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Abstract

The global production of biomethane is rapidly emerging as a sustainable alternative to fossil
fuels for energy generation. Biogas, where methane (CHas) is usually one of the main
components, is generated through the anaerobic digestion (AD) of various organic substrates,
including animal manure, organic wastes, and wastewater. The efficiency of the AD process
depends on key operational parameters and reactor designs that optimize microbial activity
and gas yield. However, inhibitory compounds such as heavy metals, ammonia, and volatile
fatty acids (VFAs) can significantly impact microbial metabolism and biogas production. To
enhance substrate availability for microbial degradation, different pretreatment methods are
often employed, as well as current advances in the AD focused on DIET enhancement and co-
digestion technologies. This chapter provides a comprehensive overview of common
substrates for AD, the impact of operational parameters, and strategiesto mitigate the effects
of inhibitory compounds. It also examines the latest advancements in reactor designs for
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effective monitoring and control of the digestion process. Additionally, the chapter explores
biogas production for electrical energy generation, along with the purification technologies
required to upgrade biogas to biomethane. Finally, it discusses the applications and value-
added products derived from biomethane and its integration into circular economy
frameworks. It involves the advantages and gaps hindering the full implementation of AD-
derived energy worldwide.
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1. Introduction

In recent years, the global energy landscape has been subject to various changes due to the
increasein energy demand, the depletion of fossil resources, and the crises generated by economic,
political and social problems such as those faced by the COVID-19 pandemic and the war in Ukraine,
since Russia, as the leading exporter of natural gas, has generated strong instability in global energy
markets. In addition, with the impact of climate change, the need to switch to mostly sustainable
energies has driven increased attention toward bioenergy derived from biomass [1, 2].

The energy sector is a major contributor to greenhouse gas(GHG) emissions, since it traditionally
relies on fossil fuels. Currently, integrating biorefineries for energy generation has emerged as a key
strategy to promote the efficient use of biological resources. In this context, AD technology plays a
pivotal role, as it facilitates the production of biogas from a diverse array of feedstocks involving
relatively low land use if based on residues, including crop residues, animal manure, the organic
fraction of municipal solid waste, and sewage sludge [3, 4]. This approach can contribute to reducing
greenhouse gas emissions by leveraging the potential of AD products, which would otherwise be
released under natural waste decomposition into the atmosphere. However, the impact may be
amplified under conditions requiring intensive transportation or inadequate management of the
process [5].

The AD process involves the breakdown of organic matter through a complex series of
biochemical steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis, each mediated by
specialized microbial communities, including hydrolytic, acidogenic, acetogenic bacteria, and
methanogenic archaea [6]. Maintaining a balance among these steps is crucial for the stable
operation of AD systems [7]. The selection of reactor design and configuration is critical and must
be based on the physicochemical properties of the substrates, desired operational parameters, and
scalability of the process. Temperature, pH, organic loading rate (OLR), influent characteristics, and
hydraulic retention time (HRT) influence biogas yields and process stability. Optimizing these
parameters can enhance CHs production while reducing operational costs, thereby increasing the
economic efficiency of AD systems in both industrial and field-scale applications.

Although CHa is the desired product, the presence of other compounds poses challenges for its
application due to their potentially harmful and toxic effects. In addition, the diversity of
microorganisms involved in the AD process makes its optimization difficult, and the variety and
complexity of the substrates found in the waste may limit monodigestion, adding to the high costs
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of upgrading and purification [8]. To address these challenges, various purification and upgrading
technologies have been developed. For effective use of biogas, it must reach a CHs concentration of
at least 90%,; to qualify as biomethane, a concentration of 95% or higher is required [9, 10]. These
upgrading technologies, which include water scrubbing, chemical and physical adsorption, biological
processes, and cryogenic and membrane separation, can be categorized into in-situ and ex-situ
techniques [11]. On the other hand, limited investment in some developing countries makes it
challenging to adopt these systems and implement them on a large scale. Regulatory policies and
the availability of raw materials are other key constraints hindering the development of this
technology [12].

Biomethane holds significant promise due to its similarityto natural gas, enabling direct injection
into gas grids for domestic use and electricity generation [13]. Furthermore, biomethane's potential
applications extend to various types of vehicles, further underscoring its versatility and sustainability
[14, 15], demonstrating a capacity to alignwith the distinct characteristics and objectives of multiple
regions. In Europe, for instance, there has been an acceleration in the development of biomethane
as part of initiatives such as the REPowerEU Plan. The primary objectives of this plan include
reducing dependence on fossil fuels and ensuring energy security. The REPowerEU Plan aims to
achieve growth in biomethane production, with the ultimate goal of completely replacing
conventional natural gas and becoming independent of Russian supply by 2030 [16].

In the United States, the biogas bioconversion process is gaining traction as a viable alternative
for the transportation and power generation sectors. This development is being driven by fiscal
incentives and policies that support the circular economy [17]. Similarly, biomethane has excellent
potential in Australia, as it can serve as a renewable energy source to replace natural gas, thereby
encouraging sustainable waste management and promoting economic development in rural areas.
The country's significant biomass resources have attracted substantial investment in the
biomethane sector, contributing to energy security and environmental sustainability [11]. In
countries like Mexico and Brazil, biomethane has enormous potential to reduce emissions and add
value to organic waste, especially in the agricultural sector. Despite progress, the development of
this sector still faces obstacles due to the lack of incentives, inadequate infrastructure, and the
scarcity of regulatory frameworks. It is necessary to implement clear policies and increase subsidies
to promote its use [18].

In today's global context, characterized by accelerated climate change and the looming scarcity
of fossil fuels, investment in sustainable technologies for producing energy, fuels, industrial
chemicals, and consumer products is increasingly crucial. The AD process in biorefineries represents
a significant technological advancement, enabling the production of value-added products from
organic waste in an economically viable and environmentally sustainable manner. By fully utilizing
waste and valorizing the new waste generated during biomethane production and upgrading, this
approach aligns with the circular economy model, which seeks to minimize environmental impact
and promote the sustainable use of natural resources. Achieving the optimal development of a
circular economy for biomethane and its derivatives will require the cooperation of all stakeholders,
governments, institutions, producers, and consumers, to foster a paradigm shift towards the
complete substitution of non-renewable energy sources and a more sustainable industry.
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1.1 Anaerobic Digestion Process

As mentioned before, AD is a process where a series of bioreactions mediated by specific groups
of microorganisms oxidize organic matter and convert it into biogas within a closed reactor. The
steps in AD are sequentially linked, where the output of one pathway serves as the initial product
for another (Figure 1) [4]. The process begins with the hydrolysis, in which the organic matter,
primarily polysaccharides, lipids, and proteins present in the majority of AD feedstocks, is broken
into soluble, low molecular weight compounds (fatty acids, monomeric sugars, amino acids) through
the secretion of hydrolytic enzymes [19]. In the second step, acidogenic microorganisms convert
the products of hydrolysis into alcohol and short-chain volatile fatty acids (VFAs) (propionate,
acetate, and butyrate), Hz, and CO; from the hydrolysis products [20]. Since acetate and H» are
substrates for methanogens, these products can be metabolized directly by the methanogenic
archaea to produce CHs finally. However, the products from acidogenesis, such as propionate and
butyrate, are taken by acetogens to generate acetate and enter either the acetoclastic or
hydrogenotrophic methanogenic pathways [6]. The performance of the reactor is highly influenced
by the microbial communities [21], therefore the operational parameters must address the optimal
performance of the different bacterial groups involved in the process to enhance optimal biogas
production, including feedstock characteristics, OLR, temperature, HRT, C:N ratio, solid retention
time, inoculum, and reactor design [4].
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Figure 1 Anerobic digestion steps, products and bacterial groups responsible for each
step. 1) Hydrolytic bacteria break down complex polysaccharides into soluble, low-
weight monomers. 2) Acidogenic bacteria generate acetate, VFAs, H>» and CO2. 3)
Acetogenic bacteria generate acetate, H2 and CO2. 4) Methanogenic archaea take up
acetate and/or H2 and CO2, and generate CHa.

Microbial abundance throughout AD is typically dominated by Bacteria accounting for 93%,
followed by a relatively small population of methanogenic Archaea 5.6% and eukaryotic organisms

Page 4/45



JEPT 2025; 7(2), doi:10.21926/jept.2502010

1.1%, based on metagenomic sequencing. Main bacterial groups reported belong to Proteobacteria,
Firmicutes, and Bacteroidetes phyla, with variations among Chloroflexi and Actinobacteria [22].
However, microbial communities remain uncertain, especially in large-scale fermentations, since
most factors influencing microbial behavior remain unknown [23].

The hydrolysis stage is considered the rate-limiting step, dependent on substrate pH, particle size,
production of enzymes, diffusion, and adsorption onto the substrate particles during the process.
Hydrolytic microorganisms secrete a wide range of enzymes to degrade the polymers present [23],
with both obligate and facultative anaerobes of the genera Lactobacillus, Bacteroides,
Propionibacterium, Megasphaera, Sphingomonas, Sporobacterium, and Bifidobacterium [24].

During the acidogenic phase, Bacteroidetes, Chloroflexi, Cloacimonetes, Firmicutes, and
Proteobacteria are the most common phyla. Particularly, Firmicutes species are relevant playersin
acetogenesis by utilizing simple and complex carbohydrates. Moreover, acetogenic bacteria include
propionate decomposers such as Syntrophobacter wolinii, butyrate decomposers such as
Syntrophomonas wolfei, and acid formers such as Clostridium spp., Lactobacillus, Peptococcus
anerobius, and Actinomyces [24].

In the methanogenesis step, acetoclastic archaea such as Methanosaeta, Methanosarcina, and
Methanothrix are present, emphasizing the presence of Methanosarcina and Methanothrix as an
indicator of the overall stability of the process. Additionally, Methanosarcina displays syntrophic
relationships with acetate-oxidizing bacteria [22, 25].

1.2 Operational Parameters

The principal parameters controlled throughout AD depend on the number of stages, as various
levels of complexity exist within the process. First, temperature is a critical factor, as it influences
microbial growth rates, substrate utilization, physicochemical properties of the compounds, and
overall stability of the process, affecting biogas production [4]. Digesters can be categorized by their
operational temperatures and microbial communities as psychrophilic (10-20°C), mesophilic (35-
39°C), and thermophilic (50-55°C). Psychrophilic conditions in AD exhibit low efficiency and are
rarely applied [26], whereas mesophilic and thermophilic conditions are the most common
operational modes applied at the industrial level, with acknowledged higher organic hydrolysis and
conversion rates under thermophilic conditions [27-29].

