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Abstract: Amid the pressing challenge of global climate change, biogas (marsh gas) has
garnered recognition as a clean and renewable energy source with significant potential to
reduce greenhouse gas emissions and support sustainable energy production. Composed
primarily of methane (CHy4) and carbon dioxide (CO,), enhancing the CHy content in
biogas is essential for improving its quality and expanding its high-value applications.
This review examines the mechanisms underlying CH, and CO, production in anaerobic
digestion (AD) processes; investigates the effects of raw material types, process routes,
and fermentation conditions on biogas production and CHy content; and proposes feasible
technical pathways for producing CHy-rich biogas. Research indicates that CHy-rich biogas
can be produced through various strategies. Raw material pretreatment technologies
and co-digestion strategies can enhance substrate performance, stabilize the AD process,
and boost CH, production. Process optimizations, such as multiphase AD and CHy4 co-
production techniques, significantly improve carbon utilization efficiency. Introducing
exogenous reinforcement materials, including biochar and zero-valent iron nanoparticles,
fosters microbial interactions and facilitates direct interspecies electron transfer (DIET).
Furthermore, microbial regulation through genetic engineering and microbial community
design presents promising prospects. By reviewing the mechanisms of gas production,
influencing factors, and feasible pathways, this work aims to provide valuable insights for
the technical research of AD to produce CHy-rich biogas.

Keywords: anaerobic digestion enhancement; regulation of methane content; carbon
emission reduction; sustainable energy production

1. Introduction

Anaerobic digestion (AD) is the process of using facultative and obligate anaerobic
bacteria to degrade organic matter into biogas under anaerobic conditions [1]. Producing
biogas (biogas specifically refers to marsh gas in this article) through AD not only reduces
reliance on fossil fuels but also significantly curtails greenhouse gas emissions, including
CH4 and COy, delivering both economic and environmental benefits [2]. In the context
of carbon neutrality, the biogas industry has garnered increased attention and support
as an important tool for carbon reduction and renewable energy development [3]. For
instance, the European Union and the United States have introduced biogas subsidy
policies and green tax incentives to promote the development of biogas power generation
projects [4]. Similarly, China has been actively promoting the goals of “carbon peak and
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carbon neutrality”. The government’s support for biogas production and utilization has
been continuously strengthened, providing policy and financial support for rural livestock
waste treatment, urban sewage treatment, and kitchen waste treatment projects [5,6]. The
biogas industry is scalable and multifunctional in treating various organic wastes and
has the dual advantages of waste management and sustainable energy production. It has
become one of the cornerstones of renewable energy strategy.

Current research primarily focuses on mixed AD, raw material pretreatment, mul-
tiphase AD, and process condition optimization. Studies reveal that the co-digestion of
diverse wastes with different organic substrates improves nutrient balance, enhances micro-
bial activity, and increases biogas yield. For refractory organic solid wastes, such as straw,
garden waste, and other lignocellulosic biomass, pretreatment enhances the biodegrad-
ability of complex organic materials, thereby boosting biogas production efficiency [7].
By separating hydrolysis and methanogenesis into distinct stages, researchers have opti-
mized conditions for each phase, further improving biogas yield and stability. Through
the optimization of AD conditions, such as temperature, organic loading rate (OLR), and
hydraulic retention time, the biogas yield and digestion rate can be improved. In addition,
many new application modes have emerged in the biogas industry, such as using biogas
to produce biological natural gas, green hydrogen, and green methanol [8]. However,
critical challenges remain, such as the unstable composition of biogas, the poor economy of
the biogas system, and the difficult disposal of fermentation residue, which need further
innovation and research.

Biogas is increasingly recognized as a versatile energy source suitable for power
generation and heating, and as a precursor for bio-based chemical production. However,
the efficiency and economic viability of biogas applications largely depend on the CHy
content, which directly determines the energy density and applicability of biogas. Biogas is
a mixed gas, primarily composed of 50-70% CHj and 30-50% CO;, with small amounts
(usually less than 1%) of Hy, N3, Oz, and H,S. CHy and CO, are the key components. Their
content and proportion determine the applicability and utilization value of biogas [9]. CHy
is the primary combustible component, which has a high calorific value of approximately
35.8 MJ/m? and excellent combustion properties [10]. Increasing the proportion of CHy in
biogas can increase its total calorific value and reduce the amount of biogas required for
the same energy output. When preparing bio-natural gas from biogas, the bio-natural gas
going into the pipeline usually requires a CHy content of over 95%. The initial CHy4 content
in biogas directly impacts purification efficiency. High-CHy-content biogas reduces the gas
separation and purification costs, enhancing its economic value and applicability. Similarly,
when using biogas for green hydrogen production, CO, and trace gases lower utilization
efficiency, hinder the main reaction, and increase system energy consumption [11]. The
CH,4 content of biogas produced by ordinary biogas engineering is generally 50-65%,
which can only meet conventional combustion needs. For high-purity applications, further
purification and refinement are required. Current purification methods, such as chemical
absorption, physical separation, and membrane separation, face the problems of high
energy consumption and equipment costs. Consequently, there is a growing need to
develop strategies for enhancing CHy content at the production stage, minimizing the
reliance on costly downstream purification processes.

Effective management during AD can optimize CHs and CO; content to produce
“CHy-rich biogas” in situ. Recent research on AD increasingly emphasizes optimizing
biogas composition rather than merely enhancing total production, with a particular focus
on improving CHy content. The reinforcement strategy includes adjusting raw material
nutrient profiles, optimizing key process parameters, incorporating exogenous promoters,
and regulating microbial activity during the AD process. The most effective approach
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involves using biochar or conductive materials to facilitate direct interspecies electron
transfer (DIET) among microorganisms. While these methods demonstrate significant
potential in laboratory-scale studies, their practical applicability, economic feasibility, and
long-term stability remain underexplored and require systematic investigation. This study
summarizes the mechanisms underlying CH,; and CO; production during AD, examines
key factors influencing methane content in biogas, and evaluates the methods for enhancing
CHy content in situ. The aim is to provide a comprehensive framework for producing
CHy-rich biogas. This research aligns with global carbon neutrality goals and offers new
perspectives on sustainable energy development and waste resource utilization.

2. The Mechanism of CH4 and CO, Generation in AD Process

The AD process is a complex microbial metabolic process comprising four main stages:
hydrolysis, acidification, acetic acid production, and CH, generation [12]. Each stage is
carried out by distinct microbial communities with specialized functions. The metabolic
pathways of complex organic matter during AD are illustrated in Figure 1.
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Figure 1. The mechanism of CHy and CO, generation in AD process.

Hydrolysis is the initial stage of AD, during which complex large organic compounds
(carbohydrates, proteins, lipids, etc.) are hydrolyzed into soluble organic small molecules by
hydrolysis bacteria and enzymes. These smaller molecules can permeate cell membranes and
be utilized by microorganisms in subsequent reactions [13]. The hydrolysis rate depends on
the composition of the raw material as well as the activity of microorganisms in the AD system.
CO; produced during hydrolysis accounts for approximately 5-10% of total CO,, primarily
from the partial oxidation of organic matter and microbial metabolic activities. During this
process, chemical bonds between carbohydrates and lipids are broken, with some undergoing
oxidation reactions, generating CO, and other small-molecule intermediates.

Acidification is the second stage of AD, where acidogenic bacteria metabolize soluble
small molecules (glucose, amino acids, long-chain fatty acids, glycerol, etc.) produced
during hydrolysis to generate short-chain volatile fatty acids (VFAs) (such as acetic acid,
propionic acid, and butyric acid), ethanol, hydrogen gas (H;), and CO, as intermediate
products [14]. The CO, produced during this stage is significantly higher than in hydrol-
ysis, accounting for approximately 20-30% of the total CO,. Its sources mainly include
sugar fermentation metabolism, amino acid decarboxylation, lipid decomposition, and
carbonate decomposition reactions. Monosaccharides (such as glucose and fructose) un-
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dergo fermentation by bacteria, producing VFAs, H, and CO; through pathways such as
acetic acid, butyric acid, and mixed acid fermentation. The fermentation of amino acids
also releases CO; through decarboxylation and deamination reactions. Lipids are broken
down into fatty acids and glycerol, with glycerol further fermenting to generate VFAs and
CO;,. The metabolism of fermentation bacteria during acidification alters environmental
pH, particularly under VFAs accumulation, resulting in lower pH and increased acidity.
These conditions promote the decomposition of carbonates and bicarbonates, releasing
additional COs.

Acetic acid fermentation : CqH150¢ — 2CH3COOH + 2CO, + 4H, (1)

Butyric acid fermentation : C¢H120¢ — CH3CH,CH;COOH + 2CO; + 2Hp (2)

Ethanol fermentation : CqH1204 + H,O — 2C2HsOH + 2C0O, 3)
Mixed acid fermentation : @)

2C¢H1,04 — CH3COOH + CH3CH,COOH + CH3CH,CH;COOH + 3CO; + 3H,
Amino acid decarboxylation : NH,CH,COOH — CH3NH; + CO; (5)
Lipid decomposition : C3HgO3 + H,O — CH3COOH + CO, + 3H; (6)
Carbonate decomposition : HCO; + H + 5 CO, + H,O (7)

The hydrogen and acetic acid production stage is the third stage of AD. The VFAs
(such as propionic acid and butyric acid) and ethanol produced in the acidification stage
are converted into acetic acid, Hp, and CO, by specific acetic-acid-producing bacteria [15].
Additionally, homologous acetogenic bacteria can reduce CO, and Hj to produce acetic
acid. The acetic acid production stage is an important step in the generation of CO,,
accounting for approximately 30—40% of the total CO,, mainly from the oxidation reactions
of intermediate products such as propionic acid, butyric acid, and ethanol. These reactions
supply acetic acid, a key substrate for methane production, while generating significant
amounts of H, and CO,.

