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Abstract

Urban Solid Organic Waste (SOW) disposal and accumulation could reach critical levels in almost all world regions. These organic
residues must be treated to avoid the depletion of natural resources and thus minimize the risks of loss of ecosystem balance. Several
methods are currently applied to the treatment and management of SOW. This review focuses on anaerobic digestion, considered
one of the most viable options for recycling small amounts of organic matter. This work provides an overview of the process, its
advantages, and disadvantages in producing (biogas). The literature establishes that the involvement of a mix of microorganisms
and the effects of co-substrates and environmental factors on the efficiency of the process has been comprehensively addressed.
This indicates that anaerobic digestion can be an attractive option for converting raw solid organic waste into valuable products,
such as biogas and other energy-rich compounds, which can play a critical role in meeting the world’s growing energy needs.
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Introduction

The emission of environmental gases and reduced energy re-
sources created the need to search for clean and renewable ener-
gies [1,2]. Biomass is a vital renewable resource that can replace
fossil fuels [3]. In this line and considering that in 2019, the gener-
ation of Urban Solid Waste (SOW) in Brazil was around 79 million
tons, corresponding to 380 kg per person per year [4], the produc-
tion of biogas from SOW has several advantages [5].

The advantages are higher energy production, lower environ-
mental impact, and investment requirements [6]. Biogas is a flam-
mable mixture when the biomethane concentration is greater than

@ (®  This work s licensed under Creative Commons Attribution 4.0 License | OJEES.MS.ID.000514.

40%. It is produced through a process that involves four steps, 1.
hydrolysis; 2. acetogenesis; 3. acetogenesis; 4. methanogenesis
through a microbial consortium containing different types of bac-
teria [7].

Different bacteria, including the genera Clostridium, Cellulo-
monas, Bacillus, Thermomonospora, Ruminococcus, Baceriodes,
Acetovibrio, and Microbispora, carry out the hydrolysis of organic
matter. Lactobacillus, Streptococcus, Bacillus, and Escherichia are
mainly responsible for acidogenesis. Different genera, including
Acetobacterium, Syntrophomonas, Clostridium, Sporomusa, Syn-
trophospora, Thermosyntropha, and Eubacterium, are involved in
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acetogenesis. A series of archaebacteria, including Methanococcus,
Methanosarcina, and Methanolobus, are responsible for methano-
genesis [8]. This microbial consortium needs specific conditions for
optimal biogas production: pH in the range of 6-7.5 and tempera-
ture in the range of 35-550C [9].

The three primary resources for biogas production include lig-
nocellulosic waste, domestic and urban wastewater, and industri-
al wastewater [9]. When these wastes are released into the envi-
ronment without adequate disposal, environmental pollution and
harmful impacts may occur. These untreated wastes create differ-
ent problems with climate change, increasing the number of green-
house gases [6].

Several methods are available to treat SOW, but anaerobic di-
gestion seems promising (ZHANG et al., 2014). Anaerobic digestion
of organic waste in landfills releases methane and carbon dioxide
gases that escape into the atmosphere and pollute the environment
[6]. Under controlled conditions, the same process has the potential
to provide valuable products such as biofuel and organic additives
(soil conditioner), and the treatment system does not require an

oxygen supply [10].

The expansion of urban areas, driven by population growth
and the complexity of waste that present a high risk of contamina-
tion, makes it essential to define and implement adequate public
policies to ensure the correct disposal of solid waste. According to
Moustakas et al. (2020), the National Solid Waste Policy (NSWP),
established by Law No. 12,305 in 2010, stipulates guidelines and
instruments for the integrated management and appropriate man-
agement of solid waste for the public and private sectors.

According to a more recent study by Da Silva et al. (2022), rapid
urban expansion has significantly increased solid waste generation,
demanding a comprehensive and sustainable approach to its prop-
er management. This need is highlighted by Silva [11], who empha-
sizes the importance of effective public policies that consider the
complexity of waste and promote recycling and waste reduction
practices to mitigate the associated environmental and health im-
pacts.

Furthermore, in the studies by Juinior et al. [12] emphasize the
importance of civil society participation in implementing the PNRS
through mechanisms of environmental education and awareness
to promote a change in behavior about solid waste. It is essential,
therefore, to establish partnerships between the different actors in-
volved, such as governments, industries, and the community, aim-
ing at more efficient and sustainable management of urban solid
waste [13]. Thus, the implementation of adequate public policies,
as established by the PNRS, and the active involvement of all sectors
of society are essential to face the challenges related to solid waste
disposal in an urban context in constant expansion [14].

