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Optimization of biogas
production through co-digestion
of cafeteria food waste and cow
dung using the response surface
methodology

Gezahegn Batebo Bidiko, Elyas Belay Sangib and
Mikiyas Abewaa Gnaro*

Department of Chemical Engineering, College of Engineering and Technology, Wachemo University,
Hossana, Ethiopia

Biogas, a renewable energy, is produced by the anaerobic digestion of
organic materials into methane-rich combustible gas. In this context, this study
evaluated biogas production from cafeteria food waste (CFW) and cow dung
(CD) via co-digestion under mesophilic conditions using a batch digester.
To assess the effectiveness of the process, key physicochemical parameters,
including total solids, volatile solids, moisture content, carbon-to-nitrogen ratio,
and pH, were determined before and after digestion. Furthermore, optimization
of biogas production was performed using the response surface methodology
with a three-factor, three-level Box–Behnken design to analyze the effects of
CFW-to-CD ratio, pH, and temperature. Accordingly, 17 experimental runs were
conducted in triplicate, and the optimal conditions were determined to be a
CFW-to-CD ratio of 3, pH 7.0°C, and 37.5°C, which resulted in the maximum
biogas yield of 197 mL with 62.5% methane. These findings suggest that co-
digestion of CFW and CD holds significant potential for enhancing the biogas
yield and methane composition. Therefore, this approach offers an efficient and
sustainable solution for renewable energy production, effectively transforming
organic waste into a beneficial energy resource.

KEYWORDS
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1 Introduction

Energy is the backbone of modern civilization as it drives every aspect of human
life, from industrial production to technological innovation and household activities
(Bui et al., 2016).Moreover, with increasing population, urbanization, and industrialization,
the global demand for energy has risen (Akram et al., 2024; Onwe et al., 2024; Siddique
and Alvi, 2025). Currently, this demand is substantially being met by fossil fuels,
which include coal, oil, and natural gas, binding together as the major constituents of
global energy production (Abdin, 2024; Fanchi, 2023). Fossil fuels have been integral
to economic development for over a century, but further reliance on them presents
several challenges. First, reserves of fossil fuels are finite and are depleting at a
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rapid rate, raising concerns about energy security and the
sustainability of current consumption patterns. Moreover,
combustion of fossil fuels significantly contributes to greenhouse
gas emissions, which have been associated with global climate
changesmarked by elevated temperatures, variable weather patterns,
and sea-level rise. Another concern is that the extraction and use
of fossil fuels often result in environmental damage, including
deforestation, soil erosion, and water contamination (Wang and
Azam, 2024; Zhironkin and Abu-Abed, 2024). These drawbacks
underline the need for an urgent move toward implementation of
environmentally friendly and renewable energy sources that can
meet the ever-growing demands without compromising on the
environmental integrity.

Renewable energy resources are advocated as a sustainable
solution to address energy security, climate change, and
environmental degradation (Ainou et al., 2023; Axon and Darton,
2021). Primary renewable energy sources are generated fromnatural
and replenishable resources, including solar, wind, hydroelectric,
geothermal, and biomass.Moreover, each primary renewable energy
source has distinct advantages; for example, solar and wind energy
do not produce greenhouse gases, while hydropower provides a
secure and reliable energy supply in areas with abundant water
supply (Agrawal and Soni, 2021; Haldorai, 2022; Rahman et al.,
2022).The replacement of renewable energy systems has contributed
significantly to reducing the amount of greenhouse gas emissions,
responsible for climate change (Olabi and Abdelkareem, 2022;
Quaschning, 2019). Furthermore, renewable energy contributes to
energy independence through reducing the dependence on use of
imported non-renewable fuels while expanding the diversification
of energy supply (Carfora et al., 2022; De Rosa et al., 2022;
Ikevuje et al., 2024). Other economic benefits involve job creation
during the manufacture, installation, and maintenance of systems
supplying renewable energy. Biomass, especially from waste
materials such as agricultural residues, food waste, and municipal
solid waste, offers a unique advantage over other renewable energy
sources by simultaneously addressing two critical challenges:
waste management and energy production (Ifaei et al., 2023;
Kumar et al., 2024). Biomass-based energy, particularly in the form
of biogas, is produced by processing organic waste into a valuable
energy resource, making it both effective and environmentally
friendly (Siwal et al., 2021; Tran et al., 2024). Moreover, biogas
systems use organic wastes from sources such as agriculture,
municipalities, and industries to provide a clean, versatile energy
source for cooking, heating, and electricity generation (Kabeyi and
Olanrewaju, 2022b; 2022a).

