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Abstract--Increased production of organic waste from the livestock, 
agriculture, urban, and agro-industrial sectors poses significant 
environmental challenges if not managed properly. Anaerobic 
digestion (AD) is an effective technology for processing organic waste 
while producing renewable energy in the form of biogas. However, the 
performance of the AD process is greatly influenced by substrate 
characteristics, such as the carbon to nitrogen (C/N) ratio, 
lignocellulose content, nitrogen content, and chemical conditions of the 
substrate. This article aims to conduct a comparative review of various 
types of animal and plant-based organic waste used in biogas 
production through the AD process, with an emphasis on methane 
potential, operational constraints, and process optimization strategies. 
The method used is a narrative literature review of national and 
international journal articles discussing the utilization of livestock 
manure (cattle, chicken, pigs, and goats), food waste, lignocellulosic 
biomass (rice straw, water hyacinth, and grass), and agro-industrial 
liquid waste (tofu liquid waste and Palm Oil Mill Effluent/POME). The 
results of the study show that cow manure has good process stability 
but relatively moderate methane yield, while chicken and pig manure 
have higher methane potential but are susceptible to ammonia 
inhibition. Plant-based and agro-industrial waste generally has high 
energy potential, but faces obstacles in the form of slow hydrolysis, 
acidic pH, and nutrient imbalance. Based on the results of the study, 
anaerobic co-digestion (ACoD) has been proven to be the most 
effective strategy for optimizing biogas production. This approach is 
able to balance the C/N ratio, increase buffer capacity, reduce 
inhibition effects, and improve microbiological stability. The 
combination of substrates that produces a mixed C/N ratio in the 
optimal range of 20–30 has been consistently reported to increase 
methane yield and AD process stability. Thus, substrate selection and 
formulation through co-digestion are key to developing an efficient and 
sustainable biogas system. 
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1. INTRODUCTION  
 

The increase in global energy demand, coupled with declining fossil fuel availability and growing 
environmental pressures, has led to greater attention being paid to the development of renewable 
energy sources. In this context, biogas produced through anaerobic digestion (AD) has become a 
relevant technology because it can convert organic waste into an energy source while reducing 
environmental pollution [1]. Various types of organic waste originating from anthropogenic activities, 
particularly in the agricultural and livestock sectors, have been identified as potential substrates in 
biogas production. Animal-based waste, such as livestock manure and residues from the animal product 
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processing industry, generally has easily degradable organic content and a nutrient ratio that supports 
methane formation. In contrast, plant-based waste, including agricultural residues and lignocellulosic 
biomass, is available in large quantities and contributes significantly to the supply of raw materials, 
although its complex structure often limits the level of biodegradation during the AD process. 

The performance of anaerobic digestion is greatly influenced by the physicochemical characteristics 
of the substrate used. Parameters such as the carbon to nitrogen (C/N) ratio, lignin content, 
carbohydrate composition, moisture content, and the presence of inhibitory compounds play an 
important role in determining process stability, organic matter degradation efficiency, and biogas yield. 
The differences in characteristics between animal and plant waste require a comprehensive evaluation 
approach to optimize their utilization in biogas production systems [2]. 

Therefore, this article presents a comparative review of various types of organic waste derived from 
animals and plants in the context of biogas production through anaerobic digestion. The discussion 
focuses on comparing substrate characteristics, methane production potential, the advantages and 
limitations of each type of waste, and their implications for the development of efficient and sustainable 
biogas technology. 
 
2. METHODOLOGY 
 

The method used in this article is a narrative literature review. The literature search process was 
conducted through international scientific databases, namely Scopus, ScienceDirect, SpringerLink, and 
Google Scholar. The keywords used in the search included anaerobic digestion, biogas production, 
livestock waste, organic waste, household waste, plantation and agro-industrial waste, and co-digestion. 
The criteria for including literature in this study included: 
1. Reputable national and international journal articles. 
2. Research discussing the anaerobic digestion process with livestock manure as the main substrate 

and also waste from plants. 
3. Articles reporting the characteristics of livestock manure  and waste from plants, biogas or methane 

performance, and challenges in the anaerobic digestion process. 
Meanwhile, the exclusion criteria include articles that are not relevant to biogas production or do not 

clearly explain the type of substrate used. The selected literature was then analyzed and grouped based 
on the type of livestock manure and plant waste as well as the main issues that affect the performance 
of the anaerobic digestion process. 
 
