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This review provides a comprehensive overview of the key operational 

parameters essential for efficient biogas production through anaerobic 

digestion. The article emphasizes the crucial role of selecting an appropriate 

anaerobic reactor type and configuration based on factors such as 

feedstock, biogas yield requirements, and operational costs. In addition, the 

review highlights the significance of start-up and acclimation stages, 

optimal pH and temperature conditions, volatile fatty acid (VFA) 

concentration, and maintaining stable pH levels and buffering capacity to 

enhance the efficiency of biogas production. Furthermore, organic loading 

rate, feedstock quality, hydraulic retention time, methane yield, and biogas 

composition are also critical parameters that require careful monitoring 

and control for the optimization of the biogas production process. Proper 

optimization of these parameters can lead to enhanced local energy 

production, diversify the energy mix, and reduce dependence on fossil fuels, 

thereby contributing to enhanced energy security. Overall, the review 

underscores the importance of considering all operational parameters and 

their interdependence to achieve optimal results in biogas production. 
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1. INTRODUCTION 

Anaerobic digestion is a biological process that converts organic matter organic materials such as food waste, 
agricultural residues, and wastewater sludge into biogas, a mixture of methane, carbon dioxide and other trace 
gases, through the action of microorganisms in the absence of oxygen (Aamir et al., 2022). The process consists 
of four stages namely hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Li et al., 2022). During 
hydrolysis, complex organic compounds are broken down into simpler compounds by enzymes secreted by 
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bacteria. Then, acidogenic bacteria convert the simpler compounds into volatile fatty acids and other organic 
acids during acidogenesis. Next, acetogenic bacteria convert the organic acids into acetate, hydrogen, and 
carbon dioxide during acetogenesis. Finally, methanogenic bacteria convert the acetate, hydrogen, and carbon 
dioxide into methane and carbon dioxide during methanogenesis. Biogas production has gained significant 
attention in recent years due to its potential to provide renewable energy while also mitigating greenhouse gas 
(GHG) emissions (Koirala et al., 2021). There are many examples of successful implementation of anaerobic 
digestion technology for biogas production in Europe, North America, Asia and Africa (Ghosh et al., 2022). 
The potential of biogas production from anaerobic digestion is significant and it has been estimated that the 
global potential for biogas production from organic wastes is around 400 billion cubic meters per year, which 
is equivalent to 20% of the current global natural gas consumption (Mason et al., 2022). 

There are several reasons why it is essential to maximize the efficiency of biogas production. Biogas is a 
renewable energy source that can be produced from a wide range of organic waste, including agricultural 
residues, municipal solid waste, and industrial waste. It can be used as a substitute for fossil fuels and reduces 
GHG emissions, contributing to climate change mitigation (Sultana et al., 2021). Biogas production provides 
an effective way to manage organic waste, reducing the need for landfills and reducing environmental pollution. 
By diverting organic waste from landfills, biogas production also reduces the emission of methane, a potent 
GHG (Kumar et al., 2022). Biogas production provides benefits to farmers by providing an alternative source 
of income, promoting sustainable agriculture practices and reducing the need for synthetic fertilizers (Krich et 

al., 2022). Biogas production also produces high-quality organic fertilizer, which can improve soil fertility and 
reduce nutrient losses (Wang et al., 2021). Biogas production can generate income for rural communities and 
contribute to rural development (Naveen et al., 2020). It also creates job opportunities in the construction, 
operation and maintenance of biogas production systems (Dieterich et al., 2021). Maximizing the efficiency of 
biogas production can contribute to energy security by diversifying the energy mix, reducing dependence on 
fossil fuels, and promoting local energy production (Wang et al., 2020). To maximize the efficiency of biogas 
production, several operational parameters need to be considered (Ghosh et al., 2022). 

Biogas production through anaerobic digestion has been recognized as a promising renewable energy source 
with immense potential to provide a sustainable solution to the world's energy crisis. However, despite the 
numerous benefits of biogas production, the process is still characterized by several operational challenges that 
often limit its efficiency and effectiveness (Mata-Alvarez et al., 2020). To achieve optimal biogas production, 
it is essential to carefully consider and optimize various operational parameters that affect the process (Zhang 
et al., 2020). While there are several review articles available that address the issue of biogas production, this 
review provides a comprehensive and up-to-date analysis of the critical operational parameters required for 
efficient biogas production. This review goes beyond a mere analysis of individual parameters and emphasizes 
the interdependence of these parameters in achieving optimal results. The novelty of this review lies in its focus 
on maximizing efficiency in biogas production. The review explores how to optimize various operational 
parameters such as anaerobic reactor type, feedstock, organic loading rate, and pH levels to enhance biogas 
production efficiency. Additionally, it highlights the significance of start-up and acclimation stages, optimal 
pH and temperature conditions, VFA concentration, and maintaining stable pH levels and buffering capacity to 
enhance the efficiency of biogas production. Overall, this review aims to provide valuable insights into the 
critical operational parameters required for efficient biogas production, and their interdependence in achieving 
optimal results. By optimizing these parameters, it is possible to enhance local energy production, diversify the 
energy mix, and reduce dependence on fossil fuels, thereby contributing to enhanced energy security. 

