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Abstract: An economy based on renewable energy sources is the hallmark of responsible companies.
Climate policy and energy crisis commitments have led to a search for alternative ways to produce
energy. Bioenergy is considered the most consistent renewable energy source due to its economic and
environmental benefits. Biogas and biomethane are promising forms of renewable energy derived
from widely available evergreen raw materials. Agricultural, animal, industrial and food wastes are
excellent substrates used to produce clean and sustainable energy in a circular economy context. Their
conversion into biogas and biomethane through the anaerobic digestion (AD) process is an efficient
solution to the treatment of waste of different origins. The production and use of biomethane favor
important environmental advantages, such as the reduction in greenhouse gas emissions compared
with those deriving from the use of conventional fossil fuels. This review would like to highlight
modern trends and approaches to evaluate processes and strategies to control biogas and biomethane
production. In particular, the use of livestock waste for the digestion process and the reuse of the
by-product as fertilizer, as well as the potential development of biogas and biomethane as prospects
for the improvement and optimization of renewable energy sources, are discussed.

Keywords: anaerobic digestion; biogas; biomethane; liquefaction; manure; digestate; circular economy;
bioenergy

1. Introduction

Energy plays a key role in both the lives of human beings and the development of
economies. In recent decades, technological progress has determined a relevant change in
people’s lifestyles. Furthermore, the increase in human population as well as the overall
industrial development have led to an exponential increase in global energy demand [1].
Particularly, energy reserves will be depleted in the coming decades due to the increase
in energy demand. Therefore, worldwide energy sectors have to identify new alternative
sources of energy for replacing fossil-derived fuels. This is also fundamental from an
environmental point of view. It is, in fact, well documented that fossil-derived fuels are
the most important sources of pollution and global warming, which are mainly caused
by the production of CO2 and sulfur compounds [2–4]. However, fossil fuels (e.g., coal,
oil, gas) are still used worldwide due to the relevant technological, economic and social
advances [5]. Recent energy crises and the prospect of the near depletion of fossil or non-
renewable fuel reserves have led industrialized countries to promote renewable energy
production, distributed generation and energy efficiency interventions. Currently, a global
priority for sustainable development is access to renewable energy and other energy issues
(e.g., energy efficiency). A transition to more efficient energy systems requires actions
involving all political levels, from the local one to the global one. The European Union’s
energy policy reform and subsequent legislation and regulations at the national level have
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provided a strong incentive for the development of increasingly competitive renewable
energy generation technologies. The European Union has, in fact, provided a number
of regulations for their goal of achieving “no net greenhouse gas emissions by 2050” [6].
The transition from carbon-free fossil fuels in key sectors, such as industry, transport,
agriculture and other sectors, will be supported by the European Green Deal investment
plan. With this new European Commission initiative, the European Union would like
to be the first climate-neutral continent by 2050 [7]. In this view, the cooperation among
the European Commission, EU member countries and stakeholders will allow climate
neutrality to be achieved.

A transition to renewable energy together with a decarbonized industrial sector can
be completed before 2050, if investments from 2030 onwards are sustainable and grid
electricity is fully decarbonized [8]. Unfortunately, the environment is currently suffering
from problems such as several energy crises, depletion of fossil fuel resources, high costs
and environmental pollution [9,10]. Particularly, the energy crisis is one of the issues that
has imposed many changes in the development of various technologies around the world
and requires policies and governance on energy resources [11]. Each year, the renewal of
these crises has led several countries to shift to alternative resources, such as renewable
energy. Furthermore, recent events, such as the Ukraine war, underlined the problem of
national self-sufficiency in energy supply for some countries. Sometimes, society, in fact,
does not manage the decreasing and controlling effects of large industrial activities on
energy needs [12].

Ultimately, the issue has become even more apparent due to the overwhelming depen-
dence of some EU member states on Russian gas and coal supply. In this context, it is clear
that the issue of reducing climate-altering gas (GHG) emissions has now become an issue
of paramount importance. Particularly, the commitment to low-carbon practices, including
energy efficiency and the replacement of conventional energy sources with green energy
sources, will be the most important purpose of the European Union.

Circular economy and bioeconomy are the prospects for addressing these challenges
and achieving environmental and socioeconomic goals around the world [13,14].

The key components of the circular economy concept can be found in Figure 1.
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Thus, energy generation from alternative sources will help climate change mitigation
and the minimization of risks posed to the environment, so as to provide a clean and
sustainable environment for our modern society. Recently, the scientific community has
significantly focused on this topic, as it is becoming a topic of a great concern.

In fact, the prospects for biogas and biomethane, as well as their methods of generation,
have increased exponentially, always aiming at sustainable energy development in support
of the green transition.

