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Abstract: Sustainable waste management and renewable energy are crucial, particularly in Cambodia,
where environmental concerns are rising. Organic waste, including cow dung (CD), pig dung (PD),
and vegetable waste (VW), offers a promising source for biogas production and clean and renewable
energy. However, the efficiency of this biogas production depends on the type of waste and processing
conditions. We evaluated the quality, composition, and volume of biogas generated from organic waste,
specifically CD, PD, and V'W. Three experimental conditions were tested: 10 kg of CD with 10 liters
of water, 5 kg of CD mixed with 5 kg of PD and 10 liters of water, and 5 kg of CD mixed with 5 kg of
VW and 10 liters of water. As a result, the conversion of pure CD yielded a total volume of biogas up
to 0.391 m?, with a methane percentage (CHy) of 69.18%. The CD mixed with PD, which produced
only 0.362 m® of biogas with a CHy of 65.51%, and CD mixed with VW, which yielded a total biogas
volume of only 0.319 m® with a CHs of 68.17%. From the result, it can be concluded that the
bioconversion of pure CD into biogas was the most efficient compared to the other two conditions.
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1. Introduction

The global community has taken notice of green technology and ecological sustainability due to
the increasing severity of worldwide environmental pollution and energy shortages. Renewable energy
has been vital in electricity production [1]. The increasing energy demand in Cambodia has resulted in
a greater dependence on imported fossil fuels, burdening the economy and worsening environmental
concerns, including health issues and climate change. To address these difficulties, the development of
efficient and affordable bioprocesses for biomass and biogas-based energy, such as bio-hydrogen and
bioethanol, presents a favorable alternative. This strategy can assist Cambodia in diminishing its
reliance on fossil fuels, advancing sustainable development, and granting rural communities the ability
to utilize clean, renewable energy sources [2—4]. It is worth noting that biogas has resulted in health
benefits such as lower indoor particulate emissions, improved sanitation, and increased agricultural
productivity through the use of digester bio-slurry, environmental benefits such as lower greenhouse
gas emissions and wood consumption, and reduced workload for women and children. Furthermore,
while deforestation is frequently caused by households gathering tree branches, the transition to biogas
also helps to relieve pressure on forest resources.

Biogas, derived from organic materials, is a valuable renewable energy source primarily
composed of methane (CH4) and carbon dioxide (CO2), with variable levels of hydrogen sulphide (H2S)
and moisture. Its composition varies based on the source, typically containing 45-70% methane, 30-40%
carbon dioxide, and 1-15% nitrogen. Biogas is versatile, used for cooking, heating, and as a starting
material for chemical and biochemical production, such as hydrogen and synthesis gas [5]. The
Anaerobic Digestion (AD) method consists of four distinct phases. In the hydrolysis phase, enzymes
break down large, insoluble polymer feedstocks into soluble substrates, including amino acids and
sugars. During the acidogenesis phase, fatty acids, sugars, and amino acids are converted into ammonia,
organic acids, hydrogen (Hz), and carbon dioxide (COz2). Volatile fatty acids (VFAs) are also produced
alongside CO2 and Hz. The acetogenesis phase involves the degradation of VFAs into acetic acids, Ha,
and COz, and the last stage, methanogenesis turns formaldehyde, acetate, and hydrogen into methane,
COz2 and water [6]. Biogas offers great potential as a renewable energy source, capable of producing
both heat and power [7]. It primarily consists of feedstock sources like industrial waste (organic waste
from MSW), agricultural waste, aquatic biomass (algae), energy crops (such as maize and barley), and
animal manure [8]. The International Energy Agency (IEA, 2020) anticipates a 50% increase in biogas
production by 2040. Renewable biogas production from organic waste contributes to reducing
methane emissions from landfills, thereby mitigating global warming [9]. Nonetheless, Anaerobic
Digestion (AD) systems come with their challenges, including long hydraulic retention times, low
methane production, and the need for hard-to-degrade substrates, resulting in higher volume and
capital costs. To enhance anaerobic digestion efficiency and methane yield [10], it is essential to
preprocess feedstock with slow biodegradability and complex structures before digestion, as
lignocellulose biomass presents difficulties due to its structural and chemical complexity [11].
Improved air quality and hygienic conditions have been achieved in both urban and rural areas when
organic wastes is used as the source for AD systems. To reduce Hydraulic Retention Time (HRT), the
pre-treated slurry is implemented to readily digested by microbes. This process also generates methane,
serving as a renewable energy source.

