO-UIA Charter for Architectural 
Education declares that educators must prepare 
future architects to formulate new solutions for the 
present and the future as the new era will bring with 
it grave and complex challenges concerning the social 
and functional degradation of many human 
settlements [3].  

This paper focuses on architecture and urban 
design education facing climate change, and the 
urgent need to integrate sustainability within 
university programs at Tunisian architecture schools. 
 
2. METHOD 

The purpose of the study is to determine the level 
of the current implementation of sustainability in the 
Tunisian architecture program and specifically the 
National School of Architecture and Urbanism on 
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both macro (academic curriculum) and micro (design 
studio) scales from the first to last year.  

Our methodology is structured around two phases. 
First, the literature review examines several 
pedagogical experiences to identify emerging trends 
and build the AKSA matrix (Awareness, Knowledge, 
Skills, And Attitude) as an assessment tool. It explores 
the ‘what’ (content and structure of courses and 
programs) and the ‘how’ (pedagogies and 
implementation processes for teaching methods and 
curriculum development purposes) worldwide. 
Secondly, we confront this matrix with the local 
current pedagogical context based on data collected 
at different levels from the first to the final year. On 
the macro-scale, our study involves document 
analysis of program syllabi and courses materials 
within the curriculum. On the micro-scale, 
observations are conducted within the design studio 
to analyze the whole design process, teaching 
methods, and students’ learning outcomes (Fig. 1). 

By studying both scales, The AKSA matrix will be 
used to enhance the integration of sustainability 
within the Tunisian context, taking into consideration 
the unique specificities and needs. 

 

 
Figure 1: Research Method, Data Collection and Analysis. 
 
3. CASE STUDY 

We choose to focus our study on academic 
curricula at The National School of Architecture and 
Urban Planning in Tunis (ENAU). It is the first and only 
public school of architecture in Tunisia. Over the 
years, other private institutions offering architectural 
studies, have emerged, and we have also chosen to 
examine their programs. It should be mentioned that 
the curriculum and structure at (ENAU) have been 
reproduced by most, if not all, of these institutions. 

Returning to history of the architectural education 
in Tunisia has allowed us to understand local 
specificities and contextualized performance criteria 
underlying Architectural Education. The first 
institution established was the School of Fine Arts of 
Tunis, founded in 1923. Since then, it has been 
followed by the establishment of the National School 
of Architecture and Urbanism in 1994. From the 

pedagogical reform of 1997 till today, several 
attempts to restructure programs have taken place to 
set up pedagogical content, which adapts to the 
needs and expectations of teachers and students.  

The system of the School of Fine Arts has had an 
impact with its emphasis on classical aesthetics, 
historical references, principles of proportion, and 
harmony in design. It has shaped pedagogical 
practices in Tunisian architectural schools.  

 
4. THE AKSA MATRIX: AWARENESS, KNOWLEDGE, 

SKILLS, AND ATTITUDE 
4.1 Literature review 

Since the 1990s, education has adopted the 
Competency-Based Approach, which focuses on 
"knowing how to act". This approach focuses on the 
object of learning, what we want the learner to 
develop or acquire: skills. The search for skills is the 
main object of learning in active and dynamic 
teaching methods. In educational science, a skill is an 
identifiable situation that corresponds to a task that 
the student can solve in an effective way [4].  

In Architectural education, students are equipped 
with a wide range of knowledge and skills essential 
for both academic learning and professional practice. 
Procedures for validation and accreditation in 
architectural education are outlined by national and 
international organizations, such as the European 
Association for Architectural Education (EAAE) or the 
National Architectural Accrediting Board (NAAB) in 
the United States [5].  

These entities not only specify the necessary 
knowledge but also outline the required skills for 
individuals to become competent professionals 
capable of meeting market demands. The UNESCO-
UIA validation system aims to establish an 
international standard of excellence and assessment 
of the quality of architectural education ensuring the 
integrity of validated schools. This charter, created in 
1996, outlines a set of guidelines that architects 
should acquire through their education to meet the 
professional, social, and cultural challenges of the 
modern world. When it comes to sustainability issues, 
this calls for a reconsideration of the integration of 
complexity within this paradigm. The Education 
Commission of the International Union of Architects 
has made significant progress in recent years towards 
a sustainable future [6].  

The literature highlights different case studies 
throughout the world from North and South America, 
Europe, Asia, Africa, and Australia conducted to 
incorporate sustainability in architectural education. 

According to the University Leaders for a 
Sustainable Future association, since 1990, more than 
300 universities have signed the Talloires Declaration, 
committing themselves to the pursuit of a sustainable 
future. This declaration serves as a comprehensive 

 

framework for universities to integrate sustainability 
into their missions and operations.  

In Canada, some universities have successfully 
implemented significant initiatives to genuinely 
transform their campuses, incorporating 
sustainability into their teaching and research. 
Several of these institutions have chosen to take 
control of their built environment, while others have 
established transdisciplinary research laboratories 
focused on sustainable development. 

In Europe, the EDUCATE Initiative (Environmental 
Design in University Curricula and Architectural 
Training in Europe) stands out among others as an 
academic project to promote environmental design 
education in university curricula and architectural 
education. One of the goals was to define and test a 
curriculum and pedagogical framework that bridges 
current divides between sustainability-related 
technical information and the design studio at 
different levels and stages of architectural education 
to meet current professional demands and 
expectations [7]. Integrating sustainability into 
education requires a foundational understanding of 
key concepts, principles, and frameworks.  

On one hand, the assessment methodologies and 
Environmental quality certifications such as the 
BREEAM (Building Research Establishment 
Environmental Assessment Method), NF HQE (High 
Environmental Quality), and LEED (Leadership in 
Energy and Environmental Design) have emerged to 
guide in ensuring the responsible nature of the 
building, with variations depending on construction 
types, countries, climates, cultures, regulations [8]. 

On the other hand, there are additional 
considerations to consider, such as the 17 Sustainable 
Development Goals (SDGs) covering various 
dimensions of societal, economic, and environmental 
well-being. In the field of architecture, these targets 
offer a roadmap for fostering sustainable practices 
and conscious principles [9] to face poverty and 
hunger, ensure decent work for all, achieve 
prosperity, peace, gender equality, justice, and 
protection of human rights, tackle climate change and 
environmental degradation, and afford water and 
clean energy. These tools are alternatives to ensure 
the learning and awareness of students [10]. 

Several teaching methods are employed in 
shaping these learning experiences including 
Knowledge-based Process, learning by doing, 
Collaborative Learning, Performance-based design, 
and the Integrated approach also known as 
Integrated Pedagogy, the interdisciplinary approach 
encourages students to draw from diverse knowledge 
areas, fostering a holistic understanding of 
sustainability  [11, 12]. Despite these variations, a 
shared global concern for environmental issues exists, 
fostering common ground. 

 
4.2 The AKSA Matrix as an assessment tool 

This leads us to the AKSA matrix, which represents 
various criteria in terms of awareness, knowledge, 
skills, and attitude (Table 1), as an assessment tool for 
the investigative study. It is structured around three 
levels of complexity: sensiblization, validation, and 
reflection taking into account the progression of 
education from the first to the fifth year (Table 2). 

The AKSA Matrix stands as a holistic 
comprehensive model encompassing key dimensions 
critical to evaluating the efficacity of educational 
programs, particularly within the field of architecture. 
 
Table 1: AKSA Matrix Criteria (Part 1). 

 

Guidelines for the Proposed AKSA 
Criteria within the Local Tunisian 

Pedagogical Context 
  A
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Awareness of environmental and 
contextual factors in sustainable design 

      

 Awareness of site-specific characteristics 
vernacular architectural solutions 

  

Understanding Tunisian context and site 
dynamics for sustainable design 

   

Knowledge of human-environment 
interaction, social context, accessibility 

   

Understanding built environment 
materials, construction, climate comfort 

   

Skills in Multidisciplinary approach to 
sustainable design challenges 

   

  Skills in environmental design strategies 
considering various factors and contexts 

   

 
Table 2: AKSA Matrix Criteria (Part2). 

Levels  The Proposed AKSA criteria by levels 
 

  Sensibilization 
A1-A3-A4-A5-A6-A7-A8-A9-A11-A14 

K1-K2-K3-K5-K8-K9-K10 
 
 

Validation 
 

A2-A4-A10-A11-A12-A13-A14 
K1-K2-K3-K4-K5-K7-K8-K9-K10-K11-K12-K13 

K14-K15-K16-K17-K18-K19-K20-K21-K22 
K23-K27-K28-K29-K30 

S2-S3-S4-S5-S6-S7-S9-S10-S11-S12 
S13-S14-S15-S16 

 

 
Reflection 

 

 K1-K6-K7-K8-K9-K10-K11-K12-K13-K14 
K15-K16-K17-K18-K19-K20-K21-K22-K23-K24 

K25-K26-K27-K28-K29-K30-K31-K32-K33 
S1-S2-S3-S4-S5-S6-S7-S8-S9-S10-S11 

S12-S13-S14-S15-S16 
 

Sustainability awareness requires a conscious 
recognition of environmental, social, and economic 
challenges. This recognition fosters an understanding 
of the relationship between human activities and the 
well-being of our planet. Acquiring knowledge in 
sustainability is essential for a comprehensive 
understanding of sustainable principles, including 
eco-friendly practices, conservation strategies, and 
the broader implications of human actions on 
ecosystems. Developing skills in sustainability 
represents the application of this understanding and 
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both macro (academic curriculum) and micro (design 
studio) scales from the first to last year.  

Our methodology is structured around two phases. 
First, the literature review examines several 
pedagogical experiences to identify emerging trends 
and build the AKSA matrix (Awareness, Knowledge, 
Skills, And Attitude) as an assessment tool. It explores 
the ‘what’ (content and structure of courses and 
programs) and the ‘how’ (pedagogies and 
implementation processes for teaching methods and 
curriculum development purposes) worldwide. 
Secondly, we confront this matrix with the local 
current pedagogical context based on data collected 
at different levels from the first to the final year. On 
the macro-scale, our study involves document 
analysis of program syllabi and courses materials 
within the curriculum. On the micro-scale, 
observations are conducted within the design studio 
to analyze the whole design process, teaching 
methods, and students’ learning outcomes (Fig. 1). 

By studying both scales, The AKSA matrix will be 
used to enhance the integration of sustainability 
within the Tunisian context, taking into consideration 
the unique specificities and needs. 

 

 
Figure 1: Research Method, Data Collection and Analysis. 
 
3. CASE STUDY 

We choose to focus our study on academic 
curricula at The National School of Architecture and 
Urban Planning in Tunis (ENAU). It is the first and only 
public school of architecture in Tunisia. Over the 
years, other private institutions offering architectural 
studies, have emerged, and we have also chosen to 
examine their programs. It should be mentioned that 
the curriculum and structure at (ENAU) have been 
reproduced by most, if not all, of these institutions. 

Returning to history of the architectural education 
in Tunisia has allowed us to understand local 
specificities and contextualized performance criteria 
underlying Architectural Education. The first 
institution established was the School of Fine Arts of 
Tunis, founded in 1923. Since then, it has been 
followed by the establishment of the National School 
of Architecture and Urbanism in 1994. From the 

pedagogical reform of 1997 till today, several 
attempts to restructure programs have taken place to 
set up pedagogical content, which adapts to the 
needs and expectations of teachers and students.  

The system of the School of Fine Arts has had an 
impact with its emphasis on classical aesthetics, 
historical references, principles of proportion, and 
harmony in design. It has shaped pedagogical 
practices in Tunisian architectural schools.  

 
4. THE AKSA MATRIX: AWARENESS, KNOWLEDGE, 

SKILLS, AND ATTITUDE 
4.1 Literature review 

Since the 1990s, education has adopted the 
Competency-Based Approach, which focuses on 
"knowing how to act". This approach focuses on the 
object of learning, what we want the learner to 
develop or acquire: skills. The search for skills is the 
main object of learning in active and dynamic 
teaching methods. In educational science, a skill is an 
identifiable situation that corresponds to a task that 
the student can solve in an effective way [4].  

In Architectural education, students are equipped 
with a wide range of knowledge and skills essential 
for both academic learning and professional practice. 
Procedures for validation and accreditation in 
architectural education are outlined by national and 
international organizations, such as the European 
Association for Architectural Education (EAAE) or the 
National Architectural Accrediting Board (NAAB) in 
the United States [5].  

These entities not only specify the necessary 
knowledge but also outline the required skills for 
individuals to become competent professionals 
capable of meeting market demands. The UNESCO-
UIA validation system aims to establish an 
international standard of excellence and assessment 
of the quality of architectural education ensuring the 
integrity of validated schools. This charter, created in 
1996, outlines a set of guidelines that architects 
should acquire through their education to meet the 
professional, social, and cultural challenges of the 
modern world. When it comes to sustainability issues, 
this calls for a reconsideration of the integration of 
complexity within this paradigm. The Education 
Commission of the International Union of Architects 
has made significant progress in recent years towards 
a sustainable future [6].  

The literature highlights different case studies 
throughout the world from North and South America, 
Europe, Asia, Africa, and Australia conducted to 
incorporate sustainability in architectural education. 

According to the University Leaders for a 
Sustainable Future association, since 1990, more than 
300 universities have signed the Talloires Declaration, 
committing themselves to the pursuit of a sustainable 
future. This declaration serves as a comprehensive 

 

framework for universities to integrate sustainability 
into their missions and operations.  

In Canada, some universities have successfully 
implemented significant initiatives to genuinely 
transform their campuses, incorporating 
sustainability into their teaching and research. 
Several of these institutions have chosen to take 
control of their built environment, while others have 
established transdisciplinary research laboratories 
focused on sustainable development. 

In Europe, the EDUCATE Initiative (Environmental 
Design in University Curricula and Architectural 
Training in Europe) stands out among others as an 
academic project to promote environmental design 
education in university curricula and architectural 
education. One of the goals was to define and test a 
curriculum and pedagogical framework that bridges 
current divides between sustainability-related 
technical information and the design studio at 
different levels and stages of architectural education 
to meet current professional demands and 
expectations [7]. Integrating sustainability into 
education requires a foundational understanding of 
key concepts, principles, and frameworks.  

On one hand, the assessment methodologies and 
Environmental quality certifications such as the 
BREEAM (Building Research Establishment 
Environmental Assessment Method), NF HQE (High 
Environmental Quality), and LEED (Leadership in 
Energy and Environmental Design) have emerged to 
guide in ensuring the responsible nature of the 
building, with variations depending on construction 
types, countries, climates, cultures, regulations [8]. 