This paper aims to examine the potential of “renewable energy”, highlighting current
trends and approaches of biogas and biomethane production processes. The paper also
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focuses on the potential achieving of defined objectives for sustainable development to
meet environmental, social and economic needs. In addition, the review provides a com-
prehensive overview of the biogas and biomethane production processes, evaluating the
different substrate options that result in profitable yield in order to provide a basis for
further investigations.

2. Materials and Methods

Scientific studies were searched on the Scopus database and Google Scholar, consider-
ing studies published from 2017 to 2023.

The research strategy was based on the selection of keywords, combined using the
Boolean operators “OR” and “AND”: “biogas” OR “biomethane” AND “liquefaction”, “biogas
upgrading” OR “biomethane” AND “liquefaction”, “biogas upgrading” OR “bio-methane” AND
“manure” AND “co-digestion”. Book chapters that emerged during the search were taken
into account. On the other hand, for the legislative aspects, validated documents available
online were considered.

Scientific studies and book chapters were firstly screened by title and abstract. After-
wards, a second screening step was conducted to check the compliance of the studies with
this review by reading the full text.

3. Results and Discussions

From the literature search conducted, 301 documents (i.e., scientific studies, book
chapters and legislative documents) resulted. Regarding the scientific studies (book chap-
ters included) from the Scopus and Google Scholar databases, 197 articles resulted using
“biogas” OR “biomethane” AND “liquefaction” as keywords, and 46 articles, using “biogas
upgrading” OR “biomethane” AND “liquefaction” as keywords; finally, 33 articles were found
using “biogas upgrading” OR “biomethane” AND “manure” AND “co-digestion” as keywords.
Twenty-five documents were related to legislative aspects.

After the screening of scientific studies and book chapters by title, abstract and full
text, 152 scientific studies, 3 book chapters and 14 legislative documents were included in
this review.

3.1. Biogas and Biomethane as Energy Resources

Carbon dioxide or in general greenhouse gas emissions represent the main cause of
global climate change. The scientific community is, in fact, significantly focused on the search
for alternative and permanent solutions to achieve in view of the looming energy crisis.

Current global policies and guidelines for country development show an increasing
focus on global change. The latter is mainly caused by consumerism, liable for accelerating
the natural resource extraction rate and generating enormous quantities of waste, which,
at the current rate of production and consumption, are estimated to double by 2050 [15].
Environmental and energy security issues are the main reasons for stimulating the search
for alternative fuels. In the current scenario, renewable technologies produce electrical,
thermal or mechanical energy using biomass (i.e., energy crops, agricultural or forest
residues, municipal waste, etc.), wind, solar (i.e., thermal and photovoltaic), hydroelectric
(i.e., river flow, tidal, wave) and geothermal energy and are considered the best alternative
sources [16,17]. Therefore, it is reasonable to assume that gases produced from other
sources (such as biomass) will continue to grow in importance as the need to replace fossil
fuels as an energy source continues to grow. Biomass is the most abundant renewable
resource on Earth [18]. It is considered the leading emerging alternative to fossil fuel
resources, and it can provide energy and multiple products [19]. Indeed, it will play an
increasingly important role not only in the future global energy infrastructure for the
generation of energy and heat but also in the production of gaseous and liquid products for
the production of fuels [16,20]. In recent years, the production of energy from biomass has
shown significant growth and increasing weight among renewable energies [21]. Efficiently
converting biomass into energy requires investment in research and the development
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of innovative technologies. The knowledge of the biological and technical mechanisms
that are at the basis of biomass production and transformation processes is essential to
favoring the introduction of increasingly advanced and efficient techniques and methods
in terms of energy, economic and environmental sustainability. There are various ways to
use agricultural biomass, and scholars worldwide are busy studying methods for using
agricultural biomass resources to obtain high yield and maximum benefit from the products.
Various processes can be used to convert biomass into energy. Biomass can be burned and
transformed into fuel gas through partial combustion; into biogas through fermentation;
into bioalcohol through biochemical processes; into biodiesel; and into bio-oil or syngas,
from which chemicals and fuels can be synthesized.