Propionic acid to acetic acid conversion :

CH3CH,COOH + 2H,0 — CH3COOH + CO; + 3H; ®)
Butyric acid to acetic acid conversion : ©)

CH3;CH,CH,COOH + 2H,0 — 2CH3COOH +2H,
Ethanol to acetic acid conversion : (10)

C,Hs0OH + H,O — CH3COOH + 2H,

The CHy4 production stage is the fourth stage of AD, in which substrates such as acetic
acid, hydrogen, methanol, and methylamine are utilized by methanogenic archaea and
converted into CH4 and CO,. Methanogenic archaea have multiple metabolic pathways
involved in CHy production. The first type is the acetic acid pathway, where methanogens
utilize acetic acid or acetate salts to generate CHy and CO,. The final ratio of CHy to CO,
in this pathway is 1:1, and CHy production accounts for approximately 72% of the total
CHj4 production. The second type is the hydrogenotrophic pathway, where methanogens
utilize hydrogen and CO, to produce CHy. The final ratio of CHy to COj; in this pathway
is 1:0, and CHy production accounts for approximately 28% of the total CH4 production.
The third is the methylotrophic pathway, where methylated compounds (e.g., methanol,
methylamine) are metabolized to produce CH; and CO;, yielding a CHy-to-CO, ratio
of 3:1. CO, production in this stage arises mainly from the decomposition of acetic acid
and the metabolism of methylated compounds. Although the hydrogenotrophic pathway
consumes COy, its efficiency depends on hydrogen availability and microbial activity. CO,
generated during the CHy production stage accounts for 10-15% of the total CO,.
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Theoretically, when 72% of CHy is produced via the acetic acid pathway and 28% via

the hydrogenotrophic pathway, the final CHy-to-CO; ratio is 25:11, and the CHy content

in biogas is 69.44%. Considering that the hydrolysis stage, acidification stage, and acetic

acid production stage will also produce a large amount of CO,, and the CO; produced

by anaerobic microbial respiration and metabolism activities will also contribute to the

total CO, production, the CH4 content in biogas in actual production is much lower than

the theoretical value. Therefore, we can clearly define “CHj-rich biogas”. When the CHy

content in biogas is 70% or higher, it can be called “CHjy-rich biogas”.

Methanol-type methane production : 4CH30H — 3CHs + CO, 4+ 2H,0

Methylamine-type methane production : 4CH3NH; +2H,0 — 3CHy + CO; +4NHj

Acetic-acid-type methane production : CH3COOH — CHj 4 CO,

Hydrogen trophic methane production : CO, +4H; — CHy + 2H,0

Final methane content : 18CH3;COOH + 28H, — 25CH4 + 11CO, + 14H,0O

3. Factors Affecting CH4 Content in Biogas During AD Process

(11)
(12)
(13)
(14)
(15)

The production and composition of biogas during AD are influenced by multiple interre-

lated factors, ranging from the properties of the raw materials to specific process parameters.

This section explores these critical factors, including the chemical composition of substrates,

the roles of trace nutrients, and key process variables such as temperature, reactor type, and

OLR (Figure 2). Understanding these elements is essential for optimizing CH, yield and

achieving high CH, content in biogas. The discussion will provide a detailed analysis of how

each factor affects microbial activity, metabolic pathways, and the resultant gas composition,

offering insights into the strategies for enhancing the efficiency of biogas production.
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Figure 2. The factors affecting CHy content in biogas during AD process.
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3.1. The Impact of Raw Material Properties on the Composition of Biogas
3.1.1. Effects of Large Number of Nutritional Components on Gas Production

The chemical composition, surface structure, biodegradability, and nutrient elements
in raw materials significantly influence the metabolic pathways and reaction rates of AD.
Organic solid waste is primarily composed of organic components such as carbohydrates,
proteins, fats, and lignin [16]. The content of carbohydrates (soluble sugars, cellulose,
hemicellulose), proteins, and lipids can affect the activity and metabolic processes of mi-
croorganisms, thereby affecting CH,4 content in biogas [17]. Carbohydrates are easily
degraded into VFAs such as acetic, propionic, and butyric acid, and then converted into
CH4 and CO; during AD. While their fast degradation boosts short-term biogas production,
excessive breakdown can cause acid accumulation, inhibiting methanogenic activity and
reducing CHy4 content. Theoretically, the CH4 content in the biogas produced by AD of
carbohydrates is 50%. However, biogas from carbohydrate-rich materials like fruit waste
and molasses contains 50-60% CHyj in actual production. Proteins, composed of amino
acids, degrade into ammonia and VFAs, leading to CH4 and CO, production. Moderate
protein can help increase CHy4 content, as ammonia can buffer acidity and stabilize anaero-
bic environments. However, excessive nitrogen content can lead to ammonia accumulation,
reducing CHy content. Biogas from protein-rich materials, such as manure or slaughter-
house waste, typically contains 55-65% CHy. Lipids are long-chain fatty acids with high
carbon and hydrogen content. Their intermediate products are converted directly into
acetic acid during AD, enabling rapid CHy4 generation. For raw materials with high lipid
content, such as kitchen oil and waste vegetable oil, the CH, content is generally between
60% and 70%. However, the slow degradation of lipids and potential accumulation of long-
chain fatty acids at high concentrations can inhibit microbial activity, posing challenges
to the AD process. The properties of raw materials have a decisive impact on the CHy
content in biogas during AD. The composition of raw materials establishes the potential
biogas yield and the maximum achievable CHy content, while their structure influences
the AD process stability [18]. To optimize the AD of organic solid waste, raw materials are
typically pretreated and combined to enhance nutrient balance, improve biodegradability,
and increase biogas production and CH, content.

AD of carbohydrates : C¢H1204 — 3CHy + 3CO; (16)
AD of proteins : Ci13H506N3 — 6.5CHy 4 6.5CO; +3NHy (17)
AD of lipids : Cs7H10406 + 28H0 — 40.5CHy + 16.5CO, (18)

3.1.2. Effects of Trace Nutrient Components on Gas Production

The AD system requires multiple nutrients to participate in the coordinated devel-
opment of different microbial populations. These include macronutrients such as carbon
(©), nitrogen (N), and phosphorus (P), as well as trace elements like iron (Fe), nickel (Ni),
cobalt (Co), and molybdenum (Mo) [19]. Trace elements function as cofactors or catalysts
for enzymes, regulating microbial metabolic activities and influencing biogas production
and CHjy content. They bind to key enzymes to maintain activity and enhance reaction
rates. For example, iron is a component of hydrogenases, cobalt serves as a cofactor for
methyl-coenzyme M reductase, molybdenum acts as the active center for nitrate reductase
and formate dehydrogenase, and nickel is a core component of CHy synthase. Meanwhile,
trace elements participate in electron transfer chains and energy metabolism processes,
promoting microbial energy generation and metabolic activity [20]. For instance, molyb-
denum facilitates the reduction of hydrogen sulfide and the oxidation of hydrogen and
formic acid, enhancing hydrogen utilization and improving CHy production efficiency.



Sustainability 2025, 17, 1425

7 of 30

Zinc supports protein synthesis and microbial metabolism. Iron ions can combine with
hydrogen sulfide to form insoluble iron sulfide, reducing the toxic effects of hydrogen
sulfide on microorganisms. Trace elements are essential for the growth and metabolism of
anaerobic microorganisms. Adequate amounts of trace elements can promote the activity
of fermentation and methanogenic bacteria and increase biogas production. However,
excessive concentrations may have toxic effects, inhibiting microbial metabolism [21]. In
practical applications, the composition of trace elements in raw materials differs, and
deficiencies of elements such as Fe, Ni, and Co are common in AD systems. Therefore,
supplementation and optimization of trace elements should be tailored to the material’s
specific characteristics. For raw materials with low trace element content, targeted ad-
ditions of elements such as nickel, cobalt, and iron can optimize biogas production and
CHy content.

3.2. The Impact of Anaerobic Reaction Process on Biogas Composition

Different AD reaction processes can significantly affect the CHy content in biogas,
mainly because process conditions (such as reactor type, reaction temperature, organic load,
reaction time, inoculation ratio, etc.) can affect microbial activity, degradation efficiency,

and the generation of metabolites (Table 1).

Table 1. The influence of reaction parameters in anaerobic digestion process.

Factor Specific Condition/Type CH4 Content Characteristics and Impact
Suitable for high-solid-content (20-40%) materials, long residence time,
| 0,
Dry AD Reactor 50-60% high organic load, but prone to stratification and local acidification.
Anaerobic Continuously Stirred 55_65°% Suitable for various organic wastes, ensures uniform reaction and stable
Reactor Type Tank Reactor (CSTR) ? gas production through continuous stirring.
Up-flow Anaerobic Ideal for high-concentration organic wastewater, enhances microbial
SIE dge Bed (UASB) 60-70% activity and organic matter degradation efficiency using granular
8 sludge.
Anaerobic Sequencing 60-70°% Optimizes organic matter degradation through staged operations,
Batch Reactor (AnSBR) ? achieving high CHy4 generation efficiency.
. Prevents sludge loss, supports microbial growth, and maintains high
! 0,
Fixed Membrane Reactor 65-75% system stability, resulting in higher CHy yields.
Low Temperature (20-30 o Slower microbial metabolism and lower degradation efficiency;
o 50-60% . - . o
AD Temperature @) intermediate products like organic acids are not fully converted to CHy.
Medium Temperature 70759 Higher microbial activity, accelerated methanogen metabolism, and
(30-40°C) ° significant improvement in organic matter conversion efficiency.
& p & Y-
High Temperature (50-60 70750 Promotes mass and heat transfer, enhances organic matter degradation,
°C) ? but imposes stress on certain microorganisms.
Low Load (0-2 65-75% Stable system with minimal acid accumulation; microorganisms
Oreanic Load kg TS/m3-d) ° effectively decompose organic matter, achieving higher CHy4 content.
& Moderate Load 60-70% Increased microbial activity enhances gas production, but excessive
(2-5 kg-TS/m3-d) ° load can lead to acidification inhibition.
High Load 50-60°% High load can cause volatile fatty acids accumulation, reducing
(>5 kg TS/m3-d) ° methanogen activity and lowering CHy production and content.
Short HRT 50-60°% Insufficient residence time for complete organic matter degradation;
Hydraulic Retention (<10 days) ? higher CO, content in biogas.
Time (HRT) Moderate HRT 60-70°% Microorganisms fully degrade organic matter, system stability ensures
— ays optima 4 production and content.
10-20 days) ? ptimal CH, producti d
Long HRT 65-70°% High degradation efficiency; gas production stabilizes, but prolonged
> ays may reduce reactor utilization and microbial activity.
(>20 days) ? HRT may red ilizati d microbial activity,
Low Ratio 50-60°% Insufficient initial microbial concentration delays system start-up and
. <10% results in lower 4 content and stability.
Inoculum R (<10%) ° ltsin CH d stability.
noculum Ratio Moderate Ratio 60-70% Provides adequate microbial concentration for rapid system
—-30% stabilization and higher 4 content.
(10-30%) ° bilizati d higher CH
High Ratio 65-70°% Enhances microbial activity but reduces raw material processing
>30% capacity and increases costs, with limite 4 Improvement.
(>30%) ? pacity and i ith limited CH, imp
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3.2.1. Effects of Anaerobic Reactor Types

