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Abstract

The reaction environment of small-scale anaerobic digestion plants, is generally neglected and unmonitored, reducing their
performance and face challenges in their widespread adoption. Thus, the objective of this work was to study the reaction
environment and the structural optimization points of Puxin model anaerobic digestion reactors in mesophilic conditions under
a tropical climate. Three 10 m® Puxin model biodigesters were installed in series within a slaughterhouse for the anaerobic
digestion of slaughterhouse wastes. Indicator parameters of stability (pH, redox potential and temperature) and performance
(biogas flow rate, biogas quality) were monitored on-site, and organic and mineral loads (chemical oxygen demand, Total
Kjeldhal nitrogen, conductivity) and inhibitors (Volatile fatty acids, total alkalinity) were assessed in the liquid fraction. The
stability parameters pH and Eh, reached their optimal values while the digestion temperature settled at 31 +2<C lower than the
optimum value of 35 £2<C. The temperature in the puxin model reactor was feedstock dependent and was not affected by
external temperature of tropical climate. The methane content of the biogas varied between 48 and 65%. The biogas flow rate
fluctuated between 0 to more than 33 Lyioges.min* equivalent to a pressure of 3 to 8 kPa, satisfactory values for domestic use. The
inhibitory parameters were within their optimal range for anaerobic digestion.
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1. Introduction

Anaerobic digestion, a biochemical technological process
for the treatment of organic wastes such as animal manures,
industrial effluents and agricultural residues, has received in-
creasing attention in recent years and highly used for animal
wastes anaerobic digestion. The process involves degradation

and stabilization of complex organic matter by microorgan-
isms leading to the production of biogas and digestate includ-
ing solid and liquid as a consequence of energy and fertilizers
recovery respectively. The process distinguishes small-scale
digesters, medium scale and industrial scale digesters. Small-
scale digesters or domestic/residential digesters have a power
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supply capacity less than 25 kW or a volume going from 3 to
30 m® and are meant to supply energy for cooking, lighting or
sanitation in rural residential areas. Medium scale or commer-
cial digesters with a capacity between 25 and 250 kW or a
volume going from 50 to 500 m?® and meant for heating or
electricity generation and large-scale installations with a ca-
pacity greater than 250 kW or a volume of more than 500 m?
[1]. They process the organic substrates into digestate and bi-
ogas which is composed in majority by 40 to 70% of methane
and 30 to 60% of carbon dioxide [2-6]. Depending on the tech-
nology, they can be implemented in various types of climates
and consists of thermophilic (45 - 60<C), mesophilic (20 -
45<C), or psychrophilic (< 20<C) digestion [7]. Available
small-scale biodigesters consist of fixed dome, floating dome,
bag digester, portable digester. But the most developed do-
mestic biodigester technology in Africa is the fixed-dome di-
gester running in mesophilic conditions [7, 8]. The main char-
acteristics of most of these small-scale biodigesters models are
their small size, heating and substrate mixing are very limited
and operate in wet-conditions. Structurally, they are com-
posed of the substrate feeding/extraction pits, the digester core,
and the biogas storage unit, usually integrated into the digester.
The volumetric production of the different domestic digesters
ranges from 0.1 to 0.4 m® biogas/m® digester/day for fixed
dome digesters (Chinese, Camartec), 0.4 to 0.8 m? biogas/m®
digester/day for floating dome digesters (Indian Gobbar,
Puxin), and 0.25 to 0.6 m® biogas/m? digester/day for bag di-
gesters and plug flow digesters. Among these biodigesters, the
Puxin digester model has a high and stable pressure produc-
tion of biogas and used for livestock effluents, human excre-
ment, wastewater, straw, and food waste. The model was de-
veloped by the Shenzhen company, established in 2001 in
China. It consists of domestic-sized (6 and 10 m®) and semi-
industrial-sized (> 50 m®) units characterized by cylindrical,
vertical reactors in a single cross-section, generally con-
structed of concrete using pre-designed molds. The integration
of this model of biodigester in Togo’s republic need to analyze
its integration. Thus, the objective of this work is to study the
reaction environment of Puxin model anaerobic digestion re-
actors in mesophilic conditions under a tropical climate. Four

biodigesters were therefore implemented in a sheep and goats
slaughterhouses for the anaerobic digestion of the produced
wastes. The process of implementation was analyzed and sta-
bility, inhibitors, organic and mineral load were monitored to
ensure the performance of the reactor.

