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Abstract
Access to reliable and affordable energy remains a challenge in sub-Saharan Africa, where over 85 million Nigerians lack grid electricity. Dependence on fossil fuels worsens environmental degradation, while agricultural residues are often indiscriminately discarded, contributing to pollution. Biogas technology offers a sustainable alternative, yet mono-digestion of cow dung is constrained by poor carbon-to-nitrogen (C/N) ratios, low methane yields, and process instability. Co-digestion with crop residues provides an opportunity to balance nutrient profiles and improve biogas performance. However, limited empirical evidence exists on the comparative effectiveness of different substrates under mesophilic conditions in Nigeria. This study investigated the co-digestion of cow dung with yam peel, maize husk, and cassava peel using laboratory-scale digesters. Feedstocks were analysed for C/N ratios, nutrient content, and heavy metals, while daily and weekly gas yields were monitored over seven weeks. Results revealed that cow dung + yam peel produced the highest cumulative yield of 486.7 mL, while cow dung + maize husk extended retention to 38 days with 316.6 mL yield. Cow dung only and cow dung + cassava peel produced similar lower yields at approximately 206 mL. ANOVA confirmed significant weekly variation at p < 0.05, but no significant differences in cumulative yields among treatments at p = 0.562. The study concludes that yam peel and maize husk are promising co-substrates for enhancing biogas yield and stability, while cassava peel requires further pre-treatment. Co-digestion presents a low-cost, sustainable pathway to improve rural energy access and reduce agricultural waste in Nigeria.
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1.0	Introduction
Access to inexpensive and reliable energy continues to be among the most critical development challenges in sub-Saharan Africa where agro-industrial enterprises and millions of households continue to be out of the modern power grid. Nigeria's energy crisis is also exacerbated by an unstable supply, rotten infrastructure, and ongoing dependence on fossil energy, which collectively fuel higher environmental degradation and accelerate climate change. According to World Bank estimates, over 85 million Nigerians lack access to grid power, pointing to the urgency of alternative sources of renewable energy (World Bank, 2020). Among the available options, biogas technology through anaerobic digestion of organic wastes has emerged as a sustainable option capable of addressing both energy shortage and waste management in agriculture. Through the production of methane-rich gas and nutrient-rich digestate from biodegradable residues, the technology promotes circular economy practices, reduces greenhouse emissions, and improves rural livelihood (Amigun et al., 2012; UNDP, 2021). Anaerobic digestion (AD) is a four-step microbially catalyzed process, hydrolysis, acidogenesis, acetogenesis, and methanogenesis, that yields biogas, mainly methane (CH₄) and carbon dioxide (CO₂) (Appels et al., 2008; Kiely, 1998). Traditional mono-digestion processes, such as those based solely on cow dung, are generally constrained by low methane yields, nutrient imbalance, and poor process stability. Another significant limitation is the low carbon-to-nitrogen (C/N) ratio of animal manures that tends to lead to ammonia inhibition. It is indicated that optimum production of methane is obtained when the C/N ratio ranges between 20:1 to 30:1 (Kayhanian & Hardy, 2005; Mata-Alvarez et al., 2014).
Co-digestion, defined as anaerobic co-digestion of two or more substrates together, has been widely recognized as a potential method to overcome these limitations. By mixing nitrogen-rich manures and carbon-rich crop residues, co-digestion enhances microbial diversity, balances nutrients, and improves process efficiency (Zamanzadeh et al., 2017). Nigeria generates large amounts of agricultural wastes, such as yam peels, cassava peels, and maize husks, which are typically randomly disposed of, causing environmental pollution (Ogwueleka, 2009; Nnaji, 2015). When effectively utilized, these wastes offer a low-cost, readily available feedstock that can be used to increase methane yield while reducing waste management issues. Previous studies have demonstrated the possibilities of co-digestion of crop residues and animal manures for higher gas production and longer digestion time (Ahring et al., 2010; Hartmann & Ahring, 2006). However, empirical information on the comparative effectiveness of different residue combinations for enhancing biogas production under mesophilic condition in Nigeria is limited. This study therefore investigates the co-digestion of cow dung with yam peel, cassava peel, and maize husk in lab-scale digesters. The investigation targets optimisation of C/N ratio through substrate blending, determining nutrient and heavy metal content of the feedstocks, and monitoring daily and weekly gas production for a period of seven weeks. Comparative assessment of substrates was conducted to determine their yield potential, retention time, and digestion duration, while statistical analysis (ANOVA) was applied to test for treatment differences that were significant. The findings provide practical insight into how well these residues are suited for improving methane yields and demonstrate the potential of co-digestion as a sustainable waste-to-energy pathway for rural communities and smallholder farmers (UNDP, 2021).