3. RESULT AND DISCUSSION 
 
3.1 Variability of Organic Waste and Its Impact on Anaerobic Digestion Performance 
 

Based on a literature review, organic waste for anaerobic digestion (AD) can be classified into 
animal-derived wastes and plant-derived wastes. These two groups exhibit very different 
physicochemical characteristics, which directly impact biogas production performance.  

Various journals state that anaerobic digestion (AD) cannot be separated from the characteristics of 
the substrate used. Kadam et al. (MDPI) state that differences in chemical composition, C/N ratio, 
lignocellulose content, and nitrogen content are the main factors causing significant variations in biogas 
production between waste types [3]. In general, organic waste can be categorized in the following table 
1. 

 
Table 1. Classification of Biogas Production Waste Types 

Waste Category Waste Type 
Animal Cow, goat, chicken, and pig manure 
Plant Food waste, straw, water hyacinth, grass, and agro-

industrial waste 
Mixed Mixed animal and plant waste 

 
Song et al. (MDPI) emphasize that there is no single substrate that is optimal for all AD operating 

conditions, making a comparative and integrative approach crucial in the development of modern biogas 
systems [4]. 

 
3.2  Animal Based Organic Waste 
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3.2.1 Cow Manure 
 

Cow manure is the most commonly used substrate in biogas systems. This is due to its main 
advantage, which is high process stability. As stated by Song et al. (MDPI), cow manure has a relatively 
neutral pH and contains large amounts of natural anaerobic microorganisms, enabling it to support 
stable anaerobic digestion. However, cow manure also has limitations, particularly its high lignocellulose 
fraction. As a result, the hydrolysis stage proceeds more slowly and ultimately reduces the methane 
yield produced [4]. 

In addition to substrate composition factors, reactor operating conditions also have a significant 
effect on biogas performance. Ahlberg-Eliasson et al. reported that in continuous reactors, increasing 
the operating temperature from 38–40°C to 52°C can increase the rate of methanogenesis. However, 
this increase in temperature also caused an increase in residual methane potential (RMP) in the 
digestate to 40–98 NmL CH₄/g VS. Thus, these conditions have the potential to increase greenhouse 
gas emissions after the digestion process is complete [2]. 

To overcome these limitations, various studies have developed co-digestion approaches. Several 
local studies have shown that cow manure is highly effective as a base substrate in co-digestion with 
tofu liquid waste, elephant grass, and fruit and vegetable waste. This is because cow manure serves as 
both an inoculum source and a pH buffer, thereby increasing the stability of the anaerobic digestion 
process [5].  

The selection of cow manure as a raw material for biogas is based on its abundant availability, high 
organic content, and the presence of natural methanogenic microorganisms that support the biogas 
formation process. Based on research by Iqbal Nur Daiyan et al. the fermentation results show that the 
quality of biogas is greatly influenced by the fermentation time, with optimal conditions achieved on the 
25th day with a methane content of 71.18% and carbon dioxide of 8.53%. Although cow manure is 
capable of producing biogas with a relatively high methane content, the significant CO₂ content causes 
a decrease in the calorific value of biogas and has the potential to cause corrosion problems in 
equipment, thus requiring further purification processes [6]. 

Furthermore, in terms of biogas quality, M. Syaiful et al. reported that methane production from cow 
manure was in the range of ±59% CH₄. However, when cow manure is combined with other organic 
waste, the quality of the biogas produced can increase to around 64% CH₄. Therefore, co-digestion with 
cow manure not only improves process stability, but also contributes to improving the quality and 
efficiency of biogas production [7]. Cow manure is one of the most commonly used substrates in biogas 
production. Therefore, Table 2 summarizes the main aspects related to its characteristics, advantages, 
limitations, and potential for enhancing methane production, as presented below. 