Among the various energy production chains, biogas has the greatest potential for
development due to its strong compatibility with the Italian agricultural system [22].
Furthermore, novel approaches matured under the European Green Deal, such as EU
Methane Strategy [23], Energy System Integration Strategy [24] and From Farm to Fork
Strategy [25], put biogas in a leading view [26]. In this regard, biogas has indeed emerged
as a promising green energy source and appears to have high future potential for replacing
fossil fuel-based energy sources [27]. The increasing use of by-products and residues
for energy production is the basis for a sustainable bioeconomy to reduce dependence
on fossil fuels [28]. The correct management and transformation of by-products and
organic waste represents a winning strategy, since disposal costs are reduced and the
resources considered waste are valorized through the production of renewable energy
and biofuels [29]. Therefore, biofuel and biomass are renewable sources that can directly
replace fossil fuels for present and future energy restriction, due to their environmentally
friendly and renewable energy nature [30]. Biogas is a gaseous biofuel obtained from
the fermentation of biomass, in the absence of oxygen and at a controlled temperature,
by microorganisms. It is a mixture of several gases, made up especially of two main
components, that is, methane (CH4) and carbon dioxide (CO2), and to a lesser extent of
water vapor (H2O), hydrogen sulfide (H2S), nitrogen (N2) and oxygen (O2). In addition to
these, trace elements may also be present. The typical composition of biogas is reported
in Table 1. Biogas contains variable concentrations of components as a function of the
biogas source.

Table 1. Biogas constituents [31,32].

Mixture Components Percentage (%)

• Methane (CH4)
• Carbon dioxide (CO2)

40–80
30–50

• Hydrogen sulfide (H2S)
• Nitrogen (N2)
• Oxygen (O2)
• Water vapor (H2O)

1–4
0–1
0–1
0–1

• Iron (Fe)
• Nickel (Ni)
• Cobalt (Co)
• Selenium (Se)
• Molybdenum (Mo)
• Tungsten (W)

Trace

The relative content of CH4 and CO2 in biogas mainly depends on the substrate
being digested. CO2 is now considered the main greenhouse gas responsible for global
warming, but CH4 has a Global Warming Potential (GWP) 85 times that of CO2 over
a 20-year timescale [33,34]. Thus, methane (CH4) is the second largest contributor to
global warming [35], and after CO2, it is the gas with the greatest impact on emissions,
contributing 1/4 of today’s man-made warming [36]. Moreover, methane is a potent air-
polluting agent and contributor to ozone formation, which itself causes serious health
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problems. Methane can be released at various times during production and distribution,
but it is still not fully understood where, when and how much methane is released. CH4
emissions are increasingly recognized as a key factor for the climate; therefore, a careful
assessment of any fugitive and diffuse emissions is needed [37]. Mitigation of these gases is
critical to supporting the global goal of limiting warming by reaching a global temperature
limit of 1.5 or 2 ◦C [38]. The global average temperature in 2020 was 1.2 ◦C higher than
pre-industrial temperatures, and the effects of this warming are being felt globally [38].
Based on current climate data, there is an urgent need to accelerate our efforts to reduce
atmospheric concentrations of greenhouse gases to reverse global climate change [10].

Biogas originates from a biochemical process, the anaerobic digestion (AD) of biodegrad-
able biological materials through microbial activity. Both the composition of biogas and its
properties depend on the type of substrate to be digested, the type of plant and the process
conditions. Its chemical composition also influences the production operations to maximize
its utilization characteristics [39]. Other elements that affect its composition are pH, operating
temperature, organic loading rate, hydraulic retention time and reactor structure [40]. In
any case, the choice of the starting substratum is extremely important, as the activities of
microorganisms are directly related to its nutritional composition. Substrates used for biogas
production vary considerably from region to region and often vary with the availability of
specific feedstocks in a given area.

The composition of substrates influences biogas yield, the amount of methane,
biodegradability and the biomass degradation rate [41]. The most important nutrients
in substrates are carbohydrates, proteins and lipids [42]. Usually, materials with large
amounts of fat and protein have a higher methane yield than those with high carbohydrate
content. High fat content, however, can cause failure of anaerobic digestion due to the for-
mation of long-chain fatty acids [43]. However, carbohydrate-rich substrates can counteract
the process, negatively impacting the C/N ratio (the optimal ratio of carbon to nitrogen
for the AD process is between 20 and 30) [40]. The C/N ratio of fermentation substrates is
important for an optimal biogas process. In order for microorganisms to form new cells,
nitrogen must be present. For this reason, the ratio should not be higher than 30. If it is, the
nitrogen deficit leads to a decrease in biomass production. In contrast, if the ratio is less
than 20, there could be problems with process inhibition due to the presence of ammonia.

Common production sources for biogas production are included in Table 2.

Table 2. Use of various matrices for biogas production [44,45].

Biogas Production Matrices

- Agricultural waste
- Livestock manure
- Sludge
- Sewage sludge
- Industrial by-products
- Food waste
- Wastewater and more

Besides these, because of their abundance, lignocellulosic biomass materials such as
straw and shells are taken into consideration for methane production [46]. Cattle and pig
waste in the form of manure is often used as the main source for biogas production, because
it contains the microorganisms needed to degrade the substrate and produce biogas [47].
The use of biogas on farms has a positive effect on the daily operations of farms. Biogas
plants can reduce the carbon footprint of farms, improve and aid in manure management,
and provide a source of income for owners.