The correct functioning of AD requires maintaining a balanced C:N ratio, which represents the
guantitative correlation between carbon and nitrogen in the feedstock [4]. The optimal range for
this ratio is typically between 20:1 to 30:1 [7]. While a single substrate may often have a lower C:N
ratio, implementing additional substrates with complementary properties can help to balance this
ratio [30]. In the AD process, carbon is an energy source, whilst nitrogen, primarily derived from
proteins, is related to microbial growth. A low C:N ratio produces ammonia accumulation in the
digester, leading to a pH increase. Conversely, a high C:N ratio can cause acidification, leading to a
reduction of methanogenesis, destabilizing the process [4, 31].

A controlled pH range influences microbial growth in AD, especially for methanogens, which are
highly sensitive to pH fluctuation. The pH is usually maintained between 6.5 and 7.2, depending on
the substrate [4]. A low pH is often caused by the accumulation of VFA’s, which are reported to
inhibit methanogens. However, methanogens counteract through the production of CO2, NH3, and
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HCOs3 [19]. Meanwhile, a high pH leads to the formation of free NHs, which is toxic. Therefore, the
stability of the process relies on the buffering capacity of the system [4].

The HRT corresponds to the average time, usually measured in days, that feedstock remains in
the digester before being discharged. For the different operational temperatures, the average HRT
has been reported as 10-14 days for mesophilic conditions, 10 days for thermophilic conditions, and
up to twice that of thermophilic for psychrophilic conditions due to variations in VFAs accumulation.
However longer HTR may be required, depending on the complexity of the substrate. The
characteristics of the feedstock, such as particle size, total solids (TS), and volatile solids (VS) content,
arecritical to the AD process. The VS measures the biodegradable material in the feedstock that can
be transformed into CHs, while TS represents the total dry matter, both organic and inorganic [4,
32]. According to the German standard (VD1 4630), the substrate fed into the digester must be
approximately 10 g VS/L, maintained at a range of 12-12 VS/L, with a TS of no more than 10% [33].
Moreover, control over the OLR sustains the equilibrium between the AD steps. It indicates the
balance between the microbial community and the substrate, especially between acidification and
methanogenesis [34]. Generally, thermophilic conditions allow a higher ORL than mesophilic
conditions [35]. The main operational parameters considered when designing the system are the
OLR and HRT, as well as the size and type of digester [4].

1.3 Inhibitory Compounds

A variety of compounds have been proven as inhibitors for the AD process, such as heavy metals
(HMs), salts, aromatic compounds (AC), ammonia (NH3) and VFAs, by shifting bacterial growth or
reducing their activity, leading to reduced CHgs yields [4]. Among the microbial community groups
present in AD, methanogens are the most susceptible to inhibition. The inhibitors encountered
throughout the process are introduced by the feedstock, as for HMs, salts and AC; or are generated
via metabolic activities, including NH3, and VFAs [32, 35].

1.3.1 Heavy Metals and Salts

Heavy metals, such as Cd, Cu, Cr, Ni, and Zn, are commonly present in agricultural and industrial
wastewater, and tend to accumulate. While trace amounts of these metals are essential for
enzymatic activity and as cofactors in AD, their effects can range from stimulatory to inhibitory
depending on concentration (Table 1). Inhibition occurs when excessive HMs interfere with the
spatial structure of key enzymes, such as hydrolytic and proteolytic enzymes, which are crucial for
the AD process. The toxicity of HMs generally follows the order: Cu > Ni > Pb > Cr> Zn > Fe, with
copper being the most toxic and iron the least. High concentrations of HMs can harm various
microbial communities, but controlled additions of certain metals have enhanced CHs yields [36-38].
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Table 1 Heavy metals present in AD, and their stimulatory and inhibitory concentration.

Heavy metal Stimulatory concentration Inhibitory concentration Reference

Zn%** 2 mg/L 50 and 100 mg/L [37]
Pb - 0.85 mg/L [37]
Ni2+ 0.8 mg/L >1 mg/L [38, 39]
Fe2* 205 mg/L 20,000 mg/L [37]
Cu?* 0-100 mg/L >100 mg/L [38]
Cd?+ 0.1 mg/L >1.2 mg/L [39]

Salt concentrations also have aninhibitory effect on AD, with methanogenic archaea being more
vulnerable to salt stress than bacteria [40]. In a study conducted by [41], salt was gradually added
to observe the responses of microbial groups and how it affected CHs production in AD, finding that
NaCl at a concentration of 28.2 g/L was the limit before inhibition. In comparison, the optimal NaCl
concentration reported was 2-4 g/L. High salt concentrations cause osmotic stress on microbial cell
walls, resulting in desiccation or cell death; nonetheless, salt-tolerant microorganisms can be added
to the system [41]. The presence of salts in AD substrates is mainly derived from table salt in food
waste [40], where NaCl concentrations of 0.5~2 g/L were found to increase CHs yield from food
waste, while 5 and 10 g/L NaCl reduced CHas yield by 36% and 41%, respectively [42].

1.3.2 Ammonia and VFAs

The AD systems commonly face the risk of NH3 toxicity, especially when feed substrates are rich
in nitrogen, and with a C:N ratio lower than 15, as in livestock manure, food waste, sludge, and
microalgae. Ammoniacal nitrogen is produced by reducing organic nitrogen in the form of proteins
and amino acids in AD. Although ammoniacal nitrogen is required for microbial growth, and the
system buffering capacity, with concentrations between 50 and 200 mg/L are reported to have a
beneficial effect on the AD process, concentrations of total ammonia nitrogen (TAN) above 1000-
1500 mg TAN/L have been reported as a cause of AD failure. However, there is still no established
inhibitory concentration for FAN, as diverse factors influence the microbial community resilience.
Bacterial groups are reported to possess higher resistance to NHs toxicity than methanogenic
archaea. The decline of methanogenic activity in AD performance often occurs at high TAN
concentrations, which leads to the accumulation of VFAs, and further inhibition of methanogens,
causing a decrease in pH and failure of the anaerobic process [43, 44]. Moreover, CHs production in
AD systems feed with high-ammonia wastes is more prone to inhibition at thermophilic conditions,
rather than mesophilic. Also, the increase in pH from 7 to 8 leads to an eightfold concentration of
ammonia in mesophilic conditions, and more in thermophilic conditions [45]. Other inhibitory
compounds besides ammonia that lead to pH decrease, are the VFAs, the most predominant
intermediates during AD, and their accumulation indicates an imbalance between the sequential
steps. At high ORL, the concentrations of VFAs tend to accumulate [46].

1.3.3 Other Toxic Compounds

Aromatic compounds (AC) are an underexplored group of inhibitors in AD, despite their
ubiquitous nature. Their benzene ring structure makes their degradation under anaerobic
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conditions thermodynamically challenging [47]. The primary sources of AC are lignin, present in
lignocellulosic material, and aromatic amino acids in animal or plant proteins. The effect of various
AC, such as phenyl acid, stems from toxicity and being stimulating for methanogens. For example,
in reactors functioning under mesophilic and thermophilic conditions, aromatic substrates lead to
phenyl propionic acid and phenyl butyric formation, which later hurt acetate degradation and
methanogenesis [48]. Phenolic compounds alter the microbial cell wall permeability, and
concentrations of >0.5 g/L cause AD failure; however, their presence in the feedstocks varies
depending on the substrate utilized [49].

2. Common Substrates and Enhancing Methods

AD has been a leading method for processing sewage sludge and animal manure. Different types
of biomass can serve as raw materials for biogas production. The composition of biogas and the
amount of biomethane produced are directly affected by the type of feedstock used and the
operational conditions of the digestion [50]. Due to their slow anaerobic decomposition, the high
lignin content in organic substrates limits their use as feedstock for biomethane production.
Traditional bioprocessing methods typically involve grinding lignocellulosic material before feeding
it into an anaerobic digester, where polysaccharides and other complex compounds are converted
into biogas [51]. Lignocellulosic agricultural biomass primarily consists of cellulose (35-50%),
hemicellulose (15-25%), and lignin (10-15%), with the remaining components being oils, proteins,
and ash. These lignocellulosic residues from agricultural sources can be used as feedstocks for
producing advanced biofuels such as bioethanol, biohydrogen, biodiesel, and biomethane through
both thermochemical and biochemical conversion processes [52].

Lignocellulosic materials are an underutilized source of fermentable sugars with significant
potential for industrial applications. However, their decomposition is affected by several physical,
structural, and compositional factors. To overcome these challenges and increase cellulose
accessibility to microbial activity, pretreatment is necessary. A range of chemical, physical,
physicochemical, and biological pretreatments are employed to break down these barriers to
hydrolysis, resulting in several alterations to the lignocellulosic substrate, and an impact on the final
CHa yield [53], as shown in Table 2.
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Table 2 Principal lignocellulosic biomass in Biomethane production.