Selecting an appropriate reactor type is essential for increasing biogas production and
optimizing CH, content in AD processes. Different reactor designs and operating modes
influence the metabolic environment of microorganisms and the composition of the final
biogas [22]. Dry AD reactors are suitable for processing raw materials with high solid
content (such as crop straw and forestry waste), typically ranging from 20% to 40%. These
reactors feature long material residence times, high OLR, and minimal land usage [23].
However, dry reactors are difficult to stir and mix, often leading to material stratification
and local acidification, with CHy4 content generally ranging between 50% and 60% [24].
Continuously stirred tank reactor (CSTR) is a widely used AD system. It maintains the
uniformity of the mixture through continuous stirring, ensuring thorough contact between
materials and microorganisms [25]. This system provides consistent reactions, stable gas
production, and CHy content of 55-65%, making it suitable for various organic wastes.
Up-flow anaerobic sludge beds (UASBs) can provide high sludge concentration and long
residence time, promoting good contact between microorganisms and organic matter, and
are suitable for treating high-concentration organic wastewater [26]. By using granular
sludge as a microbial carrier, wastewater flows from bottom to top, which can significantly
improve microbial activity and organic matter degradation efficiency, resulting in CHy
content of 60-70%. Anaerobic sequencing batch reactor (AnSBR) is an intermittent reactor
that operates in multiple stages: feed, reaction, precipitation, discharge, and idle. This
periodic process optimizes organic matter degradation and CHy4 production by precisely
controlling reaction conditions [27]. By precisely controlling the reaction conditions in
stages, the AnSBR reactor can achieve high CHy generation efficiency, with CHy content
typically ranging from 60% to 70%. Fixed membrane reactors contain carriers or fillers
that help prevent sludge loss, support microbial growth, and improve system stability.
Fixed membrane reactors can maintain high microbial concentrations and efficient CHy
generation, with CH, content typically ranging from 65% to 75%. Overall, reactor types in-
fluence CH, content by shaping the microbial growth environment and reaction conditions.
Efficient systems like UASB, CSTR, and AnSBR yield higher CH, content, whereas dry
reactors generally produce lower CHy levels. Selecting a suitable reactor based on specific
raw material types, process requirements, and economic considerations can optimize the
CH4 composition of biogas.

3.2.2. Effects of AD Temperature

The effect of AD temperature on CHy content in biogas is a key factor, as temperature
affects the metabolic rate of microorganisms and affects the activity and interactions of dif-
ferent microbial populations [28]. Specifically, temperature impacts the metabolic capacity
of methanogenic bacteria by modulating enzyme activity in anaerobic microorganisms.
The optimal temperature range for the growth and reproduction of methanogenic bacteria
is 15-55 °C. AD can be divided into low temperature (20-30 °C), medium temperature
(30-40 °C), and high temperature (50-60 °C) based on temperature classification. Under
low-temperature conditions, methanogenic bacteria exhibit slow metabolic rates. Organic
matter degradation is limited, and intermediates such as organic acids are not effectively
converted into CHy [29]. Consequently, CH4 content in biogas remains low, typically
around 50-60%. In contrast, medium-temperature conditions enhance microbial activity,
particularly accelerating the metabolism of mesophilic methanogens, leading to CHy4 con-
tent of 70-75% in biogas [30]. High-temperature conditions improve mass and heat transfer,
increasing the degradation and reaction rates of organic matter. Rapid hydrolysis and acid-
ification provide ample substrates for CH4 production. Thermophilic methanogens exhibit
robust metabolic activity, efficiently degrading intermediates and reducing digestion time.
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High-temperature AD typically produces biogas with CHy content of 70-75%. Taking corn
stover as an example, the CHy content of biogas is about 55-60% during low-temperature
AD at 30 °C, about 65-70% during medium-temperature AD at 35 °C, and about 70-75%
during high-temperature AD at 55 °C. In practical applications, selecting and controlling
the temperature of AD is the key to increasing the CHy4 content in biogas. The temperature
should be optimized based on the type of raw material being processed and the microbial
community to achieve optimal biogas yield and CH4 concentration, thereby improving
energy recovery efficiency.

3.2.3. Effects of Anaerobic Organic Load

Organic loading rate (OLR) refers to the mass of organic matter added per unit
volume of the reactor, typically expressed as total solids (TS) or chemical oxygen demand
(COD). OLR significantly affects biogas production and CH4 content in AD processes [31].
Within an optimal range, a higher organic load can increase biogas production. However,
excessive organic load leads to acid inhibition, reducing CH4 production [32]. CHy4 content
in biogas is inversely related to organic load. Lower organic loads generally result in higher
CHy concentrations. Under low organic load (0-2 kg-TS/m?-d), the AD system operates
stably, maintaining an appropriate pH range without acid accumulation. Microorganisms
efficiently decompose organic matter, producing stable intermediates that are smoothly
converted into CHy [33]. Due to the lower organic input, CHy content is relatively high,
typically around 65-75%. At moderate organic loads (2-5 kg-TS/m3-d), the CHy generation
rate increases alongside microbial activity, with CHy content ranging from 60% to 70%.
In contrast, high organic loads (>5 kg-TS/m3-d) significantly reduce CHy content, often
dropping to 50-60% or lower in extreme cases. Excessive organic input causes the acid
production rate to surpass CHy generation. This imbalance results in the accumulation of
VFAs, reduced pH levels, and suppression of methanogenic bacteria, ultimately decreasing
CH,4 production. In severe cases, it can cause the fermentation system to collapse and result
in fermentation failure [34]. Taking kitchen waste as an example, the CH4 content of biogas
produced under low organic load (1 kg-TS/m?-d) is about 65-70%; under moderate organic
load (3 kg-TS/m?>-d), it is about 60-65%; and under high organic load (5 kg-TS/m3-d), it is
about 50-60% [35]. To balance biogas production and CHy4 content, OLR must be carefully
monitored and optimized. Dynamic adjustments based on raw material properties, reactor
performance, and gas composition are essential to maintain process stability and efficiency.

3.2.4. Effects of Hydraulic Retention Time

In AD, hydraulic retention time (HRT) refers to the average duration of raw materials
remaining in the reactor. HRT directly influences the degradation efficiency of anaerobic mi-
croorganisms on organic matter, thereby affecting biogas production and CH, content [36].
Under shorter HRT conditions (HRT < 10 days), raw materials do not reside in the reactor
long enough for microorganisms to fully decompose organic matter and convert it into
biogas, reducing biogas production. The rapid loss and incomplete degradation of organic
matter leads to the production of more CO,, resulting in a decrease in CHy content in
biogas, generally between 50% and 60%. At moderate HRT (10-20 days), microorganisms
have sufficient time to decompose organic matter, and VFAs are efficiently converted into
CHyj4. The biogas production and CHy4 content are both at optimal levels, with CHy4 con-
tent typically ranging from 60% to 70%. Further extending the HRT (HRT > 20 days) can
enhance organic matter degradation, and biogas production gains diminish and eventually
stabilize [37]. Most organic matter is decomposed, and methanogens effectively convert
metabolites in the digestate to CHy, with CHy content stabilizing at 65-70% or higher.
However, excessively long HRT may reduce reactor utilization efficiency, increase oper-
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ating costs, and lead to nutrient depletion, gradually decreasing microbial activity. For
example, in sludge digestion, short HRT (10 days) results in incomplete organic matter
decomposition and CH, content of approximately 50-55%. At moderate HRT (20 days),
CHy4 content rises to 60-65%. At long HRT (30 days), organic matter is fully decomposed,
methanogenic activity peaks, and CHy4 content reaches 65-70%. Different raw materials
and processes have varying HRT requirements. Lignocellulose-rich materials (such as crop
straw, garden waste, etc.) require longer HRT, while easily degradable materials (such
as kitchen waste, sugary wastewater, etc.) can utilize shorter HRT [38]. CSTR typically
requires longer HRT to ensure efficient degradation, while UASB can operate at shorter
HRT. The typical HRT for CHy production ranges from 10 to 30 days. Moderate HRT can
balance gas production efficiency, system stability, and cost-effectiveness.