2. Materials and Methods

2.1. Area of Construction

The site for the implementation of the biodigesters was cho-
sen taking into account the constant and sufficient availability
of biodegradable substrates, the energy needs to be met, and
the availability and strong motivation of the beneficiary to en-
sure the operation of the installation. The safety distance be-
tween trees and the installation site is greater than 50 m, elim-
inating any suspicion of weakening or collapse of the biodi-
gesters due to established root development. Furthermore, the
piezometric level, the avoidance of construction in flood
zones, the 30 m safety distance from wells and surface water,
and the downstream location of the biodigesters in relation to
groundwater flow were not considered critical factors during
the installation process. Thus, three 10 m® Puxin digesters
were installed in Agoe sheep and goat slaughterhouse.

2.2. Design and Construction

The system design considered two major parameters: reten-
tion time (RT) and daily slaughterhouse waste production,
based on a digester installation with a capacity of 10 m®. Re-
tention time is determined by the digestion temperature (25-
30<C) and the substrate dry matter content (16% of dry matter).
The daily organic load (ORL) was determined and the number
of biodigester to build was estimated to 02. Two biodigesters
of 10 m3 were therefore built for solid wastes anaerobic diges-
tion, with an additional biodigester to ensure the maturation of
the liquid digestate (Table 1).

Table 1. Calculation method for sizing biodigesters.

Retention time:
RT (jr)

Daily waste production:
Pj (kg MB)

RT= 66 Pj = 208

The installation is characterized by the site preparation
phase followed by construction. Site preparation consisted of
precisely locating and marking out the construction area for
the biodigesters. Excavation of a pit of 3 meters depths and 4

ORL = Biodigester volume/RT

Volume of biodigester = 10 m3= 10 000 dm3
ORL = 10000/66 = 151 kg.day*
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Number of digester (N)
N=Pj/ORL

N=Pj/ORL = 1,4=2

meters in diameter was realized. The subsoil was prepared by
laying a 10 cm thick layer of sand to prevent any potential
cracks on the back face of the digester bases.

The biodigesters were constructed by assembling the molds
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(body, arches, collar, pins) in the pre-existing pit as designed
by Puxin company (Figure 1). Concrete, made from a mixture
of 50 kg of cement, 60 L of sand, 130 L of gravel, and 25 L of
water, was poured into the base on which the mold assembly
rested and between the plates. The extraction and feeding pits
are constructed using concrete blocks through which 1.25 m
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Figure 1. Process of Puxin biodigester construction.

Polyethylene pipes (d= 9 mm) connect the bell to the source
of biogas consumption. The pipes were equipped with ma-
nometers with a maximum pressure of 16 kPa, which helped
to detect leaks following untimely drops in pressure. The pres-
sure gauges were followed by a water trap with a volume of
0.5 L to retain the water produced during the cooling of the
biogas preventing any obstruction of the passage of the biogas.
Sulfur filters containing iron filings purify biogas from sulfur.
Water and air tightness tests were carried out to respectively
check the tightness of the digester and the piping/bell. Water-
tightness tests were carried out by filling water into the di-
gester and measuring losses after 24 hours, 48 hours, 72 hours
and 96 hours. Airtightness tests were carried out using biogas
and water. Biogas is filled through all the piping which is then
immersed in water. Leaks are identified by the formation of
air bubbles.