2. REACTOR DESIGN AND CONFIGURATION 

Reactor design and configuration play a crucial role in biogas production efficiency which can be maximized 
by selecting the appropriate anaerobic reactor type and configuration for the specific feedstock and application 
(Chandra et al., 2021). The type of reactor used can affect the overall biogas production rate, the quality of the 
biogas and the stability of the system (Borja et al., 2020). There are different types of anaerobic reactors, 
categorized according to configuration and temperature requirements (Wang et al., 2021). Each of the anaerobic 
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reactors has its own advantages and disadvantages and the choice for any of them depends on other factors such 
as the feedstock, the required biogas yield and the operational costs (Mata-Alvarez et al., 2020). 

2.1. Batch Reactors 

These reactors are operated in a batch mode, which means that a fixed amount of feedstock is added to the 
reactor and the digestion process takes place over a period of time before the reactor is emptied and refilled 
(Joshi et al., 2020). Batch reactors are suitable for small-scale biogas production and are relatively simple to 
operate and maintain. The fixed amount of feedstock added to the reactor allows for a controlled digestion 
process, which can result in high biogas yields (Puyol et al., 2021). However, the batch mode of operation can 
limit the biogas production rate and the need to empty and refill the reactor after each batch can result in 
operational downtime (Rittmann et al., 2020). Several studies have used batch reactors to investigate the biogas 
production potential of organic wastes. Tauseef et al. (2021) found that cow dung had the highest biogas 
production potential compared to poultry and kitchen waste, with an optimum pH range of 7.2 to 7.4 and a 
temperature range of 35 to 40 °C. Ehinola et al. (2020) discovered that the co-digestion of cow dung and cassava 
peels led to higher biogas yield than cow dung alone, with the highest yield achieved at a substrate ratio of 2:1 
and a retention time of 40 days. Finally, Saeed et al. (2020) reported that the highest biogas yield from cow 
dung was achieved with a substrate-to-inoculum ratio of 2:1, at a temperature of 37 °C and a pH range of 7.0 
to 7.2. 

2.2. Continuous Stirred Tank Reactors (CSTRs) 

CSTRs are the most commonly used type of anaerobic reactor. They consist of a tank in which the feedstock is 
continuously added, and the digestion process takes place in a well-mixed environment (Kumar et al., 2021). 
CSTRs are efficient in producing biogas at a constant rate and are suitable for large-scale biogas production 
(Zhang et al., 2020). The continuous mode of operation allows for a consistent feedstock supply, which can 
result in high biogas yields (Kaparaju et al., 2020). However, CSTRs require a well-mixed environment to 
ensure uniform digestion and can be sensitive to feedstock variations (Luo et al., 2021). Three studies that used 
continuous stirred-tank reactor (CSTR) for biogas production were investigated. Zhen et al. (2020) found that 
the optimal temperature for biogas production using food waste was 50 °C, and the maximum biogas production 
rate was achieved at an OLR of 3.6 g VS/(L·d). Ma et al. (2021) revealed that the highest biogas yield from co-
digestion of cow manure and corn straw using a CSTR was obtained at a mixing ratio of 60:40 (cow 
manure:corn straw) and an HRT of 25 days with a methane content of 58.4%. Kafle et al. (2020) discovered 
that the highest biogas yield from co-digestion of rice straw and cow dung using a CSTR was obtained at a 
substrate ratio of 40:60 (rice straw:cow dung), an OLR of 3.5 kg VS/m3·d, and an HRT of 25 days. The study 
also found that the methane content of the biogas increased with increasing HRT. 