3.2.5. Effects of the Proportion of Inoculum

In AD, the proportion of inoculum refers to the proportion of anaerobic activated
sludge or other microbial communities added relative to the mass of the raw material.
This ratio directly impacts the activity, growth, and metabolism of anaerobic microor-
ganisms, significantly influencing biogas yield and CHy4 content [39]. At low inoculum
ratios (<10%), the initial microbial concentration is insufficient, leading to slow system
start-up, difficulty in establishing a dominant microbial community, and low methanogenic
activity. Consequently, biogas production is delayed, with CH, content typically between
50% and 60% [40]. Insufficient inoculum also results in poor system stability, making it
more vulnerable to environmental fluctuations such as pH and temperature changes. A
moderate inoculation ratio (10-30%) can provide sufficient active microorganisms to enable
rapid system start-up. Methanogens efficiently convert intermediate metabolites (such as
VFAs and hydrogen) into CHy. This improves AD efficiency, significantly increases biogas
production, and stabilizes CHy4 content at 60-70%. High inoculum ratios (>30%) introduce
larger quantities of active microorganisms, accelerating organic matter degradation. As a
result, biogas production stabilizes more quickly, while high methanogenic activity reduces
CO; content and increases CHy content. However, further increasing the inoculum ratio
offers limited benefits. Excess inoculum occupies reactor volume, reducing raw material
processing capacity and significantly increasing operating costs. For example, studies on
sludge AD have shown that increasing the inoculum ratio from 5% to 20% raises CHy
content from 55% to 68%, with significant biogas production improvements. When further
increased to 30%, the change in CHy content tends to stabilize. Similarly, in kitchen waste
AD, an inoculum ratio of 15% enables rapid system stabilization, with CHy content reaching
65%. Conversely, at inoculum ratios below 5%, start-up time is prolonged, and CH,4 content
remains below 60%. In practical applications, an inoculum ratio of 10-20% is often selected
to balance start-up speed, system stability, and economic feasibility. This range ensures
rapid system start-up, higher CHy content, and sustained efficient gas production.

4. Methods for Increasing CH4 Content in Biogas During AD Process

To increase methane content and improve the quality of biogas, various technological
and methodological techniques have been developed. This section reviews methods for
increasing CHy production during the AD process, focusing on raw material pretreatment,
co-digestion strategies, and process optimization techniques. It also reviews commonly
used reinforcement measures, such as adding biochar, conductive materials, and micro-
bial agents, as well as external regulatory methods like using electric and magnetic fields
(Figure 3). By integrating these methods, biogas systems can achieve higher CHy concen-
trations, better process stability, and reduced operational costs, thereby paving the way for
their broader application in sustainable energy production and carbon neutrality efforts.
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Figure 3. The methods for increasing CHy content in biogas during AD process.

4.1. Raw Material Mixing and Pretreatment for Quality Improvement
4.1.1. Mixing and Compounding of Multiple Raw Materials

Mixed AD, or co-digestion, involves processing two or more types of organic waste
in the same reactor to enhance AD efficiency and increase CH, content. By combin-
ing substrates with complementary characteristics, the carbon-to-nitrogen (C/N) ratio of
the feedstock can be optimized, diverse nutritional elements can be provided, and the
biodegradability of substrates can be improved [41]. Mixed AD can better optimize fer-
mentation conditions and fully utilize the advantages of various raw materials, thereby
achieving higher energy and resource utilization efficiency. A single substrate may lack
certain essential elements for microorganisms or chemical components that contribute to
degradation, thereby limiting the degradation of organic matter. Different substrates usu-
ally have complementary nutrients, and mixing substrates can provide more comprehensive
nutrients, improve the efficiency of microorganisms in decomposing organic matter, and
increase the potential for CH, generation. Compared to single-substrate AD, co-digestion
of diverse organic wastes (such as agricultural waste, kitchen waste, livestock manure,
etc.) for AD can increase CHy content. Co-digestion supplies richer fermentable organic
matter, such as volatile fatty acids (VFAs), amino acids, and simple sugars, which promote
CHy production [42]. The ideal C/N ratio for AD is typically 20:1 to 30:1; deviations from
this range can impair microbial activity and reduce CH, production. Co-digestion helps
adjust the C/N ratio to the optimal range, preventing acidification or ammonia inhibition.
Protein-rich materials provide nitrogen, while carbohydrate-based materials supply carbon,
balancing microbial metabolism and promoting CHy4 production. For example, co-digestion
of carbon-rich plant waste and nitrogen-rich livestock manure creates a balanced nutritional
environment, stimulating microbial growth and metabolism [43]. Mixing multiple raw ma-
terials also supplements trace elements and buffering substances, enhancing methanogenic
bacteria activity. Some substrates release acidic intermediates during fermentation, risking
system acidification and microbial inhibition. Mixing with buffering materials neutralizes
excess acids, stabilizing pH and protecting CH, bacteria (Table 2). For instance, co-digestion
lipids and cellulose combine high-energy VFAs from lipids with a high buffer of cellulose,
achieving nutritional complementarity and prolonging fermentation time, which enhances
CH4 production. Vats demonstrated that a 35:65 mixture of sugarcane bagasse and food
waste yielded the highest biogas production and CHy4 content [44].
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4.1.2. Raw Material Pretreatment for Quality Improvement

Pretreatment enhances the biodegradability of organic matter, releases easily utilizable
components for microorganisms, and optimizes the fermentation environment, thereby pro-
moting bacterial activity [45]. The primary mechanism for improving CH, content through
raw material pretreatment is to release or utilize CO, from hydrolysis and acidification
processes outside the anaerobic reaction device in advance, providing more suitable sub-
strates for CH, production metabolism. Physical pretreatment alters the physical structure
of raw materials, making it easier for microorganisms to decompose and degrade organic
matter [46]. Common methods include ultrasound, electrolysis, and heat treatment, with
the effectiveness largely dependent on process parameters. Chemical pretreatment utilizes
chemical agents (acids, bases, organic solvents, etc.) to decompose the structure of organic
matter and improve the bioavailability of substrates [47]. Using alkali (such as sodium
hydroxide and calcium hydroxide) to treat cellulose-rich raw materials can decompose
lignin structure, making cellulose and hemicellulose more easily degradable [48]. Acid
treatments are commonly used for raw materials rich in proteins or lipids to hydrolyze
large organic molecules. Biological pretreatment uses specific microorganisms or enzy-
matic techniques to decompose recalcitrant organic matter in advance, improving the
bioavailability of substrates. Using biological enzymes such as cellulase and pectinase to
hydrolyze cellulose, hemicellulose, and pectin components in organic waste can increase
the content of soluble organic matter, improve microbial utilization efficiency, and promote
CHy generation [49]. Fungal pretreatment suits waste materials with high lignocellulosic
content [50]. Specific white rot fungi or brown rot fungi are used to decompose lignin
components, making cellulose easier to degrade and improving bioavailability. In prac-
tical applications, a combination of physical, chemical, and biological pretreatments is
often employed based on the raw materials’ characteristics to maximize CHy4 production
and content [51]. For example, thermal-alkali pretreatment combines high-temperature
steaming with alkali treatment to maximize lignocellulose breakdown and enhance organic
matter solubility. Ultrasound-enzymatic pretreatment combines ultrasound, disrupting cell
structures and releasing soluble substances, with enzymatic hydrolysis to further degrade
cellulose, promoting hydrolysis and CH4 generation.
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Table 2. Effects of co-digestion and two-phase AD on methane content in biogas.
Feedstock Typel\:[)it}lilr;léance Strengthening Conditions Results of the Study Methane Content References
Investigated anaerobic digestion of cocoa waste in four different pr manure has' several .lo'ng—Ferm positive effectg on cocoa waste
. . O i . . digestion. Buffering provision is the key contribution of manure to o
Cocoa waste, cow - treatments: mono-digestion, addition of synthetic nutrients, A . . e 53% -
Co-digestion S . . A . co-digestion with cocoa. Compared with the anaerobic digestion of o [52]
manure co-digestion with sterile cow manure, and co-digestion with raw cow . . . (35%)
cocoa waste alone, the methane content of biogas co-digested with cow
manure. . o
dung increased by 18%.
The experiments were performed according to a completely Co-digestion increased CHy production 2.4 folds, referring to unit
Giant reed. pie slurr Co-digestion randomized experimental design with 3 treatments (GR, KOHw, and volume. Pre-treatment and co-digestion enhanced CHy yield up 59% vs. 54% 53]
antreed, pig sturry o-digestio KOH) and 2 recipes (mono-digestion or co-digestion with PS), with untreated giant reed. Pretreatment and co-digestion increased the (48%) o
3 replicates. methane concentration in biogas.
Anaerobic co-digestion of food waste and algae showed a higher CHy
Established an optimal mixture ratio for efficient co-digestion of FW production and process stability. A lower OLR of 0.8-1.7 kg VS/m°3-d 56%
Food waste, algae Co-digestion and AL by testing the biochemical methane potential. Furthermore, attained higher CHy production with enriched CHy, whereas a higher (520/0) [54]
process stability in accordance with step-increased OLR is examined. OLR of 2.5 kg VS/m®-d resulted in lower CH, production and H, °
generation.
AFW with a total solids (TS) content of 200 g/L was used for Microbial community acclimatization has been proposed to be effective 76%
Food waste Pretreatment pretreatment. The 100 g TS of saccharized AFW was then fermented by for increasing the CH, /CO; ratio in biogas, and increased methane @ 6‘70) [55]
adding 1.9 g of yeast and constantly stirring at 27 °C for 44 h. content (to 65-76%) compared with unacclimated samples (26-73%). °
Pretreatment of secondary sludge for 24 h at an FA concentration of
A stock ammonium chloride solution (NH4Cl, 3 M) was added to the 560 mg NH3-N/L improved VS destruction by 26.4%, supported by a
Secondary sludee Pretreatment pretreatment reactor. The FA pretreatment lasted for 24 h at room similar increase of 28.6% in methane production. The higher CHy 67.5% 56]
Y 8 temperature (22 &+ 1 °C); then, the pre-treated sludge was pumped into  content was due to the higher pH in the experimental system than that (62.0%) >
the experiment reactor. in the control system, leading to maintenance of a good buffer in the
experimental system.
. o Alkaline pretreatment of AH at 90 °C resulted in the maximum biogas
AIO_I was pretreated for 24 h at two different temperatures (25 °C and yield of 683.89 mL/g. Methane content of biogas produced using AH 75.06% =
Areca catechu husk Pretreatment 90 °C) with four different chemicals. AD experiments were conducted d with % of NaOH found to be b % and o [57]
nder mesophilic conditions maintained at 35 4= 2 °C. pretreated with 2-10% of Na was fourn to be befween 71.53% an (62.31%)
v 75.06%; methane content of biogas using raw AH was 62.31%.
Analyzed the influence of thermo-alkaline pretreatment (3% NaOH at SM pretreatment increased cumulat1ve mefhane yield from 30 to
N . : 205 mL/gVS. Increasing the SI ratio from 1 to 3 o
. 121 degrees C for 30 min) and the substrate/inoculum ratio (SI) on AD . L. 68% -
Swine manure Pretreatment " . . . gVSsubstrate/gVSinoculum enhanced this yield from 205 to o [58]
at 10 and 15% total solids. The experiments were conducted in batch s (43%)
: ; . 268 mL/gVS. The methane content in biogas produced by pretreated
mode at 37 degrees C with orbital shaking at 150 rpm for 90 days. . g . :
pig manure was significantly higher than that of raw pig manure.
X . . Three digester configurations produced similar methane yield
Whiskey by-product The first system consisted of avsmgle reactor. The second system (269-283 L CHy.kg ™! VS). Two-phase systems can produce 11.2 mg 75% =
. Two-phase AD consisted of two reactors in series; one served as the acidogenic reactor, it Lo, . o [59]
mixture and the other reactor served as the methanogenesis reactor VFA. g~! ww of distillery by-products. Two-phase systems had higher (54%)
g ’ methane content (75%) than the traditional system (54%).
Compared the co-digestion performance of an The ethanologenic-methanogenic system increased the abundance of
Food waste, spent Two-phase AD ethanologenic-methanogenic two-phase system and an enzyme-encoding genes and promoted the degradation of acetate and 69% [60]
mushroom substance p acidogenic-methanogenic system using food waste and spent CO,/Hy, thereby enhancing methanogenic metabolic pathways, (62%)
mushroom substance as substrates. compared to the acidogenic-methanogenic system.
The inoculation of yeast in the hydrolyzed acidified phase of
Using a semi-continuous two-phase system (hydrolyzed acidified ethanol-type fermentation groups increased the relative concentrations
Food waste Two-phase AD, phase and methanogenic phase), the partial food waste used in this of Clostridium (syntrophic acetate oxidising bacteria) and 67.8% [61]
Pretreatment study was pretreated. The yeast activation solution was added to the Methanobacterium (hydrogenotrophic methanogens) in the (57.3%)