Lignocellulosic Operational Biomethane  Geographical Distribution
) o Scale Pretratement Inoculum . o Reference
biomass conditions production & Availability
North America, Europe
. . . (particularly Germany,
1 Llab-scale Microbial consortium 393.365 . .
o 21 days at pH o ) Austria), parts of Asia;
Maize silage glass with high cellulolytic ~ Cattle Slurry dm?3/kgof dry . ) [54]
7.2, and 37°C ) . . widely available as an
bioreactor activity weight )
energy crop with
established supply chains
North America, China,
Ammonia in water at Brazil; abundant
65 days at pH . . . .
Corn stover 2t 1 LAD bottle  afraction of 25% Sludge Inoculant 427.10 mL/g  agricultural residue with  [55]
' (v/v) seasonal availability
following corn harvest
Northern Europe, North
. 2 Lglass Lo America, Australia;
35°C for 150 Biodigestate from )
Oat straw bottles = 0.320 m? available as an [56]
days . coOw manure .
digesters agricultural by-product
with seasonal variations
South and Southeast Asia
) (India, China, Thailand);
45 days at 37°C, 2 Lglass NaOH-microwave o 265-297 L/kg
Paddy Straw e Biodigested slurry abundant but seasonal, [57]
and pH7 biodisgesters  treatment of dry matter ] )
with challenges in
collection logistics
2 Lglass Europe (particularl
] Inoculum to 8 ) 350-400 m3/t pe (p Y ]
Sugar beet silage vessels, = Digestate Germany, France), Russia, [58]
substrate (1/S) of dry matter . .
substrate United States; available
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Barley waste

Raw straw
(wheat,
sorghum, and
maize)

Wheat straw

Sugarcane waste

Forest residues

ratio of 0.5, at
35°C for 30 days

S/1of VS 2:1, at
37°C for 90 days

Continuously
shaken at 50
r/min, 35°C and
pH7

35°C, and pH7

35 days at 38°C

20 days at 55°C

Serum bottles

1 L bottle

1 Ldigester

Continuous
stirred tank
reactor

118 mlserum
glass bottles

Samples were dried

at40°C for48 hiin an
oven with forced air
circulation and then

milled

Crushed to a mean
particle size of 12 mm
by an electrical
grinder

Organosolv-
pretreatment using
ethanol, methanol, or

Cattle slurry

Anaerobic granular
sludge with good
biodegradability and
methanogenesis
ability

Anaerobic granular
sludge

Biodigestate of AD

Inoculum from the
municipal solid waste
digester

0.219-0.315
m3 CH,/kg of
VS

0.16 m?
CH,/kg of VS

0.16 m3
CH,/kg of VS

5-181 m3/t
Fresh matter

0.23-0.34 m?
CH./kg of VS

seasonally with
established processing
infrastructure

Europe, North America,
Australia; brewing
industry by-product with
consistent year-round
availability in brewery
regions

Global distribution;
wheat straw is common
in Europe and North
America, sorghum in
Africa and Asia, maize
straw worldwide
Europe, North America,
Australia, parts of Asia;
abundant agricultural
residue with seasonal
availability

Brazil, India, Thailand,
Australia; highly available
in sugar-producing
regions with established
collection systems
Scandinavia, North
America, Russia; available
year-round, with logistics

[59]

(60]

(60]

[61]

[62]
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acetic acid with challenges in remote
sulfuric acid, or acetic areas
acid as a catalyst
Cotton stalk . United States, China,
The paste cake and Anaerobic culture ] ]
cotton seed hull . 250 mlserum 86 m3/t of India, Pakistan; seasonal
. 37°C for 23 days cotton stalks were from the sludge A . [63]
and cotton oil bottles ) waste availability following the
pounded and ground digester
cake cotton harvest

Mediterranean countries,
Brazil, United States

S/1VS ratio 1:2 (Florida); seasonal

, 118 mlserum , 0.137 m? o i
Citrus waste at 37°C, for 82 = Anaerobic sludge availability, with [64]
glass bottles CH./kg of VS .
days processing concentrated
near juice production
facilities
Europe, North America,
parts of Asia; wild-
. 2Llglass . ) .
35°C, S/1'VS ratio Inoculum from cow 0.210 m? growing with potential
Nettle bottles = o [56]
of 1for 130 days manure CH./kg of VS for cultivation, currently
digesters

limited commercial
availability
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Physical pretreatment methods are primarily employed to reduce the particle size of
lignocellulosic biomass. Standard techniques include milling, grinding, and applying heat (through
pyrolysis and other thermal pretreatments). Additionally, microwave irradiation and ultraviolet
exposure disrupt the lignocellulosic structure, making cellulose and hemicellulose more accessible
for further processing in AD [65]. Nonetheless, these methods encompass disadvantages, such asa
significant economic barrier due to the generation of operational and maintenance costs, as well as
the introduction of inhibitory compounds to the process [66]. Other emerging strategiesto enhance
biogas production involve co-digestion with different substrates and inoculation efficiency to
increase AD performance [67], and the addition of direct interspecies electron transfer (DIET)
promoting additives, such as activated carbon, biochar, and phenazine, which facilitate DIET,
improving biogas yield [68].

2.1 Mechanical Pretreatment

Mechanical processing of lignocellulose is essential for improving conversion efficiency, particle
compaction, and enzyme accessibility. By reducing the particle size of lignocellulosic material, the
method enhances biomass conversion into biofuels without producing toxic subproducts [69]. This
pretreatment increases surface area, improves bulk density and porosity, and optimizes the flow
properties of the biomass. Techniques such as chipping, grinding, and milling are commonly used,
with the degree of cellulose crystallinity reduction, polymerization, and surface area expansion
depending on the milling method and biomass characteristics. Typically, raw material sizes range
from 10-30 mm, while pulverizing can achieve sizes as small as 0.2-2 mm, depending on the nature
of the biomass [70].

2.2 Pyrolysis Pretreatment

Pyrolysis is a thermal pretreatment process that involves heating lignocellulosic biomass to high
temperatures. When the biomass is exposed to temperatures above 300°C, cellulose rapidly
decomposes into char and gaseous products. As the temperature increases further, typically
between 150-180°C, hemicellulose begins to solubilize, followed by the breakdown of lignin. In the
context of AD, pyrolysis can enhance the digestibility of lignocellulosic material by altering its
structure, making the remaining components more accessible for microbial conversion into biogas
[56]. During the thermal process, a portion of the hemicellulose undergoes hydrolysis, leading to
the formation of acids that are further broken down. The solubilization of lignin produces phenolic
compounds, which can inhibit the activity of yeast, bacteria, and principally methanogens [71].

2.3 Irradiation Pretreatment

Irradiation initiates a chain-splitting process through the depolymerization of polymeric
materials. Techniques such as electron beam, gamma ray, and microwave irradiation enhance the
enzymatic degradation of lignocellulose. This treatment leads to the breakdown of polymer chains,
the removal of lignin, and the disruption of the crystalline structure of cellulose. Using high-intensity
electron beams on lignocellulosic substrates efficiently reduces the molecular weight and
crystallinity of microcrystalline cellulose while increasing its surface area and accessibility [72].
Microwave irradiation offers an alternative to conventional heating methods. The intense and
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focused heat generated by microwaves changes the orientation of polar molecule dipoles. This isa
pretreatment method for materials like sludge, dairy manure, and kitchen waste. Itis both efficient
and easy to implement. When applied to biomass, microwave treatment modifies the cellulose
structure, breaks down hemicellulose and lignin, and enhances enzymatic activity [73]. The
irradiation process is a closed-system procedure that utilizes a gamma chamber, which limits the
amount of substrate that can be processed at one time. Gamma rays transfer their energy to the
atoms within the substrate, resulting in the formation of reactive radicals.

In addition to physical methods, chemical pretreatments, including solvents or enzymes,
enhance biomass breakdown. These chemical methods are particularly effective at reducing the
crystallinity of cellulose, which aids in the decomposition of biomass. However, these approaches
are costly and may produce a mixture of compounds in a single product stream, making them less
economical.

2.4 Acid Pretreatment

Acid hydrolysis can be carried out using dilute or concentrated acids, each affecting the
lignocellulosic biomass differently [74]. This process primarily targets the hydrolysis of hemicellulose,
especially xylans, breaking them down into simpler oligomers. Under acidic conditions, these
oligomersare further hydrolyzed to produce monomers, along with byproducts such as furfural, and
other volatile compounds.

During acid hydrolysis, solubilized lignin tends to precipitate quickly in acidic environments.
When using strong acids for pretreatment, there is extensive solubilization of hemicellulose and
more significant condensation of the solubilized lignin compared to dilute acid treatments [71]. This
results in a more pronounced breakdown of hemicellulose and can lead to the formation of
additional inhibitory compounds that may affect subsequent AD processes. The generation of
volatile products during the solubilization of hemicellulose and the precipitation of solubilized lignin
components are undesirable outcomes of strong acid pretreatment. These effects can reduce the
overall digestibility of the biomass. Dilute acid pretreatment is considered a favorable technique
because it minimizes secondary reactions and produces fewer degradation byproducts compared
to stronger acid treatments. This helps to maintain higher biomass digestibility and reduces the
formation of inhibitory compounds [75].

2.5 Alkaline Pretreatment

Alkaline pretreatment facilitates biomass solvation and saponification, leading to swelling that
enhances its accessibility to enzymes and microbes. Strong alkali treatments can break down end
groups, resulting in the formation of lower molecular weight compounds and the hydrolysis of
dissolved polysaccharides, leading to a loss of these valuable components. Additionally, alkali
extraction solubilizes lignin, causes its redistribution and condensation, and modifies cellulose
crystallinity, which can reduce cellulose swelling and impede lignin removal [74, 76].

A crucial aspect of alkaline pretreatment is its ability to form a denser and more
thermodynamically stable cellulose structure than native cellulose. For instance, xylan can be
selectively removed using aqueous potassium hydroxide at low temperatures to prevent the peeling
reaction [75]. Alkaline pretreatment is widely employed to enhance the enzymatic hydrolysis of
lignocellulosic substrates, making it a key step in biomass processing.
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Commonly used alkaline reagents include sodium, calcium, ammonium, and potassium
hydroxides. Among these, sodium hydroxide (NaOH) is particularly valued for its exceptional
delignification capability. Itis crucial for achieving high substrate degradability, faster reaction rates,
higher ethanol yields, and the absence of inhibitory effects. This makes NaOH a preferred choice in
alkaline pretreatment processes to optimize biomass conversion efficiency [75].

2.6 Biological Pretreatments

Biological pretreatment involves using microorganisms, such as brown rot fungi, white-rot fungi,
and soft rot fungi, to decompose lignocellulosic biomass [77]. White-rot fungi are particularly
effective, as they break down both cellulose and lignin simultaneously. Some species, like
Ceriporiopsis subvermispora, selectively degrade lignin in softwood and hardwood, making them
valuable for targeted lignin removal. These fungi also show significant potential for bioremediation,
capable of degrading persistent pollutants, including chlorinated and heterocyclic aromatic
compounds, various dyes, and synthetic polymers [78]. Biological pretreatment is cost-effective,
requires low energy input, and operates under mild physicochemical conditions. It also produces
valuable by-products and generates fewer inhibitory substances, enhancing its suitability for
sustainable biomass processing [79]. There are several techniques within biological pretreatment,
as microaerobic pretreatments that uses controlled oxygen levels to stimulate microbial activity;
ensiling, which involves storing biomass in anaerobic conditions to promote natural fermentation;
composting as a controlled aerobic process where organic waste is decomposed by microorganisms;
digestion phase separation for different stages of AD to optimize microbial activity; microbial
consortia that utilizes mixed cultures of bacteria and fungi to achieve a more comprehensive
breakdown of biomass; aerobic pretreatment with bacterial and fungal which employs specific
microbial cultures under aerobic conditions to enhance lignin degradation and improve overall
biomass digestibility [80]. These methods highlight the versatility and effectiveness of
pretreatments in processing lignocellulosic biomass for AD.