2.3. Plug Flow Reactors (PFRs) 

Plug Flow Reactors (PFRs) are similar to CSTRs, but the feedstock flows through the reactor in a linear manner, 
allowing for a more controlled retention time (Han et al., 2021). PFRs allow for a more controlled retention 
time, which can result in higher biogas production rates compared to CSTRs (Dai et al., 2021). PFRs are suitable 
for feedstocks with high solids content, which can result in a more efficient digestion process (Zhao et al., 
2020). However, PFRs require a well-designed and maintained system to ensure uniform flow and retention 
time and they can be sensitive to temperature and pH variations (Luo et al., 2021). Three studies that used PFRs 
for biogas production were investigated. Gupta et al. (2020) used a PFR to study the effect of temperature and 
hydraulic retention time (HRT) on biogas production. They found that the highest biogas production was 
obtained at 40 °C and an HRT of 30 days, using a mixture of cow dung and poultry waste as substrate. 
Mirmohamadsadeghi et al. (2021) investigated the co-digestion of organic waste and sewage sludge using a 
PFR. They found that the highest biogas yield was obtained at an OLR of 2 g COD/L/day and an HRT of 25 
days. The study demonstrated that co-digestion resulted in higher biogas yields compared to digestion of 
individual substrates. Demirer et al. (2021) studied the biogas production potential of tomato pomace using a 
PFR. They found that the highest biogas production was obtained at an OLR of 4 g COD/L/day and an HRT of 
20 days. The study highlighted the high biogas production potential of tomato pomace and its potential as a 
valuable substrate for biogas production. 
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2.4. Upflow Anaerobic Sludge Blanket (UASB) Reactors 

UASB reactors are designed to allow the formation of dense sludge blankets at the bottom of the reactor, which 
provides a suitable environment for anaerobic bacteria to digest the feedstock (Li et al., 2021). UASB reactors 
are efficient in producing biogas from dilute feedstocks, making them suitable for wastewater treatment 
applications (Jain et al., 2021). The formation of dense sludge blankets at the bottom of the reactor provides a 
suitable environment for anaerobic bacteria to digest the feedstock (Aye et al., 2020). However, UASB reactors 
require a longer start-up period to establish the sludge blanket and can be sensitive to temperature and pH 
variations (Saha et al., 2020). Three studies using the Upflow Anaerobic Sludge Blanket (UASB) reactor for 
biogas production were investigated. Khanal et al. (2020) co-digested cow manure and organic fraction of 
municipal solid waste (OFMSW) in a UASB reactor, finding that the maximum biogas production was achieved 
at an OLR of 3.6 kg COD/m3/day and an HRT of 20 days. Chen et al. (2021) treated cassava wastewater with 
a UASB reactor and found that the optimal hydraulic retention time was 36 hours, and the maximum biogas 
production rate was achieved at an influent COD concentration of 12,000 mg/L. Manik et al. (2021) co-digested 
food waste and cow dung in a UASB reactor and found that the highest biogas yield was achieved at a mixing 
ratio of 50:50 (food waste: cow dung) and an OLR of 6 kg COD/m3/day. The studies showed that co-digestion 
in UASB reactors can increase biogas yields and methane content. 

2.5. Mesophilic Anaerobic Digesters 

Mesophilic digesters operate at temperatures between 35 - 40 °C and are the most commonly used type of 
anaerobic digester (Khalid et al., 2021). They are efficient in producing biogas from a wide range of feedstocks 
and are relatively easy to operate and maintain (Nizami et al., 2021). The lower operating temperature reduces 
the energy requirements for heating and the less sensitive to feedstock variations than thermophilic digesters 
(Khalid et al., 2021). However, mesophilic digesters generally have lower biogas production rates compared to 
thermophilic digesters (Nizami et al., 2021). Three studies investigated the use of mesophilic anaerobic 
digestion for biogas production. Li et al. (2020) showed that an OLR of 6 g/L/day and an HRT of 30 days 
resulted in the highest biogas production rate from food waste. Li et al. (2021) found that a 1:1 mixing ratio of 
food waste and cow manure with an HRT of 20 days produced the highest biogas yield. Wei et al. (2021) 
showed that an OLR of 3.5 g/L/day and an HRT of 20 days were optimal for biogas production from waste 
activated sludge. These studies demonstrate the effectiveness of mesophilic anaerobic digestion for biogas 
production and highlight the importance of optimizing parameters for maximum yields. Mesophilic anaerobic 
digestion is a promising technology for sustainable waste management and renewable energy production. 