In this context, methane and hydrogen as potential fuels are
considered comparatively cleaner than fossil fuels and have the
advantage of not relying on fossil fuels for energy consumption.
Thus, anaerobic digestion represents an opportunity to decrease
environmental pollution and, at the same time, provide biogas and
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organic fertilizer or transport material for bio-fertilizers [15]. This
review concentrated on the study of obtaining biogas through an-
aerobic digestion, thinking about it as a source of renewable energy
and also as a raw material for the production of other fuels.

Renewable Energy

The Sustainable Development Goals (SDGs), established by the
United Nations (UN) in 2015, are a series of global goals that aim
to address the world’s leading social, economic, and environmental
challenges. Consisting of 17 objectives and 169 associated targets,
the main objective of the SDG is to promote sustainable develop-
ment that balances present needs without compromising future
generations.

The SDGs cover a wide range of issues, including poverty erad-
ication, zero hunger, health and well-being, quality education,
gender equality, clean water and sanitation, affordable and clean
energy, decent work and economic growth, innovation, and infra-
structure, reducing inequalities, sustainable cities and communi-
ties, responsible consumption, and production, climate action, life
in water, life on land, peace, justice, and effective institutions, part-
nerships for sustainable development.

These goals have a time horizon up to 2030 and are interlinked,
meaning progress on one goal is often linked to progress on oth-
er goals. In addition, the SDGs are designed to be achieved in an
integrated manner, considering the three pillars of sustainable de-
velopment: economic, social, and environmental. The SDGs provide
a comprehensive and ambitious framework for tackling pressing
global challenges and have been widely adopted by governments,
the private sector, non-governmental organizations, and civil soci-
ety around the world. They represent a call to collective action and
the engagement of all stakeholders to achieve a more sustainable
future for the planet and all people.

Renewable energy is an efficient solution for growing energy
demand and reducing greenhouse gas emissions. In addition, it
plays a crucial role in ensuring energy security, improving environ-
mental protection, and stimulating job growth in several countries
(LI et al,, 2020). There is a continuous expansion of the global de-
velopment of renewable sources and their expansion in scale; at the
same time, implementation costs have decreased [16]. It is estimat-
ed that the world’s renewable energy consumption will increase
by about 3% per year between 2018 and 2050, making it the main
source of primary energy consumption by 2050 [17].

The most significant renewable energy sources include wind
energy, solar photovoltaic energy, and biomass energy, emphasiz-
ing hydroelectric, geothermal, and marine energy. Wind and solar
photovoltaic technologies have expanded considerably, providing a
relatively affordable energy source (Deshmukh Et Al, 2021). How-
ever, these systems are characterized by highly variable and not al-
ways predictable energy output. On the other hand, hydroelectric
energy depends on the rainfall regime, which can affect a country’s
energy security. An example is Brazil, whose energy matrix is highly
dependent on water sources and faced severe energy supply prob-
lems during a prolonged drought in 2001, drastically reducing hy-
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droelectric generation capacity due to decreased reservoir levels
[18].

On the other hand, biomass energy conversion technologies
can provide a constant baseload and help balance the gaps between
supply and demand in the energy sector. These techniques make
it possible to use organic waste, such as agricultural and forestry
waste, to continuously and reliably generate energy. In summary,
although wind and solar photovoltaic energy are promising renew-
able energy sources, their variability can pose challenges to the
stability of the energy supply. Hydroelectric power, in turn, is influ-
enced by weather conditions. In this context, biomass technologies
can play an essential role in providing a constant energy source,
helping to fill the supply and demand gaps in the energy sector.

Biomass is a carbon-neutral resource as well as a source of
C/H/0 elements to generate carbon-based organic products such
as bioenergy (biofuel and biogas) and chemicals (biorefinery)
(Jung et al,, 2021). Thus, the valorization of biomass raw materi-

al has received considerable attention in recent decades, and bio-
mass-based energy sources should have representative participa-
tion in the energy system of the future [19] Jung Et Al, 2021. From
an energy point of view, biomass can be understood as any renew-
able resource derived from organic matter (of animal or vegetable
origin) which can be used for energy production (Aziz; Hanafiah;
Gheewala, 2019).