substrate of food waste for 24 h of ethanol pre-fermentation.

methanogenic phase and ultimately enhanced the hydrogen and CO,
methanogenesis pathway.
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4.2. Multiphase Anaerobic Digestion Process

The multiphase AD process divides the traditional single-phase AD process into
multiple stages, each optimized for specific microbial populations and metabolic processes
under controlled conditions. This approach enhances substrate degradation efficiency,
improves CHy generation, and increases CHy content in biogas.

4.2.1. Dual-Phase Anaerobic Digestion Process

The most common configuration for multiphase AD is the two-phase AD process [62].
The first phase involves hydrolysis and acidification, where hydrolytic and acidogenic
bacteria degrade complex macromolecular organic compounds (such as cellulose, proteins,
and lipids) into simpler soluble compounds such as VFAs, alcohols, and Hj. The second
phase is methanogenic, in which acetogenic and methanogenic bacteria convert VFAs and
H; into CH4 and CO; under neutral or slightly alkaline pH. Methanogenic bacteria, being
sensitive to pH and temperature fluctuations, are generally regulated in the hydrolysis and
acidification phases. The acidification products serve as substrates for methanogenesis,
directly influencing the CH4 and CO, content in biogas [63]. Conditions such as tempera-
ture, pH, redox potential, and residence time in the acidification phase can be adjusted to
optimize the production of specific VFAs for subsequent CH, production. This regulation
promotes the conversion of complex organic compounds into VFAs and shifts pathways
like propionic acid fermentation toward alcohol or butyric acid fermentation, producing
high-quality substrates for methanogenesis. The dual-phase AD process enhances organic
matter degradation and CHy generation by separating stages and optimizing process con-
ditions. It mitigates issues like acidification and inhibition while enabling precise control
over biogas composition.

4.2.2. Biogas Polygeneration Process

Biogas co-production technologies, such as ethanol-biogas co-production, hydrogen—
biogas co-production, and lactic acid-biogas co-production, integrate multiple biological
conversion pathways to achieve efficient resource utilization of organic waste. The essence
of these multi-generation technologies lies in the full utilization of the carbon elements
in waste, thereby significantly improving energy and product conversion efficiency. The
ethanol-biogas co-production technology utilizes yeast to convert sugars in organic waste
into ethanol, with fermentation residues and waste liquids subsequently entering the AD
system to produce biogas. This process not only effectively utilizes carbohydrates to gener-
ate ethanol, but also converts residual organic matter into biogas, achieving multi-stage
conversion and efficient carbon utilization [64]. The hydrogen-biogas co-production begins
with the fermentation of organic matter into H, and organic acids, followed by the con-
version of these intermediates into CHy in the AD system [65]. Biogas produced through
this process typically contains over 70% CHj. This technology optimizes the hierarchical
conversion pathway of organic matter, achieves synchronous production of hydrogen and
CHy, and effectively improves the utilization efficiency of carbon elements [66]. If H,
generated during the hydrogen production stage is fed into the CHy production phase,
Hj can reduce CO; to CHy, and the final CHy content in the biogas can increase to 90%.
Binghua Yan demonstrated that recycling acidification phase gas into the CHy production
phase during AD maximizes CHy content [67]. This co-production technology is particu-
larly suited for treating industrial wastewater and food processing wastewater to achieve
efficient energy recovery. The lactic acid-biogas co-production involves fermenting carbo-
hydrates in organic waste into lactic acid using lactic acid bacteria, with the fermentation
by-products and waste liquids subsequently anaerobically digested to produce biogas. This
technology is particularly effective for processing food and kitchen waste, providing raw



Sustainability 2025, 17, 1425

15 of 30

materials for the bio-based chemical industry while recovering energy [68]. In summary,
these co-production technologies optimize the graded bio-transformation pathway of or-
ganic waste, maximizing carbon utilization and achieving multiple outputs of energy and
high-value-added chemicals. This biogas co-production model reduces carbon emissions
during waste treatment and supports the sustainable economy.

4.3. Addition of Exogenous Strengthening Materials

Due to differences in digestion systems, influencing factors such as substrate charac-
teristics, key anaerobic parameters, and inoculum properties are often different in AD. It
is difficult to achieve a universal strengthening strategy by adjusting a single parameter.
Adding external additives to the reactor is an effective and universal strategy to enhance
AD efficiency. Common additives include biochar, alkaline metals, conductive materials,
external gases, and biological agents (Table 3). They can effectively increase the methane
content in biogas in various fermentation environments.
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Table 3. Effect of exogenous strengthening materials” addition on methane content in biogas.
Type of Enhance Exogenous . i Methane
Feedstock Method Materials Strengthening Conditions Results of the Study Concent References
A high oxygen functional group containing humic acid biochar was Humic acid biochar promoted electron transfer in anaerobic digestion.
Cow manur Biochar materials Humic-acid- prepared using ball milling technology. Three kinds of humic acid Humic acid biochar could optimize microbial community structure. The 57.7% [69]
° anure addition loaded biochar biochar (8 h, 16 h, 24 h) were respectively added into AD bottles with a addition of humic acid biochar stimulated the secretion of extracellular (49.1%) ’
concentration of 10 g/L. polymers and enhanced interspecific electron transfer.
Biochar with The biochar with graphene structure could promote DIET between
Ethanol Biochar materials raphene Evaluated the impact of biochar produced at 400 °C and 900 °C Pseudomonas and Methanosaeta, accelerating the methanogenesis 66.5% [70]
addition gtr P tur pyrolysis on AD performance. pathway of carbon dioxide reduction and enabling the production of a (38.8%)
structure higher methane yield, where the SMP increased to 725 mL/g VS/d.
Pretreatment using appropriate CaO, dosage indirectly increased biogas
Condugtlve Zero-valent iron Effects of CaO, pretreatment without/with ZVI addition on digestion prodgctlon by promoting hyd'roly51s and acidification. ZVI COl.ﬂd 65.8%
Wheat straw materials (zv1) erformance were investizated provide electrons for conversion of CO, to CHy. Compared with (56.8%) [71]
addition P gated. non-ZVI added digesters, methane content in ZVI-added digesters R
increased.
. . . In continuous operation, ZVI addition produced an increase in methane
. Experiments were conducted using two experimental set-ups: batch and : S o
Conductive 1 . . fixed ZVI d Two diff content of biogas, achieving values between 80 and 85% in both 81.7%
Pig sl terial Zero-valent i ong-term contmuou§ operation at a xed osage. Two di erent b fu Th th ducti tei d 7% [72]
ig slurry materials ero-valent iron temperature operation ranges (mesophilic and thermophilic) were emperature ranges. The average methane production rate increase: (74.5%)
addition P P 8 C{J P 165% and 94% with respect to the control in thermophilic and mesophilic i
assessed. temperature range, respectively.
During the first 2 cycles (total 34 days), a high performance was found in
Conductive Increase of total CHy in conjunction with buffering acidification by using anaerobic bottles with 25 g/L powder zero-valent iron (PZVI) and
Ch wh material Zero-valent iron zero-valent iron (powder and scrap metals at concentrations 25, 50, and 50 g/L scrap zero-valent iron (SZVI) since they had a higher total CHy 97% 73]
cese whey da cle"t' as ero-valentiro 100 g/L) in anaerobic granular sludge and cheese whey under production compared to anaerobic bottles free of ZVI, as well as 97% (74%) -
addition mesophilic batch conditions. CH, composition in produced biogas compared to 74% CH, for
anaerobic bottles free of ZVI.
. o - o
Alkaline . . An innovative addition mode for ash known as stepwise addition was Stepwise addition of aih improved methane content to 794%, compared o
. Incineration . . to control group (69.1%). Compared to pulse addition and control, the 79.4% )
Sludge materials developed to enhance methane production and improve CO, scavenge . - o o o [74]
- bottom ash cumulative CHy4 production was promoted by 39.2% and 35.4%, (69.1%)
addition from AD of sludge. E
respectively.
Alkaline A voltage of 0.8 V was applied across the anode and cathode for the With 19 g/L wollastonite addition, in situ mineral CO, sequestration
Sludge materials Wollastonite MECs in closed circuit. The wollastonite was filled in a dialysis bag and was achieved by formation of calcite precipitates. CHy content in the 95.9% 175]
hydrolysate ddition. MEC fixed around the anode with nylon thread. The operation time of each biogas was increased by 5.1% and reached 95.9%, with CHy production (90.8%) -
a on cycle was 4 days according to the decreased current on the 4th day. improved by 16.9%.
. . e . Ca?* addition on day 4, after which exponential methane production
2+ ”
Alkal%ne . Investlgfﬁted the effect of Ca™ addition timing on thermophilic AD of started, achieved the best AD performance, with cumulative CHy 63.7%
Sludge materials Calcium waste activated sludge (WAS). CaCl, solution was added to the digester duct . CH ial and . CH ducti 54 39% [76]
addition on day 0,2, 4, 6, and 8 at concentration of 3000 mg-L~!. production, maximum CHj potential, and maximum CF production (54:3%)
i rate increased by 20.8%, 20.8%, and 50.2%, respectively.
Al 1 dair Strengthening Carbon quantum Investigated the effect of aloe-peel-derived CQDs (AP-CQDs) on AcoD The addition of AP-CQDs accelerants increased the cumulative CHy 609%
o€ pee’, dairy materials arbo dqtl antu performance and further clarified the underlying mechanism of yield from 201.14 to 266.92-339.64 mL/g VS and increased total chemical ( 410/0) [77]
manure addition ot enhanced methanogenesis by AP-CQDs. oxygen demand removal efficiency from 34.72% to 48.77-57.87%. °
Strenethenin: The physicochemical properties of MOF-808 before and after AD at five MOF-808 was used to study anaerobic digestion of corn stalk, which
Corn stalk ma%erials < MOF-808 concentrations (0, 0.1, 0.5, 1, and 2 g/L) were studied, and basic increased biogas production and methane content by 11.06-39.82% and 57.2% 78]
addition elements, aggregation states, surface functional groups, and related 10.15-14.28%, respectively. The optimal effect of biogas production was (50.1%)