Wastewater treatment plants are designed to process the municipal and industrial wastewater
to minimize the environmental risks of releasing treated water into natural bodies. Using
wastewater in AD can reduce the cost of wastewater treatment by generating renewable energy
and minimizing waste disposal costs. Industries can also benefit financially by turning a waste
stream into a resource [81]. Wastewaters are a valuable source of organic matter, which can be
converted into biogas with a significant proportion of biomethane through AD. This not only
recovers energy but also reduces the reliance on fossil fuels. AD provides an effective solution for
treating wastewater, particularly those with a significant quantity of organic loads, by converting
these wastes into biogas [82]. The use of AD to process wastewater reduces greenhouse gas
emissions. It also helps control odors and reduce the pollution potential of wastewater. By
integrating AD into wastewater treatment processes, communities can promote sustainable
development by enhancing resource efficiency, reducing environmental impacts, and supporting
renewable energy goals [52].

2.7 Co-Digestion Technologies

Co-digestion technologies in AD involve the simultaneous treatment of multiple organic
substrates. These technologies optimize the microbial breakdown of various feedstocks, such as
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livestock manure, food waste, agricultural residues, and industrial organic byproducts. Advanced
approaches, such as two-phase AD, separate the hydrolysis and acidogenesis phase from the
methanogenesis phase to better manage different feedstock characteristics and improve overall
stability and biogas yield [83]. Co-digestion technologies also incorporate monitoring and control
systems to manage key parameters like temperature, pH, and the C:N ratio of the substrate,
ensuring optimal conditions for microbial activity. By combining various substrates, these
technologies not only increase biogas yield up to 25-400% compared to mono-digestion but also
enhance the economic viability and sustainability of waste management practices [67, 84].

Co-digestion offers several key advantages in AD, including improvement of process stability by
adjusting the C: N ratio; enhanced buffering capacity, which helps maintain optimal pH levels; better
flow and mixing properties of the digester contents; increased availability of essential nutrients,
promoting microbial activity and the breakdown of substrates; reduced production and impact of
inhibitory or toxic substances that can harm the microbes responsible for CH4 production; improved
quality of the digestate, making it more suitable for land application as a fertilizer; a synergistic
interaction among diverse microbial communities, which boosts biogas yield; more stable and
efficient digestion performance; and the ability to handle higher OLR [81, 85-87].

Most biogas plants that process agricultural waste explore co-digestion by combining cow, pig,
and chicken manure with additional feedstocks like organic waste of farm industries, energy crops,
food waste, and municipal biowaste. This strategy is designed to enrich the organic content of the
input organic material, leading to a higher biomethane output [88].

For significant biomethane production, co-digestion accelerates the overall process kinetics,
leading to faster decomposition of organic material. The balanced availability of nutrients, reduction
and dilution of toxic compounds, appropriate moisture content, and robust buffering capacity all
contribute to the effective and efficient operation of the AD process.

2.8 Inducement of Direct Interspecies Electron Transfer (DIET)

As mentioned, the AD process is divided into four sequential steps (Figure 1). Particularly, during
the acidogenesis phase, short-chain fatty acids (SCFA) or VFAs are produced as precursors in the
methanogenesis process. However, their accumulation can inhibit methanogenesis. The oxidation
of SCFAs such as propionate, butyrate, and acetate is thermodynamically unfavorable (AG° = 53
kJ/mol). The energy required for these reactions is -15 kJ/mol, which is insufficient [89]. This energy
limitation is mainly due to the dependence on hydrogen or formate as electron carriers, which is
slow and requires a syntrophic partner to be effective. However, the oxidation of SCFA to
methanogenic precursors (acetate, Hz, and formate) becomes thermodynamically favorable (AG® =
-20.4 kJ/mol) when interspecies electron transfer (IET) mechanisms are involved. IET can occur in
two ways: indirect interspecies electron transference (lIET), using metabolites such as hydrogen or
formate as a transporter (use of proton as a terminal electron acceptor), and direct interspecies
electron transference (DIET) [90]. In particular, DIET has emerged as a key process that enhances
electron flow between syntrophic partners, enabling more efficient degradation of SCFAs and
improved CHs production [91].

Whereas mediated interspecies electron transfer (MIET) depends on diffusible intermediates,
DIET allows the direct transfer of electrons from one microorganism to another without needing
diffusible intermediates such as hydrogen or formate [92]. In this process, syntrophic
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microorganisms export electrons generated during respiration directly to partner species that serve
as electron acceptors, facilitating more efficient energy sharing under anaerobic conditions [93].

This direct cell-to-cell interaction significantly accelerates electron transfer compared to MIET.
DIET can occur through three main mechanisms: electrically conductive pili (e-pili), outer membrane
c-type cytochromes, and conductive materials [94]. The use of conductive materials such as iron
minerals, granular activated carbon, and biochar has recently been explored as a strategy to
stimulate DIET and enhance methane production in anaerobic digestion systems [95]. For instance,
[96] reported that adding magnetite to AD with high salinity organic waste as substrate has been
found to increase the CH4 production. Magnetite can absorb some salts, and with the addition of
magnetite, there was a remarkable conversion of organic matter to CHas; the production rates
experienced boosts of 15.2% and 47.4%, respectively. The microbial diversity found was
Pseudomonas, Soehngenia, Thermanaerothrix daxensis, Dethiosulfatibacter, Halomonas,
Desulfosporosinus, Desulfovibrio and Acetobacterium.

Similarly, [97] evaluated the use of granulated activated carbon (GAC), which substantially
reduced the lag phase and mitigatedthe accumulation of VFAs, a common bottleneck in overloaded
digesters. In addition, the CH4 production was higher compared with the control. The microbial
diversity found in this study was Firmicutes, Bacteroidetes, Synergistetes, Syntrophomonas, and with
the addition of GAC, a notable presence of fermentative bacteria was found: Aminobacterium,
Tepidimicrobium, T78, Pelomaculum, Ruminococcus, Clostridium, and Caldicoprobacter, as well as
the methanogens Methanosarcina and Methanoculleus. These microorganisms are commonly
found in syntrophic associations, with Methanosarcina capable of participating in DIET when in
contact with conductive surfaces.

Further supporting this, [95] reported that the use of food waste in AD, coupled with adding
biochar made from wood waste created from pyrolysis at 750°C for 60 minutes, had a 21.5%
increase in CH4 production compared to the control. Demonstrating that biochar addition promotes
the degradation of VFAs, contributing to improved methanogenic efficiency.

Despite its promise, several challenges hinder implementing DIET in AD. One major issue is
verification and monitoring, as many studies attribute improved performance to DIET without
directly confirming its occurrence [98]. Current detection methods include transcriptomics and
proteomics, visualization techniques such as microscopy of nanowires, and electrochemical
analyses like cyclic voltammetry. Additionally, the complexity of microbial interactions poses a
challenge, since not all syntrophic microbes can DIET, and multiple electron transfer mechanisms,
including DIET and MIET, may operate simultaneously [99]. Finally, the field lacks standardized
protocols for effectively promoting and measuring DIET across different digester configurations and
waste substrates, which hampers reproducibility and extensive scalability [100].

3. Reactor Types for Methane Production at Industrial and Field Scales

Selecting the appropriate reactor type must be tailored to the specific physicochemical
properties of the substrate, desired operating parameters, and process scalability. To optimize AD
for CHa production, it is crucial to understand the effect of operational conditions such as
temperature, pH, OLR, influent characteristics, and HRT [101]. These parameters are critical for
achieving optimal biogas yields and maintaining process stability. Choosing the right reactor type is
fundamental for balancing trade-offs between biological optimization and economic sustainability
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[102]. Overall, optimizing reactor performance requires a multi-faceted approach that combines
biological, chemical, and technological interventions to balance CHs production efficiency with
operational stability and economic viability.

3.1 Up Flow Anaerobic Sludge Blanket Reactor (UASB)

The UASB reactor is a widely used system for AD, characterized by the retention of
microorganisms as granular sludge [103]. In this type of reactor, the influent is introduced at the
bottom. It flows upward through the granular sludge layer, where the matter is degraded by the
anaerobic microorganismswithin the sludge. Granules in UASB reactors consist of dense aggregates
of anaerobic organisms, creating a highly efficient environment for the degradation of complex
organic matter [104]. The proximity of these microorganisms within the granules enables efficient
substrate transfer and enhances metabolic cooperation. This results in higher CH4 yields and more
stable reactor operation under high organic loading conditions. The produced biogas rises and
accumulates at the top of the reactor, where it is captured by a gas-liquid-solid separator [105],
allowing the biogas to be extracted and separated from the liquid effluent and the sludge settled at
the bottom of the bioreactor.

The UASB reactor offers multiple advantages, such as low sludge production and the potential to
generate biogas with significant energy value [106]. Its design is especially suited to treating
wastewater with high organic loads, supported by the dense microbial population within the
granular sludge [107]. However, challenges such as the instability of the sludge granules can
compromise reactor performance. Factors including influent composition, temperature, and flow
rate can affect granule stability, and under high OLR and low HRT, solids accumulation and granule
deterioration may occur, reducing CH4 production and reactor stability [108].

To mitigate these issues, various modifications have been proposed. One notable approach is
pre-acidification, which partially degrades organic matter before it enters the UASB reactor, thus
reducing solids accumulation and improving the stability of the sludge granules [109]. This method
is particularly beneficial under conditions of high organic load and short HRT, where granule
deterioration is a critical concern.

To address challenges associated with high OLR, immobilized Aspergillus sydowii beads were
utilized. Incorporating these beads significantly increased the reactor's tolerance to high OLRs,
reaching up to 25.0 kg/(m3d) compared to 13.3 kg/(m3d) in the control reactor. This improvement
resulted in a notable increase in COD removal and CHas production. The beneficial effects are
attributed to the fungi's ability to inhibit the accumulation of VFAs and stabilize the pH [110].

