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Abstract: At the training farm of the Higher Institute of Agriculture, Forestry, Water resources and 

Environment of the University of Ebolowa-Cameroon, animal products and plant products are produced. 

Problem arises in the management of post-harvest crop residues and livestock effluent. To support their 

improved management, a local experimental study was conducted on the anaerobic co-digestion of chicken 

manure and sludge derived from banana pseudo-trunk fiber extraction. A batch mesophilic digester (36.33 ± 

0.89 °C) with a working volume of 90 L was used. The substrate consisted of 20 kg of chicken manure, 40 kg 

of banana fiber extraction sludge, and 20 kg of water. Prior to digestion, the physicochemical characteristics of 

the co-substrates were analyzed, and biogas and digestate production were monitored throughout the process. 

Chicken manure showed a high dry matter content (85.8 ± 0.93%), was rich in organic matter (72.05% DM), 

and had a relatively high nitrogen content (Nt = 2.99 ± 0.18%; C/N = 10.4 ± 0.42). In contrast, banana fiber 
extraction sludge was highly liquid (95.37 ± 0.78% water), rich in organic matter (83.52% DM), and carbon-

rich (C/N = 104.9 ± 4.61), making it significantly different but complementary to chicken manure. The overall 

substrate composition was 23.77 ± 0.39% DM, 17.39 ± 0.24% % OM, and 0.76 ± 0.05% total nitrogen. After 

31.67 ± 0.89 days of digestion, 2.12 ± 0.10 Nm³ of biogas containing 64.65 ± 1.72% methane and 57.33 ± 2.22 

kg of digestate were produced. Biogas productivity reached 188 ± 9 Nm³/t OM. These results demonstrate that 

co-digestion generates methane-rich biogas and nutrient-rich digestate, offering a sustainable solution for waste 

treatment, renewable energy production, and biofertilizer recovery. 
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1 Introduction 

Sustainable agricultural waste management has become a critical challenge in the context of climate change, 

energy transition, and the intensification of agricultural production systems. The increasing generation of crop 

residues and livestock effluents requires innovative and locally adapted solutions that not only mitigate 

environmental impacts but also contribute to renewable energy production and nutrient recycling. Anaerobic 

digestion (AD) has emerged as a key technology in this regard, offering the dual benefits of biogas generation and 

digestate production for soil amendment. As part of the teaching farm expansion project at the Higher Institute of 

Agriculture, Forestry, Water resources and Environment (HIAFWE) of the University of Ebolowa, integrated 

agricultural waste management has been identified as a strategic priority. In particular, the valorization of crop 

residues and livestock effluents is increasingly promoted as a means to supports sustainable agroecosystems, local 

energy production, and the circular economy. Within this framework, the development of local expertise and 

experimental platforms to anerobic digestion is rapidly gaining importance.  

Among the organic waste generate at the teaching farm, chicken manure from the poultry unit and fiber extraction 

sludge from experimental banana pseudo-stem valorization station were selected for co-digesting. Chicken manure 

is widely recognized as a highly methanogenic substrate with significant biogas production potential due to its 

high organic matter content (Linas et al., 2020; Levasseur et al., 2022). However, its elevated nitrogen content and 

low carbon-to-nitrogen (C/N) ratio make poultry manure unsuitable for mono-digestion, as these characteristics 

can lead to ammonia inhibition and process instability, while also limiting its direct use as an effective fertilizer 

(Barbaux, 2023; Pountounynyi et al., 2025). To overcome these constraints, co-digestion with other carbon-rich 

organic matter is commonly adopted as an effective strategy for optimizing anaerobic digestion performance 

(Barbaux, 2023). In this regard, lignocellulosic agricultural residues represent promising co-substrates due to their 

high carbon content and wide availability (Tawfik et al., 2023). Therefore, the addition of banana pseudo-stem 

fiber extraction sludge, available on-site, to the chicken manure proved suitable for the experiment. Indeed, banana 

pseudo-stems contain a significant amount of organic matter and fibrous components and have demonstrated a 

non-negligible methanogenic potential (Kamdem et al., 2011; Adannou et al., 2025; Ngahane et al., 2026). 

