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START-UP PERFORMANCE OF A MESOPHILIC ANAEROBIC
DIGESTER WITHOUT EXTERNAL INOCULUMS

The objective of anaerobic digester start-up is to achieve steady-state operation and the required
reduction performance in the shortest possible time. The present study aims to assess a novel strategy
to start-up pilot scale mesophilic anaerobic digester with internal inoculums; the operational parameters
such as feed concentration and operating temperature were also evaluated. Three pilot scale anaerobic
digester systems were designed and manufactured. They were equipped with all necessary instruments
for measurements, operation and control. Each system consists of a feed tank, a reactor (anaerobic
digester), a gas storage tank, and a displaced water collecting tank. The digester start-up was achieved
successfully and smoothly without any operational problems. The feed concentration had minor effects
on the performance of the digester start-up while the operating temperature has approximately no ef-
fect.

1. INTRODUCTION

Start-up is a critical step in the operation of anaerobic digestion, and it requires
much attention so that the reactor be kept in good conditions. Some researches focused
on the start-up of anaerobic digestion revealed that the inoculum type and ratio are im-
portant factors for a successful start-up. It is well recognized that digested sludge taken
from another working digester is a good inoculum for a stable start-up of anaerobic
digestion [1]. In many cases, however, start-up relies on the internal inoculum inside
the substrate by cultivating microorganisms throughout the anaerobic self-degradation.
It has been reported that start-up without external inoculums caused significant accu-
mulation of volatile fatty acids (VFAs) and took longer for the organic loading rate to
be raised during the early days of operation [2].

Mesophilic anaerobic digestion is a biological process which requires time and careful
management during start-up. Good planning, continuous monitoring and slow changes are
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the three key factors for a successful start-up [3]. Careful monitoring and control of pH
are essential until the digester attains pH in the 6.8—7.2 range [4].

Various strategies are utilized to start-up mesophilic digesters. Kobayashi et al. [1]
filled the digester with waste activated sludge (WAS) diluted to 15 g/dm? as total solid
(TS) with tap water. At first, the reactor was operated in a batch mode. Then, fresh WAS
was fed to the reactor. The hydraulic retention time (HRT) was gradually shortened
from 100 days through 50 days to 30 days. While Hatzigergiou et al. [3] introduced two
start-up strategies, the first strategy was used by the Upper Occoquan Sewage Authority
(VA) which consists of the following: the digester was filled with primary sludge and
seed. Unfortunately there are no data available on the exact amount of seed used. All
that is available is the monitoring data during the start-up that indicate that the amount
of seed used was not adequate for the feed rates to that digester. On the other hand, the
second strategy was used by the Alexandria Sanitation Authority (VA) which consists
of the following: the digester was filled with plant effluent that was then heated to mes-
ophilic digestion temperature. Then the digester was seeded with digested biosolids.
The volume of the seed solids was equal to 4.5% of the total volume of one digester.
Once the digester was seeded, primary sludge was added at a very slow rate.

Therefore, there is a need for a strategy to enhance the start-up of anaerobic diges-
tion from internal inoculum for optimum, stable operating conditions. The present study
is an attempt to start-up the anaerobic digester without any seed, even though full feed
with thickened sludge, just the digester should be filled with treated wastewater at the
beginning. Also in the present study, the effect of feed concentration as well as operating
temperature on the digester start-up performance will be evaluated.

2. EXPERIMENTAL

Test rig. The experiments were carried out using a continuous operation, pilot scale
digester. Three pilot scale anaerobic digesters were designed and manufactured. They
were equipped with all necessary instruments for measurements, operation and control.
The experimental set up was constructed at El Kinayat WWTP Zagazig, Sharkia, Egypt.
Each system consisted of a feed tank, a reactor (anaerobic digester), a gas storage tank,
and a displaced water collecting tank. The volume of the produced biogas was measured
by the water displacement method [5]. A schematic illustration of the experimental test
rig is shown in Fig. 1.