 
Table 2. Discussion of Cow Manure as a Biogas Substrate 

Aspect Discussion 
Main role Most common base substrate in biogas systems 
Characteristics Relatively neutral pH and rich in anaerobic 

microorganisms 
Advantages Stable digestion process without major pH adjustments 
Limitations High lignocellulose content 
Impact of limitations Slow hydrolysis and relatively low methane yield 
Role in other systems Functions as inoculum and pH buffer 
Potential for improvement Co-digestion can increase CH₄ by ±64% 
Methane production ±59% CH₄ in mono-digestion 

 
3.2.2 Chicken and Pig Manure 
 

Chicken manure and pig manure have relatively high nitrogen and protein content, so theoretically 
they have the potential to produce more methane than cow manure. However, this high nitrogen content 
also poses a risk of ammonia inhibition. Song et al. (MDPI) state that substrates with high nitrogen 
content are highly susceptible to ammonia inhibition, especially when the concentration of free ammonia 
(NH₃) exceeds the tolerance threshold of acetoclastic methanogenic microorganisms, which play an 
important role in methane formation [4]. 

However, several studies show that pig manure has a fairly high biogas production potential. 
Maluegha et al. reported that pig manure can produce 0.040–0.059 m³/kg of biogas, which is even higher 
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than cow manure. Furthermore, the results of this study show that a pig farm with 35 pigs can produce 
around 4.76 m³ of biogas per day, which is equivalent to the LPG energy needs of a household [8]. 

Meanwhile, chicken manure exhibits different characteristics. Yu et al. reported that chicken manure 
has a very low carbon to nitrogen (C/N) ratio, approximately 5–10, so that the application of mono-
digestion often results in an unstable process. However, when chicken manure is combined with plant 
biomass, such as corn stover, there is a 36–39% increase in methane production, with yields reaching 
318–333 mL CH₄/g VS in both batch and continuous systems [9].  

In line with these findings, research conducted by Afdol Gani and Jelita shows that mixing chicken 
manure with rice straw to achieve an ideal C/N ratio of around 30 can produce up to 617,887 m³ of 
biogas with a methane content of 81.83% under thermophilic conditions. Therefore, these results 
confirm that chicken manure is more effective when used in a co-digestion system than as a single 
substrate [10]. 

In addition to the C/N ratio, operating temperature also plays an important role in the occurrence of 
ammonia inhibition. Wang et al. stated that at a C/N ratio of 15 and a temperature of 35 °C, ammonia 
inhibition began to occur, while at a temperature of 55 °C, inhibition appeared at a C/N ratio of 20. 
Conversely, the highest methane yield was obtained at a C/N ratio of 25–30, with an increase in 
production of 30–45% compared to conditions with lower C/N ratios [11], [12]. 

Based on Febrianti et al. and supporting literature referenced in the journal, goat manure has a C/N 
ratio of around 24 and functions as a source of carbon and microorganisms. On the other hand, chicken 
manure has a low C/N ratio of approximately 6.6 and is rich in nitrogen, which can increase microbial 
activity but has the potential to cause inhibition if used excessively. Meanwhile, vegetable waste has a 
high C/N ratio of approximately 37.6, which plays a role in balancing nutrients and increasing the 
availability of easily degradable organic matter  [13].  

 
3.3 Organic Waste Based on Food Waste, Plantations, Crops, and Agroindustry 
 
3.3.1 Food Waste 
 

Food waste is one of the biogas substrates with the highest energy potential. This is due to its easily 
degradable organic content and high volatile solids (VS) fraction. Lee et al. state that food waste has 
rapid biodegradability and high VS content, so that at the optimum mixing ratio with manure it can 
produce more than 450 mL CH₄/g VS under mesophilic conditions [12]. 