Biogas is a type of renewable energy produced through the
anaerobic digestion (AD) of organic matter by microorganisms
(Czekała, 2022; Obileke et al., 2021). This biochemical process,
carried out in an oxygen-free environment, generates a gas that
mainly consists of methane (50%–75%) and carbon dioxide, with
trace amounts of other gases such as hydrogen sulfide (Jameel et al.,
2024; Thirumalaivasan et al., 2024). Biogas could serve as a
clean, sustainable energy source and is used in place of fossil
fuels for electricity, heating, and cooking purposes (Czekała, 2022;
Kabeyi and Olanrewaju, 2022a). All the precursors for biogas
production are different in nature, which includes agricultural
residues, animal manure, food waste, and municipal solid waste.
These materials are widely available and often treated as waste;

therefore, biogas production is cost-effective and eco-friendly
(Bhatia et al., 2023; Chhandama et al., 2022). Agricultural waste, for
example, contributes to biogas energy production while reducing
the environmental impact of waste disposal (El-Ramady et al.,
2022; Rani et al., 2023). Similarly, food waste, which is generated
in substantial amounts from households, restaurants, and food
processing industries, has a high methane yield resulting from
its rich organic composition (Bhatia et al., 2023; Pour and
Makkawi, 2021). On the other hand, efficiency in biogas production
depends on the feedstock type and composition and also on
specific conditions of AD such as temperature, pH, and retention
time (Bong et al., 2018; Panigrahi and Dubey, 2019). Therefore,
proper management of the aforementioned parameters ensures
maximum yields of biogas and, at the same time, reduces any
probable operational problems to a minimum (Issah et al., 2020;
Kasinath et al., 2021; Obaideen et al., 2022).

Among the various feedstocks for biogas production, cow dung
(CD) and cafeteria food waste (CFW) stand out as promising
options due to their availability and complementary properties
(Hoyos-Seba et al., 2024; Singh et al., 2022). Cow dung is an
abundant and easily accessible substrate, particularly in rural and
agricultural regions. It has a stable composition and contains
microorganisms that naturally facilitate the AD process, making
it a reliable feedstock for biogas production (Fasake and Dashora,
2021; Yuvaraj et al., 2021). However, its energy content is relatively
low, resulting in modest biogas yields when used as a sole substrate
(Tucho and Nonhebel, 2015; Yang et al., 2019). On the other hand,
CFW is abundant in carbohydrates, fats, and proteins, making
it a high-energy feedstock with substantial biogas production
potential (Panahi et al., 2022; Zeng et al., 2022). This waste,
generated in large quantities by institutions, offices, and food-
service establishments, can help address the growing issue of food
waste disposal (Martin-Rios et al., 2018; Thyberg and Tonjes, 2016).
However, food waste is often heterogeneous and may contain
contaminants or inhibitory substances that can affect theADprocess
(Ambaye et al., 2021; Zhao et al., 2021).

Numerous attempts have been made to harness the
complementary benefits of CD and CFW for the generation of
biogas through their co-digestion (Abbas et al., 2023; Chibueze et al.,
2017; Gashaw and Teshita, 2014; Malik et al., 2020; Mhlanga et al.,
2023; Mohammed, 2015). However, most previous studies have
employed the one-variable-at-a-time design method, which lacks
a comprehensive optimization of operating variables and their
interaction effects. These interactions play a substantial role in
influencing biogas yield and methane composition. Moreover,
the specific CFW and CD used reflect locally available substrates
with unique biochemical properties, which is particularly relevant
to institutional settings in developing countries. Therefore, this
research aims to optimize biogas production through the co-
digestion of CFW and CD using the Box–Behnken approach
of the response surface methodology. Blending CD and CFW
offers a synergistic solution, leveraging the strengths of both
feedstocks (Garg et al., 2024; Rame et al., 2023; Taneja et al.,
2023). The high-energy content of food waste compensates for
the lower biogas yield of CD, while the stable composition of CD
provides buffering capacity and enhances the entire efficiency of the
digestion process (Kadam et al., 2024; Ngabala and Emmanuel,
2024). This combination enhances biogas yield, reduces waste
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FIGURE 1
Fresh cafeteria waste and its powder.

disposal challenges, and provides a sustainable approach for energy
production (Kabeyi and Olanrewaju, 2022a; Kasinath et al., 2021;
Mishra et al., 2021). Additionally, co-digestion can improve the
quality of the digestate, which could be used as a nutrient-rich
organic fertilizer, contributing to sustainable agricultural practices
(Chojnacka and Moustakas, 2024; Tiong et al., 2024).