More recent studies have employed artificial intelligence to enhance predictions of biogas
production. Two Al-based models, a backpropagation artificial neural network (ANN) and a
multilayer adaptive neuro-fuzzy inference system (ANFIS), were developed to estimate biogas
production in a UASB reactor. These models used input variables such as influent chemical oxygen
demand (COD), pH, effluent suspended solids, turbidity removal, oil and grease removal, COD
removal, phenol removal, VFAs in the effluent, and alkalinity. The results demonstrated that both
models provided accurate predictions of biogas production. By identifying and adjusting key
variables affecting CH4 production, these models can help maximize reactor efficiency, minimize CHs
losses, and enhance overall system stability, leading to increased CHs4 production from treated
wastewater [111].
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[112] evaluated the performance of a full-scale UASB reactor from the Mudor Wastewater
Treatment plant located in Accra, the capital city of Ghana, which comprises six UASB reactors
operating in parallel with a capacity of 18,000 m3/dayfor municipal wastewater treatment in Ghana.
Over 35 weeks, the reactor achieved 93% COD and 98% BOD removal, indicating effective organic
matter degradation. Biogas yield was 0.2 m3/kg COD removed, with an average daily production of
831.6 +292.7 m3, 64.7 + 11.9% of which was CHa. Notably, 35% of the CHa4 remained dissolved in
the effluent, pointing to opportunities for improved gas capture, with an overall capacity to serve
approximately 100,000 inhabitants.

3.2 Continuous Stirred Tank Reactor (CSTR)

The CSTR reactor is a type of tank equipped with agitators that can operate continuously or
intermittently. Effective mixing in a CSTR ensures homogeneity, optimizes contact between
microorganisms and substrates, and maintains a constant temperature throughout the reactor
[113]. This helps prevent issues such as microbial flocculation and the accumulation of VFAs, which
could inhibit biogas production. Microbial flocculation can lead to the formation of dense microbial
aggregates, making it difficult for substrates and nutrients to transfer to microorganisms, thus
reducing their metabolic efficiency. Simultaneously, excessive accumulation of VFAs can lower the
pH of the system, leading to acidification. This acidification inhibits the activity of methanogenic
archaea, the microorganisms responsible for the final step in biogas production, resulting in
decreased CHas yield and overall biogas production [114].

To enhance the performance of the CSTR, research has investigated the use of biochar as a
mediator in the AD of cornstalk residues. The primary issues addressed were the high CO:
proportion in the biogas, low gas production efficiency, and process instability due to the
accumulation of VFAs and ammonia (NHz-N). This resulted in a biogas production rate of 1.40 L/L/d
and a 7.4% increase in CH4 content, while CO2 decreased by 5.9% compared to the system without
biochar. Additionally, biochar facilitated the degradation of VFAs, reducing propionic acid
concentration by 55.7%, and promoted greater microbial abundance, which was positively
correlated with environmental parameters, thereby enhancing overall process efficiency [115].

In long-term AD studies of switchgrass (SG) in semi-continuous CSTRs, performance was
enhanced by operating at an optimal OLR of 1.0 g VS/L/d. This resulted in a CH4 yield of 157 mL
CHa/g VS, representing 35% of the theoretical yield and an energy recovery of 38%. This
improvement was attributed to process stability at this OLR and adapted microbial communities
effective in acetate oxidation [116].

The performance of the CSTR improved through anaerobic co-digestion of corn stover pretreated
with urea and chicken manure, achieving volumetric methane production (VMP) rates of 2.160 and
1.616 L/L/d under ORLof 4.2 and 6.3 g VS/L/d, respectively. This approach increased VMP by 32.8%-
89.6% and 27.8%-96.4% compared to other reactors, due to the synergistic effect of biochar and
urea pretreatment, which enhanced the system's buffering capacity and the degradation of
lignocellulosic biomass. Urea pretreatment breaks down complex lignocellulosic structures like
cellulose and hemicellulose, making the compounds more accessible to microorganisms during AD.
Biochar provides additional surface area for microbial attachment, facilitates electron transfer, and
improves microbial activity [117].
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[118] studied the effect of agitation time on a full-scale research biogas plant at “Unteren
Lindenhof” of the Honenheim University containing two identical CSTR digesters with a volume of
923 m?3 each. Considering a start-up phase of 25 days, mixing times from 10 to 5 and to 2 minutes,
it yielded a gas production of 74 m3/h, 65 m3/h and 63 m3/h, having a reduction of 15%, which does
not endanger biogas production by an uneven distribution and noticing that less mixing time
resulted in 85% less energy consumption.

3.3 Internal Circulation Reactor (IC)

The IC reactor features a built-in circulation system, typically driven by agitation mechanisms or
hydraulic flow, to ensure uniform mixing. This promotes efficient contact between microorganisms
and substrates, enhancing the digestion process. In this setup, influent is introduced at the bottom,
biogas accumulates at the top and is extracted through a piping system, while digestate is removed
from the reactor's base. The internal circulation creates a homogeneous mixture, optimizing
microbial activity [119]. IC reactors are widely used for organic waste management in wastewater
treatment, agricultural waste digestion, and biogas production [120]. However, IC reactors present
challenges, including requiring precise control of flow and internal mixing. They are also prone to
solid accumulation, which can obstruct circulation [121].

A study focusing on the improvement of the anaerobic IC reactor aimed to optimize its hydraulic
and biochemical performance by integrating accurate mathematical models of Incremental Size
Continuous Reactors (ISC) and Anaerobic Digestion Model No. 1 (ADM1). The simulations accurately
replicated experimental data, demonstrating that the model effectively predicts how the reactor
handles variations in organic loading and maintains process stability. By accurately predicting the
reactor's response to different loads and operational conditions, the process stability and overall
efficiency of AD can be enhanced, maximizing CH4 production [122].

In a pilot-scale study of the internal circulation anaerobic reactor, the use of anaerobic granular
sludge as inoculum and systematic adjustments of key parameters such as HRT and OLR were
investigated. These improvements optimized the contact between microorganisms and substrates,
increasing the efficiency of organic contaminant removal with Chemical Oxygen Demand (COD)
removals exceeding 67% under all tested conditions, and achieving stable biogas production with
high CH4 content (72-80%) [122].

[121] compared three types of anaerobic reactors for wastewater treatment with high starch
content: an Anaerobic Digester (AD), a UASB reactor, and an IC reactor, evaluating them in terms of
energy supply and economic factors associated with biogas production. The results showed that
both UASB and IC reactors are more energy-efficient than the AD, with the ability to produce excess
energy when the Chemical Oxygen Demand (COD) of the wastewater exceeds 15,000 mg/L. The IC
reactor achieves an energy and economic balance at COD concentrations of 9,844.67 mg/L and
11,561 mg/L, respectively, which are lower than the concentrations required by the UASB to reach
similar balance points. This suggests that the IC reactor is more suitable for efficient and cost-
effective treatment of high organic load wastewater.

[123] performed an optimization and model-based analysis on an IC reactor with a total liquid
volume of 1963 m3 and gas volume of 213 m3, they analyzed influent sulfur and Influent pH and
dissolved CO2, where sulfur does not have an enough negative impact on energy recovery, handling
higher sulfur load only if it is increased the amount of sodium hydroxide keeping the pH above 6.8.
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Default conditions produce 135 MWh/d of electricity and heat. In contrast, a lower sulfur influent
increased 5.7%, while an unmodified sulfur load reduces only 1.3% CHa4 production and energy
recovery.

3.4 Anaerobic Membrane Bioreactors (AnMBR)

The key feature of Membrane Bioreactors (MBRs) is their integrated membrane system, which
separates biogas from the liquid phase and solids. This system continuously filters the digested
liquid while retaining solids and microorganisms within the digester [124]. This separation occursin
a membrane unit, including microfiltration, ultrafiltration, or nanofiltration [125]. Continuous
separation of solids and liquids enables more efficient and prolonged digestion, potentially
increasing CHas production and process stability [126].

In a study conducted by [97], the operation of an anaerobic membrane bioreactor (AnMBR)
treating municipal wastewater in an area with saltwater intrusion was improved by optimizing the
OLR and managing high salinity conditions. Increasing the OLR from 1 to 2 kg COD m3d significantly
boosted biogas production, especially with adding methanol or fermented cellulosic sludge.
However, adding fermented sludge led to significant membrane fouling, which was mitigated
through cleaning with citric acid. Despite adverse saline conditions, membrane operation remained
stable, and the treated effluent met EU quality standards for reuse in agriculture.

A study performed on a semi-industrial scale AnMBR (demonstration scale) from a wastewater
treatment plant, with a volume of 40 m3, connected to three 0.8 m3 membrane tanks, operated
during 610 days, was evaluated during five periods, where the first period achieved the highest CH4
yield 169.0 + 95.1 CHs-kg* COD [127].

3.5 Covered Anaerobic Lagoon (CAL)

It is a type of digester that uses a lagoon covered with a membrane to capture biogas produced
during the AD of organic matter. The membrane is designed to collect the biogas at the top of the
lagoon, creating a gas layer that can be directed to a storage system. They are attractive because of
their low construction and operation costs and low capital and operating expenses [128]. However,
they are highly dependent on local climatic conditions, and the absence of agitation and sludge
accumulation is a primary cause of low energy yield and reduced organic matter removal rates [129,
130].

[131] demonstrates the effectiveness of a polyethylene-CAL reactor for biogas production from
poultry rendering wastewater. With a capacity of 15 million gallons, the CAL optimized CHa
production under natural conditions, achieving up to 80% CHa content in the biogas. The lagoon
reactor showed a CHas production rate of 0.0478 grams per gram of COD for poultry wastewater.
The system's capacity to capture about two million kilograms of CHs4 annually offers significant
potential for renewable energy generation and reducing greenhouse gas emissions by up to 50,000
tons of CO; equivalents per year.

4. Biogas to Biomethane: Purification Technologies and Applications

Raw biogas is composed of two main components, first CHa, which typically comprises around
50-80% and CO2, which is present at approximately 20-50% and lower amounts of moisture (H20)
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and nitrogen (N2), constituted of about 1-6% and 0-5% respectively. Other compounds present in
small amounts are hydrogen sulfide (H2S), ammonia (NHs), oxygen (0Oz), siloxanes, and volatile
organic compounds (VOCs) [132, 133]. Upgrading raw biogas is essential for its effective utilization.
This process involves two main steps: the first step is in charge of removing harmful and toxic
components that affect CHs concentration and biogas quality, whereas the second step improves
the calorific value of biogas, which makes its energy accessible to be used as a fuel. It is known that
biogas utilization in multiple applications must have a 90% of CHs of its total volume, and when it
reaches at least a 95% of CHa concentration, it is called biomethane [9, 10]. The requirement of
purification processes resides on the negative impacts that all pollutant components have, which
make it a low-quality biogas to be used as a fuel or energy source, each element present can cause
different consequences such as reducing the calorific value, being harmful or toxic, a corrosion or
rust source cause, a malfunction cause for engines or clogging the equipment [132].