In recent years, there has been significant growth in renew-
able energies, and their competitiveness has increased. According
to data from the International Renewable Energy Agency (IRENA,
2020), global installed renewable energy capacity has more than
doubled in the last decade, driven by the development and con-
solidation of new renewable energy sources. By the end of 2020,
global installed renewable energy capacity reached 2,789,061 MW.
The distribution of this capacity is as follows: hydroelectric energy
corresponds to 43.41%, solar energy 25.37%, wind energy 26.29%,
bioenergy 4.41%, geothermal energy 0.5%, and marine energy
0.02%.
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Figure 1: This is the new set of data extracted from SIGA (ANEEL's Generation Information System database), which contains information
on power generation projects.
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The new dataset from SIGA (the Information System of Gener-
ation from ANEEL), figure 1, provides valuable insights into Bra-
zil's energy generation enterprises. It comprehensively examines
the diverse fuel sources, focusing on five significant modalities:
fossil, biomass, solar, wind, and hydroelectric energy. Our analysis
suggests a promising trend in Brazil’s pursuit of amplifying its re-
newable energy network. The country is inclined to harness envi-
ronmentally friendly, sustainable energy sources. A steady increase
in the use of biomass, solar, wind, and hydroelectric power can be
observed, indicating the ongoing transition from traditional fossil
fuels to greener alternatives. As Brazil continues this trajectory,

it strengthens its position as a global leader in renewable energy
generation, contributing significantly to climate change mitigation
efforts.

Anaerobic Digestion

Anaerobic digestion of organic waste is a process by which al-
most all organic waste can be biologically transformed into anoth-
er form without oxygen. From organic matter, a gaseous mixture is
formed consisting of 50-75% methane and 25-50% carbon dioxide.
There are also small amounts of hydrogen, hydrogen sulfide, am-
monia, and other waste gases in biogas [20]. The biogas production
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process consists of four biochemical reactions carried out by dif-
ferent groups of microorganisms, coinciding in a one-step process,
namely, hydrolysis: the first reaction is liquefaction.

The production of biogas (Figure 2) through anaerobic diges-

tion involves four main steps: hydrolysis, acidogenesis, acetogen-
esis, and methanogenesis. These steps describe the biochemical
process in which organic waste is decomposed by bacteria in an
oxygen-free environment, resulting in the production of biogas,
mainly composed of methane (CH,) and carbon dioxide (CO,).
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Figure 2: Biogas production process from anaerobic digestion. Own elaboration (2023).
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Long-chain organic compounds (fats, proteins) are broken
down into simple organic compounds (amino acids, sugars) by en-
zymes released by bacteria. Acidogenesis: Hydrolysis products are
converted into organic acids by acid-forming bacteria. Acetate, hy-
drogen, and carbon dioxide are also formed and used as starting
substances for methane formation. Acetogenesis: Organic acids and
alcohols are converted to acetic acid, hydrogen, and carbon dioxide

by acetogenic bacteria. The hydrogen produced must be consumed
by methanogenic microorganisms, as excess hydrogen inhibits the
formation of acetic acid. Methanogenesis: The products of the pre-
vious reactions are converted into methane, carbon dioxide, and
water by methanogenic microorganisms (Wellinger; Murphy; Bax-
ter, 2013) [21].

Table 1: Main parameters of the anaerobic digestion process. Own elaboration (2023).

Indicator

Description

Biogas production

The volume of biogas generated during the process

Methane production

Amount of methane produced in the system

Biogas conversion efficiency

Percentage of biogas converted into energy.

Methane conversion efficiency

Percentage of methane converted into energy.

Hydraulic Retention Time (HRT) The avera,

ge time that the material remains in the anaerobic reactor

Volatile solids removed

Amount of organic matter converted during the digestion process.
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Chemical Oxygen Demand (COD)

Amount of oxygen needed to degrade organic matter

Biochemical Oxygen Demand (BOD)

Amount of oxygen used by microorganisms to degrade organic matter

Carbon/Nitrogen Ratio (C/N)

Proportion between carbon and nitrogen in the substrate

pH

Level of acidity or alkalinity of the medium

Temperature

The average temperature of the anaerobic digestion system

Volumetric Organic Load (VOL)

Amount of organic matter applied per unit volume of the reactor

Specific Degradation Rate (SDR)

The degradation rate of organic matter in the anaerobic reactor

Energy efficiency

Percentage of energy contained in the substrate that is converted into valuable energy

Anaerobic digestion appliesO to a wide range of wastes (Table
1). In addition, this process has some advantages over the aerobic
process due to a low energy requirement for operation and a low
biomass production [22], it is considered a viable technology in the
competent treatment of organic waste and the simultaneous pro-
duction of renewable energy [20]. Anaerobic digestion of organic
waste is also an environmentally valuable technology; both Singh &
Basak [23] and Kumar & Samadder [24] described the benefits of
this process to reduce environmental pollution in two main ways:
the sealed environment of the process prevents the of methane into
the atmosphere while burning methane will release carbon-neutral

Table 2: Biogas chemical composition. Own elaboration (2023).

carbon dioxide (with no net effect on the atmosphere of carbon di-
oxide and other greenhouse gases).