Design and dimension of the reactor. Each reactor (working volume 240 dm®) was
constructed from steel in a cylindrical shape with 64 cm in diameter and 100 cm high.
Each reactor had two ports on the top flange — one for sludge feeding and the other for
biogas collection. Both ports had the diameter of 2.54 cm. The digester was provided
with two centrifugal pumps — one for sludge feeding and the other for digested sludge
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withdrawn (although the withdrawn of digested sludge normally achieved by raw sludge
displacement, in the present study it was achieved by pumping system to prevent clog-
ging). The digester contents were mixed using sludge circulation method.
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Fig. 1. Schematic illustration of the experimental test rig

Anaerobic digester operation. The digester start-up can be divided into preparation
and operation phases. During the preparation phase (the first 4 days) the digesters were
filled with primary clarifier effluent, allowed to reach operating temperature, and mix-
ing was started [6]. During the operation phase, the digesters were fed with thickened
sludge (mixture of primary and humus trickling filter sludge). The main characteristics
of feed sludge are summarized in Table 1. The sludge was screened to prevent clogging
during the transfer from the feed tank to the digesters [7]. Digesters were fed and di-
gested sludge was withdrawn continually each 2 h, at a hydraulic retention time of
20 days by centrifugal pumps [6].

Table 1
Characteristics of the influent sewage sludge
Parameter COD TS VS Alkalinity q VFA
[g Ox/dm’] | [g/dm?] | [g/dm?] | [mg CaCO3/dm?] P [mg/dm?]
Range 30-70— | 38-72 | 20-50 850-1870 5.7-7.5 | 800-2700
Average 50 55 35 1360 — 1750

Each reactor was heated using an external electric heater at the bottom of the reactor.
The heater was equipped with a temperature control system. The produced biogas was
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discharged to a storage system. The storage tank was filled with water, in which the
displaced volume represents the volume of the biogas produced.

The three digesters were operated in parallel to evaluate the start-up strategy as well
as to study the effect of other operational parameters. To study the effect of feed con-
centration one of the digesters (AD1) was fed with thickened sludge, while the feed of
the other digester (AD2) was diluted sludge. The diluted sludge was prepared by dilut-
ing thickened sludge with primary treated wastewater in 1:1 ratio. Kalloum et al [5]
proposed dilution of feed sludge to avoid the medium acidification during the start-up
period. The operating temperature of the AD1 and AD2 reactors was 37.5+0.5 °C [2].
To study the effect of operating temperature, the third digester (AD3) was fed with di-
luted sludge as AD2 and it was operated at 32+0.5 °C

Analysis and measurement. To monitor the performance of the anaerobic reactors,
influent and effluent sludge samples were analyzed by measuring the concentration of
chemical oxygen demand (COD), total solids (TS), volatile solid (VS), and alkalinity,
according to the standard methods for the examination of water and wastewater [8].
Volatile fatty acids (VFA) were determined by the titration method by Kappa [9]. For
the alkalinity and VFA, the samples were centrifuged, and filtered through 0.45 pm
filter membrane [10].

3. RESULTS AND DISCUSSION

The digester performance was evaluated by monitoring the following parameters:
the volume of biogas produced, the COD removal ratio, the solid removal ratio. The
digester stability was evaluated by monitoring the VFA, alkalinity, and pH.
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Figure 2 illustrates the volume of biogas produced from the digesters AD1 and AD2.
The biogas yield expressed as m*/kg COD removed is also presented. The volume of
biogas produced during the first 59 day of operation was fluctuating. This may be due
to the changed in organic loading rate, while the biogas yield was generally increased



Mesophilic anaerobic digester without external inoculums 33

slightly with operation time. Also the amount of biogas was small during the first
59 days, then it was increased. The measured values were expressed as Ndm® (normal
cubic decimeter). The normal conditions are atmospheric pressure and 25 °C.