During the last decade, the issue of purification and upgrading technologies has been extensively
explored by several reports and studies, which cover a generous variety of techniques, comparing
their positive outcomes and the challenges that come with their application, which are shown in
Table 2. These technologies are classified roughly into two main categories: in situ, where the
upgrading process is done in the same reactor where the biogasis produced, and ex-situ, where the
upgrading process is done in a different reactor, such as sorption, separation techniques, and some
biological methods. There is a third classification for these technologies called hybrid upgrading,
which combines in-situ and ex-situ approaches [134, 135]. In literature, the most addressed and
common methods to purify and upgrade biogas include water scrubbing, chemical and physical
adsorption, chemical absorption, cryogenic and membrane separation, and biological methods [11,
136]. The following sections will discuss these three categoriesand their specific techniques in more
detail.

4.1 In-Situ Technologies

In-situ technologies are characterized by their application directly within the anaerobic digester
or reactor where the biogas is produced, unlike other technologies that operate in separate
locations from the biogas production site [134]. A particular aspect of in-situ technologies is that
they seem feasible in application for small and medium-scale biogas facilities, in comparison to ex-
situ technologies, which are more economically and energetically feasible for large-scale biogas
producing plants [135]. These in-situ technologies can be divided into two main approaches for
upgrading biogas: physical/chemical methods and biological methods.

4.1.1 Biological Upgrading

Biological approaches for in-situ upgrading are possible due to the presence of organisms that
participate in the process of methanogenesis, present inside the biodigester which are capable of
converting COz into CHa. It relies on methods that make use of hydrogenotrophic methanogenesis
(HM), acetoclastic methanogenesis, such as Hz addition, and electro-methanogenesis [136].

Hydrogen addition is a known method that directly injects H» into the biodigester to react with
CO2, which is the second dominant compound of biogas, this reaction is possible by the
hydrogenotrophic (Eqg. 1) and acetoclastic (Eq. 2) methanogenesis [137, 138]:
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4H, + CO, = CH, + 2H,0; AG® = —130.7 kj/mol (1)
CH,COOH = CH, + CO,; AG® = —36k]/mol (2)

A comparison between both methanogenic pathways showed that hydrogenotrophic
methanogenesis is more favorable and stable thermodynamically than acetoclastic methanogenesis
[136]. A major advantage of this in-situ technique is that it allows the biogas plants to make use of
H2, which discards the necessity of hydrogen storage; nonetheless counterparts of this technique
exist, such as the pH increase by CO2 consumption, that results in the inhibition of methanogenesis,
H> can inhibit methanogenesis too, because HM requires a deficient concentration to preserve this
CHa4 thermodynamical feasibility [135, 137]. For that reason, to acquire a 99% recovery, completely
monitoring and controlling the operational parameters are required [138].

Electro-methanogenesis is a technique that produces CHas by reducing CO2 by direct electron
transfer (DET), interspecies electron transfer (IET), and homoacetogenesis paired with acetoclastic
methanogenesis. This process requires a bioelectrochemical system, where an electrical current is
applied between two electrodes, an anode and a cathode. On IET the H* waits to be reduced to H
and afterwards a hydrogenotrophic methanogen captures it to produce CHa. Alternatively, to DET,
where the H* produced on the cathode is used directly by methanogens to reduce CO2 into CHa.
Lastly, H2 and CO2 are converted into acetate by homoacetogenic bacteria. Afterwards, the
produced acetate is degraded into CHs by acetoclastic methanogenesis [134, 135].

4.1.2 Physical/Chemical Upgrading

The physical/chemical approach for in-situ upgrading involves modifications on the pressure
parameters, digestate recirculation and the use of additives on the biodigester such as ash, biochar
and zero valent iron (ZVI). High pressurization inside the reactor enhances the dissolution of CO; in
the liquid phase, leading to a gas phase rich in CHa when the effluent exits the reactor. This can
achieve a CHa concentration of 95% or higher. Recirculation of digestate via aerated methanation is
also a technique that takes advantage of the different solubility between CHs and CO2, where
changes in pH and temperature can be involved in the solubility of CO,. Various aerated reactors
resulted in anincrease of CHa production, with minor washout of anaerobic microorganisms present,
and the inhibition of anaerobic populations was observed leaving the tank in the effluent [135, 137].
Lastly, the additives in the case of ash supplementation can act as a booster on AD because of the
trace metal elements present in its composition that are essential components of enzymes and
cofactors during CHs4 production. Biochar surface area, ash content and oxide metal concentrations,
seem attractive to act as cofactors and enhance the CH4 production consequently. Additionally, the
porosity can absorb CO2, and microorganisms can attach to the surface area, which prevents them
from washing out and helps the directinterspecies electron transfer (DIET). Finally, ZVI provides iron
as a cofactor and promotes DIET as well [135].

4.2 Ex-Situ Technologies

Ex-situ technologies are characterized by the application after the biogas extraction from the
anaerobic digester; for this reason, they require additional equipment and materials to perform the
biogas upgrading, and the consideration of periodic replacement of membranes or solutions for
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their correct functionality [137]. In-situ technologies focus on reducing the amount of CO; to CHg,
to increase its final concentration; on the other hand, ex-situ technologies look for the removal not
only of CO3, but also of other impurities such as H>S, NHs, and other compounds present in biogas
except for CHa. Additionally, ex-situ technologies only become feasible when they are applied to
larger-scale biogas plants that exceed a production of 2300 m3 biogas/day [135-137]. These
technologies are divided into two categories, sorption technologies and separation technologies.
Some examples of sorption technologies are water scrubbing, chemical scrubbing, or pressure swing
adsorption, and for separation, examples are membrane and cryogenic separation [9, 139].

4.2.1 Sorption Technologies

Sorption technologies operate on the principles of absorption and adsorption to remove
unwanted components from biogas using appropriate materials or solvents. This process helps to
ensure that the upgraded biogas exits with minimal traces of pollutants [136]. Absorption
technologies are divided into two categories, physical and chemical absorption. For example, water
scrubbing is a widely applied physical method for upgrading biogas [140]. On the other hand,
adsorption technologies are divided into pressure swing adsorption (PSA), temperature swing
adsorption (TSA), and electrical swing adsorption (ESA); PSA, for example, uses pressure to adsorb
unwanted components with the support of an absorbent material [9, 141, 142].

Absorption. The absorption relies on the solubilization of gas components on the liquid solvent,
thus it takes advantage of CO2 and H2S being more soluble than CHas, in this manner, the gas portion
leaving the column is rich in CHas, reaching concentrations higher than 97% and the liquid leaving the
column has high concentrations of CO2 and H2S [143, 144]. This technique is divided into physical
and chemical absorption. Physical absorption makes use of solvents such as water and organic
solvents for scrubbing undesired compounds, high pressure water scrubbing (HPWS) is a widely
applied method that utilizes water as solvent, biogas comes from below the column and water goes
counter-currently, thus solubilized CO2 and H.S leaves from below and upgraded biogas leaves from
the top of the column. During this procedure, the biogas gets recirculated to get the majority of
upgraded biogas [10, 143]. On the other hand, organic pressure scrubbing (OPS) utilizes different
types of solvents such as methanol or polyethylene glycol ethers to solubilize CO2, H2S, O2, N2, and
VOCs because of their higher solubility in comparison to CH4. Nonetheless, a previous removal of
H,S is adequate [143, 144].

Some disadvantages of absorption technologies applications are that HPWS necessity of high
amounts of water, H2S corrosion if prior removal isn’t done, clogging by bacterial growth, high
energy consumption for pressure pump and solvent regeneration in OPS, the solvents used in OPS
result expensive, solvent regeneration in OPS can be difficult because of H.S presence, and many
others [143].

Adsorption. Adsorption technologies use adsorbent materials with a high surface area, such as
activated carbon and alumina; zeolite and silica gel are commonly used to absorb CO2, N2, Oz, H3S,
and siloxanes. A PSA process is done on a vertical column and is composed of four steps: adsorption,
depressurization, desorption, and pressurization. The adsorption of the compounds is performed
when the column is pressurized, after the adsorbent materials get saturated, the upgraded biogas
leaves and the biogas is moved to another column, then the saturated column starts to depressurize
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to regenerate the adsorbents, till the desorption of the compounds is done and starts a
pressurization of the column again to be ready for use. This process depends on multiple columns
in continuous operation. TSA and ESA maintain the same steps. Nonetheless, TSA requires thermal
energy to regenerate the adsorbents, and ESA requires passing electrical energy to regenerate the
adsorbents [9, 144]. Adsorbent materials need to be considered during the selection of the
technology, and removal of H,S is suggested, because its adsorption is normally irreversible and
needs to be removed before a new biogas injection is supplied to the PSA column [9, 138].

4.2.2 Separation Technologies

Separation technologies consist of membrane and cryogenic separation; membrane separation,
widely used on multiple industrial sectors, functions by permeation which can be performed by gas-
gas separation or gas-liquid separation, this technology involves the use of different types of
membranes [13, 139, 140]. While cryogenic separation is based on the difference of condensation
and boiling points between unwanted biogas compounds and CHa, this process is performed under
low temperatures reaching on the last stage to -85°C and during the cryogenic process pure COz can
be sold as a byproduct [13, 136, 144]. Cryogenic separation comes with certain drawbacks as seen
on Table 3 which compares advantages and disadvantages of several technologies.

Table 3 Principles advantages and disadvantages for purification and upgrading
technologies.