Researchers have explored the potential for biogas production from both mono-digestion and
co-digestion of cow manure and other organic wastes, without and with treatment. Regarding on
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study, researchers focused on the biogas production from cow dung in a batch and semi-continuous
mode at 53 °C; it showed that the content of the methane was 47% [12]. Researchers have conducted
several studies on biogas production from cow dung (CD) and food waste to investigate the biogas
yield and the impact of hydraulic retention time [ 13—16]. In 2020, the production of biogas of vegetable
waste (VW) and cow dung was conducted using the water displacement method under four different
ratios. It showed that the ratio 1:1:2 of cow dung, V', and water obtained better results compared to
others [17]. From [ 18] the comparison of biogas production from CD and pig dung (PD) was conducted
under mesophilic condition at the laboratory scales and the result showed that the pig manure obtained
higher biogas volume. The comparison of biogas produced from wetland grass and cow manure are
conducted for 45-days investigation. To improve the quality of biogas production, the Ca(OH)2, NaOH,
and H2O are used to remove the H2S, which enhances the bio-methane production. It was observed
that H.O, Ca(OH)2, and NaOH removed H2S from the biogas by 55.56, 98.75, and 98.89%, respectively.
The Ca(OH)2, and NaOH increase methane production by 85.9, and 88.04% [19]. The review [20]
highlighted the cavitation and electrolysis treatments, which are the methods for intensifying biogas
production from waste. Despite the extensive research on biogas production from various organic
wastes with or without pretreatment, no studies have specifically been conducted in the context of
Cambodia. The existing literature lacks an analysis of how local conditions in Cambodia might affect
biogas yields and the efficiency of co-digestion processes.

In developing countries, waste biomass is underutilized for solid biofuel production. For instance,
from [21], selected Asian countries such as Vietnam, Cambodia, Bangladesh, Laos, Nepal, India, and
Indonesia commonly use pig manure, cow manure, buffalo manure, and livestock manure as feedstock
for small-scale biogas plants. Vietnam has constructed more than 100,000 household biogas plants [22].
According to [23], there are 28,110 biodigesters, equal to 6% of technical potential households in
Cambodia, and most of the biodigesters use cow manure and pig manure. Specifically, in the context
of Cambodia, several potential studies have been conducted on biomass and biogas. Some researchers
focused on the potential of rice husk to generate electricity in Cambodia [24-26]. A study was
conducted on the production and quality of biogas using cow manure in Cambodia, and the result
showed that the average percentage of methane was around 52% and the average concentrations of
hydrogen sulfide was around 390 to 604 ppm [27]. Other researchers have evaluated biogas production
from water spinach combined with buffalo manure in Cambodia to determine the effect on methane
production [28]. Although there are multiple studies regarding biogas production from 100% CD and
combinations of CD with grass, vegetables, fruit, food waste, PD, and other waste, in Cambodia, the
study of the combination of CD with PD or CD with VW is not reported despite the abundance of these
substrates in this country.

In this paper, we investigate biogas production using co-substrates such as pure CD, CD mixed
with PD, and CD mixed with V. The anaerobic digesting method has received significant interest in
both academic study and industrial applications, as previously stated. Nevertheless, it is important to
mention that the literature does not include research on the feedstock substrates examined in this case.
Despite the abundance of CD, PD, and VW in Cambodia, there has been no reported research into the
production of biogas from these substrates. Therefore, our objective is to compare the biogas and
methane levels produced from PD, CD, and VW in the context of Cambodia local conditions. In the
experiments, we compare the production of biogas, and the energy levels achieved by boiling water
using electricity and biogas from these materials.
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2. Materials and methods
2.1. Design of the biogas digester system