On the other hand, there are additional 
considerations to consider, such as the 17 Sustainable 
Development Goals (SDGs) covering various 
dimensions of societal, economic, and environmental 
well-being. In the field of architecture, these targets 
offer a roadmap for fostering sustainable practices 
and conscious principles [9] to face poverty and 
hunger, ensure decent work for all, achieve 
prosperity, peace, gender equality, justice, and 
protection of human rights, tackle climate change and 
environmental degradation, and afford water and 
clean energy. These tools are alternatives to ensure 
the learning and awareness of students [10]. 

Several teaching methods are employed in 
shaping these learning experiences including 
Knowledge-based Process, learning by doing, 
Collaborative Learning, Performance-based design, 
and the Integrated approach also known as 
Integrated Pedagogy, the interdisciplinary approach 
encourages students to draw from diverse knowledge 
areas, fostering a holistic understanding of 
sustainability  [11, 12]. Despite these variations, a 
shared global concern for environmental issues exists, 
fostering common ground. 

 
4.2 The AKSA Matrix as an assessment tool 

This leads us to the AKSA matrix, which represents 
various criteria in terms of awareness, knowledge, 
skills, and attitude (Table 1), as an assessment tool for 
the investigative study. It is structured around three 
levels of complexity: sensiblization, validation, and 
reflection taking into account the progression of 
education from the first to the fifth year (Table 2). 

The AKSA Matrix stands as a holistic 
comprehensive model encompassing key dimensions 
critical to evaluating the efficacity of educational 
programs, particularly within the field of architecture. 
 
Table 1: AKSA Matrix Criteria (Part 1). 

 

Guidelines for the Proposed AKSA 
Criteria within the Local Tunisian 

Pedagogical Context 
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Awareness of environmental and 
contextual factors in sustainable design 

      

 Awareness of site-specific characteristics 
vernacular architectural solutions 

  

Understanding Tunisian context and site 
dynamics for sustainable design 

   

Knowledge of human-environment 
interaction, social context, accessibility 

   

Understanding built environment 
materials, construction, climate comfort 

   

Skills in Multidisciplinary approach to 
sustainable design challenges 

   

  Skills in environmental design strategies 
considering various factors and contexts 

   

 
Table 2: AKSA Matrix Criteria (Part2). 

Levels  The Proposed AKSA criteria by levels 
 

  Sensibilization 
A1-A3-A4-A5-A6-A7-A8-A9-A11-A14 

K1-K2-K3-K5-K8-K9-K10 
 
 

Validation 
 

A2-A4-A10-A11-A12-A13-A14 
K1-K2-K3-K4-K5-K7-K8-K9-K10-K11-K12-K13 

K14-K15-K16-K17-K18-K19-K20-K21-K22 
K23-K27-K28-K29-K30 

S2-S3-S4-S5-S6-S7-S9-S10-S11-S12 
S13-S14-S15-S16 

 

 
Reflection 

 

 K1-K6-K7-K8-K9-K10-K11-K12-K13-K14 
K15-K16-K17-K18-K19-K20-K21-K22-K23-K24 

K25-K26-K27-K28-K29-K30-K31-K32-K33 
S1-S2-S3-S4-S5-S6-S7-S8-S9-S10-S11 

S12-S13-S14-S15-S16 
 

Sustainability awareness requires a conscious 
recognition of environmental, social, and economic 
challenges. This recognition fosters an understanding 
of the relationship between human activities and the 
well-being of our planet. Acquiring knowledge in 
sustainability is essential for a comprehensive 
understanding of sustainable principles, including 
eco-friendly practices, conservation strategies, and 
the broader implications of human actions on 
ecosystems. Developing skills in sustainability 
represents the application of this understanding and 
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empowers students to implement and incorporate 
sustainable solutions into their projects. Attitude 
towards sustainability reflects the student's values, 
beliefs, commitment, and mindset to adopting 
environmentally responsible practices.  

We mention, for example among the AKSA Matrix 
articulating around the environmental, sociocultural, 
contextual, and economic, dimensions : 
Awareness related to: 
 The ecological and environmental issues involved 

in architectural practice. 
 The socio-economic and cultural context in which 

built environments are created. 
 Vernacular architecture and contribution to the 

creation of sustainable environments. 
 The potential of traditional and new materials 

and technologies to inform design. 
Knowledge related to :  
 Relation to Tunisia's climatic identity. 
 History and practice of landscape architecture, 

ecological urban planning, and sustainable cities 
 knowledge of the key values and principles of 

vernacular architectural design. 
 Local and regional priorities in relation to 

environmental issues. 
 Understanding the social context in which built 

environments are created, ergonomic and spatial 
requirements and needs, and issues of equity 
and access, User accessibility. 

 Understanding of traditional vernacular building 
materials and processes. 

 Knowledge of traditional and bioclimatic 
technical systems for heating, cooling (Capture, 
distribute and regulate, protect against heat) 

Skills related to:  
 Ability to adopt a multi/inter/transdisciplinary 

approach to sustainable design issues. 
 Ability to design the architectural project 

concerning its geographical and contextual 
requirements, typography, climate...  

 Ability to propose innovative technical solutions 
inspired by vernacular architecture. 

 Ability to meet the requirements and needs of 
building users within the constraints of cost, 
building regulations, and sustainability. 

 Ability to meet the indoor comfort requirements 
and needs of building users: The ability to create 
a satisfactory indoor environment. 

 Ability to develop a project by defining the needs 
and requirements of society and users in terms 
of ergonomic and spatial requirements and 
issues of equity and access / User accessibility. 

5. RESULTS AND DISCUSSION 
By using the AKSA Matrix, the analysis of data is 

both quantitative and qualitative framework.  
The findings reveal that at the macro level, our focus 
is on scrutinizing the entirety of the academic 

programs, spanning from the foundational to 
advanced levels.  

In this context, we can identify that there is a 
limited number of courses that explicitly address 
sustainability in their content. Even these courses 
only focus on the social aspect of sustainability while 
neglecting the consideration of environmental and 
economic aspects. These courses rarely appear during 
the early years but become more concentrated in the 
fifth and final year (Table 3) Instead of approaching it 
by levels of complexity in terms of awareness, 
knowledge, skills, and attitudes needed (Fig. 2). 
 
Table 3: Track of Sustainability Awareness, Knowledge, and 
Skills within program content over the years. 

 
 

One of the challenges lies in the disconnection 
between various theoretical courses and design 
studios, as well as the lack of coordination between 
theoretical principles and their application within the 
same academic year, and from one year to the next. 
 

 
Figure 2: Track of Complexity of Sustainability within 
Program Content Over the Years. 

Transitioning to the micro level, we carefully 
analyze the pedagogical landscape within design 
studios. This is where theoretical principles meet 
practical application. It involves an in-depth 
exploration of the design process, teaching 

 

methodologies employed, and the student’s learning 
outcomes. In this context, we can identify 
dysfunctions at two levels: the design process and the 
learning outcomes. The design process mainly 
prioritizes the exploration of form and volume and 
focuses on functional programs, with limited 
emphasis on sustainability. 

Within the design studio of the 1st year (Fig. 3), 
we can identify some awareness levels among 
students but a total absence of knowledge, 
understanding of skills, and attitude related to 
sustainable design principles.  
 

 
Figure 3: Assessment of student’s outcome using AKSA 
Matrix (Year 1). 
 

Within the design studio of 2nd as well as 3rd years 
(Fig. 4), many students are environmentally aware, 
and they can have the knowledge and the attitude 
needed but not the skills acquired. 
 

 
Figure 4: Assessment of student's outcome using AKSA 
Matrix (Year 3). 

 
In other cases, and especially in the fifth and final 

year during our first observation conducted (Fig. 5),  
students express the intention to integrate 
sustainability into their projects but encounter 
difficulties in doing so due to various factors. They 
may face many challenges such as limited resources, 
complex projects, time management… The primary 
focus remains on providing information and 
awareness about sustainability, rather than 
integrating it deeply. In addition to that, students 
generally receive minimal encouragement to 
incorporate sustainability and instructors often do 
not consider it essential. Philosophy statements and 
objectives of programs refer to relating design 

artifacts to the social aspect of sustainability. Each 
instructor follows their own methods, guided by their 
own ideologies, principles, and beliefs in design.  
 

 
Figure 5: Assessment of student's outcome using AKSA 
Matrix (Year 5 (Case 1)). 
 

Even if sustainability is introduced at the 
beginning of the instruction, its presence is often not 
evident in the learning outcomes, revealing a 
disconnect between the teacher's pedagogical 
intentions and the students' reception.  
 

 
Figure 6: Assessment of student’s outcome using AKSA 
Matrix (Year 5 (Case 2)). 

 
This is different from the 2nd observation 

conducted (Fig. 6), where students were encouraged 
but they faced constraints such as conflicting and 
complex project requirements, and time 
management…(Fig. 7). 
 

 
Figure 7: Categories of dysfunctions (Year 5). 

One concern with this matrix is that we have had 
considerable difficulty in assessing students' work 
across levels, particularly in terms of dealing 
effectively with the increasing complexity from the 1st 

1558



 

empowers students to implement and incorporate 
sustainable solutions into their projects. Attitude 
towards sustainability reflects the student's values, 
beliefs, commitment, and mindset to adopting 
environmentally responsible practices.  

We mention, for example among the AKSA Matrix 
articulating around the environmental, sociocultural, 
contextual, and economic, dimensions : 
Awareness related to: 
 The ecological and environmental issues involved 

in architectural practice. 
 The socio-economic and cultural context in which 

built environments are created. 
 Vernacular architecture and contribution to the 

creation of sustainable environments. 
 The potential of traditional and new materials 

and technologies to inform design. 
Knowledge related to :  
 Relation to Tunisia's climatic identity. 
 History and practice of landscape architecture, 

ecological urban planning, and sustainable cities 
 knowledge of the key values and principles of 

vernacular architectural design. 
 Local and regional priorities in relation to 

environmental issues. 
 Understanding the social context in which built 

environments are created, ergonomic and spatial 
requirements and needs, and issues of equity 
and access, User accessibility. 

 Understanding of traditional vernacular building 
materials and processes. 

 Knowledge of traditional and bioclimatic 
technical systems for heating, cooling (Capture, 
distribute and regulate, protect against heat) 

Skills related to:  
 Ability to adopt a multi/inter/transdisciplinary 

approach to sustainable design issues. 
 Ability to design the architectural project 
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5. RESULTS AND DISCUSSION 
By using the AKSA Matrix, the analysis of data is 
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neglecting the consideration of environmental and 
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fifth and final year (Table 3) Instead of approaching it 
by levels of complexity in terms of awareness, 
knowledge, skills, and attitudes needed (Fig. 2). 
 
Table 3: Track of Sustainability Awareness, Knowledge, and 
Skills within program content over the years. 

 
 

One of the challenges lies in the disconnection 
between various theoretical courses and design 
studios, as well as the lack of coordination between 
theoretical principles and their application within the 
same academic year, and from one year to the next. 
 

 
Figure 2: Track of Complexity of Sustainability within 
Program Content Over the Years. 

Transitioning to the micro level, we carefully 
analyze the pedagogical landscape within design 
studios. This is where theoretical principles meet 
practical application. It involves an in-depth 
exploration of the design process, teaching 

 

methodologies employed, and the student’s learning 
outcomes. In this context, we can identify 
dysfunctions at two levels: the design process and the 
learning outcomes. The design process mainly 
prioritizes the exploration of form and volume and 
focuses on functional programs, with limited 
emphasis on sustainability. 

Within the design studio of the 1st year (Fig. 3), 
we can identify some awareness levels among 
students but a total absence of knowledge, 
understanding of skills, and attitude related to 
sustainable design principles.  
 

 
Figure 3: Assessment of student’s outcome using AKSA 
Matrix (Year 1). 
 

Within the design studio of 2nd as well as 3rd years 
(Fig. 4), many students are environmentally aware, 
and they can have the knowledge and the attitude 
needed but not the skills acquired. 
 

 
Figure 4: Assessment of student's outcome using AKSA 
Matrix (Year 3). 

 
In other cases, and especially in the fifth and final 

year during our first observation conducted (Fig. 5),  
students express the intention to integrate 
sustainability into their projects but encounter 
difficulties in doing so due to various factors. They 
may face many challenges such as limited resources, 
complex projects, time management… The primary 
focus remains on providing information and 
awareness about sustainability, rather than 
integrating it deeply. In addition to that, students 
generally receive minimal encouragement to 
incorporate sustainability and instructors often do 
not consider it essential. Philosophy statements and 
objectives of programs refer to relating design 

artifacts to the social aspect of sustainability. Each 
instructor follows their own methods, guided by their 
own ideologies, principles, and beliefs in design.  
 

 
Figure 5: Assessment of student's outcome using AKSA 
Matrix (Year 5 (Case 1)). 
 

Even if sustainability is introduced at the 
beginning of the instruction, its presence is often not 
evident in the learning outcomes, revealing a 
disconnect between the teacher's pedagogical 
intentions and the students' reception.  
 

 
Figure 6: Assessment of student’s outcome using AKSA 
Matrix (Year 5 (Case 2)). 

 
This is different from the 2nd observation 

conducted (Fig. 6), where students were encouraged 
but they faced constraints such as conflicting and 
complex project requirements, and time 
management…(Fig. 7). 
 

 
Figure 7: Categories of dysfunctions (Year 5). 

One concern with this matrix is that we have had 
considerable difficulty in assessing students' work 
across levels, particularly in terms of dealing 
effectively with the increasing complexity from the 1st 
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year to the final year. This area requires more careful 
attention and development. 

Based on the AKSA Matrix, constructed from a 
literature review, the findings have provided an 
analysis of sustainability implementation across 
Awareness, Knowledge, Skills, and Attitude 
dimensions in the Tunisian pedagogical context. 
Beyond its role as an assessment tool, this Matrix 
stands out as a powerful instrument for change.  
Approaching the different dimensions of the 
Sustainability Paradigm involves considering various 
factors such as different levels of complexity, 
including the aspects of Year, Content, Knowledge, 
Skills, Ability, and teaching methods (Fig. 8 ). 
 

 
Figure 8: The Framework proposed based on AKSA Matrix.  
 
6. CONCLUSION 

In light of the research results, the findings show a 
focus on knowledge and skills specific to design and 
aesthetics within the Fine Arts system that has 
shaped the educational landscape over the years in 
Teaching architecture in Tunisia. This situation reveals 
several challenges of integrating sustainability despite 
some efforts and experiences and how it is taught, 
learned, and practiced in Tunisia. 