However, the application of mono-digestion to food waste often causes operational problems. Lee 
et al. reported that mono-digestion of food waste can cause the accumulation of volatile fatty acids (VFA) 
to more than 4 g/L, followed by a decrease in pH below 6.5, which ultimately leads to process failure if 
not optimally controlled. Therefore, the researchers emphasized the importance of applying co-digestion 
with livestock manure to increase buffer capacity and maintain the stability of the anaerobic digestion 
process [12]. 

In addition to controlled conditions, food waste also shows good potential in small-scale systems. 
Dhungana et al. stated that under relatively low ambient temperatures, namely 10–21 °C, food waste 
mixed with poultry litter and goat manure was still able to produce methane steadily. These findings 
indicate that food waste has great potential for application in household biogas systems, especially in 
developing countries [3]. 

In terms of composition, food waste is reported to be the raw material with the highest methane 
potential because it contains easily degradable carbohydrates, proteins, and lipids. Ayantokun et al. 
state that food waste has a volatile solids content of 70–90% (dry basis), so that globally it has the 
potential to contribute to large amounts of methane production if managed properly [14]. However, the 
study also confirmed that mono-digestion of food waste often experiences a decrease in pH due to the 
accumulation of VFA, inhibition of methanogenesis, and limitations in the operational organic loading 
rate (OLR). Thus, food waste is considered more effective when used as a co-substrate together with 
animal-based waste, which has a high buffer capacity [14]. 

Furthermore, anaerobic degradation of mixed organic waste has also been widely applied in landfill 
systems. Dayaningrat et al. stated that urban organic waste degraded anaerobically in landfills is 
capable of producing biogas with a high methane content, reaching 72–86% CH₄, thus meeting the 
biogas quality standards for energy utilization [15]. Specifically, research at the Talang Gulo landfill in 
Jambi shows that organic waste produces biogas with a maximum methane content of 86% CH₄. This 
confirms that well-controlled management of mixed organic waste can produce high-quality biogas [15]. 

In line with this, Syaiful et al. stated that market organic waste, especially fruits and vegetables, is 
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an abundant and sustainable raw material for biogas. In the IRRC-WTE Jambi system, market organic 
waste produces biogas with a methane content of between 64–69% CH₄, with an average value of 66% 
CH₄, which is suitable for use as an energy source [7]. 

In addition to market waste, household organic waste, especially food waste, also has significant 
potential. Saraswati and Rosyidah stated that household waste can produce biogas with a methane 
content of 55–65%, making it suitable for use as an alternative fuel for household needs [16]. 
Furthermore, Damayanti et al. emphasize that organic waste, such as vegetable scraps, fruit, leaves, 
and kitchen waste, is an easily degradable and abundant source of biogas feedstock in both urban and 
rural areas. The biogas produced generally contains 55–65% CH₄ with a calorific value of around 20–
25 MJ/m³, making it suitable for use in cooking, lighting, and small-scale power generation [17]. 

 
3.3.2 Plantation, Crop, and Agro-industrial Waste 
 

In the group of plant waste or lignocellulosic biomass, such as rice straw, stover, and aquatic plants, 
the main challenge in the anaerobic digestion process lies in the hydrolysis stage. This is due to the 
complex structure of lignocellulose, which consists of cellulose, hemicellulose, and lignin, which are 
difficult to break down by anaerobic microorganisms. Therefore, many studies have applied biological, 
enzymatic, or microbial pretreatments to break down the lignocellulose structure, thereby increasing the 
fraction of easily degradable organic material and improving methane yield. For example, in a co-
digestion system of rice straw and pig manure, the application of cellulolytic microflora pretreatment has 
been reported to significantly increase methane production [14]. 

Meanwhile, agroindustrial liquid waste, such as tofu liquid waste, generally has a high organic 
content, making it potentially capable of producing biogas quickly. However, this substrate often faces 
problems such as low pH and nutrient imbalance, which can inhibit the methanogenesis process. 
Therefore, mixing tofu wastewater with livestock manure is widely practiced to balance pH, provide 
inoculum, and increase process stability and methane content in biogas [18]. 