2.3. Solid Substrates Characterization and
Reactor Start-Up

A 10 kg mass of slaughterhouse waste was sampled and
then transferred to the laboratory at room temperature (25<C).
The samples were characterized in terms of pH, dry matter,
and volatile matter in triplicate. The pH was determined ac-
cording to standard NF ISO 10390 (1994) using an Inolab-
IDS-WTW Multi 9430 pH meter with a Sentix 980 electrode.
The dry matter content was determined according to standard
NF 1SO 11465 (1994) using a Firlabo oven by drying at 105 +
2<C. The organic matter content was evaluated by loss on ig-
nition at 550<C for 4 hours using the SNOL 4011200 oven.
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The start-up of biodigesters was subdivided into three main
stages, including the determination of the dry matter and vol-
atile matter content of the substrates; the introduction of 10 m?
of water in which 1 m? of inoculum, representing 1/10 of the
biodigester's volume; and the monitoring and observation of
the initial biogas production from the inoculum, which serves
to initiate daily feeding.

The initial organic load was estimated at 16.5 kgpm/m?.
The daily feeding of the biodigesters with raw substrates
fluctuated between 100 and 150 kg, corresponding to an av-
erage organic load of 2.1 kgom/md. Slaughterhouse sub-
strates were used in this study as both inoculum and diges-
tion substrates because their high microbial load and readily
biodegradable.

2.4. Physico-chemical Monitoring in the
Reactor

The pH, the redox potential, and the conductivity within the
biodigester were monitored using the PHT-027 multiparame-
ter meter, with a pH probe (Ag/AgCl electrode), an ORP probe,
and a conductivity probe. The pH meter was calibrated using
three buffer solutions: 4.01, 6.86, and 9.18. The accuracy is
0.1 pH unit for the pH probe and 0.1% for the ORP probe. The
temperature within the biodigester was determined using the
Vici TM803 thermometer probe. The temperature measure-
ment range was -50C to +70<C with an accuracy of 1 <C.
The pH, redox potential, and conductivity within the biodi-
gester were measured through the extraction and feed pits, and
at various depths, including 1 m, 2 m, and 2.75 m allowing the
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calculation of the daily average values.

2.5. Evaluation of Organic Load and Inhibition
Parameters

Chemical Oxycgen Demand (COD) and Biological Oxygen
Demand (BODs) were measured by potassium dichromate di-
gestion and respirometry using the SELECTA Digest Block 6
and the Aqua-Lytic AL606 BOD system, respectively. Total
Kjeldhal Nitrogen (TKN) was determined by mineralization
with H2SO4 in the presence of a catalyst (K2SO4 + Se) using
the SELECTA Digest Block 6, followed by distillation with
the Kjeltec Tecator 2200 distiller and titration with 0.1M
NaOH. Volatile fatty acids (VFA) and total alkalimetry (TAC)
content were determined by titration with H,SO4 and NaOH
(1IN and 0.1N).

2.6. Evaluation of Biogas Flow Rate, and
Quality

The biogas flow rate was measured using the Argon type
Gas Flow Meter Tester from two different biogas outlets, first

at the outlet of the biodigester (during 30 days) and second at
the outlet of the biogas storage tank.

The methane content was determined by sampling the bio-
gas using a syringe and measuring it volumetrically by mov-
ing the liquid. The first liquid is a solution of distilled water
acidified to pH 2 using HCI and measures the total volume of
biogas and the second is a KOH solution of pH 11 and
measures the volume of methane in the biogas.

3. Results and Discussion

3.1. Biodigesters Construction and Leak Test
Realization

The construction of the biodigester, the pipe installation and
24 hours system verification for leaks were completed in 5
days with a workforce of four and a concrete mixer including.
Indian Gobarr, and Chinese biodigesters models require sig-
nificantly longer construction times, ranging from 10 to 20
days, with a similar workforce. The quantities of materials
used for the treatment of the subsoil and the construction are
indicated Table 2.