2.6. Thermophilic Anaerobic Digesters 

Thermophilic digesters operate at higher temperatures, typically between 50 - 55 °C (Bolzonella et al., 2020). 
They are efficient in producing biogas from complex feedstocks and have higher biogas production rates 
compared to mesophilic digesters (Zhao et al., 2021). The higher operating temperature results in a more 
efficient digestion process and higher biogas yields (Bolzonella et al., 2020). However, thermophilic digesters 
require more energy to maintain the high operating temperature and are more sensitive to feedstock variations 
(Zhao et al., 2021). In addition, the high operating temperature may limit the types of feedstocks that can be 
used in the digester (Bolzonella et al., 2020). Three studies using thermophilic anaerobic digestion for biogas 
production were examined. Aydin and Ince (2020) investigated the effect of temperature on chicken manure 
digestion, finding the highest biogas yield at 55 °C and nutrient removal of 70 - 85%. Zhang et al. (2021) 
studied corn straw and cow manure co-digestion, finding the highest biogas yield at a mixing ratio of 3:1 and 
HRT of 20 days, with higher methane content than individual digestion. Wang et al. (2021) studied food waste 
digestion and found the highest biogas yield at an OLR of 4.0 g/L/day, with nutrient removal of 80 - 90%. The 
studies show thermophilic anaerobic digestion to be effective for producing biogas from various substrates, 
with optimized parameters maximizing yields (Aydin & Ince, 2020; Zhang et al., 2021; Wang et al., 2021). 

3. SYSTEM START-UP AND ACCLIMATION 

System start-up and acclimation are essential steps in biogas production that ensure the establishment of a stable 
microbial community capable of efficiently degrading the organic material (Budiyono et al., 2020; Schmidt et 

al., 2020). During the start-up phase, the system needs to be carefully monitored to ensure that the conditions 
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are favourable for the growth of the microorganisms responsible for biogas production (Madsen and Holm-
Nielsen, 2021; Chen and Guo, 2020). Acclimation to new feedstock is also important to avoid sudden changes 
in biogas production rate and quality (Nizami et al., 2021). A recent study showed that a gradual increase in 
organic loading rate (OLR) during the start-up phase improved biogas production and reduced the acclimation 
time (Ghimire et al., 2021). Another study found that a system experienced a decline in biogas production when 
switching from a high-sugar feedstock to a high-fat feedstock. However, after acclimation to the new feedstock, 
biogas production levels increased to similar levels as the original feedstock (Alvarado-Morales et al., 2021). 
Similarly, other studies have shown that acclimation to the new feedstock significantly improved the methane 
yield and reduced the lag phase of the microbial community (Liu et al., 2021; Miao et al., 2020). 

3.1. pH and Temperature Control 

Maintaining optimal pH and temperature conditions is critical for the efficient operation of biogas production 
systems (Chen et al., 2021; Sun et al., 2021). The optimal pH range for biogas production is typically between 
6.5 and 7.5, while the optimal temperature range depends on the type of reactor used (Bhattacharyya et al., 
2021; Taherzadeh and Karimi, 2021). The optimum temperature range for mesophilic biogas production is 
generally considered to be between 35 °C and 40 °C (Cheng et al., 2022; Bhattacharyya et al., 2021). The 
optimum temperature range for thermophilic biogas production is generally considered to be between 50 °C 
and 55 °C (Li et al., 2022; Chen et al., 2021). The pH level is influenced by the buffering capacity and alkalinity 
of the system, which can be adjusted by adding buffers or alkaline materials such as bicarbonate or lime 
(Alatriste-Mondragón et al., 2022; Zhang et al., 2021). Temperature control is also important, as high 
temperatures can result in a decrease in microbial activity, while low temperatures can slow down the biogas 
production rate (Wang et al., 2022; Ma et al., 2021).  

3.2. Volatile Fatty Acid Concentration 

Volatile fatty acids (VFAs) are intermediate products of the anaerobic digestion process that can accumulate in 
the system if the degradation of organic material is inefficient (Kumar et al., 2021). High levels of VFAs can 
lead to a decrease in pH, which can negatively affect the stability and productivity of the system (Liu et al., 
2021). Therefore, it is important to balance the VFA levels to maximize the biogas production rate while 
avoiding pH drops (Talebnia et al., 2021). The addition of alkaline materials such as sodium bicarbonate can 
help stabilize the pH levels in systems with high VFA concentrations (Besharati et al., 2022). A study found 
that the addition of waste frying oil resulted in higher VFA concentrations, which negatively affected the biogas 
production rate. However, the addition of an alkaline agent helped stabilize the pH levels and improve biogas 
production (Wang et al., 2022). Another study found that the addition of maize silage as a co-substrate resulted 
in higher VFA production and a decrease in pH, which negatively impacted the biogas production rate. 
However, the addition of sodium bicarbonate helped stabilize the pH levels and improve biogas production (Xu 
et al., 2022). A recent study also showed that optimizing the VFA concentration by controlling the organic 
loading rate and hydraulic retention time (HRT) improved biogas production from food waste, resulting in a 
methane yield of 354 mL/gVS (Wu et al., 2021). Another recent review article summarized various strategies 
for optimizing the VFA concentration in anaerobic digestion systems. The article highlighted the importance 
of monitoring and controlling the organic loading rate and HRT to prevent VFA accumulation and maintain 
optimal pH levels. The article also suggested the use of alkaline materials to help stabilize the pH levels in 
systems with high VFA concentrations (Fernandez-Rodriguez et al., 2021). 