Purification/Upgrading

Advantages Disadvantages References
technology
In-situ
e Renewable source Limited to lab scale
of H, make the CO2 consumption
entire process increases pH which
renewable inhibits activity of
H2 addition e Fully controlled hydrogenotrophic [135, 138]
operational methanogens
parameters could Increased Ha partial
lead to 99% CHa4 pressure inhibits
recovery methanogenesis
A high dose of sludge
e Ashes work as an ash could suppress
AD booster methanogens
e Biochar can adsorb Biochar could slightly
Additive C_Oz increase PH
e Biochar promotes The CHg final [135]

supplementation

DIET pathway
e Additives could

increase CHa

content

concentration does
not meet the
biomethane
applications’
requirements
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Electro-
methanogenesis

Can be performed
at low
temperatures
Low sludge
production

No aeration cost
Renewable
electricity sources
can be used for
H20 electrolysis

It was observed
that 95% CHa4
enrichment

Limited to lab scale [134, 135,
Still in development 137]

Ex-situ

Water scrubbing

PSA, TSA & ESA

Membrane separation

Can reach 99% CHa
concentration

Less than 2% loss of
CHa

Feasible at larger
scales

Can be useful to
remove H>S

Simple design
process

98-99% CHgs
concentration

Dry process, it does
not require water
Canseparate N2, O2
and CO: at the
same time
Equipment
compactness

Low capital
investment

Easily scalable
90-98% CHgs
concentration

Low operating and
capital costs

Low energy
demand

Simple operation
Easily scalable

Requires high amounts
of water
Moisture addition to
Low energy efficiency
High investment
. . [143, 144]
High operational costs
Operational problems
can be caused by H5S,
corrosion or odor

nuisance

NH3 and H2S gases
block active sites of
the absorbent material
2-4% CHa loss
Off-gassing may be
prejudicial to the
environment because
of the CHs content
Complexity of its
process

[10, 132,
140, 141]

H2S can negatively
affect membrane
performance
Membranes are
expensive

[13, 136,
141, 143]
Membrane

replacement within 1

to 5 years
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e High energy
consumption

e Complex process
e 97% CHa

. e High operational costs
concentration

e Requires multiple [10, 13,
equipment 136, 140,
e Frozen CO2 can clog 143]
the equipment
e Requires prior removal

e Liquified CO2 can
be commercialized
e High removal of

Cryogenic separation

impurities

H20, H2S and siloxanes
e Still in development
e Better stability
than in situ
e Simpler process

because of no e Technical challenges
Ex-situ Ha addition organic s.ubstrate e Low gas-liquid mass [138]
degradation transfer rate
e Non-biomass e Still in development
dependent
e 79-98% CHa
content
e Reaches >97% CHa
concentration
e Environment- e Closed systems require
friendly alternative high investment
e Microalgae e High energy
. biomass can later requirements
Photosynthetic . .
method be used as e Possible suppression [132, 136]
feedstock for of microalgae growth
biofuel by the presence of
e Can be used for sulphate
biogas production e Still in development

and wastewater
treatment

Membrane Separation. Membrane technologies work as a permeable barrier that allows desired
compounds to pass through; it exploits the differences in properties between the gases in biogas.

Simple membrane separation can obtain a 92-94% CHa concentration, but the highest achievable
requires high-pressure conditions and multi-step gas-gas units, to reacha 96-98% CHa concentration
[142, 143]. It doesn’t need many operational requirements, is low energy consuming and does not
represent a difficulty in the installation process; however, it needs a high initial investment which is
related to the type of membrane selected, additionally, it requires prior removal of H,0, H;S and
NHs to prevent corrosion [136, 142]. This technique is divided into three categories depending on
which membraneis used; inorganic membranes or polymeric membranes, the most commonly used
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for raw biogas upgrading, and mixed matrix membranes, polymeric membranes being the preferred
because of low cost, simple to produce, and stable during separation processes at high pressure
[136].

Cryogenic Separation. Cryogenic separation operates based on differing condensation and
boiling points of various biogas constituents. The technique exploits the significant differences in
boiling temperatures between CHs and other components. For instance, methane boils at-161.5°C,
while CO; boils at -78.2°C [7, 143]. This technology can achieve CHs4 concentrations up to 97%.
However, it is still under development. Cryogenic separation has high energy requirements
compared to other technologies, which increases the difficulty of its application. Moreover, it is

necessary to do a prior removal of HaS, siloxanes, water, and halogens to prevent any operational
problems in the equipment caused by crystal formation [10, 13, 144].

4.2.3 Ex-Situ Biological Upgrading

Such as in-situ Hz addition, the ex-situ H2 addition involves upgrading biogas by using hydrogen
produced through the hydrolysis of H.O, which can be powered by renewable energy sources such
as wind or solar. However, in this case, the process occurs in a separate anaerobic reactor containing
hydrogenotrophic cultures that convert CO; into CHas. This approach can potentially achieve CHs
concentrations of up to 95% [9, 141].

Photosynthetic methods are also gaining attention, due to the utilization of microalgae for the
design of technologies turning around the sequestration of CO; as its biomass. This process can be
performed under enclosed or open photobioreactors. Nonetheless, the high investment and energy
demand are the most significant drawbacks of this method. The presence of H,S acts asa suppressor
for Chlorella sp. performance, a commonly utilized microalgae, which can be handled by the
presence of sulphate-oxidizing bacteria and dissolved oxygen, offering a solution for a possible
inconvenience for these microalgae [136, 138, 141].

4.3 Biomethane Applications

Biomethane has a remarkable resemblance to natural gas, for that reason, it can be directly
injected into gas grids, taking advantage of already existing infrastructure for transporting gas in
comparison of Hz, which would require the construction of transport networks, this advantage
provides the opportunity to give it a domestic use on stoves and boilers [9, 13, 132]. It is also a
promising alternative fuel for vehicles and public transport, it was reported as an effective solution
to decrease well-to-wheels (WtW) emissions of compressed natural gas (CNG) buses, by replacing
their fuel to compressed biomethane (CBM), and not only that, liquefied biomethane (LBM) was
also listed as a preferable fuel for marine and aviation vehicles, due to its high energy density, LBM
also has been seen as a possible approach for WtW emissions for heavy duty transport [14, 15, 145].
Biomethane used for electricity generation is applied to combined heat and power (CHP) units and
power cells; in this manner, biomethane can be used as a fuel for power plants when the demand
is high and renewable energies are not flexible enough. Biomethane, as well, can be efficiently
stored, unlike electricity [7, 9, 146]. There are still drawbacks for the application of biomethane to
produce energy, because upgrading biogas to biomethane using H2 only reaches 60% of efficiency,
and 36% efficiency when used for electricity production, not only that, several upgrading
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technologies result in an economic impact on energy consumption, solvent wastes, operational
costs and more aspects that with further investigation will make it more feasible [9].

5. Biomethane Technologies in the World

Biomethane production varies significantly across different world regions, as shown in Figure 2.
According to the International Renewable Energy Agency (IRENA) [147] report, the principal
countries with better biomethane production are. North America, particularly the United States,
has seen substantial growth in biomethane output, being one of the major biomethane producers
in the world, driven by favorable policies and abundant feedstock, such as municipal solid waste
[148]. Europe leads globally, with countries like Germany, Italy, and Sweden at the forefront,
supported by strong renewable energy targets with more than 55,000 GWh annually. Latin America
shows promising potential using biomethane, with Brazil making notable strides in biomethane
from sugarcane waste [149]. Asia's production is rapidly expanding, led by China, which leads the
region's biomethane production, driven by its ambitious goals to reduce air pollution and decrease
reliance on imported natural gas [150]. The country has been rapidly developing biogas plants, with
a focus on utilizing agricultural waste and municipal solid waste. Chinese policies strongly support
biomethane as part of their broader renewable energy strategy. China is one of the countries with
a big biomethane production [151]. Africa's biomethane sector is still nascent but growing, with
projects emerging in Kenya and South Africa [152]. The Department of Industry, Science, Energy and
Resources [153] reports that in Oceania, primarily Australia, is gradually increasing its biomethane
production, focusing on landfill gas and agricultural waste as key sources. Biomethane technology
as a renewable energy source is increasingly growing worldwide to harness waste and transform it
into energy.
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Figure 2 Biomethane Production through AD technologies around the world.

6. Circular Economy

Fossil fuels have facilitated numerous technological developments and have been a crucial
resource for everyday life since their discovery. However, due to the significant contribution of
greenhouse gas emissions and the anticipated scarcity of fossil fuels, it has prompted the creation
of sustainable alternatives for large-scale biofuel production and the interest of governments in
many countries to invest in biorefinery infrastructure and research [154].

Biomethane is an essential renewable chemical towards a circular economy. Produced through
AD of biomass, it can be used as a compressed local renewable gas to power the public gridorasa
vehicle fuel. Full utilization of its potential could cover around 20% of the currentglobal gasdemand,
leading to a significant reduction of CO2, CHs, and other greenhouse gas emissions of up to 80%
[155]. Furthermore, the generation of biomethane from effluent treatment or other recycled waste
enhances waste management practices, thereby generating a positive impact on social
responsibility [156]. Lignocellulosic biorefineries are a foundational element of the circular economy
model, as they facilitate the sustainable utilization of natural resources and organic residues,
thereby reducing waste generation and transforming these materials into energy sources, biofuels
and value-added products such as bioactive compounds (e.g., xylitol, lactic and citric acid, natural
red pigment, xylooligosaccharides), biopolymers, microbial pigments, industrial biocatalysts,
bioplastics, biosurfactants, biofertilizers and control agents [156-158]. The biogas obtained can be
employed directly in heating and fuel for engines. Similarly, CHs and CO>, can serve as effective
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precursors for syngas production via several pathways, primarily via reformation, which is used in
the production of industrial chemicals (ethanol, dimethyl ether, NH3, H», gasoline, diesel, resins,
plastics, pharmaceuticals, paints, adhesives, and pressurizing agents, among others) [159].
Moreover, other substances, such as methanol, can be transformed directly without external
hydrogen sources through bi-reforming. Conversely, the proportion of CO2 functions as a precursor
to methanol production through [160], and via biological upgrading processes, can be transformed
into butanol, ethanol, acetate, and succinate [136].

The transformation of biogas into CHa can be converted into electricity and heat, thereby making
it a viable option for power generation in cogeneration plants (Figure 3). Furthermore, its use asa
fuel for natural gas vehicles contributes to the reduction of emissions in transportation. After
purification, biomethane can be injected into the natural gas grid, thus integrating it effectively into
the existing energy infrastructure [161, 162]. Additionally, biomethane is a feedstock for
manufacturing fertilizer products, primarily NHz and urea [163].
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Figure 3 Integration of AD into circular economy, including primary feedstocks and
biomethane applications.