Quantitatively, tofu wastewater is a highly potential raw material for biogas. Aan Adeputra et al. 
reported that soybean curd wastewater has a COD value of 11,105 mg/L, a BOD value of 5,652 mg/L, 
total nitrogen of 268 mg/L, and an acidic pH of approximately 3.6. These characteristics indicate high 
energy potential, but also emphasize the need for good process control to prevent methanogen inhibition 
[19]. 

In line with this, an article in the Applied Sciences journal reviews the use of industrial liquid organic 
waste as raw material for biogas through anaerobic digestion (AD), with an emphasis on substrate 
characteristics such as COD, pH, and VS/TS ratio. The authors state that although industrial liquid 
feedstock has high energy potential, this substrate is generally sensitive to nutrient and pH imbalances, 
so it is rarely optimal when processed as mono-digestion without adequate system engineering [20]. 
Furthermore, the author emphasizes that the three main parameters that most determine the success 
of AD are organic load (COD/VS), initial substrate pH, and nutrient ratio (C/N). Thus, feedstock selection 
cannot be based solely on high COD, but must consider the overall chemical stability of the substrate 
[20]. 

In addition to terrestrial plant waste, aquatic plant biomass such as water hyacinth (Eichhornia 
crassipes) also has potential as a raw material for biogas. A study by Gachara et al. reported that water 
hyacinth produces biogas with a methane content of 49–53%. Interestingly, after undergoing a 
purification (upgrading) process, the methane content can increase to 70–76%, thus having the potential 
to generate higher electrical power. Thus, water hyacinth not only functions as a renewable energy 
source, but also contributes to environmental control due to its invasive nature, although the 
characteristics of biomass can vary depending on the location and age of the plant [1], [21]. 

In general, plant biomass such as rice straw, leaf litter, elephant grass, and water hyacinth have the 
main limitation of high lignin content. However, co-digestion and pretreatment approaches have proven 
to be effective. For example, a study of co-digestion of rice straw with pig manure showed that biological 
pretreatment was able to increase methane production by up to 45% while shortening the lag phase of 
methanogenesis [12]. 

In this context, cow manure is often used as a supporting substrate. Fairuz et al. state that cow 
manure plays an important role because it contains natural anaerobic microorganisms, has relatively 
good buffer capacity, and is commonly used in small to medium-scale biogas systems. Laboratory 
analysis results show that cow manure has a C/N ratio of 26.5, which is within the ideal range for 
anaerobic fermentation, namely 20–30. However, this C/N ratio value can change significantly when 
cow manure is combined with other substrates [22]. 
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In addition to tofu waste, Palm Oil Mill Effluent (POME) is also one of the largest agro-industrial 

wastes in Southeast Asia with great potential as a biogas substrate. Chang et al. stated that POME has 
a COD of up to 108,663 mg/L, a VS/TS ratio of 0.80–0.82, and an acidic pH of around 4.6. These 
characteristics indicate very high energy potential, but at the same time indicate the risk of process 
instability if POME is used as mono-digestion without adequate pH and nutrient control [23]. 

 
3.4 Anaerobic Co-Digestion sebagai Strategi Optimal 

 
Kadam et al. and Song et al. consistently state that anaerobic co-digestion (ACoD) is the most 

effective strategy for improving anaerobic digestion performance. This is due to its ability to balance the 
carbon to nitrogen (C/N) ratio, increase the buffer capacity of the system, dilute inhibitor compounds, 
and improve the stability of the microbiological community in the reactor [3], [4]. 

In line with this, Baek et al. showed that the application of ternary co-digestion not only increases 
methane yield, but also provides greater operational flexibility. In other words, this system maintains 
high methane potential even when applied to various substrate mixing ratios [4], [24]. 