2.0	Materials and Methods
2.1	Study Area and Feedstock Collection 
The experiment was carried out in the Soil and Water Laboratory, Department of Agricultural and Environmental Engineering, Federal University of Technology, Akure, Nigeria (7°15′N, 5°12′E). This region is characterised by a tropical climate with annual mean temperatures of 28–34 °C, which is favourable favours mesophilic digestion conditions. Cow dung was collected from a municipal abattoir at Road Block Junction, Akure. At the same time, yam peels (Dioscorea spp.), cassava peels (Manihot esculenta), and maize husks (Zea mays) were sourced from the university farm. These were selected because they are locally sourced and can be employed to balance the carbon-to-nitrogen (C/N) ratio of cow dung.

2.2	Substrate Preparation and Characterisation 
Raw fresh cow dung was used as such, while the crop residues (yam peel, cassava peel, and maize husk) were sun-dried for 14 days to minimise water content, prevent microbial spoilage, and make grinding easy. The dried residues were ground in a laboratory grinder and then sieved using a 1 mm sieve to ensure even particle size. Prior to anaerobic digestion, the feedstocks were examined to determine their native carbon-to-nitrogen (C/N) ratio, macronutrient makeup (nitrogen, phosphorus, potassium), and concentration of selected heavy metals (iron, zinc, copper). Total carbon was determined using the Walkley–Black procedure, while total nitrogen was analyzed based on the Kjeldahl digestion protocol, according to Bernal et al. (1996), and organic matter characteristics were assessed following the manure characterisation framework outlined by Zhang et al. (2024). Phosphorus and potassium levels were determined spectrophotometrically using a DR 2500 spectrometer, whereas heavy metals were examined according to APHA (1998) standard methods. These tests were essential to the chemical suitability analysis of every substrate for biogas production.
2.3	Experimental Setup 
Four mini anaerobic digesters were constructed using 500 mL Erlenmeyer flasks, each with an airtight rubber stopper and 7 mm glass tubing. The tubes were connected to inverted 500 mL water displacement graduated cylinders in water troughs to capture biogas by displacing water, displaced water volume being equivalent to the gas yield. To maintain anaerobic conditions and prevent gas leakage, all the joints were sealed with parafilm and strengthened with silicone sealant. The digesters were initially filled with 100 g of fresh cow dung and 250 mL of distilled water to provide the control slurry. For co-digestion treatments, 30 g of the crop residue was well mixed with 100 g of cow dung and 250 mL of water before filling. This ratio of substrate was selected to maximize the carbon-to-nitrogen (C/N) composition of cow dung, free from any excess of fibrous material that can hinder microbial hydrolysis and reduce the efficiency of digestion (Kayhanian & Hardy, 2005; Hartmann & Ahring, 2006). There were four treatments in the experiment: A (control) – cow dung alone, B – cow dung + yam peel, C – cow dung + maize husk, and D – cow dung + cassava peel. All digesters were operated in batch mode at atmospheric mesophilic temperatures between 30–40 °C, and each flask was filled to 50% capacity to create sufficient headspace for biogas collection.
2.4	Experimental Procedure and Monitoring 
Anaerobic digesters were maintained for a period of seven weeks. Biogas yield was measured twice daily at 08:00 and 16:00 hours using the water displacement method in inverted graduated cylinders. Cumulative weekly yields were determined by summing daily values. Daily ambient temperature was recorded with a mercury-in-glass thermometer to sustain mesophilic temperatures between 30–40 °C. Physical changes in the digestate, like colour, odour, and texture, at the end of the experiment were recorded to check for qualitative stability and degradation. These tracking methods helped to ascertain the quantity as well as the quality of biogas yield over digestion time.
2.5	Data Analysis 
Gas volumes were plotted to show daily and weekly production trends for each treatment. Cumulative yields were used to compare the efficiency of co-digestion relative to mono-digestion. Retention time was determined as the duration from the onset of gas production until production ceased. Statistical analysis was conducted using SPSS version 16.0. A one-way Analysis of Variance (ANOVA) was employed to determine significant differences (p < 0.05) in weekly gas yields both within treatments (temporal variation) and between treatments (substrate effects). Post-hoc comparisons were made where applicable to identify treatment pairs with significant differences.