Additionally, industrial waste is reintegrated into the value chain, becoming a source of raw
materials for other products [164]. The most common is the use of digestate. In AD, about 30% of
carbon is transformed into digestate residues, which can be stored and injected into the soil,
providing a valuable nitrogen source, such as ammonium nitrogen, which is more readily available
for crops than fresh manure or compost [165]. This approach, which utilizes all products and
residues throughout the biomass lifecycle, aligns with the principles of the circular economy. Aiming
to ensure the efficient and sustainable use of natural resources, replaces the linear industrial model
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where materials have a fixed lifespan, and promotes economic growth [166]. It is noteworthy that
the global yield of lignocellulosic biomass is estimated to be approximately 181.5 billion tons
annually, generating 7 billion tons of residual lignocellulose, the world's most abundant feedstock.
However, of the residual biomass produced, only 25% is used intensively [167, 168]. The production
of biomethane has the potential to facilitate the advancement of more circular practices within the
bioeconomy, since it has been demonstrated that upgrading of biogas is widely profitable and
applicable. For effective implementation, itis crucial to collaborate with multiple sectors, including
waste management, energy generation, policy making, regulation, infrastructure, and education.
Furthermore, it is essential to assess various aspects, such as process dynamics, benefits in energy
generation, and environmental benefits [169]. It is also vital to calculate the necessary revenues to
ensure the viability of the investment and operation of the treatment and energy recovery systems
[142].

The cost of biomethane production oscillates from 0.54 to 0.78 €/m3. Still, it varies according to
the plant size, extending from 0.22 to 0.88 USS $/m?3 for plants with a capacity for more than 500
m3/h, and from 1 to 1.55 USS $/m3 for plants with a capacity of about 100 m3/h. Also, the
profitability changes according to the substrate used, and the policy scenarios, such as the type of
incentives and the value of the incentive, selling price of biomethane and energy certificates [169,
170]. The initial costs of establishing a biorefinery include investment in infrastructure, such as
anaerobic digesters, and biogas treatment equipment. However, as the plant reaches operating
capacity, costs per unit of CH4 tend to decrease due to economies of scale [171]. Some studies
estimate that over the next 30 years the cost of production is expected to decline by around €57-
66/MWh, assuming a similar increase in the scale of production [142]. Bose and collaborators
assessed the co-generation of biomethane, food (protein supplement), and biofertilizer through
photosynthetic upgrading of biogas on different scales. They determined that at an industrial scale,
a polygeneration plant could be profitable without incentives, and the cost of final value-added
products was competitive with market alternatives across all scales. However, in medium and small-
scale systems, higher biomethane prices are required to be viable [172].

Since the production of biomethane has been demonstrated as a promising alternative to replace
fossil fuels, the interest in many countries has been directed to implementing sustainable
technologies to decrease environmental impact and simultaneously achieve economic profit in a
circular economy model. European countries, China, and the United States are responsible for over
90% of worldwide production [17]. In Europe alone, from 2018 to 2020, the number of biogas plants
increased by 50% in 18 countries compared to the last decade, with Germany being the country
with the highest number of plants and the largest producer, followed by the United Kingdom, Italy,
and France [7].

Through a techno-economic analysis conducted by [129], focused on biomethane-urea co-
production from biogas in different plant sizes in four European countries (Spain, Italy, Germany,
and the United Kingdom), it was demonstrated that a robust subsidy policy is a crucial element in
attaining profitability at the small-scale level. Nevertheless, large-scale plants with a capacity of 500-
1000 m3/h, operating synergistically to produce biomethane and urea in Italy and Spain, are
regarded as more profitable even with relatively minimal subsidies.

In a study by [140], the potential of biomethane as an alternative fuel source for heavy and light
vehicles, as well as for domestic applications, was evaluated in Brazil. The researchers reported that
diesel substitution was most beneficial for heavy-duty vehicles, where it demonstrated the highest
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superior environmental performance in the other categories evaluated. Therefore, biomethane
technologies for automobiles present an opportunity to establish a cleaner energy matrix in Brazil.
However, it is still necessary to improve technologies and optimize processes to significantly reduce
emissions of other pollutants by substituting liquefied petroleum gas (LPG) in domestic use and
gasolinein light vehicles with biomethane [173]. It is worth noting that Brazil hasthe highest number
of patents for technological advances in using vinasse for biomethane production [149].

Nonetheless, it is essential to consider that AD can release air pollutants during the processes
before and after AD, among them are nitrogen oxides, sulfur dioxide, carbon monoxide, CO2, CHa,
and black carbon, raising concerns about the environmental risks associated with the process [174].
For this reason, some measures to prevent these gases from leaking into the atmosphere are to
cover tanks, using a flare to avoid CH4 discharge, and improve the efficiency of CHP units and
electricity power utilization strategies [175]. Other aspects to consider in GHG emissions related to
AD are the acquisition of substrates, the pretreatment required, their storage and transport, and
the utilization of all products that can be obtained through AD. A study done by [176], analyzed 30
AD plants in France and the evaluation of their different scenarios stated that AD plants do not
significantly benefit to GHG emissions mitigation, considering substrate production, biomass
storage and transport, AD process, fossil fuel substitution, composting process, biomass application
to soils among other details to offer a reproducible methodology to evaluate AD plants. Because of
this, itis necessary to develop further research and perform rigorous evaluations related to biogas
production. For example, [177] used Sargassum for biogas generation, initially Sargassum disposal
has the potential to generate 0.33 CO2 eq./kg Sargassum, however, through a techno-economic and
environmental impact assessment, where four different scenarios were evaluated, considering
harvesting till the end-use, two of them added food waste and achieved a lower the generation of
CO;, obtaining results between 0.005 to 0.042 CO: eq./kg Sargassum/food waste. In another
research, the environmental impact of compressed biogas production using manure and municipal
organic waste separately was evaluated, showing that compressed biogas production can
potentially lower the effects of climate change; however, acidification and eutrophication were
adverse outcomes [178].

Additionally, pretreatment steps also hinder the environmental impact. For example, chemical
pre-treatment GHG emissions are generally low. However, improper management could lead to
acidification or eutrophication. Mechanical methods are high-energy-consuming and could release
SOz and NO, causing acidification, while thermal methods are also energy-demanding. On the other
hand, biological methods can be an environmentally friendly pretreatment, due to lower energy
requirement, lower GHG emissions rate, and lesser generation of hazardous residues [179].

Many of the issues around the environmental impact of AD are related to harmful practices
throughout the production process. Thus, it is required to establish regulations and proper
management of the substrate, products, and byproducts. Biomethane can be a promising
renewable energy source; however, it is still required to address specific topics around the process
to contribute to lowering climate change.

Moreover, implementing a circular economy model not only aims to reduce waste generation
but also to add value to waste for as long as possible. It also aims to achieve economic,
environmental, and social benefits. This model must reduce pressure on the environment by
promoting the reuse of resources, which would contribute to a more sustainable management of
natural resources [180]. Furthermore, the diversification and utilization of all organic waste should
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enhance the security of supply of raw materials. From an economic standpoint, the transition to a
circular model should stimulate economic growth by creating new markets and business
opportunities, as well as generate employment by opening new biogas and biomethane production
facilities and jobs related to feedstock processing and the production process [181, 182]. Finally, for
companies and governments to adopt this model on alarge scale, there must be an economic return
on investment that offsets the initial costs and investments required in research and infrastructure.
This financial return would not only provide sufficient motivation to adopt the circular model.
However, it would also ensure that the transition to a more sustainable economy is attractive and
financially viable for businesses and governments [183].

7. Conclusion

Biomethane production holds significant potential due to its cost-effectiveness and
environmental benefits. By converting organic waste, such as crop residues, manure, and
wastewater, into biogas, the process not only reduces greenhouse gas emissions but also improves
waste management and offers economic advantages. To maximize CH, yields, innovations in AD
design, feedstock pretreatments, co-digestion, DIET-based strategies, and biogas upgrading systems
are essential. These advancements will facilitate integrating biomethane production into urban and
industrial settings, decreasing reliance on non-renewable energy sources. Currently, emerging
strategies are mainly focused on DIET enhancement, which is revolutionizing AD by making it faster,
more efficient, and more resilient. Conductive materials, targeted enrichment of DIET microbes,
optimized reactor designs, and advanced monitoring technologies form a comprehensive approach
to harness DIET's full potential. However, transitioning from empirical observations to a mechanistic
understanding is essential for advancing the field. Future research should prioritize quantifying
DIET's specific contribution to CH4 production, developing reliable biomarkersto monitor its activity,
and tailoring conductive materials to match the needs of distinct microbial communities and
feedstocks. Focusing on these challenges will be key to unlocking the scalability and reliability of
DIET-enhanced AD systems for sustainable waste treatment and renewable energy generation.

As the core technology in the biomethane industry, AD leverages the potential of organic waste
as feedstock, positioning it as a tool for reducing environmental impact while promoting
sustainability. Biomethane production not only contributes to reducing emissions but also offers
substantial economic benefits by converting waste into valuable products. The efficiency of this
process, however, heavily depends on optimizing operational parameters such as reactor design,
OLR, and HRT.

Future advancements in reactor technology should focus on improving process stability and
efficiency. This can be achieved by refining reactor designs, incorporating real-time monitoring
systems, and optimizing operational strategies. At the same time, improvements in feedstock
pretreatment and biogas upgrading plants will further enhance CHayields, ensuring that AD systems
can be seamlessly integrated into urban and industrial infrastructures to replace traditional fossil
fuels.

Purification and upgrading technologies remain crucial for improving biogas quality, making
biomethane a viable fuel for various applications such as injection into gas grids, electricity
generation, and transportation fuel. However, challenges remain, including CHs loss during
upgrading processes and the energy consumption of some purification methods. Innovations in
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adsorbent materials and energy-efficient technologies will be vital for minimizing these losses and
lowering operational costs. While some upgrading methods show promise due to their low
environmental impactand high CHa purity, further development and scaling are needed before they
can be widely adopted.

The similarity of biomethane to natural gas offers significant advantages, positioning it as a
potential alternative to conventional fuels. However, to fully harness biomethane potential,
challenges in purification and upgrading processes must be addressed. Although still in its early
stages, utilizing biomethane as a cleanenergy source will require further research and technological
advances to establish it as a competitive option in energy markets.

Given the current global climate challenges, the need for refineries and industries to adopt the
circular economy model has become imperative. This approach extends the life cycle of raw
materials, enhances waste utilization, and supports the production of renewable energies.
Biomethane production, as part of this model, aligns with the broader goals of sustainability and
reducing environmental impact, making it a crucial component in the transition to a cleaner, more
sustainable energy future.
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