The research highlights the importance of 
Sustainability paradigm in architectural education 
from the first to the final years of study, as well as the 
need to improve teaching methods and resources to 
promote sustainability in the practice of architecture. 
It is imperative to adapt content taught to the job 
market, and industry and to new issues, particularly 
environmental ones.  

The aim is to suggest revisions, reformulations, 
and restructuring of the performance criteria and 
teaching methods that shape architectural education 
in Tunisia concerning the sustainability paradigm on 
both levels of curriculum and design studio taking 
into consideration the unique specificities and needs 
of the local context.  

And because Integrating sustainability is an 
ongoing process that requires continuous evaluation 
and adaptation, the outcome of this study provides 

potential solutions to dressing the difficulties, and 
complex issues that can be dealt with.  

Therefore, The AKSA matrix is designed to be 
adapted and transferred to other pedagogical 
contexts. However, it is important to discuss how 
these adaptations can be carried out and achieved 
effectively, considering the differences between 
educational systems and settings. 
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ABSTRACT: There is a limited understanding of householders’ cultural differences, resultant energy behaviour 
and its impact on indoor air quality. Indoor air quality directly impacts the health and well-being of occupants. 
The airborne COVID-19 epidemic has highlighted shortcomings of controlled ventilation systems in recent 
reports. The recently published works including National Design Guide (Jan 2021) are underpinned by the quality 
of life for the occupants and users of buildings. However, there is a lack of reference to the socio-cultural 
background of the occupants and how it informs the way we use spaces and hence its impact on indoor thermal 
comfort, overheating and air quality. The main aim of this research is therefore to develop insights into the 
realities associated with the social and physical context of one of the key cultural practices, cooking, in kitchens. 
The impact of cultural behaviour on indoor thermal conditions is examined by studying the impact of cooking on 
indoor air quality in British-Asian homes in comparison with white British homes through a detailed study of 
households in Plymouth and Cardiff, UK. This project lays the foundations for larger-scale research working with 
diverse ethnic minority communities to promote a resilient, inclusive, low-carbon society. 

KEYWORDS: Indoor air quality, energy behaviour, Ethnic minority, Indoor thermal comfort Energy, low-carbon 
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1. INTRODUCTION 
The housing sector is responsible for around 27% 

of carbon emissions [1] therefore to hit the 2050 
carbon target, new homes need to be built to ‘2050’ 
ready standards [2]. This will mean homes are built 
with high insulation and controlled ventilation, with 
no or limited window openings for natural 
ventilation, to avoid heat loss. The success of these 
highly insulated houses is determined by many 
factors including occupants’ behaviour and lifestyle. 
As households in the UK spend nearly 80% of their 
time indoors, air quality in homes is increasingly 
responsible for respiratory issues associated with 
nitrogen dioxide emitted from heating and cooking 
appliances  [3].  
 Indoor air pollution is one of the key 
environmental causes of death globally accounting 
for about 4 million premature deaths. The indoor air 
pollution further exuberates the condition of women 
and children below the age of five as they spend 
more time indoors in homes leading to up to 60 per 
cent of premature deaths [4]. Poor air quality in 
terms of an increase in exposure to PM will lead to an 
increase in hospital admissions, especially in the 
elderly and people with comorbidity [5]. Recent 
studies have demonstrated that Indoor 
Environmental Quality (IEQ) could significantly affect 
occupant’s cognitive skills and in the process their 

learning and working abilities [6]. PM exposure is also 
linked to cognitive deficits and oxidative stress [7, 8]. 
 Indoor air pollution is believed to cause 
respiratory health problems and cancer deaths. 
Further effects include irritation, Nero toxicological 
behaviour and other adverse effects. According to the 
US Environmental Protection Agency (EPA), the 
associated economic cost is considerable; in 2001 
alone, it was likely to be 150 – 200 billion dollars (in 
the USA) [9]. Exposure to PM2.5 is a major health 
concern, as they are small and damage airway cells. 
The Short-term effects include suffocation, burning 
eyes, and headaches. Long-term effects include 
chronic disease and premature death [4].  

Our research indicates that British- Asians use 
their homes differently than White-British in terms of 
spatial organisation, cooking habits and ventilation 
strategies, all of which impact indoor air quality [10]. 
However, data and research linking behaviour to 
indoor air quality is relatively sparse and 
understanding the energy behaviour of ethnic 
minorities is itself a relatively new area.  

Recent studies have demonstrated that household 
culture and ventilation behaviour will have a major 
impact on indoor air quality [4, 12]. There is a limited 
understanding of householders’ cultural differences 
and their impact on spatial organisation and energy 
behaviour in dwellings. Indoor air quality directly 
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impacts the health and well-being of occupants. The 
airborne COVID-19 epidemic has highlighted 
shortcomings of controlled ventilation systems in 
recent reports [11]. While efficiency interventions can 
make homes more affordable to heat, they can 
exacerbate conditions such as asthma, due to 
reduced indoor air quality and ventilation.  

Extensive scientific literature has demonstrated 
that people (users/ occupants) play an important role 
in determining the energy consumption of a building 
and therefore research concerned with indoor air 
quality and ventilation must consider the socio-
cultural behaviour of users [4].  

Further, households have a limited understanding 
of potential health and comfort conditions due to 
their actions [12]. Indoor activities like cooking, 
cleaning etc will result in the generation and re-
suspension of particulate matter (PM2.5) [13, 14]. 
Cooking generates a range of organic and inorganic 
compounds, including species that are identified as 
possible carcinogens such as polycyclic aromatic 
hydrocarbons (PAHs). Studies have shown that the 
risk of lung cancer increases three-fold with the 
increasing number of meals prepared per day [15]. 
Certain types of cooking related to the culture of the 
people such as frying, roasting, and grilling can exert 
a significant impact on pollutant emissions [16].  

The main aim of this research is therefore to 
develop insights into the realities associated with the 
social and physical context of cooking within given 
cultural and environmental circumstances and it is 
achieved by studying the impact of cooking on indoor 
air quality in British-Asian homes in comparison with 
white British homes through a detailed study of 
households in Plymouth and Cardiff, UK. 
 
2. METHODOLOGY 

To achieve the objectives of this study, the 
behaviour patterns and spatial usage, specifically 
related to cooking practices and associated spaces 
are reviewed by comparing British-Asian households 
and native- British households. Survey questionnaires 
are deployed to collect data related to cooking 
patterns and associated issues from 120 homes. 
Measurements of air quality are taken in the homes 
in summer and winter with data loggers to quantify 
the difference in mean daily temperature, relative 
humidity, and air quality index (Figure 1).  

 
Figure 1: Research Methodology 
 
This paper focuses on the quantitative data collected 
during this project (Figure 1) which is triangulated by 
the qualitative and quantitative information gathered 
during the questionnaire survey. 
 
2.1 Measurements 

The HOBO and Tiny tag data recorders were 
placed in strategic locations in the kitchens in 
Plymouth and Cardiff, UK to collect indoor climate 
quality-related variables. The data is collected at 10-
minute intervals over a minimum of fifteen days. 
These loggers were positioned in such a way that 
they would be shielded from any potential sources of 
heat and sunshine. The calibrated Testo 480 IAQ Pro 
loggers were used to measure the interior 
environment temperature (0.3 °C), humidity (1.0%), 
CO2 levels (50 ppm CO2), and airflow (59 fpm). The 
temperature was found to be within the acceptable 
ranges for all these factors. 
 
3 ANALYSIS AND DISCUSSION 

Using the data loggers in neighbouring houses, 
nearly 4100 sets of data are collected over 15 days, 
including daily temperature, relative humidity, and air 
quality in terms of CO2 level.  

 
 
 
 
 
 
 
 
 
 
 

 

 
3.1 Indoor temperature level 

 

Figure 2: Comparative Temperature Level 
 

In the two sets of houses compared, the dry bulb 
temperatures of the British Asian homes were 
consistently higher than the White British Houses 
(Figure 2). The temperature reached nearly 24 
degrees C in August in a British Asian house whereas 
it was two degrees lower at the same time in the 
White British House (Figure 2). Considering the 
similar building typology with building fabric (U 
Value) and spatial organisation, in terms of 
orientation, opening sizes, etc. it is evident that the 
increased temperature in the British Asian Kitchens is 
due to the way they use the kitchen, i.e. the amount 
of time spent in kitchens, especially cooking.  

The questionnaire survey has revealed that British 
Asians spend nearly four times more time in the 
kitchen than white British residents. The overheating 
will have a serious impact on the health of the 
occupiers, particularly the elderly and the very young. 

 
3.2 Humidity 

 
Figure 3: Comparative humidity level in the British Asian and 
White British homes  
 

The user behaviour, activities, and how we use 
space will have a major impact on the humidity level 

in the kitchen. When it comes to humidity, humidity 
below 70 per cent is considered an acceptable level 
[17]. The humidity level is around 55 per cent in the 
rooms of white British homes. Due to the cooking 
activities, the humidity level fluctuates but has 
remained below 65 per cent. However, in the case of 
British Asian homes, the humidity level in the 
kitchens is much higher than 70 per cent and at 
times, it is closer to 90 per cent (Figure 3).  

The higher level of humidity is due to the type and 
duration of cooking. Further, it is also due to the user 
behaviour; for instance, whether they open the 
windows while cooking would have a major impact 
on the indoor humidity level in the kitchens (Figure 
4). 

With super-insulated houses, without proper 
attention to the build-up of steam and humidity 
would have major implications on health in terms of 
including respiratory infections, asthma, and malaise. 
Higher humidity for longer periods will also impact 
the building condition in terms of the corrosion of 
metal components, decayed timber, damp damage 
and mould growth. Further, higher humidity levels, if 
not properly addressed can lead to interstitial 
condensation and lead to hidden structural damage. 
 

 
Figure 4: Comparative humidity level in the British Asian and 
White British homes  

 
3.3 Indoor Carbon Dioxide (CO2) level 

The literature review suggests that there will be 
a normal background concentration of 250 – 400 ppm 
in outdoor ambient air and up to 1000 ppm of CO2 in 
occupied indoor spaces. Once the CO2 concentration 
increases beyond 1000 ppm, occupants will 
experience health effects in buildings. 

In the case of the two kitchens compared, the 
CO2 level was below 90 per cent of the time below 
1000 ppm in the White British home (Figure 6), 
whereas only 45 per cent of the time the kitchen air 
quality was below 1000 ppm. The comparison of air 
quality in the British Asian and White British house 
kitchens clearly demonstrates the poor air quality in 
the British Asian homes as nearly 13 per cent of the 
time the CO2 level is more than 1500 ppm in the 
kitchen (figure 5). 
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Figure 5: CO2 concentration in the kitchen of a British Asian 
home  

 

 
Figure 6: CO2 concentration in the kitchen of a White British 
home  

While comparing the CO2 levels in the British 
Asian and White British homes. Barring a couple of 
days, the CO2 level has been consistently higher in 
British Asian homes with many days CO2 touching 
2000 ppm and dangerously reaching 2500 ppm on 
three occasions (figure 7). 
 

 

Figure 7: Comparative CO2 level in the British Asian 
and White British home  

Analysis of one representative day clearly 
demonstrates the impact of cooking on CO2 levels in 
kitchens. The CO2 level is nearly the same in both 

British Asian and White British homes early morning 
between 2.00 am to 6.30 am (figure 8). The CO2 level 
starts rising in the British Asian home with morning 
kitchen activities and due to the nature of cooking 
activities, stays above 1000ppm for most of the day 
and reaches a peak by 8.00 pm, by the end of cooking 
evening meals. 

 
 

 
Figure 8: Comparative CO2 level in the British Asian and 
White British home - one day 

 
 The marked difference in the CO2 levels in British 

Asian and White British homes is due to many 
reasons but could be mainly attributed to the cooking 
and ventilation habits of the households. The higher 
and prolonged levels of CO2 in British Asian homes 
are due to the duration of cooking. Based on the 
survey conducted in Plymouth and Cardiff, UK, British 
Asians spend 3.3 hours per day in the kitchen during 
the weekday, while White British spend around 1.5 
hours per day in the kitchen. The gap further widens 
during the weekend, wherein, White British cook 
around 1.75 hours/ day while British Asians spend 
nearly 4.16 hours/day cooking. 
 

All the White British respondents (100 per cent) 
said that in summer, during the weekdays, most of 
the time they keep the windows open. Whereas only 
about 16 per cent of the British Asians responded 
that they keep the windows open in the morning. 
Further, 22 per cent of the British Asian respondents 
hardly ever open the windows and nearly 40 per cent 
of them open the windows for one to two hours in 
the morning. Although it is slightly better during the 
weekend as it has dropped to 30 per cent. During the 
weekend, British Asians tend to open their windows 
more than during the weekdays with nearly 30 per 
cent of them opening the windows most of the time. 
Concern for heat loss is evident as they tend to keep 
the window closed most of the time. As 30 per cent 
of them never open the windows and nearly 25 per 
cent open only 1 to two hours in the evening, 
whereas most of the White British keep them open 
for most of the time. 

 

4 CONCLUSION  
4.1 Applications for the research  

The results of this study will be of key interest to 
government policymakers and building industry 
stakeholders. The study identifies the specific areas 
where homeowners’ cultural behaviour impacts the 
air quality. 
 
4.2 Summary     

While acknowledging the need to develop air-
tight homes, emphasis needs to be given to the 
importance of lifestyle and cultural preferences. This 
research focuses on cooking and associated indoor air 
quality as a social and cultural phenomenon that can 
allow insights into the effective formulation of 
localised and relevant indoor air quality and low-
carbon strategies and thus provide a bottom-up tool 
to implement the policies and targets set by the 
professional bodies and the UK government.  

The study in this paper, using a literature review 
and survey fieldwork, has highlighted the similarities 
and differences in the socio-cultural value systems of 
British and British Asian households and the resultant 
indoor air quality. From the outcome of the IAQ Data 
Loggers and questionnaire survey, this paper 
examined one key aspect of lifestyle and cultural 
preferences. 
 
The particular points are as follows:  

1. Particularly higher levels of CO2 in British 
Asian homes for a prolonged period of time 
are alarming and as discussed in the 
literature review, poor air quality in BA 
homes could put them at severe health risk.  

2. Consistently higher level of temperature and 
humidity in BA Houses has to be closely 
studied as lack of ventilation due to lack of 
window opening and cooking preferences 
could lead to mould and risk the health and 
wellbeing of the households. 