On the other hand, the anaerobic process has some disadvan-
tages, such as long retention times and low removal efficiency of
organic compounds. Another problem is efficiency; there are still
no new technologies to simplify the process, making it abundant
and low-cost [25]. After refining and compression, the biogas still
contains impurities. If the generated biofuel is used to power cars,
it can corrode the metallic parts of the engine. This corrosion would
lead to increased maintenance costs. The gaseous mixture is more
suitable for cooking stoves, water boilers, and lamps [26].

CH, 50-75%
Co, 25-50%
H,S 0-5000 ppm
NH, 0-500 ppm
N, 0-5%
H,0 (steam) 1-5%

For an effective integration into the biofuel sector, biogas pro-
duction through anaerobic digestion must be feasible in technical
and economic terms. This viability must be compared not only with
other sources of bioenergy but also with traditional fossil fuels. In
addition, the biogas production must be technically adequate for
the implantation site. Biogas, as an energy source, is a viable op-
tion subject to continuous improvements and optimizations. This
means that technical advances and improvement strategies can be
applied to make the biogas production process more efficient, sus-
tainable, and profitable (Postawa; Szczygiel; Kutazynski, 2021).

Thus, the production of biogas through anaerobic digestion has
the potential to establish itself as a viable energy alternative, capa-
ble of contributing to the reduction of dependence on fossil fuels
and providing economic, environmental, and social benefits. Con-
tinued research and development in this area are crucial to further
boost the efficiency and competitiveness of biogas as a sustainable
energy solution.

Anaerobic Co-Digestion

Anaerobic co-digestion (AcoD) is the instantaneous digestion
of two or more substrates and mixtures of co-substrates [27]. AcoD
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can also be called “co-fermentation.” The use of AcoD of different
organic materials in a biodigester can increase the stability of the
anaerobic process due to a better balance of carbon to nitrogen
(C/N) [28], which accelerates the biodegradation of solid organ-
ic waste through biostimulation. According to Hagos et al. [29],
co-digestion can, in addition, alleviate the inhibitory effect of high
concentrations of ammonia and sulfide. Anaerobic co-digestion of
sludge residues with fruit, vegetable, and food residues is a prom-
ising technology, offering many advantages, including a balanced
C/N ratio, inhibition of ammonia and high biogas production, and
optimizing anaerobic digestion performance. Moreover, biogas re-
covery is already well-used in China, India, and Sri Lanka [30]. The
use of a co-substrate with a waste of low nitrogen and lipid content
increases the production of biogas due to the complementary char-
acteristics of both types of waste, thus reducing the problems asso-
ciated with the accumulation of intermediate volatile compounds
and high concentrations of ammonia [31].

The Anaerobic Bioreactor

Anaerobic bioreactors have potential applications for the di-
gestion of solid organic waste and can reduce the environmental
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load compared, for example, to conventional sanitary landfills [32].
Research has observed that bioreactor modeling exerts a strong in-

fluence on its performance [33], and thus a variety of bioreactors
have been developed in recent years [34].
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Figure 3: Anaerobic treatment set: Bioreactor + Biofilter. Own elaboration (2023).
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According to Sadino-Riquelme etal. [35] and Paul et al. [36], the
modeling of an anaerobic bioreactor (Figure 3) presents a correct
description of the mixing conditions present there. It is necessary
to represent the process adequately. This is especially true for full-
scale installations, as the influence of hydrodynamic conditions on
overall behavior depends on scale. However, they point out that the
modeling assumes perfect mixing conditions: media homogeneity.

Several bioreactors are currently in use, including batch reac-
tors, which are the simplest, filled with the raw material and left
for a period that can be considered the hydraulic retention time, af-
ter which they are emptied [37]. They are helpful because they can
perform quick digestion with simple and cheap equipment and are
also useful for evaluating the digestion rate efficiently [38]. On the
other hand, it has some limitations, such as high fluctuations in gas
production and quality, biogas losses during the emptying of bio-
reactors, and restricted heights of the bioreactor [39]. The second
type of bioreactor is known as a one-stage continuous feed system,
where all biochemical reactions occur in one bioreactor. The third
type of bioreactors is continuously fed two-stage or multi-stage
systems in which various biochemical processes such as hydrolysis,
acidification, acetogenesis, and methanogenesis occur separately
[40,41].