indicators of microorganisms were also analyzed.

reached by adding 0.5 g/L MOF-808.
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4.3.1. Addition of Biochar Materials

Biochar is a porous, carbon-rich material typically produced through pyrolysis or hy-
drothermal treatment of raw materials such as straw, livestock manure, and garden waste.
The properties of biochar, including its surface functional group and porous structure, vary
depending on the preparation methods and feedstocks used [79]. Biochar can increase
biogas production and CHy content during AD, and its mechanism of action involves mul-
tiple aspects. Biochar serves as a microbial carrier, providing a favorable environment for
the attachment and growth of anaerobic bacterial communities, and stabilizing microbial
community structure. Its porous structure and surface functional groups enable excellent
adsorption capabilities, allowing it to remove inhibitory intermediates such as ammonia
and VFAs, and help maintain neutral or slightly alkaline pH conditions through buffering.
Biochar is rich in nutrients such as nitrogen, phosphorus, and potassium, as well as trace
elements such as iron, calcium, and magnesium. It can provide important nutrients for
microbial metabolism, activate the activity of key enzymes, and accelerate the degradation
of organic matter and CHy production [80]. Furthermore, biochar’s catalytic properties
enhance the metabolism of hydrolytic and acidogenic bacteria, increasing the degradation
of organic matter and the generation of CHy precursors [81]. Its conductive groups facil-
itate DIET, further improving substrate conversion efficiency to CHy. Collectively, these
mechanisms make biochar an effective additive for enhancing CHy content in AD.

4.3.2. Addition of Alkaline Metal Materials

Alkaline metal materials can significantly enhance biogas production and CHy4 content
by fixing CO; in situ, enhancing microbial activity, and improving buffering capacity.
Existing methods for regulating biogas components require the addition of a new process
module after AD, which first separates and purifies CO; and CHy, then mixes them in a
fixed ratio to achieve the regulation of the component content in biogas. However, there is
growing recognition that simply capturing and storing CO, does not address the root issue.
Instead, reducing CO; emissions in situ at the source is the most effective approach [82].
The mineral carbonation of alkaline metals can permanently convert CO, into stable
carbonate minerals, which is an important technical approach for CO, sequestration. The
in situ adsorption of CO; by alkaline metals has been considered an effective technique for
increasing CHy content in biogas. Alkaline metal materials include natural metal minerals,
industrial by-products (such as alkaline metal solid waste and ash), and artificially prepared
metal salts. Alkaline metals are mainly composed of metal oxides and hydroxides, which
contain a large amount of calcium, magnesium, phosphorus, hydroxide ions, etc. They
react with the CO, and H;S in biogas to form precipitates, thereby increasing CH, content.
They can combine with the CO, and H;S in biogas to form precipitates, reducing the
CO, content in biogas. For example, adding 16.25 g/L of wollastonite during simulated
sludge AD effectively fixed CO, and significantly increased CH, content. Alkaline metals
contain various essential elements for microorganisms to maintain their life activities,
enhancing the activity of microorganisms and metabolism-related enzymes. In addition,
the addition of alkaline metals can regulate pH and buffering capacity, creating an optimal
environment for methanogenic bacteria. Qing Wang demonstrated that adding 2.0 g/L
of tourmaline increased cumulative CHy production from corn stover and cow manure
by 22.76%. Microbial diversity analysis revealed that low-dose tourmaline improved the
microbial distribution, making methanogens the dominant archaea in the fermentation
broth [83]. Compared to other additives, alkaline metals have the advantages of cost-
effectiveness, wide sources, and stable properties, making them suitable for large-scale
applications.
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4.3.3. Addition of Conductive Materials

Conductive material fortifiers primarily include carbon-based materials (such as con-
ductive carbon powder, graphite carbon, and carbon nanotubes), metal-based materials
(such as zero-valent iron, iron oxide, nickel powder), and composite materials (such as
metal carbon composite materials) [84]. These materials function as electronic media-
tors between hydrogen-producing bacteria and methane-producing bacteria, facilitating
DIET. DIET improves electron exchange efficiency, mitigates the inhibitory effects of hy-
drogen accumulation, accelerates substrate conversion, and enhances CHy production
and content. Conductive materials have high catalytic activity and can promote substrate
degradation during hydrolysis and acidification stages, accelerating the generation of
CHy, precursors such as acetic acid and hydrogen. They also reduce energy loss during
organic matter decomposition, optimize reaction kinetics, and improve CHy generation
efficiency. For instance, Tugui Yuan demonstrated that zero-valent iron significantly en-
hanced hydrogen and CHy4 production during AD of food waste, improved bioenergy
recovery efficiency, and stimulated the growth of syntrophic bacteria, Pseudomonas, and
methanogenic archaea [85]. Similarly, Xiaohu Dai found that magnetite enhanced DIET,
effectively resolving electron transfer limitations in high-solid sludge AD and increasing
CHy4 production [86]. The porous structure of metal-carbon composites provides an ideal
attachment site for methanogens and other anaerobic bacteria and increases microbial
density. The porous structure of metal-carbon composite materials provides a good attach-
ment site for methanogens and other anaerobic bacteria, stabilizes microbial communities,
and increases microbial density. These materials also regulate the microbial community
composition in AD systems, giving methanogens a competitive advantage. Additionally,
metal-based conductive materials, such as nano iron and nickel, release trace elements
during reactions, which serve as enzyme cofactors, further promoting microbial metabolism
and CHy production. In summary, conductive materials enhance CHy4 generation in AD
through improved electron transfer, optimized microbial community structures, and the
provision of essential nutrients [87].

4.3.4. Addition of New Materials

Carbon quantum dots (CQDs) and metal-organic frameworks (MOFs) have shown
exceptional potential as novel reinforcement materials in AD. These materials improve
CH,4 production efficiency and biogas yield by promoting microbial metabolic activity,
optimizing electron transfer pathways, and regulating the redox environment in anaerobic
systems. CQDs are nanomaterials with excellent electron transfer properties. Their unique
electrochemical characteristics and high conductivity facilitate microbial metabolism in
AD. CQDs enhance DIET between microorganisms, particularly between methanogens and
fermenting microbes [88]. The surface of CQDs can be enriched with electron donors such
as hydrogen and acetic acid. By increasing these substances’ local concentrations, CQDs
promote CHy-producing metabolic pathways. CQDs can regulate the microbial cell mem-
brane potential, further improving the activity and tolerance of microorganisms. Acting as
redox regulators, CQDs optimize the redox environment, adjust redox potential, and inhibit
competitive metabolic pathways of non-CHy-producing microbial communities. MOFs are
porous materials with high specific surface areas, adjustable structures, and strong catalytic
activity, making them particularly advantageous for the AD process. Their high surface
area and porosity enable effective adsorption of organic substrates, increasing substrate
concentrations locally and facilitating faster utilization by fermentation microorganisms,
thereby enhancing AD efficiency. MOFs also possess catalytic activity, serving as electron
donors or catalysts to accelerate reduction reactions in AD [89]. The conductivity of MOFs
allows them to function as electronic bridges in the DIET pathway, promoting electron
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transfer between fermentation microorganisms [90]. CQDs and MOFs exhibit synergistic
effects in AD, significantly enhancing substrate utilization and CHy4 production. CQDs
provide rapid electron transfer pathways, while MOFs offer ample adsorption sites and
catalytic activity. Overall, the application of nanomaterials represented by CQDs and MOFs
in AD provides a new approach to enhancing CHy production and content.