3.0	Results and Discussion 
3.1	Cumulative Biogas Yield 
Cumulative gas production differed across treatments, with co-digestion enhancing yields relative to cow dung alone. The highest volume was obtained from cow dung + yam peel at 486.7 mL after 28 days, followed by cow dung + maize husk at 316.6 mL over 38 days, while cow dung only and cow dung + cassava peel yielded 205.4 mL and 206.7 mL, respectively, as shown in Table 1. These findings indicate that yam peel and maize husk are effective co-substrates, whereas cassava peel does not significantly improve methane yield compared with mono-digestion. This aligns with previous reports that co-digestion of animal manure with carbohydrate-rich residues increases methane yield due to balanced C/N ratios and improved microbial activity (Hartmann & Ahring, 2006; Zamanzadeh et al., 2017). Yam peel provided easily degradable carbohydrates, while maize husk supplied structural carbon that prolonged fermentation. Cassava peel’s poor performance may be attributed to lignocellulosic resistance and the presence of cyanogenic compounds that inhibit methanogenesis, as reported in similar studies (Ahring et al., 2010).  Recent research showed that the pretreatment of fibrous substrates using mild acids can improve biodegradability and methane yield significantly (Shitophyta et al., 2024). This indicates that cassava peel may benefit from similar pre-treatment strategies to enhance its suitability as a co-substrate.