The amount of biogas produced from AD1 increased from 42 Ndm®/day after 59 day
to 160 Ndm?/day after 73 day of operation. The amount of biogas produced from AD2
increased from 15.6 Ndm®/day after 59 day to 57 Ndm?/day after 73 day of operation.
The biogas yield also increased for AD1 from 0.26 to 0.57 m*/kg COD after 59 and
73 day of operation respectively, while these values were 0.13 and 0.36 m*/kg COD for
AD2. The biogas yields at 73 day of operation remain around these values up to 83 day
of operation that indicate steady state condition. The volume of biogas produced per
kilogram of COD removed provides a measure of the transformation of organic matter
into biogas. It also reflects proper operation and the absence of gas leakage in the sys-
tem. This value is consistent to the published results of [11], who reported a production
of 0.55 m’ biogas/kg COD removed.

The organic loading rate was about 1.75 kg of VS per day/m’ of the digester for
AD]1 after 73 day of operation. The corresponding biogas production yield was 1.18
and 0.71 m*/kg of VS removed for AD1 and AD2, respectively. This represent good yield
rate for the digesters used in this experiments. Stroot et al. [2] evaluated the start-up of an-
aerobic digester operated at OLR 3.7 (kg VS per day/m’), and indicated that the steady state
was achieved at biogas production yield of 0.7 m® biogas/kg VS removed. Young et al. [7]
examined steady state sewage sludge anaerobic digester operated at 20 days HRT,
35+2 OC and average organic loading rate of 1.43 kg of VS per day/m’ of the digester,
which results in 0.77 m’® biogas yield/kg of VS removed. A gas production of 0.8—1.1 m’/kg
of VS removed is an indication of proper digestion [6] and the values obtained in the
current study fall in that range.

The above mentioned biogas production indicated that the digesters produced a sig-
nificant amount of biogas after the first 55 days of operation, while the steady state
operation was reached after 73 day. Hatzigeorgiou et al. [3] reported that steady state of
anaerobic digester during start-up was achieved after 116 day of operation. Kobayashi
et al. [1] evaluated the start-up of anaerobic digester of waste activated sludge applying
internal inoculums. The start-up was divided into four intervals; at first operation was
batch without feed, then continuous operation at 100 day HRT, after that the HRT was
reduced to 50 days and finally operated at 30 day. Their study concluded that each of
the operating parameters stabilized after 100 day from start-up. On the other hand,
Stroot et al. [2] compared the effect of different inoculums in digester start-up, and
stated that the steady state was achieved for the digesters after 75 day of operation. This
result is consistent with the results of the present research that was achieved without the
addition of inoculums or any other chemicals.