Nevertheless, their high C/N ratio limits their suitability for anaerobic digestion when used alone, thereby 

justifying their combination with nitrogen-rich substrates such as chicken manure (Soheil et al., 2017).  

The co-digestion of chicken manure with banana pseudo-stem fiber extraction sludge thus offers a complementary 

substrate combination that promotes nutrient balance, enhances biodegradability, and improves the overall stability 

of the anaerobic digestion process. This approach aligns with the objectives of sustainable agricultural waste 

management and renewable energy recovery, particularly in tropical regions where such residues are abundant and 

often underutilized. The general objective of this study is the development the learners’ capacity to act for local 

development, ecological transition, and the circular economy implementation within agroecosystems through 

improved agricultural waste management. Specifically, this study aims to analyze the physicochemical 

characteristics of the co-substrates (chicken manure and banana fiber extraction sludge). Also, was implemented 

anaerobic digestion of these co-substrates under control conditions with biogas and digestate characterization. 

2 Materials and methods 

2.1 Analysis of Co-substrates 

Chicken manure and banana pseudo-stem fiber extraction sludge were collected from the training farm of the 

Higher Institute of Agriculture, Forestry, Water resources and Environment (HIAFWE), University of Ebolowa 

(Fig. 1). Three representatives’ samples of banana fiber extraction sludge and chicken manure where taken 

following standard sampling procedures and analyzed at the Agro-Environmental Analysis Laboratory (AEAL) of 

HIAFWE.  

Moisture content (%H2O) and dry matter (%DM) where determined by oven drying 105°C until constant mass, 

while organic matter (%OM) and mineral matter (%MM) were measured by ignition at 550°C, according to 

standard analytical protocol (APHA, 2017). Organic carbon (%CO) was estimated from organic matter content 

using conventional conversion factors, and total nitrogen (%Nt) was determines using the Kjeldahl method, which 

is widely applied in anaerobic digestion studies (Ward et al., 2008).  
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Figure 1. Location map of the HIAFWE’s training farm. 

 

2.2 Anaerobic co-digestion experiment 

The substrate introduced into the anaerobic digester consisted of a mixture of: 20 kg of chicken manure, 40 kg of 

banana fiber extraction sludge, 20 kg of water; three repetitions were done. 

The equivalent composition of the mixture expressed as percentage (Ṗ) and mass (Ṁ) of each constituent was 

calculated using equations 1 and 2, following mass balance principles commonly applied in anaerobic digestion 

studies (Angelidaki et al., 2009): 

Ṗ𝑥 =
(PxChicken manure

× MChicken manure)+(PxSludge
× MSludge) +(PxWater

× MWater)

𝑀𝐶ℎ𝑖𝑐𝑘𝑒𝑛 𝑚𝑎𝑛𝑢𝑟𝑒 + 𝑀𝑆𝑙𝑢𝑑𝑔𝑒 + 𝑀𝑊𝑎𝑡𝑒𝑟
                       (1) 

Where: Ṗx represents content of constituent x (%) in the substrate to be digested. 

PxChicken manure, PxSludge, PxWater are respectively content of constituent x (%) in manure, in sludge, and in water. 

MChicken manure, MSludge, MWater are respectively mass (kg) of manure, sludge, and water. 

 

Ṁ𝑥 =
Ṗ𝑥 ×(𝑀𝐶ℎ𝑖𝑐𝑘𝑒𝑛 𝑚𝑎𝑛𝑢𝑟𝑒 + 𝑀𝑆𝑙𝑢𝑑𝑔𝑒 + 𝑀𝑊𝑎𝑡𝑒𝑟)

100
                                   (2) 

Where Ṁx is mass of constituent x (kg) in the substrate to be digested. 

 

The load applied in the digester (Ā) was calculated using equation 3 as recommended for evaluating digestion 

intensity in batch systems (Mata-Alvarez et al., 2009): 

Ā =
M𝑂𝑀

Vu
                                   (3) 

Where Ā is the load applied to the digester (t OM/m3 Digester), MOM is the mass of organic matter introduces in 

the digester (kg) and Vu is the usable volume of the digester (90 L). 