Table 2. Volumes of materials used for the construction of a Puxin biodigester 10 mé.

Materials Unit
Cement kg
Sand m3
Gravel m3
Iron bar of 6/8, length 12m unit
Pipes PVC 160 m
Bricks unit
Wire coil unit
Plaster unit
Used oil for mol lubrification L

Water tightness testing of the digesters revealed an average
water loss of 1.2 cm (0.3 m®), 1.8 cm (0.5 m®), and 1.2 cm (0.3
mq) after 24 hours respectively for Digester 1, Digester 2 and
Digester 3. These losses were attributed to absorption by the
concrete and evaporation. This water loss stabilized at 0.5 cm
after 72, 96, and 120 hours, indicating that the systems are wa-
tertight. The low water losses was attributed to evaporation.
The water tightness testing technique was similar to that de-
fined by [9], who suggested gradually filling the digester with
water and assessing the losses over 2 to 4 days. Lacour [10]
emphasizes that leak tests are recommended for three main
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Quantity per digester

1600-1800
4-45

6

4-5
1,25% 2
100

01

01

3

reasons: i) the eradication of groundwater pollution, ii) the re-
duction of water losses from digesters, and iii) the reduction
of gas leaks that hinder pressurization of the biodigester.

The gas leak test was performed on both the fiberglass
chamber storing the biogas within the biodigester and the pip-
ing used to deliver the gas to the point of consumption. Excess
water was added to the upper limit of the chamber. The ab-
sence of air bubbles indicated a perfect seal on the chamber.
For the piping, the biogas flows under pressure through the
piping. Immersing the piping in water confirmed the absence
of leaks due to the lack of air bubbles. The technique devel-
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oped by Chanakya [9] for verifying gas tightness requires in-
jecting air into the system at a differential pressure of 50 mbar

and checking its stability after 2 hours. The design of the com-
plete installation is shown in Figure 2.

Recovery of liquid
digestate

4t
10 m3
Digester 1

7\

Digesteur 2

Liquid digestate

Recovery of biogas

Digester 3:
Liquid digesta

Composting of solid

>

digestate

Figure 2. Design of the installation.

3.2. Inoculation of the Biodigester by the
Substrates

Substrates from the rumen of slaughtered small ruminants
were used simultaneously as inoculum and subsequently as
substrates for methanation, given their high concentration of
bacterial flora and known high buffering capacity. The vola-
tile matter of the inoculum was 98 +2%pwm and the dry matter
was 17 +3%pwm [11]. The pH (7.1 £0.5) was suitable for an-
aerobic digestion, and the mineral load, reflected by the con-
ductivity, is approximately 3317 +210 .S.cm™%

Compared to conventional digesters characterized by two-
or three-stage inoculation [9], the inoculation of the digesters
in this study using slaughterhouse wastes was carried out in a
single stage by introducing 1 m® of inoculum into a liquid
phase of 10 m® of water. This unique inoculation method, used
in Puxin technology, eliminates any immediate inhibition and
allows for gradual colonization of the digestion medium. Bio-
gas production (> 1 m®) was achieved in less than 12 hours.
Flammability tests were positive, with a blue flame indicating
effective methanogenic activity.