4.3 Limitation and further research  
From the outcome of the survey questionnaires 

and IAQ Data Loggers, this paper examined the 
impact of one of the homeowners’ cultural 
behaviours, cooking, and associated behaviours on 
indoor air quality. Further studies with the 
ethnographic survey and interview of households 
triangulated with environmental analysis would be 
helpful to further develop this research and develop a 
healthy living environment for ethnic minority 
households.  

The research has shown that there is a direct 
correlation between the social and cultural values 
and energy behaviour of households. Further 
examination of specific aspects like hourly activities in 

the kitchen and other spaces within the house, would 
provide greater insight into the extent of the impact 
of behaviour on indoor air quality and would go a 
long way in designing the built environment for the 
health and wellbeing of the households and 
sustainable communities for the future.  

This study reviewed selected elements and the 
survey was limited to two cities, Cardiff and Plymouth 
and British Asians. Further examination of other 
places in the UK and other ethnic minority groups 
would be helpful to develop an exhaustive 
understanding of the indoor air quality in ethnic 
minority homes to enable a more sensible and 
inclusive understanding of indoor air quality 
requirements and inform policy decisions.   
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ABSTRACT: This paper shares experiences of setting the design brief and teaching a graduation project using 
integrational and experiential architectural studio pedagogy.  This is a live project that will inform decision 
makers in the University of Newcastle, UK, and its estates department. This paper aims to show how insights 
from environmental psychology and advances in building and urban performance simulation modelling can 
inform a dementia user-centric, energy efficient and sustainable architectural design approach in the pedagogy 
of the design studio. The educational framework, based on the Structure of Observed Learning Outcome (SOLO), 
allows the students to design buildings that provide meaningful multi-sensory experiences that compensate for 
cognitive decline, loss of agency to control personal comfort, while enhancing social engagement in an 
environmentally comfortable and energy efficient environment. 
KEYWORDS: Architectural pedagogy, Dementia, SOLO framework  
 
 

1. INTRODUCTION  
Inclusive Design for people living with mental 

health conditions, and specifically Dementia (PLWD), 
is rarely seen as an architectural project in 
architecture schools. The World Health Organization 
defines ‘dementia’ as a progressive syndrome leading 
to a set of symptoms that lead to deterioration in 
memory, difficulties with thinking, problem solving, 
verbal communication and the ability to perform daily 
tasks. These changes are often incremental at the 
beginning, progressing to a stage where patients 
need to be hospitalized or taken into care homes. The 
mid to late onset of the syndrome, leads to an 
inability to express personal discontent in a socially 
acceptable manner. This necessitates a building 
designed to compensate for sensory, cognitive, and 
physical impairments. Designing purpose-built 
facilities that educate, re-habilitate, provide thermal 
and visual therapeutic environments is a need for 
both patients and their carers.  

Literature suggests that well designed 
environments for a small group of patients in a home 
like environment influences dementia patients' 
behavioural attitude and aids in retention of physical 
abilities to move within the spaces [1,2] The term 
‘well designed environment’ is used here to refer to 
the physical attributes of a building and its sensory 
thermal, visual, and acoustic environments. 
Thermally comfortable and well daylit indoor and 
outdoor environments alleviate symptoms of 
depression, sleep disturbances, and agitation, that 
are commonly treated with antipsychotic drugs. 
Studies show that antipsychotic treatments of PLWDs 

are modestly effective and produce a variety of 
serious side effects [3] 

The prevalence of Dementia is alarming with 55 
million people living with dementia worldwide, and 
10 million new cases diagnosed every year. The 
rates of this syndrome are expected to continually 
rise, with estimates at 75.6 million cases by 2030 
and an expected rise to 135.5 million by 2050 [4] 
The proportion of people diagnosed with Dementia 
doubles for every five years in age and one in six 
people over the age of 80 will be diagnosed with the 
disease. Unfortunately, it also affects a younger age 
group, 42,000 people in the UK under 65 are 
diagnosed with dementia. Globally dementia is 
believed to have cost approximately $1.3 trillion. 
Approximately 50% of these costs are associated 
with direct medical care while the other 50% is 
attributed to unpaid care by family members, social 
care [4]. There are currently around 900,000 people 
with dementia in the UK. This is projected to reach 
1.6 million people in the UK living with dementia in 
2040.This sharp rise is due mainly to accelerated 
population ageing [5]. This positions Dementia as 
the seventh cause of death globally and care 
strategies as a pressing societal issue to provide care 
strategies and homely and comfortable facilities 
when needed. 

Considerations for designing for PLWD coupled 
with climate change, leads to the need to integrate 
the understanding of desperate knowledge domains 
into architectural conceptualization. Proposed 
architectural designs need to reduce building energy 
demand by adopting sound passive design strategies 
that harnesses the natural energy of the site. Passive 
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designs strategies then need to be enhanced by the 
integration of renewable energy technologies in the 
building design process as an architectural feature 
not an add on. 

The School of Architecture, Planning and 
Landscape, Newcastle University, UK has piloted a 
pedagogy of integrating a design centric approach for 
PWLD and sustainability approaches in the design 
studio, since 2019. The aim is to educate a distinct 
graduate, capable of relational and critical thinking 
combining architectural design vision with targeted 
and specialised knowledge, to create environments 
that promote wellness for vulnerable users. 

Critical to an increasing population with dementia, 
is a need to change the social perceptions of mental 
health facilities, commonly confused in the popular 
imagination with Victorian asylums and prisons. The 
availability of facilities that educate, re-habilitate, 
provide therapeutic and healing environments is a 
need for both patients and their carers. This paper 
aims to show how insights from environmental 
psychology and advances in building and urban 
performance simulation modelling can inform a 
dementia user-centric, energy efficient and 
sustainable architectural design approach in the 
pedagogy of the design studio. The educational 
framework allows the students to design buildings 
that provide meaningful multi-sensory experiences 
that compensate for cognitive decline, loss of agency 
to control personal comfort, while enhancing social 
engagement in an environmentally comfortable and 
energy efficient environment. 
 
2. A METHODOLOGY FOR SETTING PEDAGOGICAL 
TARGETS AND COMPETENCIES 

This paper shares experiences of setting the 
design brief and teaching a graduation project in an 
integrational and experiential architectural studio 
pedagogy.  This is a live project that will inform 
decision makers in the University of Newcastle and its 
estates department. The site is part of a multi-million 
intended development of the Health and Innovation 
Neighbourhood (HIN) located in the heart of the city.  

The teaching team aimed to: 
 Create a design brief where the building and 

its surroundings offer a delicate balance 
between memorable sensory experience, 
while reducing information overload for 
PLWDs.  

 Integrate an architectural design 
programme, with the environmental 
psychology theories of ‘affordance’ and 
’Salutogenesis’, the latter delineating the 
psychology of human transactions with their 
environment [6] 

 To amplify the intellectual and analytical 
capabilities of students to visualize and work 

with the invisible environmental energies 
that influence occupants’ comfort and can 
be reiterated into early architectural 
decision- making processes.   

 An understanding that one software will not 
deliver the required indoor and outdoor 
environmental analysis. Instead, a process of 
building the students capabilities for using 
two industry standard software (IESVE and 
ENVI-met) that will require time and 
dedication from the students added to their 
usual commitments in the studio.  

 As the outputs of simulation tools are tables 
and graphs, students need to transfer this 
data into graphical visualization images to 
facilitate design decisions and 
communication with non-experts [7] in this 
case external assessors who may be other 
tutors, medics and members of the public in 
the design team 

The brief was constructed based on evidence-
based research on psycho-spatial effects of space 
design on the vulnerable frail older people living in 
age care facilities [7,8,9], while investigating the use 
of building and urban environmental early-stage 
assessment tools, how to communicate their 
analytical outcomes to be used to develop an 
inclusive design for PLWDs [10] 

The studio trajectory focused on engaging with 
targeted user requirements, the complexity of 
surrounding socio-economic neighbourhood, local 
climate, sustainability, and climate change to deliver 
an integrating interpretation of these driving factors 
into a holistic, situated in place architecture. 

Established Dementia design guidelines [2], 
attempt to highlight the need to address contrasting 
design brief requirements when designing Dementia 
facilities. Contrasting a feeling of ‘home away from 
home’ while providing a hospital secure and easily 
sterilized accommodation. Other contrasting 
requirements include provision of outdoor spaces 
where external environments reduce the effects of 
high wind speed and provides sunny areas, with 
reduced visual contrast in shaded areas, to extend 
the free use of outdoor space for the ‘wandering’, 
while easily being observed by staff and carers. 

Considering time limitations and an aspirational 
studio brief, the teaching team took the view that 
supporting cognitive and experiential thinking 
requires a pedagogical framework. The aspiration was 
that design projects can incorporate designed 
environments that require deeper levels of relational 
thinking of existing knowledge domains. The 
Structure of Observed Learning Outcomes (SOLO) 
taxonomy proposed by Biggs and Collis [11] identifies 
five levels of increasing competence and knowledge 
acquisition for learners to reach an expert-like level of 
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where external environments reduce the effects of 
high wind speed and provides sunny areas, with 
reduced visual contrast in shaded areas, to extend 
the free use of outdoor space for the ‘wandering’, 
while easily being observed by staff and carers. 

Considering time limitations and an aspirational 
studio brief, the teaching team took the view that 
supporting cognitive and experiential thinking 
requires a pedagogical framework. The aspiration was 
that design projects can incorporate designed 
environments that require deeper levels of relational 
thinking of existing knowledge domains. The 
Structure of Observed Learning Outcomes (SOLO) 
taxonomy proposed by Biggs and Collis [11] identifies 
five levels of increasing competence and knowledge 
acquisition for learners to reach an expert-like level of 

 

dealing with complex propositions. SOLO is a general 
model of intellectual development concerned with 
assessing learning based on the quality of the 
learner’s response. SOLO had its origins in the stage 
development ideas of Piaget and information 
processing concepts of the 1970s. SOLO is referred to 
broadly as a neo-Piagetian framework, where a 
structured pedagogical experience that involves the 
learner as an active participant in the process, and co-
generator of knowledge and its application into 
individual design propositions.  

The SOLO framework is progressive in its 
structural complexity towards developing the 
learners ‘ability to handle increased cues to handle a 
sophisticated design brief. We have adapted the 
SOLO model to the design studio as: 

 Pre-structural: Understanding the medical 
conditions of PLWD, that leads to research 
into neurological specific requirements of 
space. 

         Being able to list definitions, and basic 
understanding of dementia, its types, and 
progression of the condition, sensory 
materials and assistive living technologies for 
PLWD. Students were asked to work in 
groups at this stage and present (in a student 
led event), to the teaching team and each 
other, their bibliographical research and 
think of creative data visualizations to 
present their findings. 

         This stage also includes understanding of 
design criteria development over time from 
a ‘History of Madness’ [12] understanding to 
listing current knowledge of indoor and 
outdoor design criteria that can be used to 
provide a sensory environment.  

 Unistructural: being able to connect 
principles understood from the previous 
level into critically analysing precedents of 
built Dementia specific facilities, in terms of 
their programmatic interpretation of 
individual, communal and medical staff 
requirements. Precedents were analysed for 
their success in providing spaces for care and 
what could be improved. This stage also 
investigated the provision of 
intergenerational spaces, and how the 
facilities integrate to their climatic and social 
specific contexts. This was followed by each 
group presenting a designed ‘sensory 
experience’ wall of textures and edible 
fragrancies in a 1:1 installation.  

 Also analysing built precedents based on 
what was learnt from the principles of 
designing for PLWD, and how these facilities 

provide for individual lifestyles and cultures 
in non-institutionalized buildings. 

 Multi structural: In this stage different building 
performance simulation tools are introduced. 
Students are asked to start ‘designing from the 
pillow’ of a resident’s bed.  

     In this stage, the design of the ‘Dementia Pod’, 
Figure 3, as the residential individual room is 
designed with a late stage PLWD in mind, 
maintaining 5 visual axis from the patients 
pillow. Namely, a direct visual access to an 
external view, to a TV, to a carer seating area, 
to the door and to the toilet. The latter is 
recommended for more dignity, speed of 
access and reminding the person to use it. 
‘Dementia pod’ were tested in peak seasonal 
conditions over a day to test the varying levels 
of daylight and their impact on patient vision 
and perception of space. Design iterations 
were undertaken to reduce sharp contrasting 
shadows on floors that could be perceived by 
PwD as a hole in the ground. In this level, 
IESVE was used to test year-round iterations of 
the project massing, for shadowing and 
external environmental conditions, to provide 
solar access to all ‘Dementia Pods’ and to 
ensure that Photovoltaics (PV) positioning on 
the roof will not be overshadowed by the 
massing of buildings. 

An operational matrix, presented in (Figure 1), 
where tutor structured milestones are mapped to the 
SOLO taxonomy (X-axis). Expected student’s 
competence and learning outcomes towards a 
consolidated proposal of architectural merit are 
presented on the (Y-axis). 

Two students massing proposals, were presented 
in (Figure 2), showing a competence in synthesizing 
multiple knowledge domains, from understanding of 
the environmental psychology theories of dementia 
as a health condition, to lessons learnt from 
precedents and integration with results of the 
building and outdoor environmental condition 
simulations in a coherent whole. 

The top proposal moves from an abstract massing 
to accommodate the user requirements to creating 
indoor courtyards for wandering to moving the 
patient rooms to respond to the sun path. 

The second proposal (bottom) shows how 
outdoor environmental condition simulations let to 
the building form, creating a sheltered indoor 
courtyard, while strategically positioning trees to 
allow for patient rooms view out while sheltering 
from high wind speeds in winter.  
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Figure 1: Mapping aspirations for students’ attainment against the SOLO Taxonomy[12] 
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Figure 1: Mapping aspirations for students’ attainment against the SOLO Taxonomy[12] 

 

 
 

 
 
 

 
 
 
Simulation of daylight levels and contours (Figure 

3), shows how a PWLD perceives sharp contrasts of 
light on the floor as holes, which requires a careful 
consideration of placing windows and furniture. The 
patient room is designed so a person laying on the 
bed would have direct visual access to the toilet, a TV, 
a view out and to the room’s door. 
 