2 Materials and methods

2.1 Raw materials and sample preparation

CFW and CD were collected from Wachemo University, in
which food waste was obtained from the student cafeteria and
CD from the campus cattle farm. These materials were used as
feedstocks for the AD process to produce biogas, as illustrated in
Figures 1, 2. Ten kilograms each of food waste (Figure 1) and of
fresh CD (Figure 2) were collected using plastic bags and buckets.
The food waste was manually chopped into small pieces, oven-
dried, and milled into fine particles to ensure uniformity during
mixing and digestion. Similarly, CD was dried (using oven and
sun-drying methods) and then further processed by chopping
and crushing to sizes ranging from 10 to 30 mm. The materials
were subsequently milled to a particle size of 0.2–2 mm using a
ball mill machine (Monlau et al., 2013). The milled material was
sieved with a 0.5-mm mesh to ensure consistency. Finally, 3,500 g
of the powdered substrate from each material was stored under
low-density polyethylene (LDP) plastic in desiccators before being
utilized for biogas production.

The inoculum for this study was fresh rumen fluid
collected from the Wachemo University slaughterhouse,
containing active microbes for AD. The fluid was filtered
(0.5-mm cloth), pre-incubated, and degassed at 38°C to
degrade easily degradable organic matter and remove the
dissolved methane (Kharchenko, 2011).

2.2 Raw material characterization

Characterizing the feedstock is crucial for efficient biogas
production, and therefore, the total solids (TS), volatile solids
(VS), and pH of both the substrate and digestate were analyzed

using standard methods prescribed by the American Public Health
Association (APHA) (Jigar, 2015).

2.2.1 Total solids
Forty grams of freshly collected CD and CFW samples was

weighed using an electronic beam balance and placed in a crucible
inside an electric hot-air oven set at 105°C. The crucible was left in
the oven for 24 h, then removed, cooled in desiccators, and weighed.
Finally, the percentage of TS was calculated using Equation 1.

TS% =
(A−B)
(D−B)
× 100%. (1)

Here, A is the total weight of the dish and the dry sample
after drying at 105°C for 24 h, B is the weight of the empty
dish, and D is the total weight of the dish and the fresh
(sun-dried) sample before drying, all measured in grams
(Mahmoodi et al., 2018; Sawyerr et al., 2019).

2.2.2 Total volatile solids
TheVS percentages of CD, CFW, and their co-digestedmixtures,

both before and after AD, were determined through the SFS 3008
protocol established by the Finnish Standards Association (1990). In
this method, the sample is first dried at 105°C to determine its TS.
Then, the dried sample is ignited in a muffle furnace at 550°C for 2 h
to combust the organic fraction.The residue remaining after ignition
is considered the ash content, while the loss in mass during this
process represents the VS. The VS content reflects the proportion
of organic matter present in the sample and serves as an essential
parameter to evaluate the biodegradability of the substrate and the
efficiency of the AD process. Then, the VS % was calculated using
Equation 2 (Odejobi et al., 2022).

VS (%) = (
Weight loss on ignition
Dry weight o f sample

)× 100. (2)

2.2.3 Carbon-to-nitrogen ratio (C/N)
2.2.3.1 Carbon determination

The carbon content of the feedstock was determined by
evaluating the VS content, which is expressed as a percentage. The
total carbon content was then derived from the VS data using the
empirical Equation 3 (Jigar, 2015).

Carbon% = VS (%)/1.8. (3)
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FIGURE 2
Fresh cow dung and its powder.

2.2.3.2 Nitrogen determination
The Kjeldahl method was used for determination of total

nitrogen content. A known mass of the feedstock was mixed
with 6 mL of concentrated sulfuric acid (H2SO4), 3.5 mL of 30%
hydrogen peroxide (H2O2), and 0.3 g of the selenium catalyst. The
mixture was then digested at 370°C for 4.5 h until the solution
became clear, indicating complete digestion of organic matter. After
digestion, the solution was cooled, and 50 mL of water was added
to prevent sulfur precipitation. During the distillation step, 25 mL
of 40% sodium hydroxide (NaOH) was added to alkalize the digest,
and the mixture was distilled into a flask containing 25 mL of boric
acid (H3BO3), water, and an indicator until the volume of 250 mL
was reached. The distillate was titrated with 0.1 N hydrochloric
acid (HCl) to a reddish endpoint. The nitrogen content was then
calculated using Equation 4.