3.3. Alkalinity and Buffering Capacity 

The buffering capacity and alkalinity of the system are critical parameters that affect the stability of the pH 
levels and the microbial community (Chen et al., 2022). Buffering capacity refers to the ability of the system 
to resist changes in pH, while alkalinity refers to the concentration of substances that can neutralize acid (Bai 
et al., 2021). The addition of buffering materials such as bicarbonate or phosphate can help maintain stable pH 
levels in the system (Mekonnen et al., 2021; Zhou et al., 2021). For example, a study showed that adding 
magnesium oxide to the system increased the buffering capacity and improved the stability of the pH levels, 
resulting in a higher biogas production rate and methane yield (Adelekan et al., 2021). Another recent study 
evaluated the effect of different alkaline materials, including calcium oxide, magnesium oxide, and sodium 
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bicarbonate, on the performance of a two-phase anaerobic digestion system treating food waste. The study 
found that the addition of magnesium oxide resulted in the highest buffering capacity and the most stable pH 
levels, which led to the highest biogas production rate and methane yield (Ma et al., 2022). Similarly, a study 
investigated the effect of supplementing a dairy manure-based anaerobic digester with sodium bicarbonate on 
the buffering capacity and pH stability of the system. The study found that the addition of sodium bicarbonate 
increased the buffering capacity of the system and helped maintain stable pH levels, resulting in a higher biogas 
production rate (Zhang et al., 2021). 

3.4. Organic Loading Rate 

The organic loading rate (OLR) refers to the amount of organic material fed to the system per unit of time 
(Boukari et al., 2021). It is an important parameter that affects the biogas production rate, the stability of the 
microbial community and the quality of the biogas (Hao et al., 2022). High OLRs can result in the accumulation 
of VFAs and the decrease of pH, while low OLRs can lead to inefficient use of the reactor volume and low 
biogas production rates (Xie et al., 2021). Therefore, it is important to optimize the OLR based on the 
characteristics of the feedstock and the system design (Sharma et al., 2021; Chen et al., 2021). In a study by Li 
et al. (2021), the impact of OLR on the methane yield and microbial community of anaerobic co-digestion of 
food waste and corn straw was investigated. The results showed that the optimal OLR for the system was 3 g 
VS/L/d, which resulted in a higher methane yield and a more stable microbial community. Wu et al. (2022) 
investigated the effect of OLR on the biogas production and microbial community in the anaerobic co-digestion 
of rice straw and pig manure. The study found that a moderate OLR of 4 g VS/L/d resulted in the highest biogas 
production and the most diverse microbial community. In a review article by Chen et al. (2021), the effect of 
OLR on the performance of anaerobic digestion of sewage sludge was analysed. The review concluded that the 
optimal OLR for the system was dependent on the characteristics of the feedstock and the system design, and 
that a proper OLR control strategy was necessary for efficient and stable biogas production. 

3.5. Type and Quality of Feedstock 

The type and quality of feedstock used in biogas production can significantly affect the efficiency of the process 
(Chen et al., 2021). Feedstock with high organic matter content and low lignin content is preferred for biogas 
production, as it can be easily degraded by the microbial community (Kumar et al., 2021). However, the quality 
of the feedstock can vary depending on its origin and composition (Chae et al., 2022; Boldrin et al., 2021). For 
example, food waste is a preferred feedstock due to its high organic content, but its composition can vary 
depending on the type and source of food waste (Molinuevo-Salces et al., 2021). A recent study showed that 
the quality of the feedstock affects the biogas production rate and methane yield, and the use of pre-treatments 
such as thermal or enzymatic hydrolysis can improve the efficiency of the process (Kobayashi et al., 2021). 
Another study by Li et al. (2022) showed that the addition of corn straw to pig manure improved the biogas 
production rate and methane yield, and the microbial community was more stable compared to using pig manure 
alone. Overall, feedstock quality can affect not only the biogas production rate and methane yield, but also the 
stability and diversity of the microbial community, which can in turn affect the long-term efficiency of the 
process (Boldrin et al., 2021). 