 
 
 
 
 
 
 

Area of higher wind turbulence unsuitable for entrances 

External sheltered wandering path in 
courtyard  

 

Figure 2: ENVI-MET simulation and how it changed massing proposals-Students’ work [12] 

Figure 3: testing room design with daylight contour 
maps.  
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3. CONCLUSION 
A structured pedagogy framework to advance 

architectural education is presented in this paper. 
However, this methodology can also be used in 
practice to optimize the environmental performance 
of buildings for PLWD. In this methodology a design 
from the inside to outside is proposed, that 
introduces environmental assessment tools at 
conceptual stage.  

The design of buildings and outdoor environments 
can have a long term and significant impact on PWD 
behaviours and the progression of the disease. This 
chapter presents a pedagogical methodology based 
on the SOLO educational model in the design studio 
to educate a new generation of architects on how to 
design for vulnerable building users. 

Designing for dementia requires the integration of 
different knowledge domains, linking environmental 
psychology theories of ‘space perceptions’, ‘space 
affordance’ ‘Salutogenesis’ to building and urban 
environmental performance modelling, in the 
architectural design process. Visualizing the 
differences in environmental and space perception 
between a cognitively sound person and a Person 
Living With Dementia (PLWD) helps reduce agitation. 
Design iterations, based on environmental 
simulations results, provides easier environments for 
care provision and works towards a better integration 
with local climatic conditions to maximize renewable 
energy integration. 

Reflecting on our experience, we thought there is 
no better way than including students’ feedback and 
letting them write our conclusion. Initially as tutors 
we were pleasantly surprised by the level of 
enthusiasm and continuous appetite to work with the 
integration methodology and the co-generation of 
knowledge in our studio. We asked the students: why 
they decided to choose our studio and to give us 
feedback on the process. All 36 students concurred 
that it was a steep learning curve on how to use the 
two softwares. The external help of the two graduate 
tutors, and the student champion was acknowledged. 
However, feedback suggests that it was an enjoyable 
experience although at times stressful and 
challenging when software crashed. Feedback 
suggests that they were happy to prove how their 
designs could work to quantitively comply with 
design standards rather, than just speculations based 
on aesthetics judgements. 

‘I was excited at the prospect of working on a 
project that felt ‘rooted in reality’; dealing with a live 
site, official regulations and scientific research, and 
with vulnerable end-users who form a significant part 
of our society – users for who empathetic design can 
be instrumental to their well-being and understanding 
of the world around them. In addition, the studio’s 
intent on using environmental simulation to guide the 

project felt invaluable, as we prepared to enter the 
working world – a world where climate change and 
the environment are finally becoming of utmost 
importance across all industries and disciplines.’ 

 'Using IESVE and EnviMET demanded a basic 
understanding of light, wind and other environmental 
factors, while the outputs were purely factual and 
informative, once again providing a refreshing 
difference to large proportions of architectural 
education which seem driven by aesthetics. It was 
interesting to learn not only how to produce the right 
diagrams or images, but to gain an understanding as 
to why certain results occur, and how changes can be 
made so that more optimal results can be achieved.’ 
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1. INTRODUCTION  
Political programs and bottom-up initiatives 

emphasize the role of high-quality public spaces in 
strengthening both local communities and 
sustainable development of urbanized areas. 
Conversely, limited public resources and rapid 
transformation of existing green areas into new 
housing estates, parking lots or commercial 
developments, result in scarcity of emerging public 
spaces in cities all over the world. Even though there 
is a tendency to group the elements of functional 
program into multifunctional layouts, such programs 
are rarely continued outside one typology or merged 
with the surrounding areas. There is a need for trans-
functional compositions, so that the urban tissue is 
truly multi-threaded and effective in terms of 
providing both an efficient infrastructure and 
inclusive public spaces. The literature review revealed 
a research gap related to societal inclusiveness and 
sustainability of transit infrastructure which typically 
represents an important part of contemporary cities, 
but is seldom perceived as attractive, safe and 
welcoming [1-4]. 

In the search for available spaces in cities that can 
be transformed into accessible, welcoming and 
inclusive areas serving society, the authors focus on 
transportation hubs as a functional typology. Already 
effective in terms of programmatic layout, the 
selected spatial typology – by being enriched with 

additional forms, functions and working 
methodologies – has a potential of becoming a multi-
threaded public space.  

To guarantee most versatile public characteristics, 
the chosen infrastructure type is analysed in line with 
the New European Bauhaus (NEB) ambitions. This 
particular initiative has been chosen because it 
responds to the awareness, needs and aspirations of 
21st century citizens. ‘Beautiful, Sustainable, 
Together’ values established the basis for the 
transformation strategy, while looking for a multi-
faceted approach to design. The research presented 
in this paper was carried out for the two 
transportation hubs in Warsaw (Poland): Bemowo 
and Olszynka Grochowska. The hubs vary in novelty 
and multi-modality, size, importance in the municipal 
context and the status. While Bemowo is a newly-
transformed transportation hub in a centre of the 
busy housing estate and includes a metro station, 
Olszynka Grochowska is a modest station that lacks 
any public characteristics, but has a potential of 
becoming a vibrant local centre. The two hubs were 
chosen because of their contrasting features, so that 
the research method is tested for varying entry 
characteristics. Furthermore, because of the adverse 
case studies’ selection, the obtained results cover a 
wider range of applications, advocating for 
multifunctional urban spaces of different 
characteristics and socio-cultural basis.  
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of the world around them. In addition, the studio’s 
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project felt invaluable, as we prepared to enter the 
working world – a world where climate change and 
the environment are finally becoming of utmost 
importance across all industries and disciplines.’ 

 'Using IESVE and EnviMET demanded a basic 
understanding of light, wind and other environmental 
factors, while the outputs were purely factual and 
informative, once again providing a refreshing 
difference to large proportions of architectural 
education which seem driven by aesthetics. It was 
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1. INTRODUCTION  
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but is seldom perceived as attractive, safe and 
welcoming [1-4]. 

In the search for available spaces in cities that can 
be transformed into accessible, welcoming and 
inclusive areas serving society, the authors focus on 
transportation hubs as a functional typology. Already 
effective in terms of programmatic layout, the 
selected spatial typology – by being enriched with 

additional forms, functions and working 
methodologies – has a potential of becoming a multi-
threaded public space.  

To guarantee most versatile public characteristics, 
the chosen infrastructure type is analysed in line with 
the New European Bauhaus (NEB) ambitions. This 
particular initiative has been chosen because it 
responds to the awareness, needs and aspirations of 
21st century citizens. ‘Beautiful, Sustainable, 
Together’ values established the basis for the 
transformation strategy, while looking for a multi-
faceted approach to design. The research presented 
in this paper was carried out for the two 
transportation hubs in Warsaw (Poland): Bemowo 
and Olszynka Grochowska. The hubs vary in novelty 
and multi-modality, size, importance in the municipal 
context and the status. While Bemowo is a newly-
transformed transportation hub in a centre of the 
busy housing estate and includes a metro station, 
Olszynka Grochowska is a modest station that lacks 
any public characteristics, but has a potential of 
becoming a vibrant local centre. The two hubs were 
chosen because of their contrasting features, so that 
the research method is tested for varying entry 
characteristics. Furthermore, because of the adverse 
case studies’ selection, the obtained results cover a 
wider range of applications, advocating for 
multifunctional urban spaces of different 
characteristics and socio-cultural basis.  
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2. METHOD 
2.1. The NEB Compass as a research tool 

In order to analyse the selected sites in 
accordance with the NEB ambitions the authors 
employed the New European Bauhaus Compass [5] as 
both the analysis tool and the re-design framework. 
Chosen Warsaw transportation hubs were analysed 
with the NEB Compass. While several existing 
assessment frameworks, guidance and 
recommendations, including ‘Towards a Shared 
Culture of Architecture’ [6], ‘The Davos Baukultur 
Quality System’ [7] or ‘European quality principles for 
EU-funded interventions with potential impact upon 
cultural heritage: Main Recommendations & 
Selection Criteria’ [8] were carefully studied, the NEB 
Compass was selected as the most relevant tool 
capturing the ethos of contemporaneity. While the 
assessment process generated site-specific design 
guidelines for selected case studies, the ultimate 
purpose of the study was to explore the general 
potential of transportation hubs revitalisation and 
their transformation into contemporary public spaces 
that promote high levels of social acceptance, beauty 
understood as an enriching experience, inclusiveness, 
safety and climate resilience [9]. Furthermore, 
applying a review tool as the design-support 
framework helped diagnosing the revitalization 
potential and showed directions for rehabilitation.  

This diagnosis strategy is graphically summarized 
in Figures 1 and 2, where the NEB Compasses present 
both the existing situation and the ambitions of 
target, yet realistic revitalization. To generate the 
presented graphs, data gathered from official 
information sources and an on-site surveillance was 
put into a structured table, which was prepared by 
the authors on the basis of the NEB Compass 
framework. 
 
2.2. Analysis of transportation hubs using NEB 
Compass 

After filling the assessment table, the SWOT 
analysis performed in a consecutive phase helped us 
to describe the existing characteristics (sections: 
Strengths and Weaknesses) and identify design and 
organizational proposals (sections: Opportunities and 
Threats). The results directed the authors towards 
possible revitalization solutions and, therefore, 
indicated the potential for a multi-threaded urban 
renewal of transportation hubs. Even though the 
process was conducted for specific locations, is was 
concluded that the similar approach can be applied 
across the whole typology being the subject of this 
research. 
 

Figure 1: The New European Bauhaus Compasses for 
Bemowo transportation hub, presenting the existing state 
and the upgrade potential (based on [5]). 

 
To summarise the process the authors upgraded 

the existing levels of NEB ambitions and working 
principles, which was followed by developing the 
recommendations that were later transformed into 
rendered visions of the future city. Those exemplary 
design solutions are presented as sketches in Figures 
3-7. These drawing demonstrate how specific target 
ambitions from the NEB Compass are translated into 
site-specific holistic renovation projects or designer 
add-ons.  
 

 

Figure 2: The New European Bauhaus Compass for Olszynka 
Grochowska transportation hub, presenting the existing 
state and the upgrade potential (based on [5]). 
 

In the Bemowo transportation hub, the design 
proposals (Figures 3,4,5) emphasize the enhancement 
of sustainability and incorporation of nature-based 
solutions. These suggestions carefully acknowledge 
the recency of the performed revitalization of the 
area by introducing design plug-ins into the newly-
completed volumes. Eco-conscious retrofitting 
becomes a leitmotif of a Bemowo hub revitalization. 
Additionally, the authors define both formal and 
programmatic adjustments of the existing 
architectural design to facilitate the introduction of 
the NEB values of beauty and inclusivity. Such a 
strategy can enhance locality as well, creating a 
unique public space in the city tissue.  

 

 
Figure 3: Proposal to improve the existing canopy and 
expand its functionality by capturing rainwater, introducing 
a rain pot / rain garden and supplementing the structure 
with seating (image by Authors). 
 

 
Figure 4: Proposal to improve the canopy and provide shade 
by applying graphics, additional grate or planting climbing 
greenery (image by Authors). 
 

 
Figure 5: Complementing the empty and inefficient covered 
space with small architecture objects and design solutions 
promoting sustainability (image by Authors). 
 

Conversely, at the Olszynka Grochowska station, 
the recommendations focus on using design to 
revitalize the social structure and strengthen 
community bonds. This case study adheres to NEB 
guidelines, emphasizing the expression of formal and 
material locality while seeking beauty through 
enriching experiences.  
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capturing the ethos of contemporaneity. While the 
assessment process generated site-specific design 
guidelines for selected case studies, the ultimate 
purpose of the study was to explore the general 
potential of transportation hubs revitalisation and 
their transformation into contemporary public spaces 
that promote high levels of social acceptance, beauty 
understood as an enriching experience, inclusiveness, 
safety and climate resilience [9]. Furthermore, 
applying a review tool as the design-support 
framework helped diagnosing the revitalization 
potential and showed directions for rehabilitation.  

This diagnosis strategy is graphically summarized 
in Figures 1 and 2, where the NEB Compasses present 
both the existing situation and the ambitions of 
target, yet realistic revitalization. To generate the 
presented graphs, data gathered from official 
information sources and an on-site surveillance was 
put into a structured table, which was prepared by 
the authors on the basis of the NEB Compass 
framework. 
 
2.2. Analysis of transportation hubs using NEB 
Compass 

After filling the assessment table, the SWOT 
analysis performed in a consecutive phase helped us 
to describe the existing characteristics (sections: 
Strengths and Weaknesses) and identify design and 
organizational proposals (sections: Opportunities and 
Threats). The results directed the authors towards 
possible revitalization solutions and, therefore, 
indicated the potential for a multi-threaded urban 
renewal of transportation hubs. Even though the 
process was conducted for specific locations, is was 
concluded that the similar approach can be applied 
across the whole typology being the subject of this 
research. 
 

Figure 1: The New European Bauhaus Compasses for 
Bemowo transportation hub, presenting the existing state 
and the upgrade potential (based on [5]). 

 
To summarise the process the authors upgraded 

the existing levels of NEB ambitions and working 
principles, which was followed by developing the 
recommendations that were later transformed into 
rendered visions of the future city. Those exemplary 
design solutions are presented as sketches in Figures 
3-7. These drawing demonstrate how specific target 
ambitions from the NEB Compass are translated into 
site-specific holistic renovation projects or designer 
add-ons.  
 

 

Figure 2: The New European Bauhaus Compass for Olszynka 
Grochowska transportation hub, presenting the existing 
state and the upgrade potential (based on [5]). 
 

In the Bemowo transportation hub, the design 
proposals (Figures 3,4,5) emphasize the enhancement 
of sustainability and incorporation of nature-based 
solutions. These suggestions carefully acknowledge 
the recency of the performed revitalization of the 
area by introducing design plug-ins into the newly-
completed volumes. Eco-conscious retrofitting 
becomes a leitmotif of a Bemowo hub revitalization. 
Additionally, the authors define both formal and 
programmatic adjustments of the existing 
architectural design to facilitate the introduction of 
the NEB values of beauty and inclusivity. Such a 
strategy can enhance locality as well, creating a 
unique public space in the city tissue.  

 

 
Figure 3: Proposal to improve the existing canopy and 
expand its functionality by capturing rainwater, introducing 
a rain pot / rain garden and supplementing the structure 
with seating (image by Authors). 
 

 
Figure 4: Proposal to improve the canopy and provide shade 
by applying graphics, additional grate or planting climbing 
greenery (image by Authors). 
 

 
Figure 5: Complementing the empty and inefficient covered 
space with small architecture objects and design solutions 
promoting sustainability (image by Authors). 
 