%N = V∗N∗ 0.014∗ 100∗mcf
Wo

. (4)

Here, V represents the volume of H2SO4 (in mL) consumed
during titration, N is the normality of H2SO4 (0.1 N), 0.014 is the
mill equivalent weight of nitrogen in grams, Mcf is the moisture
correction factor, and Wo denotes the sample weight on a dry
matter basis in grams. The carbon-to-nitrogen (C/N) ratio was
then calculated using the determined nitrogen and carbon values
(de Oliveira Paiva et al., 2024; Hickmann et al., 2024).

2.2.3.3 Determination of pH
The pH of each sample was measured directly using a digital

pH meter (HANNA HI 8314, Romania) before and after AD. For
the pre-digestion measurement, the electrode was inserted into
substrate samples diluted with distilled water before inoculating
with rumen fluid. The pH values of the digester contents
were maintained between 6.8 and 7.4, which is the optimal
range for methanogenic bacteria. Post-digestion pH was also
measured using the pH electrode, which was inserted into the
substrate samples undergoing anaerobic digestion (Fattah, 2024;
Jabin et al., 2023).

2.3 Design of the experiment

The experimental design for biogas production from the
co-digestion of CFW and CD includes three independent

TABLE 1 Design of the experiment for biogas production from
co-digestion of cafeteria food waste and cow dung.

Variables Lower (−) Middle (0) Higher (+)

Mixing ratio
(CFW/CD)

0.25 3 5.75

Temperature (℃) 30 37.5 45

pH 4 7 10

variables: the mixing ratio (CFW:CD), temperature, and pH.
The response variables were biogas volume and methane
composition. Optimization was performed using Design Expert
software with the Box–Behnken approach of the response surface
methodology. Each independent variable was tested at three levels
(low, middle, and high), resulting in 17 experimental runs. All
experiments were conducted in triplicate, with the average response
variable results reported, as shown in the experimental design
presented in Table 1.

2.4 Biogas production from co-digestion
of cafeteria food waste and cow dung

The experimental setup for the batch digestion study consisted
of narrow-necked conical flasks sealed with rubber stoppers, as
shown in Figure 3. The flasks were placed in three different water
baths maintained at temperatures of 30°C, 37.5°C, and 45°C. All
anaerobic digesters were operated as bench-scale experiments,
with each flask having a capacity of 1 L. Each flask was fitted
with a rubber stopper containing a single outlet. This outlet
was connected to a branched connector: one branch was linked
to a gas syringe for biogas measurement, while the other was
attached to a plastic bag for biogas collection. The digesters were
manually agitated daily by shaking each flask manually to ensure
proper mixing of the substrate. Biogas production began after
4 days of operation, and the volume produced in each treatment
was monitored using a gas syringe over a period of 35 days.
Simultaneously, the gas was collected in plastic gas bags for storage,
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FIGURE 3
Lab-scale experimental setup.

and its composition was analyzed using a Geo-Tech GA5000 gas
analyzer (Khumalo, 2020).

3 Results and discussions

3.1 Composition and characterization of
the wastes

3.1.1 Characterization of the individual raw waste
The data on TS, moisture content, VS, and the C:N ratio of the

wastes used in the study are summarized in Table 2. The results
indicate that CD had a higher moisture content (82.25%), while
CFW had a lower moisture content of 65.66%. Cafeteria food waste
had the highest TS content (34.50%). The VS values, representing
a significant portion of the total solids, were 90.56% for CD and
92.14% for CFW, which corresponds to approximately 16.77% and
31.81% of the total waste composition, respectively. These findings
are consistent with values reported in previous studies (Aragaw,
2013). The high moisture content in organic waste is beneficial for
AD, as it facilitates the process (Prema et al., 2009). As shown in
Table 2, the C/N ratios of CFW and CD were analyzed separately.
The C/N ratios were calculated as 24 for CD and 20 for CFW,
with both falling within the optimal range of 20–30 for AD (Shefali
and Themelis, 2002). These results confirm that the feedstock
used in this experiment meets the required C/N ratio for
effective AD.