3.6. Hydraulic Retention Time 

The hydraulic retention time (HRT) refers to the amount of time that the organic material spends in the reactor 
(Mata-Alvarez et al., 2021). It is an important parameter that affects the efficiency of the process, as it 
determines the amount of time available for the microbial community to degrade the organic material (Karimi 
et al., 2021). Short HRTs can result in incomplete degradation of the feedstock, while long HRTs can lead to 
low biogas production rates and inefficient use of the reactor volume (Li et al., 2022). Therefore, it is important 
to optimize the HRT based on the characteristics of the feedstock and the system design (Wang et al., 2021). A 
recent study showed that decreasing the HRT from 21 to 10 days in a mesophilic anaerobic digester resulted in 
a higher biogas production rate and methane yield, without affecting the stability of the system (Sajjadi et al., 
2021). Ali et al. (2021) investigated the effect of different HRTs on biogas production from co-digestion of 
food waste and pig manure, and found that a HRT of 20 days resulted in the highest biogas yield. He et al. 
(2021) evaluated the effect of HRT on the stability and performance of a two-phase anaerobic digestion system, 
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and found that a HRT of 15 days was optimal for both acidogenesis and methanogenesis. Zhang et al. (2021) 
investigated the effect of HRT on the microbial community structure and diversity in a thermophilic anaerobic 
digestion system, and found that a HRT of 12 days resulted in the highest methane production and microbial 
diversity. 

3.7. Methane Yield and Biogas Composition 

The methane yield and biogas composition are important parameters that affect the economic viability of biogas 
production (Abouelenien et al., 2022). The methane yield refers to the amount of methane produced per unit of 
organic matter fed to the system, while the biogas composition refers to the percentage of methane and carbon 
dioxide in the biogas (Feng et al., 2021). The methane yield and biogas composition can vary depending on the 
type and quality of the feedstock, the system design and the operational parameters (Zhao et al., 2021). One 
study found that the methane yield and biogas composition varied significantly depending on the type and 
quality of the feedstock, with cattle manure showing the highest methane yield (0.32 L CH4/g VS) and the 
highest methane content (63.8%) in the biogas (Jeyanthi et al., 2022). Another study found that a hydraulic 
retention time of 20 days and a temperature of 35 °C resulted in the highest methane yield (0.27 L CH4/g VS) 
and the highest methane content (62.8%) in the biogas (Zhang et al., 2021). Furthermore, Liu et al. (2020) 
investigated the effect of different operational parameters on the methane yield and biogas composition in 
anaerobic digestion of pig manure. The study found that a temperature of 35 °C and a pH of 7.5 resulted in the 
highest methane yield (0.32 L CH4/g VS) and the highest methane content (64.3%) in the biogas. 

3.8. Total Solids (TS) and Volatile Solids (VS) Content 

The total solids (TS) and volatile solids (VS) content of the feedstock are important parameters that affect the 
efficiency of the process (Hosseini Koupaie et al., 2022). The TS refers to the percentage of the feedstock that 
is not water, while the VS refers to the percentage of the feedstock that can be degraded by the microbial 
community (Borges et al., 2021). High TS and VS content can result in high biogas production rates but can 
also lead to operational problems such as clogging and foaming (Srikanth et al., 2021). Therefore, it is important 
to optimize the TS and VS content based on the characteristics of the feedstock and the system design (Bhunia 
et al., 2022).  A recent study showed that increasing the VS content from 22.9% to 34.3% in a mesophilic 
anaerobic digester resulted in a higher biogas production rate and methane yield, without affecting the stability 
of the system (Narra et al., 2021).  Another recent study by Borges et al. (2021) found that the VS content of 
the substrate was a key factor affecting biogas production. Hosseini Koupaie et al. (2022) found that the TS 
and VS content of the feedstock significantly influenced the biogas production rate. Similarly, Srikanth et al. 
(2021) found that high TS and VS content resulted in higher biogas production rates, but also led to clogging 
and foaming issues. 