In this research, we developed a biogas digester system by first draw a schematic that is intricately
connected to a gas pipe, as shown in Figure 1(a). Our initial requirement entails a 50 L plastic container
featuring four holes: A 40 mm diameter opening on the left and the bottom, a 45 mm hole on the upper
right, and a 16 mm hole at the top. These openings are linked to a pipe connector (21", 49", 60") and
aPVC pipe (21", 49", 60"), which respectively serve as the inlet, outlet, and gas conduits, respectively. The
PVC pipe is subsequently connected to valve no. 60 to prevent any potential blockages. Valve no. 60 is
further linked to pipe connector no. 60, a crucial component for slurry disposal. Additionally, valve no. 49
is connected to pipe connector 49, functioning as a mixing tank for the uniform mixing of manure and
water, thereby inducing a chemical reaction. Several other valves serve as drainage points during
system cleaning. To ensure the integrity of the connections and to prevent water and gas leakages,
Scotch tape and glue are applied at the connection points. This interconnected furnace system, as
depicted in Figure 1(b), is also seamlessly integrated with the Gas Detector for enhanced functionality.

Biogas pump Gas Flow Meters Biogas bumer

Gas Detector

—y ‘:i:p TR \ 1!
b |
Biogas Digester S

Y

Biogas pump | Gas flow meter

-

Figure 1. The design of biogas digester. (a) Schematic of Biogas Digester. (b) Constructed
Biogas digester after putting substrates.
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2.2. Material preparation

In this research, conducted in Cambodia’s lowland regions, we embarked on a unique endeavor to
collect various organic materials, including pure cow dung, PD, and VW, sourced directly from
households. It is worth mentioning that the cow dung and PD were primarily acquired from small-scale
farms, which are often integral to the agricultural practices in the area. The VW was chopped into small
pieces, as shown in Figure 2, and then mixed with CD and water in a 1:1:2 ratio, as specified in Table 1.
The raw materials, cow dung, and PD were mixed with water according to the ratios specified in Table 1
using a blender to ensure a homogeneous mixture. The blended mixture was then poured into each
designated biogas digester and stored for 44 days to allow for anaerobic digestion and biogas
production. To ensure the accuracy and comprehensiveness of our experiment, we meticulously
gathered and documented the quantities of these materials, as outlined in Table 1. This quantitative
data served as the foundation for our research, allowing us to precisely control and analyze the
variables throughout the experiment. With a diverse range of substrates at our disposal, we took great
care to store them separately, each in its designated place. The unique characteristics and properties of
CD, PD, and VW made it crucial to maintain their integrity behaviors and potential applications of
these organic materials under three different conditions. These conditions were carefully chosen to
represent a variety of real-world scenarios, each with its specific set of challenges and opportunities.
As we delved into the experiment, the results and observations obtained from these conditions
promised to shed light on the valuable insights and applications that these organic materials could offer,
not only in Cambodia’s lowland regions but potentially in a broader context as well.

(a) (b) ()

Figure 2. (a) Chopped VW, (b) CD mixed with V'W, and (¢) CD mixed with PD.
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Table 1. Different substrates.

Substrates Mixture (kg) Water (Liter)
Pure CD 10 10
CD+ VW 5+5 10
CD+ PD 5+5 10

2.3. Research design

The results of the experiment were measured after 15 days using Portable Gas Detector Test model
GT-1000-JMD4 for investigating the biogas composition, and biogas pump with Gas meter model
JBD2.5-SA to measure volume of the produced biogas for every 7 days. The important parameters
such as volume of biogas was measured, followed by the levels of Carbon Dioxide, Methane, and
Hydrogen Sulfite, and energy level of produced biogas.

It is worth noting that in the production of biogas from co-substrates like CD, PD, and VW,
common method bias may occur due to the use of a single instrument or measurement method, leading
to potential inaccuracies in data collection, such as gas yield and substrate composition. Consistent
experimental conditions can also introduce bias, masking the effects of varying parameters like
temperature or substrate ratios. Moreover, relying on the same statistical method for all data analyses
might skew the interpretation of results. Instrument bias, where systematic errors in equipment affect
multiple measurements, further compounds the potential for common method bias in these studies.

2.4. Data analysis

To determine the effect of the substrates on the biogas production, the experimental data was
statistically analyzed using R programming. First, the data was analyzed whether it was normalized or
not using Shapiro Test. For normally distribution data, ANOVA was applied to establish which
treatment was significantly different. For not normally distributed data, the Kruskal Wallis Test was
used to indicate the significant difference.