Conversely, at the Olszynka Grochowska station, 
the recommendations focus on using design to 
revitalize the social structure and strengthen 
community bonds. This case study adheres to NEB 
guidelines, emphasizing the expression of formal and 
material locality while seeking beauty through 
enriching experiences.  
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Through the utilization of the terrain reserve and 
the implementation of site-specific, tailored 
architectural projects, along with thoughtful 
arrangement of surrounding greenery, the authors 
successfully transform an undefined site area into an 
open-air local centre characterized by a distinctive 
formal language (Figure 6) and effectiveness, both 
socially and programmatically. Moreover, the terrain 
serves a dual purpose, not only enhancing local urban 
biodiversity but also effectively mitigating 
communication noise from the upcoming trains, as 
illustrated in Figure 7. 

 
Figure 6: Linear stop - public pavilion instead of 
disjointed  elements and fragmented landscape (image 
by Authors). 
 

 
Figure 7: Proposal to establish an above-ground green 
linear acoustic barrier along Makowska Street, where it 
is impossible to plant trees because of the 
underground network infrastructure (image by 
Authors). 
 

The article delves into the transformative 
potential of harnessing the New European Bauhaus 
Compass for an in-depth examination of existing 
transportation hubs, subsequently crafting precise 
design recommendations. Through the exploration of 
two carefully selected case studies, each employing 
diverse design solutions and adhering to distinct 
themes, the article compellingly argues for the 
effectiveness of the New European Bauhaus Compass 
in evaluating a range of sites and establishing 
bespoke revitalization guidelines. The cases not only 
serve as practical examples but also underscore the 
adaptability of the NEB Compass in addressing the 
unique characteristics of different locations. 

Moreover, the article posits that the conversion of 
existing transportation hubs into public spaces, 
guided by the principles of the New European 
Bauhaus, is not merely a theoretical concept but a 
feasible and worthwhile avenue for research. The 

authors believe that such transformations hold 
promise not only for contributing to sustainable 
urban revitalization but also for enhancing the overall 
management of urban assets. By contemplating the 
intersection of design innovation and sustainable 
urban development, the article advances the 
discourse on the multifaceted role of transportation 
infrastructure in shaping vibrant and resilient urban 
environments. 

 
3. RESULTS 

The authors noted that even though there are 
multiple examples of multidisciplinary public spaces, 
a challenge to create contemporary urban spaces 
using interdisciplinary process and employing a trans-
typological layout is often overlooked. Additionally, 
less evident functional mergers are not commonly 
explored. In response, the authors advocate for the 
adoption of one of the New European Bauhaus model 
working methods – trans-disciplinary collaboration. 
This approach aims to ensure both formal and 
programmatic innovation in urban planning. 

Through trans-disciplinary collaborations, the 
authors contend that formal and programmatic 
innovation can be achieved by merging seemingly 
contradictory functions, diverse effectiveness goals, 
opposite intensity levels, or conflicting target users 
within new multidisciplinary program compositions. 
The research, therefore, focuses on analysing and 
comparing various solutions to identified problems, 
utilizing the NEB Compass as a tool to audit the 
project’s alignment with the initiative’s ambitions, 
values, and exemplary working methods. 

The authors observed that when applied with a 
focus on spatial, environmental, and social 
enhancement, the NEB Compass guides urban space 
revitalization toward multifunctional and multi-
directional solutions. A noteworthy aspect of this 
approach is that the assessment process, detailed 
and multi-faceted, narrows down several potential 
solutions, transforming specific limitations into 
project benchmarks. Consequently, each proposal 
derived from the NEB Compass analysis is bespoke, 
tailored to address the unique challenges and 
opportunities presented by the specific urban 
context. 

Furthermore, completed case studies covering 
expertly converted, popular urban infrastructure [10, 
11] were analysed with NEB Compass for comparative 
purposes. Then, the characteristics that allowed for 
trailblazing the new interdisciplinarity of public 
domain were identified. These features showed how 
to utilize transport infrastructure to realize NEB 
postulates, within the chosen sites benefitting from a 
design intervention and fulfilling the initial intention 
of a transformation from an urban groundwork into 
public space. Moreover, the study diagnosed 
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transportation hubs as areas of limited interest and 
attractiveness. To change the state of the play the 
design framework was developed and tested for the 
places covered by the research. Using the NEB 
Compass for an audit of purely utilitarian functional 
areas resulted in rendering a new typology of a public 
space and creating a site-specific revitalization project 
that targets various architectural, social, 
environmental and organizational challenges.  

What is more, the NEB-driven analytic exercise 
proved valuable in aspects of both academic research 
and design implementation. 

As a reminder, Figures 8 and 9 depict the current 
state of the Bemowo transportation hub and 
Olszynka Grochowska stop, emphasizing their 
contrasting challenges. In the recently renovated 
Bemowo site [Figure 8], there is a notable absence of 
both an enriching experience for visitors and the 
incorporation of sustainable solutions to mitigate 
climate impact. Conversely, the latter case study 
[Figure 9] exhibits deficiencies in terms of 
effectiveness, quality, and overall urban definition. 

 

 
Figure 8: Desolated and inefficient architecture of a 
newly renovated Bemowo hub (photo by the authors). 
 

 
Figure 9: Disorganized and redundant area of the 
Olszynka Grochowska stop (photo by the authors). 

 
 
 
 

The research findings suggest that an effective 
communication area has the potential to evolve into 
a distinctive public space when supplemented with 
additional recreational or climate-change-mitigating 
features. This transformation is notably exemplified 
in the case of the Bemowo hub, where the 
revitalization could turn it into a local center within a 
district lacking a central public space. Similarly, at the 
Olszynka Grochowska stop, the potential for 
individual character emerges through the 
transformation of typical urban street furniture.  

Moreover, the research, supported by the NEB 
Compass, played a crucial role in defining the 
revitalization themes for the two sites: sustainable 
retrofitting for the Bemowo hub and Innovative 
Locality for Olszynka Grochowska. In conclusion, the 
results underscore the effectiveness of the employed 
method in ensuring distinctive character and trans-
program multifunctionality for these urban spaces. 
 
4. CONCLUSIONS 

The research revealed that the most disquieting 
issues related to the analysed areas that limit their 
potential for being sustainable, beautiful and 
inclusive spaces concern: 
• One-way, Monofunctional Perception: The 

space's manager perceives the hub in a one-
way, monofunctional manner, leading to the 
adoption of purely utilitarian design solutions 
and a functional layout that may limit the 
space's aesthetic and social potential, 

• Quantitative Effectiveness Metrics: There is a 
tendency to measure the effectiveness of the 
hub solely based on quantitative 
characteristics, overlooking the qualitative 
aspects of the experience and the impact on 
the urban biotope. This narrow focus may 
neglect the nuanced qualities that contribute 
to the overall well-being and vibrancy of the 
public spaces, 

• Lack of Community Engagement: Limited or 
insufficient involvement of the local 
community in the design and decision-making 
processes can hinder the creation of spaces 
that truly reflect the needs and preferences of 
the people who use them, 

• Insufficient Recognition of Terrain Reserve 
Potential: The current perception of the 
existing and often expansive terrain reserve 
does not acknowledge its potential as a 
temporary site, for instance, until further 
infrastructure development utilizes the 
reserve. This overlooks the possibility of 
leveraging the terrain reserve as a more 
intricate urban biotope area in the interim, 
 

1577



 

• Neglect of Cultural Heritage: Failure to 
recognize and integrate elements of cultural 
heritage into the infrastructure design may 
result in a loss of identity, undermining the 
potential for creating spaces that resonate 
with the local community, 

• Short-Term Planning Perspective: 
Overemphasis on short-term planning without 
considering long-term sustainability may lead 
to design choices that lack resilience and fail to 
adapt to evolving urban needs and 
environmental challenges. 

These issues can be overcome with reformulating 
the programmatic scope of typology and rearranging 
the structure of hub’s both design and governance 
team.  

On the other hand, the most promising 
opportunities for transportation hub revitalisation 
include: 
• Innovative Public Functions: The potential 

exists to introduce innovative public functions 
in transit areas without causing disruption, 

• Ample Flat Surfaces for Eco Solutions: The 
extensive flat surfaces available provide 
opportunities for incorporating eco-friendly 
solutions without compromising the efficiency 
of transit operations, 

• Community-Focused Spaces: Transportation 
hubs hold the potential to evolve into popular 
spaces for local communities, given their 
inherent popularity and centrality, 

• Cultural and Artistic Integration: Showcasing 
local art, cultural installations, and public 
spaces for community events can transform 
transportation hubs into vibrant cultural hubs, 
fostering a formally innovative locality, a sense 
of place and community identity, 

• Safety and Security Enhancements: 
Implementing advanced yet discreet security 
measures and, especially, well-lit and easily 
accessible spaces fosters a sense of safety for 
passengers, encouraging increased usage of 
public transportation facilities, 

• Community Engagement Initiatives: Involving 
local communities in the planning and 
decision-making processes ensures that the 
revitalized transportation hubs meet the 
specific needs and preferences of the people 
they serve. Incorporating external feedback 
fosters trans-disciplinary program connections. 

The ultimate conclusion from the research is that 
envisioning extended program for sustainable, 
inclusive and beautiful transportation hubs  brings 
invaluable benefits for the city. Multi-directional NEB 
design framework allows to effectively address 
formal and functional challenges of the contemporary 
city, as well as societal and economic problems.  

A development of climate resilient city in line with 
NEB ambitions is possible if the underestimated 
resources such as transportation infrastructure as 
potential public space are identified and correctly 
targeted.  

Recognizing the intricate relationship between 
urban design and climate resilience underscores the 
significance of adopting a holistic approach for 
creating vibrant, resilient, and harmonious urban 
environments. In conclusion, transforming 
transportation infrastructure into inclusive spaces 
emerges as a pivotal strategy for fostering sustainable 
urban development in alignment with the principles 
of the New European Bauhaus. 
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1. INTRODUCTION  
Institutions for higher education are currently 

facing challenges in transforming didactics to meet 
the needs of a changing world. Teaching and learning 
methods need to strengthen students' individual 
value system and give them motivation to change for 
a better tomorrow. Of particular importance are 
didactics oriented toward the built, social and natural 
environment, which must now respond to the 2030 
Sustainable Development Goals [1, 2]. A sustainable, 
adaptive, resilient and regenerative approaches to 
architecture and urban design require changes in 
teaching methods to implement them in everyday 
design. Innovative architectural education should 
help students find personal mastery and gain the 
skills to share it with the community. 

The article describes a case study of the didactic 
of tomorrow carried out at the Faculty of 
Architecture at the Wroclaw University of Science and 
Technology (FA-WUST). The first experimental course, 
analysed in this article, was conducted for the 5th 
semester of the bachelor’s degree, in the year 
2022/2023, as an Architectural Design - Studio 
Habitat - Complex Residential Structures (Studio 
Habitat). 

In order to find a didactic answer to contemporary 
issues and help students establish their value system 
based on sustainability, a concept of Living 
Laboratory of Sustainability (LLoS) was developed as 
a baseline for the analysed course. LLoS concept 
adheres to rules guiding a didactic approach as well 
as a design process. Students and teachers are 
exchanging knowledge and creating a horizontal 
organization system where students take part in 

creating a didactic process and are responsible for 
their growth during the course. Additionally, external 
specialists and practitioners are invited to teach 
during the semester, to incorporate transdisciplinary 
approach and the Integrated Design Process – IDP [3]. 
LLoS is based on well-established knowledge and 
many years of experience of the authors of the 
course, and is supported by unique needs of a specific 
group of students. The selected design problem for 
the course is a real site with development plans 
supported by the city government. Through those 
solutions LLoS meets conditions set by current and 
important university teaching concepts [4] such as 
Service Learning [5] and Research Based Design. 
 
2. DESIGN CHALLENGE 

The course Studio Habitat, is based on the 
concept of a habitat created in FA-WUST in the 1980s 
[6]. This idea promotes housing design as an ideal 
space to live – work – play, with consideration of 
socio-cultural and spatial conditions, and 
understanding that architecture influences a human 
being. Under this condition, mostly intuitive design 
methods were individually implemented by teachers 
of the course. 

The design task at the time was dedicated to real 
plots in Wrocław, where students set out to improve 
the existing environment through creation of 
a habitat’s community. 

In 2019, the course’s design task was changed and 
is now dedicated to Saint-Gobain’s student 
competition. Each year the organizer selects a city 
and together with local authorities prepares 
a comprehensive design challenge for a selected plot. 
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Participants are asked to find a creative, architectural 
answer to real problems through sustainable 
solutions. Over the years, students’ winning designs 
had a chance of being implemented in development 
plans for such cities as Dubai, Madrid or Warsaw. 

In 2022/2023 participants were asked to create 
a proposal for revitalization of the Boavista Landfill, 
part of the Lisbon’s urban fabric alongside the river 
Tag. The existing infrastructure consists of two 
buildings with a parking lot. The revitalization is 
supposed to provide new cultural activities 
complemented by residential functions [7]. 

According to the task, the area should become 
a part of the larger city system, a local cultural centre 
focused on promoting and developing audio-visual 
art. The challenge was based on three main items. 
Firstly, one of the existing buildings will become the 
new Lisbon Video Library, connecting functionally to 
nearby art schools and the House of Cinema in Bairro 
Alto. Secondly, the other building will be demolished 
and, in its place, a multifamily housing with 
commercial and community services will be provided. 
Thirdly, the site should become a good place for 
community development, living, working and leisure. 

Baseline for the functional program, maximum 
and minimum dimensions, as well as volume 
parameters for the new building were provided by 
the organiser. Within a given scope certain deviations 
from the program and parameters were acceptable, 
depending on the projects unique design. 

Organisers created a comprehensive pack of 
information about the site. Together with Lisbon’s 
urban planners and local authorities they provided 
guidelines focused on the environmental issue, urban 
development, sustainability, economic feasibility, 
users’ needs. Creating a proposal based on 
environmental and energy sustainability, as well as 
user’s comfort, was crucial for this competition. 

 
3. DIDACTIC APPROACH 
3.1 Standard design course at FA-WUST 

Commonly, design courses at FA-WUST are 
carried out in groups of maximum 15 people with one 
tutor. There are usually 2 groups in one classroom. At 
the beginning students work individually and in later 
stages of education, also in pairs or small groups. 

Throughout the years, design courses lasted 90 
hours per semester and were based mostly on 
individual consultations, with 3-4 evaluations with the 
whole group. Those classes were supported by 30 
hours-long theoretical lecture about architectural 
design, conducted through “ex cathedra teaching”. 
For Studio Habitat, the lecture referred to creating 
multifamily housing based on the theory of the 
habitat. Both types of coursers were dedicated to 
sustainable design in a limited way. 