3.3. Studying Stability Parameters of the
Biodigester in Situ

A sudden change in temperature can cause a functional im-
balance in the microbial population [12]. Gerardi [13] recom-
mends a fluctuation between 2 and 3<C in temperature to en-
sure the stability of the process in mesophilic conditions. Tem-
perature in the biodigester varied between 29 and 33<C with
an average of 31 +£1<C, a deficit of around 4<C compared to
the optimal temperature in mesophilic digestion which is 35 =+
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2<C (Figure 3). The external temperature varied between 28
and 40 <C during the experiment phase, therefore the tempera-
ture measured within the biodigester was not a function of the
external temperature in mesophilic conditions and in tropical
regions. In contrary, it should be a function of the intensity of
degradation of the organic load and therefore of bacterial ac-
tivity. This analysis was confirmed by Pincam et al., [8] who
showed that, feedstock composition significantly influenced
anaerobic digestion sensitivity to temperature change, readily
degradable feedstock displaying greater sensitivity to temper-
ature changes. The low digestion temperatures within biodi-
gesters compared to the optimal digestion temperature in mes-
ophilic digestion could reduce the performance of anaerobic
digestion with the consequence of a reduction in the level of
degradation and the qualitative production of methane and a
low level of sanitation of the digestates. The temperature var-
iations reported within biodigesters in Togo are higher than
those measured in Ha'li which oscillate between 24 and 31<C,
with an average of 27.4<C, and environmental temperature
conditions varying between 4 and 13<C [10] while in Senegal
[14] reported a variation between 29.1 and 36.6 <C with an am-
bient temperature of 26.8 to 31.6 <C. Studies revealed that, the
temperatures and the average daily biogas productions were
higher for the steel biodigester (1.5 +£0.12 mé.day* at 36 +
2°C) than those produced from the PVC (1.3 0.1 m3.day™ at
31 £ 1.5°C) and concrete (1.2 + 0.05 m®.day? at 27 + 2°C)
biodigesters. So, the low temperature of the studied biodi-
gester compared to the optimal values appropriate anaerobic
digestion may be influenced by its state, built with cement [15].
Therefore, the external temperature might have a very slight
impact on the internal temperature of the reaction medium of
the digesters.

The pH varied between 6.5 and 7.8 with an average of 7.1
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+0.3, adequate range for optimal anaerobic digestion (Figure
3). The high pH values were measured on the side of the sub-
strate extraction pit while the low values were obtained on the
side of the feeding pit. Lacour [10] highlights changes in pH
in biodigesters of between 6.3 and 8.7 on a plug flow biodi-
gester and [13, 14] reported a fluctuation between 6.8 and 7.7
for Puxin model biodigester very closed to the results of this
study. Optimal activity of methanogens is favored by a pH be-
tween 6.8 and 7.2 [14, 16].
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The optimum range of ORP for CH4 reducing bacteria is
below -230 mV [17-19]. The redox potential quickly reached
the optimum for anaerobic digestion within 10 h after feeding
and then stabilized between -250 and -315 mV (Figure 3).
Considering the convenience, economic factor and reliability
of industrial biogas plants of chicken manure, an ORP higher
than -540 mV is an indicator of inhibition while a severe inhi-
bition occur for an ORP higher than -520 mV [20].
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Figure 3. Physical and physico-chemical parameters evolution in biodigesteur.

3.4. Evaluation of the Organic Load and
Inhibitors Parameters in Liquid Digestate

The mineral load, expressed as conductivity, the organic
load, expressed as COD and VVFAs, and the buffering capacity,
characterized by TAC, were determined during the first two
months of digester operation. These parameters were meas-
ured on the liquid phase, which is transferred daily from the
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biodigesters receiving the solid substrates to the biodigester
responsible for digesting the effluent. The mineral load in-
creased from 500 to 5500 S.cm™. The TKN, COD, and VFAs
changed from 50 to 400 mg.L™%, 250 to 4150 mg.L™?, and from
0.08 to 0.99 g.L™?, respectively. BODs accounted for 54% to
89% of the COD, demonstrating high biodegradability of the
liquid abattoir digestates. The TAC quickly reached the mini-
mum desired value of 3 g.L%. The VFA/TAC ratio varied be-
tween 0.09 and 0.4 and did not exceed the limit ratio of 0.8.
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Some studies underlined TAC values slightly above 5 g.L*
ensuring a stabilization of the anaerobic digestion process,
ammonium values in mesophilic conditions were under 1.5
g.L* and soluble COD were approximately 900 mg.L* at
37<C up to 3500 mg.Ltat 53<C [21].