3.9. Gas Retention Time, Gas Pressure and Flow Rate 

The gas retention time (GRT), gas pressure, and flow rate are important parameters that affect the efficiency of 
the biogas production process. The GRT refers to the amount of time that the biogas spends in the reactor, while 
the gas pressure and flow rate affect the transfer of the biogas to the storage tank or the energy conversion 
system (Khan et al., 2022). High GRTs can result in the accumulation of carbon dioxide and other gases in the 
reactor, while low GRTs can lead to inefficient use of the reactor volume and low biogas production rates 
(Ahmed et al., 2021). Therefore, it is important to optimize the GRT based on the characteristics of the feedstock 
and the system design (Gopakumar et al., 2021). A recent study showed that increasing the GRT from 9 to 17 
days in a mesophilic anaerobic digester resulted in a higher biogas production rate and methane yield, without 
affecting the stability of the system (Nguyen et al., 2021). Saba et al. (2021) found that increasing the GRT 
from 20 to 40 days resulted in a higher biogas production rate and methane yield in an anaerobic digester 
treating food waste. The study also showed that high GRTs can lead to the accumulation of carbon dioxide in 
the reactor, which can reduce the methane content of the biogas. Chen et al. (2021) showed that increasing the 
gas pressure from 0.05 MPa to 0.2 MPa resulted in a higher biogas production rate and methane yield. The 
study also found that the gas pressure affected the composition of the biogas, with higher pressures resulting in 
a higher methane content. Furthermore, Zhao et al. (2022) showed that increasing the flow rate from 1 to 3 
L/min resulted in a higher biogas production rate and methane yield. The study also found that the flow rate 
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affected the concentration of volatile fatty acids in the reactor, with higher flow rates resulting in lower 
concentrations. 

3.10. Inoculum Selection and Concentration 

The inoculum selection and concentration are important parameters that affect the efficiency of the process 
(Bhattacharyya et al., 2022). Inoculum refers to the microbial community that is added to the system to initiate 
the degradation of the feedstock (Ogbonna et al., 2020). The selection of the appropriate inoculum and its 
concentration can significantly affect the stability of the microbial community and the biogas production rate 
(Zhang et al., 2021). A recent study showed that using inoculum from a stable and mature anaerobic digester 
resulted in a higher biogas production rate and methane yield, compared to using inoculum from a fresh 
substrate (Siles et al., 2021). Furthermore, an optimal inoculum concentration has been reported to enhance the 
biodegradation of organic matter and therefore, biogas production. On the other hand, excess inoculum 
concentration was reported to lead to poor performance and instability of the process (Hosseini Koupaie et al., 
2021). Moreover, the use of an appropriate inoculum ensures the establishment of a stable microbial community 
and promotes the efficient degradation of organic matter (Chae et al., 2021). Therefore, it is crucial to choose 
an inoculum that is adapted to the feedstock and environmental conditions to maximize the biogas production 
(Zhang et al., 2021). 

3.11. Nutrient Supplementation and Carbon-to-Nitrogen Ratio 

The carbon-to-nitrogen (C:N) ratio is a crucial parameter in biogas production as it affects the stability and 
efficiency of the anaerobic digestion process. The C:N ratio represents the amount of carbon relative to the 
amount of nitrogen in the feedstock, and a balanced ratio is required for optimal biodegradation of organic 
matter. The optimal C:N ratio varies depending on the type of feedstock used in the process. Generally, a C:N 
ratio of 20:1 to 30:1 is considered optimal for the digestion of animal manure and other nitrogen-rich substrates 
(Ma et al., 2021). On the other hand, a C:N ratio of 25:1 to 35:1 is suitable for the digestion of lignocellulosic 
materials such as straw and wood chips (Pandey et al., 2021). The C:N ratio is also an important parameter that 
affects the stability of the process, as it can influence the growth of different microbial groups and the rate of 
organic matter degradation (Wang et al., 2022). A study found that increasing the C:N ratio from 20 to 30:1 in 
a mesophilic anaerobic digester treating pig manure resulted in a higher biogas production rate and methane 
yield, without affecting the stability of the system (Zhang et al., 2021). It is important to note that the C:N ratio 
can also vary during the digestion process due to the release of ammonia and other nitrogen compounds. 
Therefore, monitoring and adjusting the C:N ratio during the process can help maintain optimal conditions for 
efficient biogas production. In some cases, nutrient supplementation may be necessary to achieve an optimal 
C:N ratio and maximize biogas production. For example, adding nitrogen and phosphorus can improve the 
growth and activity of the microbial community, leading to higher biogas production rates and methane yields 
(Li et al., 2021).  