3.1.2 Values of total solid, volatile solid, pH, and
C/N ratio of substrate co-digestion
3.1.2.1 Total solid and volatile solid

The percentage composition of TS for the 20% CFW +80%
CD, 75% CFW +25% CD, and 85.2% CFW +14.8% CD mixtures
was approximately 20.06%, 18.52%, and 17.06%, respectively.

The TS content for this experiment, ranging from 22.05% to
18.06%, falls within the reported range of 5%–70% for various
feedstocks (Steffen et al., 2000). The maximum TS was recorded
for CFW (22.05%), while the minimum TS was observed for
CD (18.52%) (Table 3). Although CFW alone had the highest
TS percentage among the feedstocks, the 75% CFW +25% CD
mixture demonstrated a significant reduction inTS, decreasing from
21.69% to 9.62%. Similarly, the 85.2% CFW +14.8% CD treatment
resulted in a notable reduction in TS from 21.06% to 11.64%.
As shown in Table 3, TS decreased after digestion for all mixtures,
with themost significant reduction observed in the 75%CFW+25%
CD mixture compared to the other treatments.

The results revealed notable differences in VS reduction among
the substrates before and after AD. The highest reduction in VS
was observed in the 75% CFW (CFW) + 25% CD (CD) mixture,
with a decrease of 12.07% (Table 3). TS and VS values before
digestion increased with higher proportions of CFW in the mixture,
indicating that blending substrates helps optimize TS and VS
levels for digestion. The reduction in VS after AD indicates the
effective conversion of the organic material into biogas. Both TS
and VS are reliable indicators of digestion efficiency, with VS
particularly reflecting the extent of organic matter breakdown
and biogas production (Wu et al., 2021). Generally, VS includes
carbohydrates, proteins, lipids, and other organic compounds, all
of which are biodegraded by microorganisms during AD. The
observed reduction in VS after digestion signifies the breakdown
of these organic materials into biogas, demonstrating successful
degradation.

3.1.2.2 pH
pH is a critical parameter for assessing the efficiency of

anaerobic digesters and was included as an independent variable
in the experimental design due to its significant impact on
AD. It regulates microbial activity, controls volatile fatty acid
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TABLE 2 Characteristics of cafeteria food waste and cow dung.

No. Feedstock Weight (g) Moisture content (%) Total solid (%) Volatile solid (%) C:N

1 Cow dung 40 82.25 18.75 90.56 24:1

2 Cafeteria food waste 40 65.66 34.50 92.14 20:1

Note: the volatile solid percentages are based on total solids (TS) and not the total biomass.

TABLE 3 Comparison of total solids and volatile solid content before and after anaerobic digestion (AD) of the various substrates.

Code Treatment Parameters

Total solids (%) Volatile solids (%)

Before
anaerobic
digestion

After anaerobic
digestion

Before
anaerobic
digestion

After anaerobic
digestion

A 20% CFW +80% CD 18.52 10.06 84.15 78.26

B 75% CFW +25% CD 21.69 9.62 84.87 77.56

C 85.2% CFW +14.8% CD 22.05 12.45 84.34 79.67

Note: the volatile solid percentages are based on total solids (TS) and not the total biomass.

TABLE 4 Comparison of pH between before and after anaerobic digestion of mixing substrates.

Code Treatment pH

Before anaerobic digestion After anaerobic digestion

A 20% CFW +80% CD 6.57 8.73

B 75% CFW +25% CD 6.78 8.71

C 85.2% CFW +14.8% CD 7.25 8.65

Note: CFW, cafeteria food waste; CD, cow dung.

accumulation, enhances biogas yield, and improves co-digestion
synergy. By optimizing pH, process stability wasmaintained, leading
to improved biodegradability and maximum methane output,
thereby enhancing the accuracy of the predictive biogas model. As
shown in Table 4, the pH values increased after digestion, rising
from 6.57 to 8.73 for A, 6.78 to 8.71 for B, and 7.25 to 8.65 for C.
This indicates a consistent trend of pH increase with progression
in digestion. Ayu and Aryati (2010) found that the optimal
pH range for biogas production lies between 6.6 and 7.6, with
production typically starting at approximately pH 7.0 and peaking at
that level.