2.5. Calculation of biogas yield

To calculate the biogas yield, Total Solid (7S) and Volatile Solid (¥S) in the slurry are used [29,30].
The amount of 7S in the slurry

TS:TS%XVylurry (1)

where 71 is total solid in [kg], T5% is the percentage of 7S from the literature or experimental (8—11%)
TS of cow dung in the slurry [31], and from [32], the 7S of cow dung in the slurry up to 15%. The
optimum 7S is 10% in [%], and Vswy is mass of slurry in [kg].

The amount of V'S in the slurry

VS =VS%x TS @)

where VS is volatile solid in [kg], V'S% is percentage of VS of TS from [30], and the VS content typically
ranges from 60-80% of 7.
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Biogas yield in terms of per kg of VS.
The total amount of degradable material present in the volatile solid is about 50% only [29] or
digester efficiency around 50-80% [30], therefore,

VS .o =N, xVS 3)

used

Y=Vs

measured

IVS,.. 4)

where VSuseq is the amount of degradable material present in the VS [kg], 74 is the digester efficiency,
Vineasured is the measured volume from the experiment [m°], and Y is biogas yield in [m’/kgV'S].

3. Results and discussion
3.1. Volume of biogas

To achieve the maximum volume of biogas production, we manipulated the testing duration
across three conditions. The results showed that the first peak of biogas production occurred during
the first 16 days due to the acetogenic stage of producing COz2, Hz, and acetic acid. During this period,
the biogas could not produce fire. The results also demonstrated that the highest amount of biogas yield
and the second peak of CD was achieved within the 30 to 37 days, within the 27 to 31 days for the
mixing of CD with PD, and within 35 to 39 for VW, as shown in Figure 3. In this second peak, the
composition of the biogas was mostly methane from the methanogenic stage. However, as the testing
duration increased beyond 16 days, the amount of biogas production gradually decreased due to the
theoretical reduction of carbon dioxide. This trend was consistent for both the mixture of CD with
PD and the mixture of CD with VW. For the 100% CD, the digester produced higher maximum
volume of 0.099 m® with a cumulative measured volume of 0.391 m>. In the case of the CD mixed
with PD, the volume of biogas production gradually increased again within 27 to 31 days of testing
that reached the maximum volume of 0.069 m? with a cumulative measured volume of 0.362 m* during
the first 44 days. However, the highest volume of biogas yield for the CD mixed with VW occurred
within the initial 16-day period with a maximum volume of 0.089 m?; its cumulative measured volume
was 0.319 m>.

0.16

—@— Pure cow dung
0.14 Cow dung + Pig dung
—#—Cow dung + Vegetable waste

o012

0.1

Biogas Volume ( m
=1 =1 (=]
5 o o
S = =)

=
f=4
3

0

15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45
Time ( days )

Figure 3. Biogas volume versus time.
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3.2. Biogas yield
3.2.1. Biogas yield of 100% cow dung

The amount of 7§ in the slurry

TS =TS% %V

slurry

=0.11x20=2.2kg

The amount of VS in slurry
VS =VS%xTS =0.8x2.2=1.76kg

Biogas yield in terms of per kg of V'S

VS . =n,xVS=05x1.76 = 0.88kg

used

Y., =VS /VS,., =0.391/0.88=0.444m’ | kgVs

measured used

3.2.2. Biogas yield of cow dung mixed with pig dung (CP)

The amount of 7§ in the slurry

TS.p =TSy %XV,

CPslurry

=0.11x20=2.2kg

The amount of VS in slurry

VSp =VSep%x TS, =0.8x2.2=1.76kg

Biogas yield in terms of per kg of V'S

VS py =1, xVSep =0.5x1.76 = 0.88kg

Y,

o =VS VS =0.362/0.88=0.411m’ / kgV'§

CPmeasured CPused

3.2.3. Biogas yield of cow dung mixed with vegetable waste (CV)

The amount of 7§ in the slurry

TS, =TSey % xVeyy, = 0.11x20 = 2 2kg

Vslurry
The amount of VS in slurry

VS, =VS., %xTS,, =0.8x2.2=1.76kg

AIMS Energy Volume 12, Issue 5, 1010-1024.