3.12. Mixing Intensity and Frequency 

Mixing intensity and frequency play crucial roles in the anaerobic digestion process. In a recent study, Shen et 

al. (2021) found that increasing the mixing intensity from 50 to 150 rpm in a mesophilic anaerobic digester 
resulted in a higher biogas production rate and methane yield without affecting system stability. Similarly, 
another study conducted by Wang et al. (2021) found that increasing the mixing frequency from once per hour 
to three times per hour in a mesophilic digester led to a significant increase in biogas production and methane 
yield. However, excessive mixing can lead to energy consumption and increased operational costs. A study by 
Liu et al. (2021) investigated the impact of different mixing frequencies on the performance of a mesophilic 
anaerobic digester treating food waste. The study found that excessive mixing frequencies of 10-20 minutes led 
to an increase in energy consumption and a decrease in methane yield, which was attributed to the overexposure 
of the microbial community to oxygen. The optimal mixing intensity and frequency depend on various factors 
such as the feedstock characteristics, reactor design, and operating conditions. For instance, a study by Wu et 

al. (2022) found that the optimal mixing intensity for a thermophilic anaerobic digester treating pig manure was 
100 rpm. Moreover, the mixing frequency was optimized at once every 15 minutes, as excessive mixing led to 
energy wastage and reduced biogas production. 
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3.13. Trace Element Supplementation 

Trace element supplementation is an important factor in anaerobic digestion process as it significantly impacts 
the growth and activity of microorganisms. These elements act as co-factors for enzymes involved in different 
metabolic pathways, thus playing a crucial role in the performance of the anaerobic digestion process. In the 
absence of trace elements, microbial activity and biogas production are compromised (Shen et al., 2022). One 
study found that supplementation with trace elements such as iron, cobalt, and nickel significantly increased 
biogas production and methane yield. Furthermore, the supplementation of trace elements led to a more stable 
microbial community, as indicated by a higher microbial diversity index (Yuan et al., 2021). Another found 
that supplementing the system with iron and cobalt significantly improved the biogas production rate, with the 
optimal ratio of iron to cobalt being 3:1. Furthermore, supplementation with iron and cobalt also increased the 
microbial diversity and activity of the system (Liang et al., 2021). Similarly, In another study by Chen et al. 
(2021), who found the supplementation with iron, cobalt, and nickel significantly improved biogas production 
and methane yield. Additionally, supplementation with trace elements also led to a more stable microbial 
community, with a higher diversity index and a lower abundance of opportunistic bacteria. Finally, another 
study showed that supplementing the system with cobalt improved the biogas production rate and methane yield 
by 19% and 11%, respectively, in a mesophilic anaerobic digester treating sewage sludge (Xie et al., 2021). 

3.14. System Capacity and Scalability 

System capacity and scalability are crucial parameters that affect the efficiency of anaerobic digestion 
processes. System capacity refers to the maximum amount of feedstock that can be processed in the system, 
while scalability refers to the system's ability to expand or reduce its size as the feedstock supply and energy 
demand change. The size and design of the system should be adapted to the characteristics of the feedstock and 
the biogas production rate to optimize the efficiency of the process. For example, a study conducted on the 
scalability of anaerobic digestion systems showed that increasing the system size can significantly reduce the 
overall cost of biogas production, as it allows for the processing of a larger amount of feedstock and the recovery 
of more biogas (Borja et al., 2021). Another study found that the design of the system, such as the choice of 
reactor type and mixing strategy, can also affect the scalability and efficiency of the process (Sharma et al., 
2022). Moreover, the scalability of the system should be considered to ensure its economic and environmental 
sustainability. An undersized system can lead to inefficiencies and higher costs, while an oversized system can 
result in the under-utilization of resources and reduced profitability. Therefore, it is important to assess the 
feedstock availability and energy demand before designing and implementing an anaerobic digestion system. 
For instance, a study on the scalability of a biogas plant that used municipal solid waste as feedstock showed 
that the size and design of the system could affect the economic and environmental performance of the plant. 
The study found that an increase in system capacity led to a reduction in the cost of biogas production, while a 
decrease in system capacity resulted in increased energy consumption and reduced biogas production (Lu et al., 
2021). 

4. CONCLUSION 

Anaerobic digestion is an efficient process for converting organic waste into biogas through microorganisms. 
Biogas production can mitigate greenhouse gas emissions, manage waste and generate income for rural 
communities. Maximizing the efficiency of biogas production can contribute to energy security by diversifying 
the energy mix, reducing dependence on fossil fuels and promoting local energy production. However, to 
achieve maximum efficiency in biogas production, several operational parameters need to be considered, 
including the choice of anaerobic reactor type and configuration, start-up and acclimation, pH and temperature 
conditions, volatile fatty acid concentration, organic loading rate, feedstock quality, hydraulic retention time, 
methane yield and biogas composition, total solids and volatile solids content and gas retention time. The 
optimization of these parameters is necessary to improve biogas production rates, methane yield, microbial 
diversity, stability and economic feasibility of the process. Furthermore, the success of biogas production can 
be enhanced by integrating it with other renewable energy sources and promoting a circular economy. Overall, 
anaerobic digestion is a promising technology that can contribute to sustainable development, climate change 
mitigation and rural development. 
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