4.4. Adding Exogenous Gas or Biological Agent
4.4.1. External Gas Addition

In addition to adding fortifiers to the liquid phase of AD, introducing exogenous
gases such as Hy, CO,, and CO into the gas phase can effectively regulate the CH, produc-
tion pathway, enhancing both CHy4 yield and purity. Adding H, provides an additional
hydrogen source for hydrogenotrophic methanogens, as H; acts as an electron donor in
methanogenic metabolism. Methanogenic archaea reduce CO, to CHy through the hy-
drogenotrophic pathway, increasing CHy production [91]. This approach not only enhances
CHy, yield but also lowers CO; content in biogas, improving CHy purity. In sludge AD,
increasing reaction pressure via external hydrogen supply can improve the transfer rates
of Hy and CO,. For instance, at 300 kPa, the average CHy concentration in the digester
exhaust gas reaches 92.9% [92]. Introducing CO; supplies additional carbon sources for
methanogenic bacteria, promoting their growth. Moderate CO, supplementation can also
buffer system acidity, preventing the inhibition of microbial activity due to low pH. Com-
bining H, and CO, in controlled ratios further enhances CHy production and biogas yield.
Under carefully regulated conditions, small amounts of CO can serve as electron donors for
CHy-producing bacteria to boost CH, production. However, due to its potential toxicity to
microorganisms, CO application requires caution. Maintaining optimal gas concentrations,
temperature, and pH is crucial for preserving the activity of methanogens. To maximize
the benefits, intermittent or continuous aeration methods are employed with controlled gas
flow rates to minimize disturbance to the anaerobic microbial community. In summary, the
strategic introduction of exogenous gases can significantly enhance the CH, production
and purity of biogas systems, while improving the economic and sustainable performance
of AD.

4.4.2. Biological Agent Addition

Adding biological agents is an effective strategy to enhance AD performance, increas-
ing both CHy yield and content. Commonly used biological agents include microbial and
enzymatic preparations. Microbial agents optimize the microbial community structure dur-
ing AD by introducing specific strains or microbial communities [93]. Adding hydrolytic
and acid-producing bacteria can accelerate the decomposition process of complex organic
matter, rapidly converting it into CHy precursor substances, providing more substrates
for methanogenesis, and significantly reducing the digestion cycle [94]. Adding efficient
CHy-producing microbial agents, such as methanogens acidophilus and methanogens
hydrogenophilus, helps balance acid generation and CHy conversion rates and enhances
CH, yield and purity in biogas [95]. The synergistic interactions between microorganisms
are essential for gas production during AD. By introducing screened composite microbial
agents and optimizing the ratio and activity of different microorganisms, the stability and
CH,4 production efficiency of the system can be further improved [96]. Compound microbial
agents balance the activities of acidogenic and methanogenic bacteria, preventing excessive
acid accumulation during the early stages of digestion and mitigating inhibition of CHy4
production. Optimized microbial communities exhibit higher tolerance, substrate utiliza-
tion, and gas production efficiency. In addition to microbial agents, hydrolytic enzymes are
commonly used as anaerobic biological enhancers. Hydrolases directly act on substrates,
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which helps accelerate the hydrolysis process of substrates [97]. For instance, cellulase and
xylanase break down cellulose and hemicellulose in plant waste into fermentable small
molecules, improving substrate availability. Other enzymes facilitate volatile fatty acid
(VFA) production and conversion, further boosting CHy precursor formation and CHy
content. Enzymes also reduce the accumulation of inhibitory by-products, preventing ad-
verse effects on methanogens. Methyl coenzyme M reductase can reduce the accumulation
of inhibitory by-products and improve the overall CH4 conversion rate. Incorporating
biological agents improves the performance of AD systems by increasing CHy yield and
content, shortening digestion cycles, and enhancing the system’s resilience to disturbances.
The effectiveness of biologics is influenced by factors such as dosage, method of addition,
and environmental conditions. Maintaining optimal temperature and pH ensures the
activity of biological agents. Addition dosage should be tailored to substrate composition
and organic load, as excessive amounts may disrupt the microbial balance or deactivate
enzymes. Application methods include direct dosing and carrier immobilization, with the
latter extending formulation stability.

4.5. Introduction of External Electric and Magnetic Field Regulation
4.5.1. Introduction of External Electric Field Regulation

The application of electrochemical technology in AD primarily involves microbial
electrolysis cells (MEC) and electro-chemically anaerobic digestion (EAD) technology. MEC
is an emerging approach that uses an external electric field to lower the cathode poten-
tial, promoting electron transfer and thereby accelerating CHy production [98]. In MEC,
electroactive microorganisms act as biocatalysts, integrating electrochemical stimulation
with microbial metabolism. This enables the self-proliferation of microorganisms, stabilizes
the AD system over extended periods, enhances CHy production, and improves energy
recovery efficiency [99]. Zhe Yu demonstrated that MECs significantly improved biodegra-
dation compared to traditional AD, achieving a chemical oxygen demand (COD) removal of
40.33% [100]. EAD technology combines electrochemistry with AD systems, applying volt-
age or potential to electrodes to facilitate electron generation and transfer [101]. The anode
oxidizes organic matter into CO,, protons, and electrons under an applied voltage. These
electrons are transferred to the cathode through an external circuit, where electroactive
methanogens utilize them to reduce CO, to CHy4. EAD also enriches specific electroactive
microorganisms, which significantly proliferate under the action of an electric field, further
boosting CHy4 production [102]. External electric fields optimize redox conditions and
enhance electron transfer pathways between microorganisms, accelerating CHy production.
The electric field promotes DIET, supplying electrons as donors for CHy-producing bacteria,
which reduces CO; and increases CH, content. Moreover, electric field regulation maintains
the reducibility of anaerobic systems while inhibiting the activity of other bacteria. In prac-
tical applications, using pulsed electric fields can intermittently stimulate microorganisms
to reduce excessive stimulation. Additionally, selecting appropriate electrode materials and
voltages can further optimize CH, production.

4.5.2. Introduction of External Magnetic Field Regulation

Magnetic anaerobic digestion (AD) technology enhances microbial metabolic activity
and electron transfer efficiency through the application of a magnetic field, leading to
increased biogas production and CHy content. Magnetic fields optimize the synergistic
interactions among microorganisms and improve material transfer pathways within and
between cells, making AD processes more efficient [103]. This approach stimulates the
activity of enzymes involved in microbial metabolism, accelerates electron transfer, and
promotes microbial community synergy, thereby enhancing CHy production. External
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magnetic fields influence microbial cell membranes and metabolic processes through
magnetic induction, boosting metabolic activity and enzymatic reaction efficiency. They
also increase membrane permeability, facilitate substance exchange among microorganisms,
and strengthen metabolic coupling. Like electric fields, magnetic fields enhance the DIET
pathway, accelerating electron transfer and reducing CH, generation time. Magnetic fields
can be applied in either constant or alternating modes. Constant magnetic fields facilitate
steady-state reactions, while alternating magnetic fields provide periodic stimulation to
enhance short-term CHjy production. Reasonable control of magnetic field strength and
frequency is necessary to avoid excessive stimulation and inhibition of microbial activity.
With proper implementation, external magnetic fields significantly improve CHy yield and
content in AD systems.

The combined application of electric and magnetic enhancement technologies in AD
can significantly boost CH, production efficiency [104]. These two physical reinforcement
methods operate synergistically through distinct mechanisms [105]. Electric fields stabilize
the oxidation-reduction potential of the system, while magnetic fields enhance microbial
synergistic metabolism. Electromagnetic coupling strengthens the metabolic interactions be-
tween microbial communities, thereby improving metabolic efficiency and increasing CHy
production rates. Moreover, this technology accelerates the decomposition and transforma-
tion of inhibitors, such as ammonia nitrogen and VFAs, reducing their inhibitory effects
on the system. Overall, the integration of electric and magnetic enhancement technologies
optimizes microbial activity, electron transfer efficiency, and the system environment in AD.
This combined approach has significant value in enhancing CHy production, stabilizing
fermentation processes, and utilizing organic waste resources (Table 4).
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Table 4. Effect of exogenous regulation on methane content in biogas.
Feedstock Typel\:[)it}lilr;léance Strengthening Conditions Results of the Study Methane Concent References
Propionic and butyric Two microbial consortia (MC and SS) were acclimatized by restrictive The methane content of MC treatment and SS treatment was in the range
P id Yy Bioaugmentation culture. VFAs were used as substrates for the enrichment of MC, whereas of 47-68%, while the methane content of SS treatment, MC treatment, and 68% (20%) [106]
acids H, /CO, were used as the main substrate for the enrichment of SS. control reached about 20% at the end.
The dominant hydrolytic bacteria and hydrogenotrophic methanogens
Food waste Bioatgmentation The dominant thermophilic anaerobic microbial strain obtained from the were enriched in the early stage after bioaugmentation. The cumulative 82.7% (64.6%) [107]
& previous study was added to reactors in the TAD of FW. methane production and the average methane content after 7o PEDT
bioaugmentation increased by 23.67% and 22.69%, respectively.
Microbial and ;;;S;f;g;;I;esi‘:o?x;%a;};éﬁiigl?éucsogger?ngvgjz lgzgff;%gtecll:ilgﬁln This study compares microbial and bioelectrochemical methods of biogas
Wastewater bioelectrochemical bi . PPy 8 2: Y upgrade via CO; conversion to CHy. Both methods can increase the 81.1% (66.7%) [108]
iogas upgrade via CO, to CH4 conversion was demonstrated in the L o
approaches . . ; methane content in biogas to more than 80%.
cathode compartment of a membraneless microbial electrosynthesis cell.
The MEC-AD reactor had a total volume of 150 mL and a working volume The highest percentage of CHy (88.8%, with 11.2% CO,) in the output
_ of 120 mL and was equipped with an unmodified or modified graphite biogas was also obtained at an applied voltage of 1.0 V, exhibiting a 14.6% o, o,
Glucose MEC-AD plate (20 x 20 x 1 mm) as the cathode and a graphite rod (6 mm, length increase in methane percentage as compared to that without an external 88.8% (74.2%) (109
90 mm) as the anode. power supply.
The MEC system assembled with the Ni/Co-NC cathode was operated as . .- . .
Sodium acetat MEC-AD the experimental reactor (MEC-AD-Ni/Co-NC). The control reactors T ;lr hetiN rll/tCOCJ;IIC Sl"a}thcﬁet}vya: bennetﬁ;lta ilrf(;;bgeledrocatal}m: Sloé t 87.9% (41.3%) [110]
odium acetate (MEC-AD-C) were identical to the MEC-AD-Ni/Co-NC reactors, with the cduction to Hs. The methane co o < € brogas was upgraded to R
X 90%.
exception that they had carbon cathodes.
Enriched the hydrogenotrophic methanogens by optimization of various Hydroggr\otrophlc methanogens er})rlched dufmg mn situ l?logas
Cattle manure, External hydrogen . . - : . upgradation. Methane content of 90% was achieved at optimized o o
i parameters associated with gas recirculation along with hydrogen supply 2 s P 95% (46%) [111]
greengrocery waste addition conditions. Methane yield increased by two folds during in situ biogas
from an external source. ;
upgradation.
External hvdrogen The AnMBR was operated in semi-batch mode using waste activated When 11 equivalents of H, were introduced, the biogas was successfully
Sludge ad dit?on 8 sludge as the substrate. Pulsed H, addition into the reactor and biogas upgraded, and the CHy content increased to 92%. The CHy yield and CHy 92% (77%) [112]
recirculation effectively increased the CHy content in the biogas. production rate were 0.31 L/g-VSinput and 0.086 L/L/d, respectively.
Ext | hvd Mesophilic digestion of swine manure was carried out in a reactor with an Methane yield was increased by 29.6% after H, addition. Relative
Swine manure x er:s digorfogen H, addition rate of 7.2 mL/min (at a 4:1 H:CO; ratio) and an organic methane content increased from 62% to up to 70% after H, addition. H; 70% (62%) [113]
loading rate of 2.0 g of volatile solids/(L-d). was mainly indirectly converted into CHy4 via homoacetogenesis.
External hydrogen The methanation efficiency and operational stability of a 2 m® pilot-scale ~ Hydrogen conversion efficiencies of 96.7 and 97.5% and average methane
Sludge addition, biogas in situ biomethanation reactor were investigated using on-site sewage contents of 84.2 and 83.2% were obtained for the laboratory and pilot 84% (67%) [114]
recirculation sludge as the substrate, at a wastewater treatment plant. experiments, respectively.
More CO, was captured through biogas recirculation at slightly alkaline
A comparative analysis was conducted on the performance of a condition. Overall, 6-7% and 14-15% higher CH, content could be
Sludge Biogas recirculation semi-continuous AD system under no biogas recirculation, and biogas obtained under biogas recirculation at neutral (pH~7.5) and slightly 90.4% (76.2%) [115]