Figure 3 illustrates the COD removal as well as the effluent COD from ADI and
AD?2 digesters. The COD removal was high for the first day of operation. This is due to
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mixing effect as the digesters were filled with primary treated wastewater, so the influ-
ent sludge was just diluted. During the operation, the sludge total solids concentration
inside the digester increased, and the effect of dilution decreased, thus the removal ef-
ficiencies were decreased and reached minimum values after 55 day of operation. These
values are 27 and 42% for AD1 and AD2, respectively.
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On the other hand, the effect of biological action increased and after the first 55 days
the removal ratio for AD1 was increased to 36% at 73 day of operation. The removal
ratios for AD2 approximately did not change until the 73 day. This indicated that AD2
reached steady state faster than AD1. The COD removal efficiencies at 73 day of oper-
ation remain around these values up to 83 day of operation that indicating steady state
condition. The COD removal efficiencies achieved at steady state is approximately con-
sistent with that of Cacho [11] who conducted experimental work on mesophilic di-
gester, operated at 20 day HRT, and the concentration of COD in the influent was
56 g/dm’. That digester achieved 46% COD removal.
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Fig. 4. Effect of feed concentration on TS (a) and VS removal (b):
ADI1 — thickened sludge, AD2 — diluted sludge
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Figures 4a, b illustrate the total solids and volatile solids removal efficiencies as
well as the effluent solid concentration from AD1 and AD2. The TS removal was high
from the first day of operation due to dilution effect. These values are decreased and
reached minimum values after 59 day of operation —23.5 and 36.5 % for AD1 and AD2,
respectively. After the 59 days the removal ratio for AD1 was increased to reach 30.5%
after 73 day of operation. The removal ratios for AD2 approximately did not change
until the 73 day this indicated that AD2 reached steady state faster than AD1. The VS
removal approximately has the same trend as TS (Fig. 4b). The removal efficiencies of
volatile solids for AD1 and AD2 after 73 day of operation were 32% and 37%, respec-
tively. The volatile solid removal efficiencies at 73 day of operation remain approxi-
mately around these values up to 83 day of operation indicating steady state conditions.
The presented VS removal values are around that of Yue [12] who used mesophilic
digester. The VS concentration in the influent was 29.2 g/dm?®, while the volatile solid
removal was 32.5%.
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The digester stability was evaluated by monitoring the VFA, alkalinity, and pH.
Figure 5a shows the influent and effluent concentration of VFA, which is considered as
intermediate product before biogas (CHs) is formed by methanogenses bacteria. The
concentration of influent VFA ranged from 1050 to 3260 mg/dm®. As shown in Fig. 5a,
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the effluent concentrations for the two digesters decreased upon increasing operation
time, and that values did not exceed 1000 mg/dm® during all the period of start-up. Dur-
ing the first days of operation, the dilution prevents the acid accumulation until the bi-
ological action activated. The concentration of VFA on AD1 reached 550 mg/dm? after
73 day of operation, that value for AD2 was 190 mg/dm?, this may be due to the low
concentration of feed sludge on AD2. These values continued to decrease during the
last period of operation that indicates steady state operation.

Figure 5b shows the alkalinity. It is considered as the buffer to the digester pH. The
concentration of influent alkalinity ranged from 0.85 to 1.7 g CaCOs/dm’. The effluent
concentrations for the two digesters increased upon increasing time of operation, and
these values were not smaller than 1 g CaCOs/dm? during all the period of start-up. Dur-
ing the first days of operation, the dilution prevents acid accumulation until the biological
action activated, thus the alkalinity was maintained high enough. The concentration of
CaCOs; on ADI1 reached 2.27 g/dm? after 73 day of operation, for AD2 — 1.62 g/dm’, this
may be due to the lower concentration of sludge on AD2 than on AD]1. In sewage sludge
digesters, sufficient alkalinity is generally found in the range of (2-5 g CaCOs/dm’) to pre-
vent pH value from falling below the limit for methanogenesis inhibition [13]. Alkalin-
ity enables the digester to better handle a sudden increase in organic load without pro-
cess deterioration [6, 14].

Figure 5c shows pH for the two digesters which was within the range of 7-8.
Kalloum et al. [5] stated that after 25 day of start-up, pH was stable around 7. This value
is within the acceptable pH range of 6.1-8.3, which is suitable for sludge digestion.
Below pH = 6.1, volatile acids become toxic to methane-forming microorganisms. On
the other hand for pH above 8.3, the dissolved ammonia becomes toxic to methane-
forming microorganisms [13, 6]. The increase in pH may be attributed to the increase
in the alkalinity as well as the VFA consumption.

Figure 5c shows also the VFA/alkalinity ratio. For AD1, it was high, equal to 0.9
after 20 day of operation, that value was 0.6 for AD2. These values decreased to around
0.2 for the two digesters after 55 day, and finally became 0.24 for AD1 and 0.12 for
AD?2 after 73 day of operation. The VFA/alkalinity ratios continued to decrease during
the last period of operation indicating a steady state operation. Kalloum et al. [5] in their
found that the value of VFA/alkalinity ratio was lower than 0.5 during the digestion
process.