Since 2019, after a reform of standards of 
teaching architecture [8], design courses began to last 
195 hours per semester, and incorporate the design 
process as well as the lecture part. 
 
3.2 Standard of the LLoS course 

Innovation of the LLoS is encompassed in five new 
didactic approaches compared to the common 
course: 

1. Organisation of the course 
2. Structure of each class 
3. Design tools 
4. Sustainable approach 
5. Group dynamics. 

 
3.2.1 Organisation of the course 

The LLoS was conducted for two design groups by 
2 main teachers and 8 experts of various specialties. 
External experts were not commonly a part of the 
didactic team. They were selected and introduced to 
the LLoS at the discretion of the main teachers. 

 Guest specialists were: sustainability and 
residential design practitioner, Smart City and time 
management specialist, HVAC and MEC engineer, 
structural and technical specialist, LCA and energy 
efficiency specialist, landscape architect, inclusive 
design specialist. Guests were instructed about LLoS 
didactic approach and way of working.  

The course lasted one semester, that is 15 weeks 
and 195 hours, with classes twice a week, each 6 or 7 
teaching hours long. Out of a total of 30 meetings, 10 
were given to selected specialists and the rest was led 
by the two main teachers. The semester began with 
strategies enhancing good group dynamics: getting to 
know each other, defining roles and responsibilities, 
integrating the team and ensuring open 
communication, which are described below. The work 
ended with a final ceremony with presentation of the 
design to invited guests, e.g. other students, parents. 

The course was attended by 28 students, who 
formed 14 pairs. Each pair was working on the same 
task, and based on the same entry data from the 
competition organisers, followed by their own 
additional research. Each group individually 
developed their own goal and design strategy. 
 
3.2.2 Structure of each class 

Each class followed similar organisation plan and 
a time schedule. Every week students received 
information booklets, reading list to familiarize 
themselves with before the next meeting. Classes 
started with a short lecture based on upside down 
learning, and a Q&A session regarding their reading 
materials. Next, students received a design task, that 
needed to be completed within an assigned time 
frame. At the end of the class, results of the tasks 
were presented and discussed. This organisation 
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Participants are asked to find a creative, architectural 
answer to real problems through sustainable 
solutions. Over the years, students’ winning designs 
had a chance of being implemented in development 
plans for such cities as Dubai, Madrid or Warsaw. 

In 2022/2023 participants were asked to create 
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buildings with a parking lot. The revitalization is 
supposed to provide new cultural activities 
complemented by residential functions [7]. 

According to the task, the area should become 
a part of the larger city system, a local cultural centre 
focused on promoting and developing audio-visual 
art. The challenge was based on three main items. 
Firstly, one of the existing buildings will become the 
new Lisbon Video Library, connecting functionally to 
nearby art schools and the House of Cinema in Bairro 
Alto. Secondly, the other building will be demolished 
and, in its place, a multifamily housing with 
commercial and community services will be provided. 
Thirdly, the site should become a good place for 
community development, living, working and leisure. 

Baseline for the functional program, maximum 
and minimum dimensions, as well as volume 
parameters for the new building were provided by 
the organiser. Within a given scope certain deviations 
from the program and parameters were acceptable, 
depending on the projects unique design. 

Organisers created a comprehensive pack of 
information about the site. Together with Lisbon’s 
urban planners and local authorities they provided 
guidelines focused on the environmental issue, urban 
development, sustainability, economic feasibility, 
users’ needs. Creating a proposal based on 
environmental and energy sustainability, as well as 
user’s comfort, was crucial for this competition. 

 
3. DIDACTIC APPROACH 
3.1 Standard design course at FA-WUST 

Commonly, design courses at FA-WUST are 
carried out in groups of maximum 15 people with one 
tutor. There are usually 2 groups in one classroom. At 
the beginning students work individually and in later 
stages of education, also in pairs or small groups. 

Throughout the years, design courses lasted 90 
hours per semester and were based mostly on 
individual consultations, with 3-4 evaluations with the 
whole group. Those classes were supported by 30 
hours-long theoretical lecture about architectural 
design, conducted through “ex cathedra teaching”. 
For Studio Habitat, the lecture referred to creating 
multifamily housing based on the theory of the 
habitat. Both types of coursers were dedicated to 
sustainable design in a limited way. 

Since 2019, after a reform of standards of 
teaching architecture [8], design courses began to last 
195 hours per semester, and incorporate the design 
process as well as the lecture part. 
 
3.2 Standard of the LLoS course 

Innovation of the LLoS is encompassed in five new 
didactic approaches compared to the common 
course: 

1. Organisation of the course 
2. Structure of each class 
3. Design tools 
4. Sustainable approach 
5. Group dynamics. 

 
3.2.1 Organisation of the course 

The LLoS was conducted for two design groups by 
2 main teachers and 8 experts of various specialties. 
External experts were not commonly a part of the 
didactic team. They were selected and introduced to 
the LLoS at the discretion of the main teachers. 

 Guest specialists were: sustainability and 
residential design practitioner, Smart City and time 
management specialist, HVAC and MEC engineer, 
structural and technical specialist, LCA and energy 
efficiency specialist, landscape architect, inclusive 
design specialist. Guests were instructed about LLoS 
didactic approach and way of working.  

The course lasted one semester, that is 15 weeks 
and 195 hours, with classes twice a week, each 6 or 7 
teaching hours long. Out of a total of 30 meetings, 10 
were given to selected specialists and the rest was led 
by the two main teachers. The semester began with 
strategies enhancing good group dynamics: getting to 
know each other, defining roles and responsibilities, 
integrating the team and ensuring open 
communication, which are described below. The work 
ended with a final ceremony with presentation of the 
design to invited guests, e.g. other students, parents. 

The course was attended by 28 students, who 
formed 14 pairs. Each pair was working on the same 
task, and based on the same entry data from the 
competition organisers, followed by their own 
additional research. Each group individually 
developed their own goal and design strategy. 
 
3.2.2 Structure of each class 

Each class followed similar organisation plan and 
a time schedule. Every week students received 
information booklets, reading list to familiarize 
themselves with before the next meeting. Classes 
started with a short lecture based on upside down 
learning, and a Q&A session regarding their reading 
materials. Next, students received a design task, that 
needed to be completed within an assigned time 
frame. At the end of the class, results of the tasks 
were presented and discussed. This organisation 

 

allowed to spend time actively and productively 
during classes. Also, interactive teaching and learning 
methods were used (detailed description in 
subsection 3.2.5 – A). 
 
3.2.3 Design tools 

In the fifth semester, students use computer 
programs in their design process. For the LLoS, 
students are required to start with hand drawings 
and physical models at the initial, conceptual stage. 

Furthermore, the task for the competition 
required deep analysis, rigorous design based on 
sustainable solutions, providing simulations and 
calculations proving effectiveness of the introduced 
solutions. Learning to use computer tools for these 
purposes is not a part of the bachelor’s studies at FA-
WUST. Hence, classes on how to use such programs 
as One Click and energy simulators were introduced 
as a part of LLoS curriculum, thanks to Saint-Gobain’s 
input. 

Methods used to present projects also extended 
beyond the basic drawings and boards preparation. 
As part of the competition recording of 
a presentation was required and for that students 
created slide presentations as well as movies and 
animations.  
 
3.2.4 Sustainable approach 

The authors' didactic focused on an 
interdisciplinary and sustainable approach to 
architectural and urban design [9]. Special attention 
was dedicated to the users need’s and their comfort 
(Table 1). It was key from teachers’ perspective as 
well as for the topic of the competition.  

 
Table 1: Key didactic topics and related strategies, worked 
through during the course 
 

 Key topic Key didactic strategies 
S sustainability - 10 fields approach 

- research based design 
- analysis 
- verification  
- diagrams 

U users’ needs - Service Learning 
 

Sustainability (distinguished in the paper with 
letter S, as per Table 1) is understood as creating the 
best possible space for living while reducing the 
negative environmental impact and ensuring the 
lowest economic cost throughout the building’s 
whole life cycle. As a main strategy, students learned 
what a sustainable design is based on the author’s 10 
fields approach: energy, materials, waste, water, 
greenery, transport, cost, place, community and 
process [10]. By understanding those crucial aspects, 
they could easily identify which design solutions they 
can incorporate in their own concept. 

Furthermore, research based design was a crucial 
part of the LLoS and replaced intuitive design 
methodology. Students carried out the analysis stage 
and in-depth research in pairs in order to understand 
environmental, landscape, cultural, social and 
functional conditions of the chosen plot. This strategy 
allowed them to fully comprehend their design 
context, make informed design decisions as well as 
find a “clue” – key element of their project. 

Saint-Gobain’s competition, as a design challenge, 
has facilitated didactic goals for the course very well. 
Organizers offered detailed information regarding 
environment, local history and future plans for 
a chosen plot. They have also set precise 
sustainability requirements. Students had to provide 
user’s comfort requirements such as thermal, visual 
and acoustic comfort and appropriate air quality. 
They also needed to achieve low CO2 emissions and 
low carbon footprint. For those purposes, organizers 
offered free access to programs such as One Click, 
which helped with verification of effectiveness of 
incorporated solutions. This way, concepts became 
measurable and easier to comprehend. 

Students were also tasked with preparing a set of 
schemes. They represented how 10 fields approach 
works in their project. They created energy diagrams, 
showing building’s energy, air flow, sun control 
during day and night, for summer and winter, as well 
as water management and other schemes. The visual 
representation supported students’ understanding of 
incorporated solutions.  

The idea of sustainability encompasses 
community centred design, where understanding and 
incorporating needs of people are crucial to achieve 
effective spatial solutions. Users’ needs (U, as per 
Table 1) were important for students’ projects, the 
topic was not theoretical but grounded in a real place 
and community. Students prepared questionnaires 
for local people, created scenarios relating to how 
users will live in a designed space. They also 
addressed issues of local flora and fauna. Those 
methods helped in incorporating Service Learning in 
the curriculum. 

 
3.2.5 Group dynamics 

LLoS is on the one hand based on didactic 
approaches 1-5, which are described above. On the 
other hand, the laboratory is based on innovative 
pedagogical approaches. Their synergy creates 
author's concept of didactic of tomorrow based on 
group dynamic [11]. The authors have been working 
for years on methods of cooperation with students, 
supporting their activity and involvement. Students 
have a possibility to co-create the course, take full 
responsibility for their own development process, 
as designers and as people. 
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At the beginning of the course the introductory, 
open interview was conducted with the whole group 
to find out about students’ previous educational 
experiences, their needs and potential issues. Two 
general questions were asked to prompt a discussion: 

- What issues/problems did you encounter during 
your educational process? 

- What were the most positive aspects of your 
educational process? 

In the discussion, a set of potential threats and 
opportunities was pointed out (Table 2). They were 
issues common for the whole group, or at least 
commented on by several students, rather than being 
individual experiences. 

 
Table 2: Key group issues, based on main threats (-) and 
opportunities (+), worked out during the course 
 

 Key group issues  Key didactic strategies 
A choice: 

- inability to make 
a choice 
- difficulty to begin 
drawing 
+ having many options 

- quick design tasks 
reviewed at the end  
of each class 
- time management 
- semester schedule 

B hierarchy: 
- fear of hierarchy 
+ feeling one’s own value 

- creating community 
- upside down learning 
- research based design 

C criticism: 
- inability to offer or 
receive constructive 
criticism 
- strong criticism 
- lack of open 
communication 
+ having strong opinions 
and passions 

- discussion at the end 
of every design task 
- open and nonviolent 
communication 

D cooperation: 
- lack of openness and 
cooperation 
+ having a chance to 
work together 

- working in pairs 
- working in bigger 
groups of a few pairs 
- working all together 

 
As a result of the interview, 4 main groups of 

didactic interest were discussed (distinguished with 
letter A-D, as per Table 2). Those issues are mostly 
common among students, nevertheless discussing 
them helped tailoring the well-established didactic 
process to this particular group of students. The 
interview led to the creation of didactic strategies 
outlined below. 

The first important aspect (A) is related to 
students wanting to have an impact. They see that 
they have many options and possibilities but it can 
sometimes be overwhelming. As a result, it is difficult 
for them to make a choice or start the design process. 
Those abilities are crucial to conduct a professional 
work. 

In order to help students make a choice and begin 
their design, a set of rules was established. Each class 

included short design task that needed to be finished 
and discussed by the end of it. They were obligated to 
quickly start and encompass their ideas about 
subsequent parts of architectural design. The short 
“bursts” of a design process were planned as easier 
to manage than looking at a project in its entirety.  

Furthermore, at the beginning of the semester, 
plan for the whole course was laid out, including 
design steps and specialists’ visits. Every part was 
planned within a time limit. Usually, a design task 
took about 2-3 hours, presentation of an idea 5 min., 
short discussions 15 min., and group project analysis 
45 min. per project. Over time, students became 
more and more proficient in finishing tasks within 
a time limit. 

The second issue (B) is related to the fear of 
authority. Students claimed that at times they felt like 
they needed to do what the professor said and were 
not sure what they thought themselves. Moreover, 
they were unable to make their own decisions. This 
idea of hierarchy led to their believes and concepts 
being dismissed, and they wanted to work on that. 
This particular issue was very important to students, 
more than the authors have initially anticipated. 

As a response, achieving a sense of community 
was the goal for the group development. It was 
important to create mutual trust and respect, to ask 
questions and encourage further research for design, 
rather than solve problems for (or instead of) 
students. By asking questions and requiring to 
deepen the research, the upside-down learning was 
established. Students were explaining to teachers the 
rules by which their projects were created, and 
teachers guided them through results of their 
analysis. 

The next major issue (C) was connected to giving 
and receiving comments about design. It is a crucial 
ability for architects to honestly talk about 
architecture and the way it shapes the society. On the 
one hand, students have strong opinions and 
believes, but on the other, they find it hard to 
communicate in a constructive way without hurting, 
or feeling hurt by, their colleagues. As a result, 
communication is often limited and dishonest. 

Working on the ability to discuss projects was 
based on open and nonviolent communication [12], 
which means to enhance empathy in a conversation. 
The goal of discussion is not to be right, but to 
understand what guides the other person, to 
empathise with their way of thinking, and then offer 
one’s won perspective. On the design level, this leads 
toward searching for reasoning behind design 
decisions, grounding them within rules of 
sustainability, users’ needs and specificity of 
a surrounding. Thus, answering a question “why is 
something created in a certain way” is vital for 
making design decisions. 