1018

Biogas yield in terms of per kg of V'S

VSCVused = 774] X VSCV = 05 X 1 76 = 088kg

Y,

= VS /VS

comen s I VSep  =0.319/0.88=0.362m" / kgV'S

Based on [30], the biogas yield of CD is in the range 0.3 to 0.5 m?/kgV'S; thus, the result from
the calculation is acceptable. Furthermore, the theoretical biogas yield of PD and cattle manure
were 516 l/kgV'S and 469 l/kgV'S, respectively [33]. Table 2 shows the measured volume from the

experiment during the first 44 days and biogas yield from the calculation based on total solid of
CD 11% in the slurry [31].

Table 2. Biogas yields with total volume.

Treatments Total solid (%) from the Cumulative measured Biogas yield (m’/kgV's)
literature volume (m?)

100% CD 11 0.391 0.444

50% CD + 50% PD 11 0.362 0.411

50% CD + 50% VW 11 0.319 0.362

3.3. Produced biogas
3.3.1. Carbon dioxide

Carbon dioxide levels were measured in the biogas volumes as in the previous section across three
different conditions. The results indicated that the percentage of carbon dioxide was higher during the
initial two weeks in all three conditions such as 26.21%, 25.66%, and 33.1% for CD 100%, CD with
PD, and CD with VW, respectively, as illustrated in Figure 4. This was due to the fermentative and
acetogenic stages that bacteria break down organic waste, carbohydrates, fats, protein into CO2, Ha,
and acetic acid. However, following this initial period, the carbon dioxide percentage began to decrease.
This decline can be attributed to the increase in methane percentage, which was in the methanogenic
stage after two weeks, resulting in a reduction in the carbon dioxide percentage.

AIMS Energy Volume 12, Issue 5, 1010-1024.
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Figure 4. Carbon dioxide versus time.
3.3.2. Methane

The percentage of methane was also measured from the volume of biogas in the previous section.
The results showed that the percentage of methane was not very high during the first two weeks, even
though the highest biogas volume was obtained for the mixture of the CD with PD and the mixture of
CD with VW. The low methane percentage can be attributed to the high levels of carbon dioxide, as
demonstrated in the previous section. We found that all three conditions exhibited a similar trend, with
the amount of methane increasing as the duration increased. However, during the first 16 days, the
combination of CD with VW was lower compared to the other conditions. It was the first stage that
bacteria had to break down the VW. The highest methane production was achieved for pure CD and
the CD with VW at the 44-day period, producing methane of 69.18% and 67.72%, respectively, as
shown in Figure 5. This demonstrated that CD mixed with PD and CD mixed with VW provided good
quality of biogas, ensuring good facility for the households constructed with digesters in the low land
area in Cambodia.

80

D
<

Methane (%)
8

20 —&— Pure cow dung
v—Cow dung + Pig dung
—— Cow dung + Vegetable waste
0

15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45
Time ( days )

Figure 5. Methane versus time.
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From [21], in the central of Vietnam country, biogas plants from pig manure produced methane
of 65.44% along with carbon dioxide of 29.31% for biogas plants younger than five years and methane
concentrations of 64.57% and COz of 29.93% for biogas plants older than five years. The maximum
average of CH4 and COz2 from [34] was 54.7 = 10.74% and 42.3 + 10.74%, respectively, and that
from [35] was 55.8% and 43%, respectively, from anaerobic digestion of cow manure.

3.3.3. Hydrogen sulfide

According to [36], hydrogen sulfide in the biogas causes corrosion of engines and metal pipes
when the biogas is used as the fuel in combustion and electricity generation. The H2S in biogas ranges
between 50—10,000 ppm depending on the feed material composition to the digester [37]. From [23],
the standard concentration of HzS is less than 200 ppm for biogas engines and less than 1000 ppm for
steam boilers. Hydrogen sulfide was also measured in this experiment. Similar to the other parameters,
the concentration of hydrogen sulfide was determined from the volume of biogas and measured under
three different conditions, as shown in Figure 6. The results indicated that the highest concentration of
hydrogen sulfite was observed within the first 16-day period in the case of the mixture of CD with PD.
While the pure CD and the mixture of CD with VW reached their highest levels of hydrogen sulfite
during the first 23 days. Following these respective time frames, there was a decline in the levels of
hydrogen sulfide. This decrease could be attributed to an increase in the percentage of methane, as
illustrated in Section 3.3.2, occurring after the initial two-week period, which subsequently led to a
corresponding reduction in the concentration of hydrogen sulfide.