Following AD, the pH values of all the treatments were found to
be increased compared to their initial values. This increase in pH
can be a result of the production of alkaline compounds, such as
ammonium ions, during the degradation of organic matter in the
digester (Gerard, 2016). The high pH values recorded in this study,
particularly after digestion, could be linked to the higher abundance
of organic matter in CFW than in CD (Gray et al., 1971). Moreover,
the degradation of proteins contributes to ammonia formation,

which increases the pH,while the accumulation of volatile fatty acids
(VFAs) from the breakdown of organic matter lowers the pH.

3.1.2.3 Carbon-to-nitrogen ratio (C/N)
As demonstrated in Table 5, the initial C:N ratio values were

23.42 for A, 24.34 for B, and 25.9 for C, which decreased after AD
to 19.8, 21.64, and 22.72, respectively. In the present study, the C:N
ratios for all types of substrates were within the optimal range of
20:1 to 30:1, indicating that the nutritional profile of the substrates
was suitable for methane production. The C:N ratio significantly
influences the AD process, which directly impacts methane yield
and production rates. Maintaining an appropriate C:N ratio in the
feed material is crucial for ensuring bacterial growth and effective
substrate degradation. During digestion, microorganisms utilize
carbon 25 to 30 times faster than nitrogen, thus resulting in a
C:N ratio between 20:1 and 30:1, ideal for sustaining microbial
activity (Mitiku, 2018). Feedstocks are, therefore, selected to
achieve this balance, categorized as either nitrogen- or carbon-
rich based on their relative carbon and nitrogen content. If the
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TABLE 5 C:N ratio values for the three substrate types utilized in biogas production.

Code Treatment C:N

Before anaerobic digestion After anaerobic digestion

A 20% CFW +80% CD 23.42 19.8

B 75% CFW +25% CD 24.34 21.64

C 85.2% CFW +14.8% CD 25.9 22.72

Note: CFW, cafeteria food waste; CD, cow dung.

TABLE 6 Experimental matrix and observed responses for biogas production using the Box–Behnken design.

Order Factor 1 Factor 2 Factor 3 Response 1 Response 2

Run A: temperature (°C) B: pH C: substrate
mixing ratio
(W/W)

Volume of
biogas (mL)

Methane
composition (%)

1 37.50 10.00 0.25 113 1

2 45.00 7.00 5.75 127 32.2

3 37.50 7.00 3.00 197 62.3

4 30.00 7.00 5.75 125 34.4

5 30.00 10.00 3.00 147 40.5

6 45.00 4.00 3.00 140 51.8

7 37.50 10.00 5.75 125 31.6

8 37.50 7.00 3.00 197 62.5

9 37.50 4.00 5.75 130 39.05

10 37.50 7.00 3.00 196.8 61.8

11 37.50 7.00 3.00 197 62.1

12 45.00 10.00 3.00 134 41.2

13 30.00 7.00 0.25 126 2.2

14 37.50 4.00 0.25 114 13.3

15 45.00 7.00 0.25 97 8.31

16 30.00 4.00 3.00 149 49

17 37.50 7.00 3.00 198 61.05

Basis: substrate mixing ratio (cafeteria food waste:cow dung).

C:N ratio is excessively high, methanogens will rapidly deplete
nitrogen to meet their protein requirements, leaving the remaining
carbon underutilized. This imbalance results in decreased biogas
production. On the other hand, if the C:N ratio is too low, excess
nitrogen is released as ammonia (NH3), increasing the pH of the
slurry. High ammonia concentrations inhibit microbial growth,
ultimately reducing biogas production (Bahl et al., 2019). The
optimal C:N ratio for biogas production is widely recognized to be

between 20:1 and 30:1 (Fricke et al., 2005) as it ensures the right
balance for microbial activity and gas production.

In this work, the C:N ratio was 24.34 before digestion and
decreased to 21.64 after digestion, which is a relatively high
value attributed to the addition of CD to the food waste. High
quantities of energy-rich, proteinaceous waste in the AD processes
are not advisable due to the heightened risk of ammonia inhibition
(Prakash et al., 2023; Selormey et al., 2021).
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TABLE 7 Statistical analysis of measured responses for biogas production from co-digestion of CFW and CD.