Young et al. [7] monitored the VFA/alkalinity ratio for a steady state digester, and
concluded that the buffering capacity is sufficient when this ratio is maintained below
0.4. This indicated that after 55 days of operation the two digesters were stable and start-
-up was achieved successfully, while the digesters required another 18 days to reach
steady state.

The biogas produced from the digesters AD2 and AD3 was collected in order to
examine the temperature effect. The biogas yield for AD3 digester was 0.22, 0.35,
0.38 m*/kg COD removed, after 66, 71, 73 day of operation, respectively. The biogas
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production for AD2 digester was 0.234, 0.38, and 0.37 m*/kg COD removed, after 66,
71, 73 day of operation, respectively. The biogas production at 73 day was approxi-
mately the same up to 83 day of operation. This indicated that as the temperature in-
creased from 32 to 37.5 °C, the biogas production increased by about 3%. Ryan [15]
examined the effect of temperature on the mesophilic digester performance, and con-
cluded that increasing the temperature from 30 to 35 °C produced similar amounts of
biogas.
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Fig. 6. Effect of temperature (AD2 — 37.5 °C, AD3 — 32 °C) on:
a) COD removal, b) TS removal, ¢c) VFA and alkalinity, d) pH

Figure 6a shows the COD removal as well as the effluent COD from AD2 and AD3.
Up till 62 day of operation, the COD removal for AD2 digester was higher than that for
AD3 digester by approximately 6%. After 62 days, the two digesters approximately
removed the same percent of COD. The TS removal and the effluent TS from AD2 and
AD3 are shown in Fig. 6b. Up to 70 day of operation, the TS removal for AD2 digester
was higher than that for AD3 digester by approximately 3%, while after 70 days the two
digesters approximately removed the same percent of TS.
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As shown in Fig. 6¢, the VFA concentration for AD2 digester was lower than that
for AD3 digester during the first 40 day of operation, while during the rest of the oper-
ation period the two digesters approximately contained the same amounts of VFA. The
two digesters have approximately the same contents of alkalinity during as well.

Figure 6d shows pH for the two digesters. It was within the range of 7-8. The
values of the VFA/alkalinity ratio for AD2 digester were lower than those for AD3 di-
gester during the first 40 days of operation, reaching the same level at longer period of
time.

4. CONCLUSIONS

The study aims to a better understanding of the start-up of anaerobic digester and
assesses a novel strategy to start-up the digester without any external additions or high
skills requirements. The only requirement of the proposed strategy is to start by filling
the digester with treated wastewater, then normal operation by feeding the thickened
sludge to the digesters. Also the operational parameters such as feed concentration and
operating temperature were evaluated. The experimental set up consisted of three simi-
lar pilot scale mesophilic anaerobic digesters; each digester had a cylindrical shape with
a capacity of 0.24 m?, the digesters were operated at a municipal wastewater treatment
plant from which the feed sludge was taken.

The novel strategy to start-up the digester was successful. The digester start-up was
achieved after 55 day of operation, while the steady state condition was reached after
73 day of operation. During the start-up period, the removal of COD and solid was
achieved from first day of operation by dilution effect (due to mixing with treated
wastewater). After accumulation of biomass, the removal was due to biological reaction.
Also the dilution effect due to starting with treated wastewater was the key factor of
digester stability, the VFA was lower than 1 g/dm’ along the start-up period and there
was no acid accumulation. Also the VFA to alkalinity ratio decreased, and after 55 day
of operation it was around 0.2, which indicated stable operation of the digester. The feed
concentration has minor effects on the performance of digester start-up. The digester
with diluted feed performed 5% removal ratio better than that with concentrated feed.
Also the diluted feed digester was more stable than that with concentrated feed. On the
other hand, the biogas production from the digester with concentrated feed was higher
than that with diluted feed. Finally the results indicated that the operating temperature
had minor effects on the digester performance during the first 55 days of operation, and
almost no effect after that period.
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