3.5. Biodigesteur Performance: Flow Rate and
Biogaz Quality

The biogas flow rate generated by the biodigester varied be-
tween 3 and 33 Lupiogas.min* (Figure 3- biogas flow rate), the

equivalent of 3 to 8 kPa. Low flow rates and pressure are ob-
served with biogas use. The average biogas flow rate was 20
Lpiogaz-mint. This pressure is similar to 0 to 6 kPa and 0.9 to
10.8 measured respectively by Tcha-Thom et al. [22] and
Ebeya et al., [14] on Puxin model biodigester. A 10 m® di-
gester in normal operation can reach a value of 12 kPa [14].

However, due to overproduction, transferring the biogas
into 10 m? tanks was considered. The biogas stored in these
10 m® tanks exits at a flow rate of < 0.5 Lpiogaz.min'* hindering
its use. Therefore, tests are being conducted to determine a
suitable flow rate.

Table 3. Performance parameters of the biodigesteur.

Pressure (kPa)

Biogas exiting directly from biodigester 3-8
Biogas exiting from balloon <0.1
Biogas exiting from balloon supporting load of 50 - 500 kg 0.5
Biogas exiting from balloon connected to boster pump 0-50

Adding weights ranging from 50 to 500 kg to the biogas
storage tank resulted in flow rate < 0.5 Lpiogaz.min. This tech-
nique did not appear promising for optimal biogas utilization.
Using the biogas directly from the biodigester provided better
flow rate. The use of an electrically powered pressure regula-
tor generated adjustable pressure, ranging from 0 to 60 Lpio-
gz-min’t, depending on the application. This flow rate allowed
the use of generator for electricity production, and cooking.

The measured methane content ranges from 45% to 64.5%.
On-site concentrations varying from 40 to 62.95% were re-
ported on plug-flow digester in Ha'ii and Puxin biodigester in
Senegal [10, 14], while some authors reported very low con-
centrations of methane (29 to 47%) and high concentrations
of 80 to 91% of fish wastes anaerobic digestion in mesophilic
conditions [23, 24]. The methane percentages obtained by
Faye [25] were 58.52% on cow dung, 62.95% on cashew ap-
ple and 61.3% in co-digestion of 50% on cashew pulp and 50%
COoW.

3.6. Structural Optimization: Automatic Water
Drainage by Sloping the Pipes

During the operation of the biodigesters, the absence of bi-
ogas at the point of consumption was reported three times in
six months. This was due to failure to adhere to the monthly
drainage schedule for water droplets formed during gas cool-
ing in the piping, preventing the biogas from reaching the
point of consumption. Tests to drain the water from the piping
determined that the emptying time was one hour by two peo-
ple for three biodigesters. However, the operators found this
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Biogas flow rate (L/min)  Methane content (%)

0-33
<05

<05 45-64.5

0-60

operation very tedious. Previously, the piping was horizontal
and at the same level as the top of the tank. Raising the piping
and placing it at an angle resolved the problem. This allows
the water to return to the biodigester by gravity without exter-
nal intervention, thus ensuring the regular presence of biogas
at the point of consumption.

4. Conclusion

The objective of this work was to study the structural opti-
mization points of the anaerobic digestion reactors of the
Puxin model under a tropical climate and to analyze the reac-
tion environment during mesophilic operation. The stability
parameters, inhibitors, and organic and mineral loading were
found to be within the acceptable digestion ranges for meso-
philic digestion. The performance parameters were adequate
for biogas production. Structural optimizations were tested
and validated for the optimization of the Puxin biodigester.
This study thus provides insight into the operating regime of
the Puxin model in a tropical climate, facilitating its successful
dissemination.

Abbreviations

RT Retention Time

ORL Daily Organic Load

PVC Polyvinnyl Chloride

CoD Chemical Oxycgen Demand

BOD5  Biological Oxygen Demand on Five Days
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TKN Total Kjeldhal Nitrogen
VFA Volatile Fatty Acids
TAC Ttotal Alkalimetry
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