2.3 Experimental setup 

Anaerobic co-digestion was carried out in batch-type biodigester operated under mesophilic conditions at average 

ambient temperature of 36.33 ± 0.89 °C, a configuration commonly used for experimental and pilot-scale studies 

Ward et al., 2008). The system consisted of a cylindrical 100-liter drum equipped with a sealed lid and two upper 

openings discharge. An additional 10-cm-diameter lateral opening was installed on the side wall of the reactor at 

approximately one-third of its height to allow digestate sampling and discharge. 
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The gas collection system comprised PVC pipes, controls valves, and sealing accessories to ensure airtight 

conditions. Biogas production was monitored using a gas meter coupled with a pressure gauge, while the produces 

biogas was stored in a flexible rubber bladder. 

2.4 Monitoring, characterization of digester outputs and statistical anaysis 

Daily biogas production (VBiogas) was recorded until complete substrate degradation following recommendations 

for batch digestion monitoring (Angelidaki et al., 2009). The methane concentration (%CH4) was measured daily 

using a portable methane analyzer (TY20200102339001 made in SHENZHEN TEENWIN ENVIRONMENT 

CO.LTD). The weighted average methane content (ẊCH4) was determined using equation 4, as proposed in biogas 

performance assessment studies (Mata-Alvarez et al., 2009): 

Ẋ𝐶𝐻4 =
∑(𝑉𝐷,𝐵𝑖𝑜𝑔𝑎𝑠× 𝑋𝐷,𝐶𝐻4) 

𝑉𝐵𝑖𝑜𝑔𝑎𝑠 
                                                   (4) 

Where VD,Biogas is daily biogas volume (Nm3), XD,CH4 the corresponding methane fraction (%) and VBiogas the total 

biogas produced volume (Nm3). 

 

The digestate from the anaerobic biodigester was collected, weighed and sampled for physicochemical analysis at 

the AEAL. The same analytic methods applied to the input substrate were used to determinate %H2O, %DM, 

%OM, %MM, %CO and %Nt ensuring consistency between input and output characterization (APHA, 2017). 

The variation in constituents (ΔX) between the inlet substrate (XSubstrate) and the outlet digestate (XDigestate) was 

calculated using equation 5 in accordance with mass balance approaches commonly employed in anaerobic 

digestion studies (Batstone et al., 2002): 

ΔX =
XSubstrate− XDigestate 

XSubstrate 
× 100                                                      (5) 

Biogas productivity (Ẏ) was calculated based on the amount of organic matter degraded during digestion using 

equation 6, as recommended for evaluating the efficiency of anaerobic digestion systems (Mata-Alvarez et al., 

2009): 

Ẏ =
𝑉𝐵𝑖𝑜𝑔𝑎𝑠 

𝛥𝑀𝑂𝑀 
                                                                         (6) 

Where VBiogas is total biogas volume produced (Nm3) (Biogas production was quantified using a low-pressure gas 

meter (Gurtner G2.5 N0:22200414437). Measurements were carried out daily at 10:00 a.m., and the meter was 

reset after each measurement. At the end of the digestion period (32 days), the cumulative daily biogas volumes 

were summed to determine the total biogas production), and ΔMOM is the mass of degraded organic matter (kg). 

Statistical analysis of data was carried out using R software, version 4.5.1 (2025). T-Student’s test was used to 

determine whether there was a significant difference between the manure and sludge used, as well as between the 

substrate and resulting digestate. The null hypothesis “H0: there is no significant difference between the mean of 

the two variables” is rejected if the p-value is less than 0.05. 

3 Results and discussion 

3.1 Physicochemical composition of the co-substrates 

Figure 2 presents the mass composition of chicken manure and banana fiber extraction sludge. Chicken manure 

exhibited a high dry matter content (85.8 ± 0.93%) and a significant proportion of organic matter (61.82 ± 0.60%), 

while banana fiber extraction sludge was characterized by a high moisture content (95.37 ± 0.78%) and a high C/N 

ratio (104.90 ± 4.61). 