recirculation at neutral and slightly alkaline conditions.

alkaline condition (pH~8.0) compared to the control (no biogas
recirculation).
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4.6. Comparison of Different Methanogenic Enhancement Technologies

Methane enhancement technologies in AD vary widely in mechanism, cost, and ap-
plicability (Table 5). While each offers unique advantages, their selection depends on
specific operational goals, scale, and budget constraints. Co-digestion and raw material
pretreatment are cost-effective and straightforward, making them ideal for diverse waste
streams. Alkaline metal addition is particularly suited for scalable applications due to
its economic feasibility, ease of integration, and reliable methane content improvements.
Biochar and conductive materials enhance microbial stability and methane yield, though
costs may vary depending on sourcing. Advanced materials, such as CQDs and MOFs,
can significantly boost methane production but require higher investment and technical
expertise, limiting their large-scale adoption. Similarly, external gas addition and electric or
magnetic field regulation achieve high methane content but incur substantial operational
and infrastructure costs, reducing their viability for widespread use. Although promising,
many advanced technologies still require further research and development to address tech-
nical and economic challenges. This evaluation provides a comprehensive framework for
selecting methane enhancement technologies, supporting the advancement of sustainable
energy and resource recovery systems.
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Table 5. The comparison of different methanogenic enhancement technologies.

Enhancement Method

Enhancement Mechanism

Economic Feasibility

Advantages

Disadvantages

Co-digestion

Balance C/N ratio, provide diverse nutrients, and reduce
acidity inhibition and ammonia nitrogen inhibition.

Low-cost; utilizes widely available organic waste materials,
making it an economically viable solution for most setups.

Utilizes existing waste materials;
enhances process stability and
efficiency.

There are certain restrictions on the selection of raw
materials, and additional mixing equipment may
be required.

Raw Material Pretreatment

Physical, chemical, or biological methods improve
substrate bioavailability and release intermediates
conducive to CHy production.

Varies in cost; physical methods are more affordable, while
chemical pretreatment can be expensive. Combined
approaches increase costs but yield better results.

Broad applicability; significantly
improves substrate degradability.

Some pretreatment technologies may increase the
complexity of operation, produce secondary
pollution, or require special equipment.

Separates hydrolysis, acidification, and methanogenesis

Medium cost; requires higher initial investment for

Reduces process bottlenecks and

The increased complexity of the system may lead to

Multiphase AD stages to optimize microbial conditions. additional infrastructure but offers long-term benefits. improves gas quality. higher maintenance and operation costs.
. . . . s Medium cost; depends on the source and production Enhances microbial performance; The type and quality of biochar vary greatly, and
Biochar Addition Provides microbial carriers, buffers pH, adsorbs inhibitors, method of biochar. Biochar prepared by low-temperature cost-effective if biochar is locally the effect may be limited; continuous

and enhances direct interspecies electron transfer.

pyrolysis of waste has cost advantage.

produced.

replenishment is required.

Alkaline Metals Addition

Sequesters CO; via in situ carbonation, enhances microbial
activity, and buffers pH.

Low-cost; alkali metals have a wide range of sources and
low cost, and operational costs remain low.

Simple to apply; widely available
materials.

Excessive addition may change the internal
environment of the reactor and cause
microorganisms to be poisoned.

Conductive Materials

Promotes DIET, optimizes microbial interactions, and
provides trace elements.

High cost; cost depends on the material type, but
significant efficiency gains.

Improves electron transfer and
supports microbial communities.

Some conductive materials may be toxic or require
a complex synthesis process.

Adds H; to enhance the hydrogenotrophic methane

Medium to high cost; gas control system and additional

Achieves very high CHy purity;

Requires precise control systems and additional gas

External Gas Addition . - . . flexible integration into existing
production pathway. operating equipment are required. systems sources.
Adding microoreanisms or enzvme preparations fo Medium cost; enzymes and microbial agents require Rapid results: tailored to specific Excessive addition may lead to microbial
Biological Agents & Sants " enzyme prep periodic replenishment, which increases long-term P 4 . P imbalance. Requires ongoing addition and optimal
enhance microbial activity and resistance. substrate requirements. . o
expenses. environmental conditions.
Nanomaterials (CQDs, - . High cost; primarily suitable for pilot studies due to high Extremely effective at enhancing The material production and application
Enhances electron transfer, optimizes redox environment. . 1 . technology are complex, the cost is high, and the
MOFs) material expenses. CHy yield; cutting-edge technology.

promotion is limited.

Electric Field Regulation

Applies external voltage to promote DIET and optimize
redox potential for methanogenesis.

Medium to high cost; requires significant investment in
equipment and energy supply; operation cost depends on
voltage and current.

Highly effective in optimizing
electron pathways.

The cost of system construction and maintenance is
high, and the requirements for technology and
equipment are high.

Magnetic Field Regulation

Uses magnetic induction to enhance microbial metabolism
and electron transfer.

Medium cost; magnetic equipment is less costly than
electric fields, but operational precision may add to costs.

Environmentally friendly; supports
natural microbial processes.

The intensity and frequency of the magnetic field
need to be precisely controlled, and excessive
stimulation may inhibit microbial activity.

Combined Electric and
Magnetic Fields

Synergizes electric and magnetic field effects to stabilize
microbial metabolism and improve system redox
conditions.

High cost; both electric and magnetic field equipment are
required, and the technical cost is significantly increased.

Combines advantages of both electric
and magnetic fields for maximum
efficiency.

With high cost and complex technology, it is
suitable for special scenarios with high demand.
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5. Conclusions and Prospect

This review indicates that the production of CHy-rich biogas offers significant advan-
tages in optimizing energy utilization and serves as a critical pathway toward achieving
carbon neutrality in the renewable energy sector. Methane content increase involves opti-
mizing various stages of AD, including hydrolysis, acidification, acetic acid production,
and CH4 production. Factors such as raw material properties, fermentation conditions,
and process design profoundly influence the production and composition of CH; and
CO; in biogas. By optimizing process flows, compounding multiple raw materials, and
adjusting fermentation parameters, the CH, content in biogas can be effectively increased.
In addition, enhancing microbial metabolism by adding materials such as biochar and
conductive materials, as well as electromagnetic regulation such as electric and magnetic
fields, can significantly increase the CH, content in biogas. The comprehensive application
of these technologies reduces strengthening costs, improves energy utilization efficiency,
and enhances the economic value and market competitiveness of biogas.

Future research should focus on developing more efficient and cost-effective methods
for CHy-rich biogas production. Key innovation areas include optimizing raw material
quality, developing novel reinforcement materials, and advancing microbial regulation
strategies. Appropriate pretreatment technologies and co-digestion strategies can improve
substrate degradability and nutrient balance, thereby enhancing biogas production and CHy
content. Concurrently, developing advanced reinforcement materials, such as conductive
biochar and zero-valent iron nanoparticles, presents opportunities to facilitate microbial
interactions and electron transfer within the AD system. Microbial community design
can enhance functionality by increasing the abundance of microbes capable of DIET. Gene
editing can create efficient methanogens capable of digesting specific substrates, boosting
biogas production and CHy content. Future developments are likely to emphasize the
integration of emerging technologies. For instance, direct interspecific electron transfer
and microbial metabolism optimization can be achieved simultaneously by combining
biological regulation with electrochemical enhancement. Integrating real-time monitoring
technologies and artificial intelligence (AI) will enable precise control of AD processes.
Dynamic process control systems can regulate biogas output and adapt to operational
fluctuations, ensuring optimal CH, content. Furthermore, cooperation among academia,
industry, and government can promote the consistency of policy frameworks and market
incentives with technological progress, which is essential to promote the development and
application of CHy4-rich biogas production technology.
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