3.2	Temporal Production Trends 
Biogas production during treatments followed the typical anaerobic digestion pattern, with a lag phase, exponential increase, maximum production, and declining slope (Fig. 1). All the digesters had an 8–10 day lag period of microbial acclimatisation. Cow dung and yam peel mixture gave the highest maximum daily yield of 37 mL on day 18. Maize husk mixtures gave the maximum lag period (38 days), reflecting slower hydrolysis but extended methane production. Cow dung alone stopped biogas production after 21 days, reflecting the limitation of mono-digestion. Cassava peel mixtures had the highest peak at day 22, but with lower yield, possibly due to an imbalance of nutrients or partial inhibition. These trends concur with previous studies proving that high-carbohydrate substrates cause early methane peaks, whereas lignocellulosic substrates result in longer digestion time but smaller peak yields (Kayhanian & Hardy, 2005). The differences in performance demonstrate the co-digestion benefit of maximizing gas yield and extending productive digestion time.
3.3	Statistical Significance and Substrate Comparison 
Analysis of variance (ANOVA) revealed significant week-to-week variation in yields for all treatments (p < 0.05). For example, cow dung + yam peel showed p = 1.05 × 10⁻¹⁶, while cow dung + maize husk had p = 4.29 × 10⁻¹⁵, confirming that production rates changed significantly throughout the digestion period. Cow dung alone (p = 1.01 × 10⁻¹⁵) and cassava peel blends (p = 8.66 × 10⁻¹⁶) also demonstrated strong week-to-week fluctuations, reflecting the distinct phases of anaerobic digestion. When total weekly aggregates were compared across all substrates, however, there was no statistically significant difference (p = 0.562). This suggests that while digestion dynamics and retention times varied, the ultimate methane potential was broadly comparable among treatments. Similar outcomes have been reported in co-digestion studies, where operational improvements were observed without substantial differences in final yield (Mata-Alvarez et al., 2014). Among the residues tested, yam peel proved the most effective additive, enhancing both cumulative yield and daily peak. Maize husk was effective in extending retention time, a desirable feature for semi-continuous systems where a stable gas supply is important. Cassava peel, however, underperformed, likely due to high lignin and anti-nutritional factors that slowed microbial activity.
3.4	Implications for Waste Management and Rural Energy 
The findings affirm that co-digestion is operationally better than mono-digestion, confirming that unbalanced C/N in cow dung tops methane yield (Appels et al., 2008). Additionally, the choice of co-substrate is important in yield dynamics; yam peel is preferred for rapid, high-yield digestion, while maize husk provides long retention and stability. For smallholder farmers in Nigeria, these results present a low-cost solution to improve energy access by valorizing readily available residues to renewable energy. Co-digestion also reduces environmental problems of waste disposal of agricultural wastes, enhancing waste-to-energy integration into rural economic livelihoods. The results are directly supporting Sustainable Development Goals (SDG 7 on accessible energy and SDG 13 on climate change) as emphasized by UNDP (2021). Co-digestion of yam peel and maize husk with cow dung significantly enhanced biogas yield and digestion stability compared to mono-digestion. Yam peel yielded the highest methane, while maize husk extended the period of digestion. Cassava peel provided little improvement over cow dung. Statistics indicated that there was great variation in rates of production across the treatments but not overall differences in total methane potential among substrates. The findings present evidence of the possible use of co-digestion as a sustainable rural Nigeria waste-to-energy policy.
5.0	Conclusion
This study investigated the co-digestion of cow dung with yam peel, maize husk, and cassava peel under mesophilic conditions using laboratory-scale digesters. Results showed that co-digestion improved methane yield and stability compared with mono-digestion of cow dung. Yam peel produced the highest cumulative yield at 486.7 mL, while maize husk extended the digestion span for 38 days, ensuring a more sustained gas supply. Cassava peel provided little or no improvement over cow dung alone, possibly due to lignocellulosic resistance or inhibitory compounds. Statistical analysis confirmed significant temporal variation in production within treatments at p < 0.05, but no significant difference in cumulative yields across all substrates at p = 0.562. These findings suggest that substrate type strongly influences production dynamics and retention time, although the ultimate methane potential remains similar. Overall, co-digestion with locally available agricultural residues, particularly yam peel and maize husk, represents a low-cost, practical approach to enhancing biogas generation for rural households and smallholder farmers. Beyond energy production, digestate from the process may serve as a nutrient-rich soil amendment, further contributing to sustainable agricultural practices. It is therefore recommended that yam peel be prioritised in biogas systems requiring rapid and high yields. At the same time, maize husk should be utilised in systems where longer retention and more stable production are desirable.  On-farm adoption of these substrates in small-scale digesters has the potential to enhance waste management, enhance energy access, and enhance rural livelihood. Furthermore, for practical implementation, future studies must tackle the scale-up of co-digestion from laboratory-level systems to pilot or community-scale level digesters to allow verification of substrate performance in real operational contexts. At the policy level, the government and development organizations are motivated to promote decentralised waste-to-energy arrangements as part of rural electrification programmes in line with Sustainable Development Goals on inclusive energy and climate action.
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Table 1. Cumulative biogas yields and digestion parameters for different substrate combinations.
	Substrate Combination
	Total Yield (mL)
	Digestion Span (days)
	Peak Daily Yield (mL)
	Day of Peak

	Cow dung + yam peel
	486.7
	28
	37.0
	18

	Cow dung + maize husk
	316.6
	38
	28.0
	16

	Cow dung + cassava peel
	206.7
	22
	20.0
	22

	Cow dung only (control)
	205.4
	21
	21.0
	20

























Figure 1. Daily biogas production trends for all treatments under mesophilic conditions. Curve labels: A = Cow dung only (control), B = Cow dung + yam peel, C = Cow dung + maize husk, D = Cow dung + cassava peel.
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Figure 2. Weekly cumulative biogas production for cow dung and co-digestion treatments. Curve labels: A = Cow dung only (control), B = Cow dung + yam peel, C = Cow dung + maize husk, D = Cow dung + cassava peel.
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