These two substrates are significantly different (Table 1), and the parameters in which they differ most are water 

content (%H2O), dry matter content (%DM), organic matter content (%OM) and the C/N ratio. 
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Figure 2. Mass composition of the co-substrates. 

 

Table 1. Results of comparative tests (Fisher (LSD)) between chicken manure and sludge. 

Comparison  Parameter  Mean value 1 Mean value 2 Difference  p-value Significance 

Chicken 

manure (1) vs 

Sludge (2) 

H2O 14.2 95.367 -81.167 1.554e-07 *** 

DM 85.8 4.633 81.167 1.554e-07 *** 

MM 23.98 0.763 23.217 0.00172 ** 

OM 61.82 3.87 57.95 1.838e-07 *** 

Nt 2.987 0.018 2.968 0.00214 ** 

C/N 10.395 104.902 -94.507 0.00134 ** 

 

3.2 Anaerobic co-digestion implemented 

Figure 3 illustrates the experimental setup of co-digestion and products. 

The equivalent composition of the substrate mixture, obtained from Equations 1 and 2, is presented in table 2. The 

mixture exhibited a dry matter content of 23.77 ± 0.39% and an organic matter content of 17.39 ± 0.24%, 

corresponding to a dry anaerobic digestion process. The calculated C/N ratio of the mixture was 11.51 ± 0.34 and 

the organic loading rate applied to the digester was 0.155 ± 0.002 t OM/m3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Experimental setup of waste recovery processes and products obtained. 
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Table 2. Composition of the substrate introduced into the digester. 

Parameter  Equation H2O DM MM OM CO Nt 

Ṗ (%) 1 
76.23 

±  

0.39 

23.77 

± 

0.39 

6.38 

± 

0.29 

17.39 

± 

0.24 

8.69 

± 

0.12 

0.76 

± 

0.05  

Ṁ (kg) 2 
60.99 

± 

0.32 

19.01 

± 

0.32 

5.10 

± 

0.23 

13.91 

± 

0.19 

6.96 

± 

0.10 

0.61 

± 

0.04 

 

3.3 Biogaz production and composition 

Figure 4 shows the cumulative biogas production (NDL) during the anaerobic co-digestion of the substrate under 

mesophilic conditions (Operating temperature = 36.33 ± 0.89 °C). Biogas production reached a total of 2.12 ± 0.1 

Nm3 after 31.67 ± 0.89 days of digestion. 

The cumulative production curve highlights their distinct phases of anaerobic digestion: (i) an initial characterized 

by low biogas production (days 1-5) associated with microbial adaptation; (ii) an exponential phase marked by a 

rapid increase in production (days 6-15), corresponding to intense hydrolysis and methanogenesis and (iii) a 

plateau phase during which biogas generation gradually slowed and ceased (days 18-32). 

After thirty-two days of anaerobic co-digestion, the system produced 2.12 ± 0.1 Nm³ of biogas and 57.33 ± 2.22 

kg of digestate. 

The average methane concentration in the biogas was 64.65 ± 1.72% indicating a methane-rich biogas suitable for 

energy recovery. The daily biogas production and methane concentration content are illustrated in Figure 5. 
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Figure 4. Cumulative biogas production (1 NDL = 0.01 Nm3). 
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Figure 5. Daily biogas production and its methane content. 

 

3.4 Digestate characteristics 

At the end of the digestion period (31.7 ± 0.89 days), 57.33 ± 2.22 kg of digestate where covered, corresponding 

to 71.7 ± 2.8% of the initial substrate mass. The physicochemical composition of the digestate is summarized in 

Table 3, while mass variations between the inlet (substrate) and the outlet (digestate) of the digester are illustrated 

in figure 6. Table 4 illustrates that the composition of the digestate differs significantly from that of the substrate 

in terms of water content (%H2O has increased), dry matter and, in particular, organic matter (%MM and %MO 

have decreased). 

The biogas productivity of the system reached 188 ± 9 Nm³/t OM, 163 ± 4.7 Nm³/t DM, 94.3 ± 7.5 Nm³/t Substrate, 

or 23.5 ± 1.1 Nm³/m³ Digester. 

Table 3. Composition of the digestate. 