Anaerobic digestion of organic material involves different
degradation steps [42]. According to Tong et al. [43], the microor-
ganisms participating in the process may be specific to each deg-
radation step and, therefore, may have different environmental re-
quirements. The involvement of a diverse range of microorganisms
and the effects of co-substrates and environmental factors on the
efficiency of the process was comprehensively addressed, empha-
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sizing temperature, pH, humidity, substrate, and nitrogen in this
work.

The temperature affects the anaerobic digestion of various bio-
masses, which can bring about significant changes and effects on
the microbial community, process kinetics and stability, and meth-
ane yield [44]. Lower temperatures during the process decrease
microbial growth, substrate utilization rates, and biogas production
[24]. Furthermore, lower temperatures can also result in cellular
energy depletion, leakage of intracellular substances, or complete
lysis. In contrast, high temperatures reduce biogas yield due to
the production of volatile gases such as ammonia, which suppress
methanogenic activities [36].

Generally, anaerobic digestion is carried out at mesophilic tem-
peratures. Operation in the mesophilic range is more stable and
requires less energy expenditure (ZOU et al.,, 2020). Generally, a
temperature range between 35-37 < C is considered suitable for
methane production, and a temperature shift from mesophilic to
thermophilic can cause a sharp drop in biogas production until the
required populations increase in number [45].

The effect of the Hydrogenionic potential (pH) in the process
manifests itself directly by affecting the enzymatic activity or indi-
rectly by affecting the toxicity of several compounds [46]. However,
the ideal pH for methanogenesis was around 7,0 [31]. Gustin and
MarinSek-Logar [47] reported a very narrow range of suitable pH
(7.0-7.2) in 18 experiments carried out with wastewater. Likewise,
Ravi et al. [46] noted that a pH range of 6.8 - 7.2 was optimal for an-
aerobic digestion. The works by Carotenuto et al. [48] and Eryildiz,
Taherzadeh et al. [49] showed that the most favorable pH range to
reach the maximum biogas yield in anaerobic digestion is 6.5-7.5.
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High moisture contents generally facilitate anaerobic digestion
[50]; however, in the study by Lay, Li & Noike [51], the difficulty in
maintaining the same water availability throughout the cycle was
identified digestion. Initially, water added at a high rate is reduced
to a lower level as the anaerobic digestion process proceeds. High
water content can affect process performance by dissolving easi-
ly degradable organic matter. It has been reported that the highest
methane production rates occur at 60-80% humidity [52].

The anaerobic digestion rate is strongly affected by the type,
availability, and complexity of the substrate [6,39, 36]. Differ-
ent types of carbon sources support different groups of microbes
(AL-ADDOUS et al., 2019). Before starting a digestion process, the
substrate can be characterized as to the content of carbohydrates,
lipids, proteins, and fibers [41]. In addition, the substrate must also
be characterized as to the amount of methane that can potentially
be produced under anaerobic conditions [20,34]. Carbohydrates
are considered the most essential organic component of urban
solid waste for biogas production [36]. However, starch can be an
effective, low-cost substrate for biogas production compared to
sucrose and glucose. According to Choong, Chou & Norli [10] and
Phuttaro et al. [44], it was observed that the initial concentration
and total solid content of the substrate in the bioreactor could sig-
nificantly affect the process performance and the amount of meth-
ane produced during the process [25].

Nitrogen is essential for protein synthesis and is mainly re-
quired as a nutrient by microorganisms in anaerobic digestion
[53]. Nitrogenous compounds in organic waste are usually proteins
converted to ammonium by anaerobic digestion. In the form of am-
monia, nitrogen contributes to stabilizing the pH value of the biore-
actor where the process is taking place [34]. Ammonia in high con-
centrations can inhibit the biological process and methanogenesis
in concentrations that exceed approximately 100 mM [49]. Kumar
& Samadder [24] observe that the amount of ammonia in the di-
gester can also affect the production of hydrogen and the removal
of volatile solids [54-58].

Final Considerations

This review indicates that anaerobic digestion is one of the
most effective biological processes for treating solid organic waste
and sludge. The main advantages of this technology include

1.  low-nutrient organic waste can be degraded by co-diges-
tion with different substrates in anaerobic bioreactors,

2. The process simultaneously leads to the production of
biogas that can be applied to homes or sites in remote locations,
which could be vital to meeting future energy needs.

However, different factors, such as substrate and co-substrate
composition and quality, environmental factors (temperature, pH,
organic load rate), and microbial dynamics, contribute to the ef-
ficiency or failure of the anaerobic digestion process. They must
be optimized to achieve the maximum possible benefit from this
technology regarding energy production and organic waste man-
agement.
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