In the context of lignocellulosic biomass, Zhong et al. stated that rice straw has a high C/N ratio and 
complex lignocellulosic structure, making it difficult to degrade naturally. However, through the 
application of co-digestion between rice straw and pig manure combined with biological pretreatment 
using cellulolytic microflora, methane production can be significantly increased. The results of this study 
show that methane yield reached 342.35 mL CH₄/g VS, which is about 45% higher than the system 
without pretreatment [25]. 

In addition, various local studies report that cow manure is highly effective as a base substrate in 
co-digestion systems with tofu liquid waste, elephant grass, and fruit and vegetable waste. This is 
because cow manure serves as a natural inoculum source and pH buffer, thereby improving the stability 
of the anaerobic digestion process [5], [26]. 

Furthermore, Baek et al. reported that co-digestion between cattle manure, food waste, and pig 
manure can reduce the antagonistic effects between substrates. This is indicated by a synergy index 
value ranging from 0.89 to 1.22, with an optimum composition of 47% cow manure (CM), 6% food waste 
(FW), and 47% pig manure (PM) based on total solids (TS) [4], [24]. On the other hand, several journals 
also state that livestock manure is very effective when used as a co-substrate for liquid waste and 
agricultural waste. For example, in research related to liquid tofu waste, cow manure acts as a starter 
that can accelerate the initial fermentation stage while stabilizing the pH during the anaerobic digestion 
process [19]. 

Thus, the combination of various types of livestock manure and organic waste, such as goat manure, 
chicken manure, and vegetable waste, produces a mixed C/N ratio that is close to the optimum range 
of 20–30. This condition is consistently reported as ideal for improving process stability and biogas 
production efficiency in anaerobic co-digestion systems [13]. Various substrates can be utilized for 
biogas production, each with distinct characteristics that influence the digestion process and methane 
yield. Therefore, Table 3 presents the main characteristics of commonly used substrates for biogas 
production. 

 
Table 3. Main Characteristics of Substrates for Biogas Production 

Substrate Key Characteristics 
Cow manure Relatively neutral pH, near-ideal C/N ratio, high anaerobic microbes 
Chicken manure High nitrogen and protein content, low C/N ratio 
Pig manure High biogas potential, high protein 
Goat manure C/N ratio around 24, source of carbon and microorganisms 
Food waste High VS, easily degradable, very high methane potential 
Organic waste Easily decomposable and abundantly available 
Lignocellulosic biomass  
Water hyacinth 
Tofu wastewater  
POME 

High lignin content, high C/N Abundant and invasive aquatic plant 
biomass 
High COD and BOD, acidic pH 
Very high COD, high VS/TS, acidic pH  

 
4. CONCLUSION 
 

Based on the literature review that has been conducted, it can be concluded that substrate 
characteristics are a key factor determining the performance of anaerobic digestion processes in biogas 
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production. Animal-based waste, especially cow manure, shows good process stability due to its 
relatively neutral pH, high content of natural anaerobic microorganisms, and a C/N ratio that is close to 
the ideal range. However, the limitation of cow manure lies in its relatively high lignocellulose content, 
which results in moderate methane yield. 

In contrast, chicken manure and pig manure have higher methane production potential due to their 
high nitrogen and protein content, but are highly susceptible to ammonia inhibition when used as a single 
substrate. Plant-based and agro-industrial organic waste, such as food waste, rice straw, water hyacinth, 
tofu liquid waste, and POME, also has high energy potential, but generally faces obstacles in the form 
of slow hydrolysis, acidic pH, or nutrient imbalance. 

Therefore, anaerobic co-digestion (ACoD) has proven to be the most effective strategy for optimizing 
biogas production. This approach is capable of balancing the C/N ratio, increasing the buffer capacity 
of the system, reducing inhibition effects, and improving the microbiological stability of the reactor. The 
combination of animal- and plant-based substrates that produce a mixed C/N ratio in the optimum range 
(20–30) has been consistently reported to increase methane yield and process stability. Thus, the 
selection and formulation of appropriate substrates through co-digestion is the key to the successful 
development of an efficient and sustainable biogas system. 
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