400

—®— Pure cow dung
E’ Cow dung + Pig dung

—— s + Vegetabl st
& 300 Cow dung + Vegetable waste
S’
)
1)
H
2 200
o
5]
=11]
=
= 100
>
a

—a

0 L s —

15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45
Time ( days )

Figure 6. Hydrogen sulfide versus time.
3.4. Biogas production analysis
After the experiment, the measured data were categorized, coded, and analyzed using Excel and
R programming (version 4.3.3) to observe the difference between three combinations. First, the data

was analyzed, whether it was normalized or not. Among the data, only the CH4 data was not normally
distributed. For the normal distribution data, to observe the significance of combinations of the three
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conditions, the volume, CO2, and H2S data were analyzed using ANOVA. For the CH4 data, Kruskal
Wallis Test was used due to the data not normally distributed. When p-value is greater than 0.05 at 95%
confident interval means that there is not statistically significant difference among each treatment pair.
Table 3 shows the p-value from the analyzed data. The results showed that 100% CD, CD with PD,
and CD with VW were not significant (p > 0.05).

Table 3. Data analysis using R programming.

Composition CH4 CO, H,S Volume
p-value 0.8521 0.736 0.506 0.658

3.5. Energy level of produced biogas

To evaluate the energy content of biogas produced by a biogas plant, it is essential to conduct a
comparative analysis between biogas boilers and electric water boilers. This evaluation involves
quantifying the energy levels within biogas generated from pure CD, given its distinctive
characteristics compared to the other two materials. It is important to note that all experiments were
performed under identical conditions with the same volume of water. Furthermore, a key aspect of this
study involves analyzing the electricity consumption required to heat 0.5 liters of water. This process
involves raising the water temperature from an initial 31.1 degrees Celsius to its boiling point at 100
degrees Celsius, utilizing two different methods: Biogas and electricity. When using biogas, we found
that 0.02 cubic meters of biogas were needed to achieve this heating process, while electricity
consumption amounted to 0.05 kWh. From the experiment, the volume of biogas was also measured
for the other two conditions after 44 days, and we found that the total volume of biogas generated from
pure CD after 44 days was 0.391 m®, which is equivalent to 0.9725 kWh. Moreover, the mixture of
CD with VW and the mixture of CD with PD are 0.362 m> at 0.905 kWh and 0.319 m? at 0.7975 kWh,
respectively. In summary, pure CD outperforms the other two materials for biogas conversion for the
people of Cambodia.

4. Conclusions

This study showcases the practical implementation of biogas conversion using three different
organic materials: Pure CD, a mixture of CD with PD, and a mixture of CD with VW in lowland
agricultural households in Cambodia. The experimental results reveal that pure CD, sourced from
Cambodian lowland agricultural households, outperforms the other two materials, namely, the mixture
of CD with PD and the mixture of CD with VW, in terms of biogas production. Over 44 days, pure CD
yielded the highest volume of biogas at 0.391 m?, followed by the mixture of CD with VW at 0.362 m®
and the mixture of CD with PD at 0.319 m?®. The increased biogas volume and higher methane
percentage, as detailed in this study, hold significant promise for biogas conversion. Therefore, this
research underscores the potential of pure CD to efficiently meet the biogas conversion requirements
in Cambodia’s lowland regions. Future studies will explore a broader range of substrate combinations
and ratios to identify the most efficient mix for biogas production. Additionally, we will investigate the
effects of varying process parameters such as temperature, pH, and retention time on biogas yield and
methane content. By optimizing substrate selection and process conditions, we aim to enhance the
efficiency and quality of biogas production, contributing to more sustainable renewable energy solutions.
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