Fitting model Factors Coefficient P- value ANOVA

Biogas yield Intercept
A
B
C
AB
AC
BC
A2

B2

C2

197.16
−6.13
−1.75
7.13
−1
7.75
−1
−28.21
−26.46
−50.21

<0.0001
0.0005
<0.0001
0.0441
<0.0001
0.0441
<0.0001
<0.0001
<0.0001

F = 3,274.97, R2 = 0.9998, model
p-value <0.0001, p-value of lack
of fit = 0.0669

Methane composition Intercept
A
B
C
AB
AC
BC
A2

B2

C2

61.95
0.8012
−5.23
13.81
−0.7750
−2.08
0.7125
−9.02
−7.56
−33.66

5.14
218.93
1,524.62
2.40
17.26
2.03
342.38
240.49
4,769.09

F = 3,274.97, R2 = 0.9997, model
p-value <0.0001, p-value of lack
of fit = 0.4764

FIGURE 4
Interaction effects of temperature and pH on methane composition at a constant substrate mixing ratio of 3.

3.2 Experimental design results

The co-digestion of CFW and CD for biogas production was
evaluated using the response surface methodology. In this work,
the experimental runs were conducted according to the design
plan formulated for the parameters under study (substrate mixing

ratio, temperature, and pH). After each run, the biogas yield and
methane composition were determined, and the responses for each
run are shown in Table 6.

The studied responses were evaluated using various regression
models to identify the best-fitting mathematical model and
assess the significance of changing the process parameters. After
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FIGURE 5
Interaction effects of temperature and substrate mixing ratio on biogas yield at constant pH of 7.00.

FIGURE 6
Interaction effects of pH and substrate mixing ratio on methane composition.
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TABLE 8 Optimized biogas production process with observed and
predicted response values.

Independent
variable

Optimized level

A: Temperature 36.75

B: pH 6.9

C: Substrate mixing
ratio

3.176

Overall desirability 0.995

Dependent
variable

Expected Observed

Biogas yield 197.719 197

Composition of
methane gas

62.702 62.5

comparison of all models, the quadratic model was determined to
be the most suitable one for the studied responses. Furthermore,
the relationship between biogas yield, methane composition, and
the studied parameters (mixing ratio, temperature, and pH) is
presented in Table 7.

For biogas yield, the coefficients of the quadraticmodel equation
indicated that an increase in temperature and pH resulted in a
decrease in the percentage yield of biogas. On the other hand, a high
substrate mixing ratio resulted in an increase in the biogas yield.
The interaction between temperature and both pH and the substrate
mixing ratio exhibited a negative effect on the biogas yield, which
highlights the significant impact of temperature on biogas yield.
These results suggest that both pH and temperature are key factors
in the biogas yield at high substrate mixing ratios. Alternatively, the
interaction between pH and the substrate mixing ratio resulted in a
positive impact on biogas yield, indicating that the substrate mixing
ratio significantly influenced the biogas yield.

Both temperature and substrate mixing ratio demonstrated a
positive impact on the composition of methane, while increasing
the pH had a negative impact. The interaction of temperature
with both pH and substrate mixing ratio showed significant
negative effects on methane composition, while the interaction
of pH and substrate mixing ratio had a positive effect. Thus,
at low pH, the increase in both the temperature and substrate
mixing ratio leads to the production of methane-rich biogas as
these conditions likely optimize the activity of methane-producing
microorganisms. The synergistic influence of temperature and
substrate composition ensures favorable conditions for microbial
metabolism, thus improving the efficiency and quality of biogas
production.

Analysis of variance (ANOVA) was performed to evaluate
the significance of the model at a 95% confidence interval. A
model is considered significant if the probability value (p-value)
is less than 0.05, and the p-values presented in Table 7 for the
studied responses indicate that the model is a good fit. The
lack-of-fit test showed a desirable nonsignificant lack-of-fit (p >
0.05), with p-values of 0.0669 for biogas yield and 0.4764 for

methane composition. Furthermore, the statistical analysis revealed
high coefficients of determination (R2) for both responses. The
adjusted R2 values were 0.9995 for biogas yield and 0.9993 for
methane composition, which closely aligned with the predicted
R2 values of 0.9969 and 0.9977, respectively, for biogas yield and
methane composition.