 

Furthermore, to help students practice open 
communication, each class contained an individual 
consult, discussions in pairs or bigger groups, as well 
as short presentations. This repetitive practice was 
intended as a key to get proficient and uninhibited 
with receiving and providing constructive criticism. 

The last key subject, cooperation (D), is related to 
the previous one. Up to this point in students’ 
architectural education they were often working 
alone, or were not satisfied with their previous 
experiences. Cooperation is basis for architectural 
design process, hence it is crucial to work on this 
ability during studies. 

As a baseline, students worked on the course’s 
project in pairs and discussed it with teachers. 
However, they also consulted each other’s projects, 
and had group tasks (dedicated to 2 or 3 pairs). This 
was intended as a way to help them bond, and as 
an encouragement to support each other, even 
though they were all trying to win the same 
competition. They all influenced each other’s designs 
and creative processes. 

As the result of an interview the Code of work for 
this particular group of students was created. It 
motivated the group to actively respond to their own 
needs and issues. Code included two main parts:  

1) Mission and vision for the semester, willingness 
to seize opportunities, with such goals as: “being 
proactive”, “having an impact”, “being responsible for 
the planet”.  

2) Acceptance and willingness to act upon 
discussed threats. 

 
4. RESULTS 

The effectiveness of the LLoS was assessed in 
three ways. Both, teachers’ and students’ opinions 
were taken into account, as well as results of the 
competition. 

The students’ opinion about the course was 
surveyed at the end of the semester using a multi-
criteria questionnaire. The survey consisted of 42 
items: 12 questions based on the scale from 1 to 5, 
and 30 open questions for long responses. All 
students participated in the survey. 

Students generally appreciated the concept of the 
Living Laboratory of Sustainability. They felt that new 
organization of the course, group dynamics, routine 
design tasks, keeping time limit, expert visits and 
open communication were crucial for their 
development during the semester. 

(S) Students pointed out that gathering knowledge 
related to sustainability and IDP was the most 
important for them during this course. Even though 
they see the importance of sustainable design the 
topic is not usually included in course’s curriculum, 
hence those classes were quite unique for them, and 
they would like that topic to be included more often. 

(D) Another crucial aspect for students was 
related to different types of cooperation. They 
worked in pairs, in small and bigger groups, had 
individual and group consultations. Even though they 
found individual consults to be very important, they 
noted that cooperation in smaller groups (2-3 pairs) 
was very helpful in their design process. They 
preferred it to working as a one whole group, where 
too many people were involved. 

 (C)(B) Most of the students were very satisfied 
with open communication and working above 
hierarchy during classes. The results show that the 
most limiting factor for students was „the fear of 
authority”. This was related to the anxiety that arises 
while debating with an authority figure, someone 
who is believed to “know everything better”. Such 
situations were noted by students and were 
connected with receiving a limiting response to their 
inquiries, e.g. not discussing an idea because it is 
deemed not appropriate by the person with 
authority. Instead, the preferred and well-received 
action was to try to find a possible solution based on 
emphasising positive aspects of an idea, and helping 
students to overcome their shortcomings themselves. 

(A) Time management, immersive process with 
a fast pace helped students with decision making. 
They appreciated this kind of approach and it 
supported their design process. 

From authors perspective the LLoS was crucial for 
that semester’s success. Through implemented 
didactic strategies – both didactic topics and issues – 
students achieved well working sustainable designs 
dedicated to site-specific needs. In general, the group 
has created a well-organized community (Table 3). 

 
Table 3: Teachers’ assessment of incorporated strategies 
 

 A B C D S U 
AVG. 4,0 5,0 4,0 4,5 4,5 4,0 

 
The biggest difficulty throughout the semester 

was sometimes keeping within the assumed time 
limit. It helped organising the workflow but it also 
required a lot of focus and dedication. 

Another difficulty was implementing methodology 
by all guest specialists, not only the main teachers. 
This required a lot of people following the same 
guidelines. The main structure of each class was 
much easier to implement by many different people 
than following didactic strategies regarding hierarchy, 
open communication and keeping group dynamics. It 
was harder for specialists, who come only ones or 
twice during the whole semester, to make the same 
connection with students as full-time teachers. 
Because of that open communication have not always 
been easily formed. 

The structure of this course allowed students to 
improve in areas set out at the beginning. Most 
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At the beginning of the course the introductory, 
open interview was conducted with the whole group 
to find out about students’ previous educational 
experiences, their needs and potential issues. Two 
general questions were asked to prompt a discussion: 

- What issues/problems did you encounter during 
your educational process? 

- What were the most positive aspects of your 
educational process? 

In the discussion, a set of potential threats and 
opportunities was pointed out (Table 2). They were 
issues common for the whole group, or at least 
commented on by several students, rather than being 
individual experiences. 

 
Table 2: Key group issues, based on main threats (-) and 
opportunities (+), worked out during the course 
 

 Key group issues  Key didactic strategies 
A choice: 

- inability to make 
a choice 
- difficulty to begin 
drawing 
+ having many options 

- quick design tasks 
reviewed at the end  
of each class 
- time management 
- semester schedule 

B hierarchy: 
- fear of hierarchy 
+ feeling one’s own value 

- creating community 
- upside down learning 
- research based design 

C criticism: 
- inability to offer or 
receive constructive 
criticism 
- strong criticism 
- lack of open 
communication 
+ having strong opinions 
and passions 

- discussion at the end 
of every design task 
- open and nonviolent 
communication 

D cooperation: 
- lack of openness and 
cooperation 
+ having a chance to 
work together 

- working in pairs 
- working in bigger 
groups of a few pairs 
- working all together 

 
As a result of the interview, 4 main groups of 

didactic interest were discussed (distinguished with 
letter A-D, as per Table 2). Those issues are mostly 
common among students, nevertheless discussing 
them helped tailoring the well-established didactic 
process to this particular group of students. The 
interview led to the creation of didactic strategies 
outlined below. 

The first important aspect (A) is related to 
students wanting to have an impact. They see that 
they have many options and possibilities but it can 
sometimes be overwhelming. As a result, it is difficult 
for them to make a choice or start the design process. 
Those abilities are crucial to conduct a professional 
work. 

In order to help students make a choice and begin 
their design, a set of rules was established. Each class 

included short design task that needed to be finished 
and discussed by the end of it. They were obligated to 
quickly start and encompass their ideas about 
subsequent parts of architectural design. The short 
“bursts” of a design process were planned as easier 
to manage than looking at a project in its entirety.  

Furthermore, at the beginning of the semester, 
plan for the whole course was laid out, including 
design steps and specialists’ visits. Every part was 
planned within a time limit. Usually, a design task 
took about 2-3 hours, presentation of an idea 5 min., 
short discussions 15 min., and group project analysis 
45 min. per project. Over time, students became 
more and more proficient in finishing tasks within 
a time limit. 

The second issue (B) is related to the fear of 
authority. Students claimed that at times they felt like 
they needed to do what the professor said and were 
not sure what they thought themselves. Moreover, 
they were unable to make their own decisions. This 
idea of hierarchy led to their believes and concepts 
being dismissed, and they wanted to work on that. 
This particular issue was very important to students, 
more than the authors have initially anticipated. 

As a response, achieving a sense of community 
was the goal for the group development. It was 
important to create mutual trust and respect, to ask 
questions and encourage further research for design, 
rather than solve problems for (or instead of) 
students. By asking questions and requiring to 
deepen the research, the upside-down learning was 
established. Students were explaining to teachers the 
rules by which their projects were created, and 
teachers guided them through results of their 
analysis. 

The next major issue (C) was connected to giving 
and receiving comments about design. It is a crucial 
ability for architects to honestly talk about 
architecture and the way it shapes the society. On the 
one hand, students have strong opinions and 
believes, but on the other, they find it hard to 
communicate in a constructive way without hurting, 
or feeling hurt by, their colleagues. As a result, 
communication is often limited and dishonest. 

Working on the ability to discuss projects was 
based on open and nonviolent communication [12], 
which means to enhance empathy in a conversation. 
The goal of discussion is not to be right, but to 
understand what guides the other person, to 
empathise with their way of thinking, and then offer 
one’s won perspective. On the design level, this leads 
toward searching for reasoning behind design 
decisions, grounding them within rules of 
sustainability, users’ needs and specificity of 
a surrounding. Thus, answering a question “why is 
something created in a certain way” is vital for 
making design decisions. 

 

Furthermore, to help students practice open 
communication, each class contained an individual 
consult, discussions in pairs or bigger groups, as well 
as short presentations. This repetitive practice was 
intended as a key to get proficient and uninhibited 
with receiving and providing constructive criticism. 

The last key subject, cooperation (D), is related to 
the previous one. Up to this point in students’ 
architectural education they were often working 
alone, or were not satisfied with their previous 
experiences. Cooperation is basis for architectural 
design process, hence it is crucial to work on this 
ability during studies. 

As a baseline, students worked on the course’s 
project in pairs and discussed it with teachers. 
However, they also consulted each other’s projects, 
and had group tasks (dedicated to 2 or 3 pairs). This 
was intended as a way to help them bond, and as 
an encouragement to support each other, even 
though they were all trying to win the same 
competition. They all influenced each other’s designs 
and creative processes. 

As the result of an interview the Code of work for 
this particular group of students was created. It 
motivated the group to actively respond to their own 
needs and issues. Code included two main parts:  

1) Mission and vision for the semester, willingness 
to seize opportunities, with such goals as: “being 
proactive”, “having an impact”, “being responsible for 
the planet”.  

2) Acceptance and willingness to act upon 
discussed threats. 

 
4. RESULTS 

The effectiveness of the LLoS was assessed in 
three ways. Both, teachers’ and students’ opinions 
were taken into account, as well as results of the 
competition. 

The students’ opinion about the course was 
surveyed at the end of the semester using a multi-
criteria questionnaire. The survey consisted of 42 
items: 12 questions based on the scale from 1 to 5, 
and 30 open questions for long responses. All 
students participated in the survey. 

Students generally appreciated the concept of the 
Living Laboratory of Sustainability. They felt that new 
organization of the course, group dynamics, routine 
design tasks, keeping time limit, expert visits and 
open communication were crucial for their 
development during the semester. 

(S) Students pointed out that gathering knowledge 
related to sustainability and IDP was the most 
important for them during this course. Even though 
they see the importance of sustainable design the 
topic is not usually included in course’s curriculum, 
hence those classes were quite unique for them, and 
they would like that topic to be included more often. 

(D) Another crucial aspect for students was 
related to different types of cooperation. They 
worked in pairs, in small and bigger groups, had 
individual and group consultations. Even though they 
found individual consults to be very important, they 
noted that cooperation in smaller groups (2-3 pairs) 
was very helpful in their design process. They 
preferred it to working as a one whole group, where 
too many people were involved. 

 (C)(B) Most of the students were very satisfied 
with open communication and working above 
hierarchy during classes. The results show that the 
most limiting factor for students was „the fear of 
authority”. This was related to the anxiety that arises 
while debating with an authority figure, someone 
who is believed to “know everything better”. Such 
situations were noted by students and were 
connected with receiving a limiting response to their 
inquiries, e.g. not discussing an idea because it is 
deemed not appropriate by the person with 
authority. Instead, the preferred and well-received 
action was to try to find a possible solution based on 
emphasising positive aspects of an idea, and helping 
students to overcome their shortcomings themselves. 

(A) Time management, immersive process with 
a fast pace helped students with decision making. 
They appreciated this kind of approach and it 
supported their design process. 

From authors perspective the LLoS was crucial for 
that semester’s success. Through implemented 
didactic strategies – both didactic topics and issues – 
students achieved well working sustainable designs 
dedicated to site-specific needs. In general, the group 
has created a well-organized community (Table 3). 

 
Table 3: Teachers’ assessment of incorporated strategies 
 

 A B C D S U 
AVG. 4,0 5,0 4,0 4,5 4,5 4,0 

 
The biggest difficulty throughout the semester 

was sometimes keeping within the assumed time 
limit. It helped organising the workflow but it also 
required a lot of focus and dedication. 

Another difficulty was implementing methodology 
by all guest specialists, not only the main teachers. 
This required a lot of people following the same 
guidelines. The main structure of each class was 
much easier to implement by many different people 
than following didactic strategies regarding hierarchy, 
open communication and keeping group dynamics. It 
was harder for specialists, who come only ones or 
twice during the whole semester, to make the same 
connection with students as full-time teachers. 
Because of that open communication have not always 
been easily formed. 

The structure of this course allowed students to 
improve in areas set out at the beginning. Most 
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students got a very good understanding of 
sustainability and how to shape it through 
architecture.  The most notable improvement was 
visible regarding understanding one’s own value and 
getting confidence as architectural designers. 

The results of the implementation of the LLoS 
were highly satisfactory, 4 projects were among the 
Top 10 qualified for the national stage of the 
competition. 37 projects from all over Poland were 
sent at this stage. One of this course’s projects won 
the national stage, and won the student’s prize at the 
international finals in Lisbon (Figure 1). 

 

 
 

 
 
Figure 1: Project Yellow, visualisations, top – street view, 
bottom – front elevation, authors: Magda Kazulak, 
Konstancja Staniecka. 

 
5. CONCLUSION 

Teaching in the approach of the Living Laboratory 
of Sustainability is based on finding each student’s 
own mastery, as well as helping them understand 
sustainable design as a part of a larger process of 
creating the built, social and natural environment. 
This is determined by 3 main aspects: exploring 
students’ own value system, training their 
communication skills, practicing their time 
management skills. Throughout the course, those 
aspects seemed to be most crucial and most 
challenging at the same time. 

The LLoS gave students the opportunity to 
understand sustainability issues most successfully 
through working together on a non-theoretical 
project, incorporating Research Based Design. Those 
facets proved to be fundamental in gaining 
knowledge on how a site specific architecture should 
be build. Without that basis, searching for a concept, 
comprehending sustainability and making conscious 
design decisions proved to be difficult for students.  

The biggest challenges of the course were to 
invite students to open communication, and to taking 

full responsibility for their own development process, 
as designers and as people. It proved to be a difficult 
but positive experience that offered a lot of diverse 
wisdom and allowed them to learn how to honestly 
discuss architectural concepts, problems and 
solutions. The process also showed that this way of 
working and introduced didactic changes do not suit 
all teachers, some prefer different approaches. The 
formed concept needs to be explored further and 
continued. 
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