Parameter  H2O DM MM OM CO Nt 

Ṗ (%) 

89.45 

± 

0.66 

10.55 

± 

0.66 

6.00 

± 

1.00 

4.55 

± 

0.92 

2.27 

± 

0.46 

1.00 

± 

0.14 

Ṁ (kg) 

51.28 

± 

1.67 

6.06 

± 

0.55 

3.43 

± 

0.58 

2.63 

± 

0.62 

1.31 

± 

0.31 

0.57 

± 

0.06 

 



 

Revue Internationale de la Recherche Scientifique (Revue-IRS) - ISSN :  2958-8413 

   
 

   

http://www.revue-irs.com 5932 

 

H20 DM MM OM CO Nt

0

5

10

15

20

25

30

35

40

45

50

55

60

65

                      Parameters

M
a

s
s

 (
k

g
)

Substrate

Digestate

60.99

51.28

6.06

19.01

3.43
5.10

13.91

2.63

6.96

1.31
0.570.61

 
Figure 6. Mass variation between the substrate and the digestate. 

 

Table 4. Results of comparative tests (T-Student) between substrate and digestate. 

Comparison  Parameter  Mean value 3 Mean value 4 Difference  p-value Significance  

Substrate 

(3) vs 

Digestate 

(4) 

H2O 76.233 89.453 -13.22 0.00015 *** 

DM 23.767 10.547 13.22 0.00015 *** 

MM 6.377 6.0 0.377 0.70214 Non-significant 

OM 17.39 4.547 12.843 0.00184 ** 

Nt 0.758 1.003 -0.245 0.14238 Non-significant 

C/N 11.511 2.369 9.142 0.00026 *** 

 

4  Discussion 

The chicken manure used in this study exhibited a high dry matter content (DM = 85.8 ± 0.93%) and was rich in 

organic matter and Nitrogen (OM = 61.82 ± 0.60% or 72% DM; Nt = 2.99 ± 0.18%; C/N = 10.40 ± 0.62). Indeed, 

the dry matter content of this manure was higher than the average value of 58.6% reported by Levasseur et al. 

(2022) for poultry manure after analyzing 56 chicken manure samples. This higher dry matter content can be 

attributed to the prolonged storage period of approximately 30 days between the end of the batch process and 

sample collection for analysis. However, the organic matter and nitrogen contents were similar (72% DM and 

2.99% Nt) to those reported by Levasseur et al. (2022) confirming the high methanogenic potential of this 

substrate, as also emphasized by Linas et al. (2020).  

The banana fiber extraction sludge was highly liquid (%DM = 4.63 < 10), rich in organic matter (83.5% DM), and 

strongly carbonaceous (C/N = 104.9 > 30). These results are very close to those reported by Sango et al. (2011) 

who observed an organic matter content of 80.57% in the dry fraction of the banana stem, as well as with the 

results of Kamdem et al. (2011) and Ngahane et al. (2026), who reported an ash content of approximately 19.43% 

DM in banana tree waste, a high C/N ratio close to 100, and a moisture content of 91% in the banana pseudo-

stems. The slight discrepancies observed can be attributed to the reduction of the solid fraction during the fiber 
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extraction process. The different nature of these two substrates is reflected in their contrasting physicochemical 

properties, particularly with respect to moisture content, organic matter concentration, and carbon-to-nitrogen. 

(Ward et al., 2008; Mata-Alvarez et al., 2009). Overall, these results confirm the complementarity of nitrogen-rich 

chicken manure and carbon-rich fiber extraction sludge, supporting their suitability for anaerobic co-digestion. 

The anaerobic digestion process was operated under high organic loading (154.6 ± 2.1 kg OM/m3), dry conditions 

(DM = 23.77 ± 0.39%), and mesophilic temperature (36.33 ± 0.89 °C), with a hydraulic retention time of 31.67 ± 

0.89 days. The observed biogas production phases are consistent with those reported by Sakouvogui et al. (2021) 

and Ngahane et al. (2026), respectively during the anaerobic and mesophilic co-digestion of pig slurry and cow 

dung for 25 days and during the anaerobic and mesophilic co-digestion of banana pseudo-stem fiber extraction 

sludge and cow dung for 35 days. This confirms the efficient biodegradation of manure-rich organic matter under 

mesophilic conditions, where acetolactic methanogens typically dominate methane formation pathways (Linas et 

al., 2020; Batstone et al., 2002). 