3.3 Interaction effects

3.3.1 Interaction effects of temperature and pH
on methane composition

Figure 4 presents the three-dimensional (3D) response surface
plot showing the interaction effect of temperature and pH
on methane composition at a fixed substrate mixing ratio of
3 w/w (75% CFW: 25% CD). Methane composition initially
increased with both temperature and pH, reaching a maximum
at approximately 37.5°C and pH 7. These conditions are ideal
for methanogenic microorganisms, as moderate temperatures
enhance the enzymatic activity and neutral pH stabilizes microbial
communities (Hilkiah Igoni et al., 2008). However, despite this
trend, the general cumulative ANOVA model revealed a negative
interaction between temperature and pH (interaction term AB),
indicating that when both variables are increased simultaneously,
their combined effect suppresses methane yield rather than
enhancing it. This could be due to synergistic stress on microbial
populations (Schwitzguébel, 2009), where elevated temperatures
combined with high pH levels promote the accumulation of free
ammonia orVFAs, ultimately reducingmethane production (Babaei
and Shayegan, 2019).

3.3.2 Interaction effect of temperature and
substrate mixing ratio on methane composition

As shown in Figure 5, the interaction of temperature and
substrate mixing ratio was assessed while maintaining pH at
7. Methane composition increased with both temperature and
mixing ratio up to 37.5°C and 3 w/w, respectively. This suggests
that moderate thermal conditions and a well-balanced co-
digestion substrate (CFW and CD) are optimal for microbial
activity and digestion efficiency. However, the general cumulative
effect, as indicated by the ANOVA results, shows a negative
interaction between these two factors (interaction term AC),
implying that their combined increase leads to a reduction
in methane yield. This statistical result may be explained
by the increased release of ammonia and system overload
due to higher proportions of protein-rich CFW at elevated
temperatures, which can inhibit methanogenesis despite each
factor being individually beneficial (Xue et al., 2020). Hence,
although each factor supports methane production on its own,
their combination beyond optimal levels negatively impacts
the outcome.

3.3.3 Interaction effect of pH and substrate
mixing ratio on methane composition

Figure 6 illustrates the response surface plot for the interaction
between pH and the substrate mixing ratio, with temperature
held constant at 37.5°C. Methane composition increased steadily
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with both pH and the substrate mixing ratio, reaching optimal
points at pH 7 and a substrate ratio of 3 w/w, which aligns
with ideal conditions for methanogenic bacteria and balanced
nutrient availability. The ANOVA model revealed a positive
interaction (interaction term BC) between pH and the substrate
mixing ratio, indicating that increasing both factors simultaneously
enhances methane production. This positive interaction suggests
that a balanced increase in pH and substrate mixing ratio
fosters favorable conditions for microbial growth, enhancing
the degradation process. With pH approximately 7 and the
substrate mixing ratio at 3 w/w, both variables contribute
synergistically to improving biogas production and methane
composition as long as they remain within the optimal pH ranges
(Kainthola et al., 2019).

3.4 Optimization of biogas yield and
methane gas composition from
co-digestion of CFW and CD

A point that maximizes the desired function was identified
through numerical optimization. As shown in Table 8, the
optimal conditions for methane composition, considering pH,
temperature, and the substrate mixing ratio, were determined
to achieve the maximum methane yield and biogas production.
Consequently, the optimum conditions were identified as a
substrate mixing ratio of 3.176 (–75% CFW and 25% CD), with
a pH of 6.900 and a temperature of 36.750°C. These conditions
resulted in the highest desirability value of 0.995, indicating
optimal methane composition and biogas production per feeding
volume. Furthermore, experimental results demonstrated that
under conditions of pH 7, a temperature of 37.5°C, and a substrate
mixing ratio of 3 w/w (75% CFW and 25% CD), the biogas volume
and methane composition were 197 mL and 62.5%, respectively.
In comparison, the model-predicted values for these conditions
were 197.72 mL and 62.702%, showing excellent agreement
between the experimental and predicted results. Consequently, this
confirms the accuracy and reliability of the model in predicting
the outcomes.

4 Conclusion

In this study, an alternative energy source was explored through
the production of biogas via the anaerobic co-digestion of organic
wastes, specifically CFW and CD. To determine the optimal
mixing ratio for co-digestion, anaerobic digestion experiments were
conducted using three treatments with different mixing ratios.
The experiment was conducted over 35 days in a 1-L batch test
digester operating under mesophilic conditions at 37.5°C. The
results indicated that the maximum biogas production, 197 mL, was
achieved with a mixing ratio of 75% CFW to 25% CD, with methane

gas constituting 62.5% of the biogas. Based on these findings, it can
be concluded that the co-digestion of CD and CFW biomass offers a
promising solution to address solid waste management and energy
deficiency challenges.
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