The biogas yield obtained in this study (188 ± 9 Nm³/t OM, 163.5 ± 4.7 Nm³/t DM, 94.3 ± 7.5 Nm³/t Substrate or 

23.5 ± 1.1 Nm³/m³ Digester; methane content of 64.65 ± 1.72%) indicates a high process efficiency and good fuel 

quality. This yield is significantly higher than the 21.5 Nm3/t Substrate and 18 Nm3/t Substrate obtained by 

Sakouvogui et al. (2021) and Ngahane et al. (2026), respectively. This result is likely due to the quality of the 

substrates (very high in nitrogen in one case and very rich in lignocellulosic biomass in the other, with very low 

dry matter content in both) and to the operating conditions, which did not allow for good bacterial flora activity. 

Nevertheless, the biogas yield obtained in this study appears to fall within the range of experimentally reported 

methanogenic potentials of the individual co-substrates, namely 196.4 Nm³/t DM for poultry manure stored for 

one month (ADEME, 2018), 147 Nm³/t Substrate for poultry effluents (Blazy et al., 2024), and 24 Nm³/t Substrate 

for banana pseudo-stems (Adannou et al., 2025). The observed substrate degradation kinetics and the evolution of 

methane concentration in the produced biogas seem to be consistent with the dry batch anaerobic digestion process 

implemented. In particular, methane production tended to be higher during the initial stages of digestion and 

gradually declined toward the end of the process, while overall biogas production decreased as readily 

biodegradable organic matter became depleted (ADEME, 2018). Comparable trends were reported by Douag-

Tirichine et al. (2014), who observed the onset of methane production after the fifth day of digestion, with average 

methane concentrations of 40-45%, followed by an increase reaching up to 89% CH₄ during the anaerobic 

digestion of cow dung with a dry matter content of 19%.  

The proportion of digestate recovered from the digester, representing 71.7 ± 2.8% of the inlet mass, as well as its 

compositional changes relative to the initial substrate (-81% OM, -68% DM, -33% MM, and -6% Nt), are 

comparable to the values reported by Ngahane et al. (2026), who observed digestate yields of approximately 76% 

of the inlet mass and a 67% reduction in dry matter. These results are in line with the general trend reported in the 

literature, according to which digestate typically accounts for 70–80% of the mass introduced into the digester, 

while the initial dry matter content may decrease by up to 60% during anaerobic digestion (Michau et al., 2019). 

The biogas production is therefore linked to the reduction in dry matter, and more specifically to that of organic 

matter. Given the limited reduction in mineral elements, particularly total nitrogen, the digestate appears relatively 

enriched in these components and therefore may be suitable for use as a biofertilizer in agricultural applications 

(Linas et al., 2020; CIRAD, 2000). 

5 Conclusion 

This study demonstrates that the anaerobic co-digestion of chicken manure and banana fiber extraction sludge, an 

abundant and readily available resource at the HIAFWE teaching farm in Ebolowa, is therefore a suitable and 

sustainable solution for the integrated and participatory management of these compatible livestock effluents and 

crop residues. It’s a proposition of a highly effective strategy for waste valorization. The association of nitrogen-

rich manure and carbonaceous banana residues creates an optimal balance for stable methanization, overcoming 

the limitations of mono-digestion. Under mesophilic dry batch conditions, the system achieved a high biogas yield 

(188 Nm3/t OM) with a methane content of 64.65%, outperforming several recent studies on similar substrates. 

The process achieved an 81% reduction in organic matter while preserving essential nutrients in the digestate. This 

dual output provides a sustainable source of renewable energy (for heating/lighting) and biofertilizers (for crop 

production) at the HIAFWE teaching farm. The large-scale development of this experiment offers a robust pathway 
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to strengthening the learners' capacity, to act for local development, ecological transition in tropical 

agroecosystem, to promoting decentralized energy production and integrated circular economy. 
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