The biogas produced has a wide range of applications, which are mainly associated
with energy generation.

Recently, there has been a growing interest in biogas purification for the production
of biomethane, which is characterized by higher calorific value (i.e., 20–30 MJ/m3 for
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biogas, >35 MJ/m3 for biomethane) [48]. Biomethane is defined as all methane of or-
ganic/renewable origin. It can be obtained by means of separation from biogas or through
methanation of hydrogen and carbon dioxide. Biomethane has characteristics comparable
to those of natural gas, making it attractive for feeding into the natural gas grid for a
variety of applications. To be defined as such, biomethane must be at least 98% pure. In
the literature, however, gas with a concentration of CH4 >95% is defined as biomethane.
Biomethane can be used as fuel for automotive transportation. In fact, compared with other
biofuels, such as ethanol and biodiesel, which require blending with conventional gasoline
and diesel, respectively, biomethane can be directly used in existing engines.

The use of biogas and biomethane as energy sources presents environmental benefits,
ranging from decreasing greenhouse gas emissions to replacing fossil fuels and increasing
efficiency in energy production. The uses of biogas and biomethane are shown in Table 3.

Table 3. Range of applications of biogas and biomethane [48–50].

Biogas Utilization Biomethane Utilization

Generation of electricity and heat, such as heating
and/or cooking needs Gas stoves and heaters

Combustion systems (i.e., power generation, heating,
drying, water heating) and for vehicle fuel Transport fuel

Purification of biogas for the production of biomethane Cogeneration

Currently, biogas and biomethane are considered the centerpiece of the circular econ-
omy [51,52]. In fact, although wind and photovoltaic are the most used technologies so
far (with 432.56 GW and 227 GW of global installed capacity, respectively) and are already
able to supply electricity at low cost, they are intermittent and difficult to predict due
to their nature [53]. On the other hand, biogas provides a continuous and stable source
of energy, as it is produced using the consolidated technology of anaerobic digestion of
organic material [48]. Moreover, biogas can be stored and used on request. This is an
important advantage of biogas over solar and wind systems. Biogas production is also
climate-independent (solar radiation and wind) and is thus a very reliable renewable energy
source. Biogas as an intermediate fuel and as a final fuel is highly versatile in all energy
sectors [54]. In any case, coordination between stakeholders, and energy, environmental
(including waste management), transport, agriculture and food policies is essential to the
success of biogas and biomethane. All of this is essential to harmonizing regulation and
standards at the EU level [55].

European Union Legislative Framework on Biogas

The development of renewable energy has long been a primary goal of the EU energy
policy, which has highlighted the promotion of renewable energy sources as one of its
energy priorities since the 1990s. The basis of the European Union (EU) policy focused
on renewable energy and biogas generation was made in 1997 with the adoption of the
“White Paper for a Community Strategy and Action Plan” by the European Council and
the European Parliament [56]. Table 4 summarizes the main EU legislation and regulations
on renewable energy sources. The European Union’s legislative framework on biogas
and biomethane plays an essential role in shaping the sector. EU legislation focuses on
increasing the amount of renewable energy and reducing greenhouse gas emissions, and
this is crucial to the expansion of energy decarbonization.
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Table 4. Summary European legislation on renewable energy sources.

Regulations Description References

“White Paper for a Community Strategy and Action Plan” by the European
Council and the European Parliament (1997) Basis of European Union policy focused on renewable energy and biogas production [56]

- Nitrate Directive (91/676/EEC)
- Urban Wastewater Directive (91/271/EEC)
- Water Framework Directive (2000/60/EC)

Standards for feedstock treatment [57]

- Landfill Directive (1999/31/EC)
- Thematic Strategy on Prevention and Recycling of Waste (2005)
- Waste Framework Directive under Circular Economy Strategy (2008/98/EC)
- Roadmap to a Resource efficient Europe (2011)

Standards for waste treatment [57]

- Common Agricultural Policy (CAP, 2013)
- EU Forest Action Plan (2007–2011) Bioenergy supply from agriculture and forestry [57]

Environment Impact Assessment
Directive (2014/52/EU)

Legislation to minimize the negative impact of the Assessment
Directive on the environment [57]

ABP Regulations (1069/2009) Animal by-products regulations to set health rules for ABPs and derived products not
appropriate for human consumption [57]

Communication from the Commission to the European Council and the
European Parliament:

- Energy policy for Europe (COM (2007) 1 final)
- Limiting Global Climate Change to 2 degrees Celsius—The way ahead for

2020 and beyond (COM (2007) 2 final)

This European Council communication implements an integrated and comprehensive
approach to the EU’s energy and climate change policies. The EU commits to reducing
global greenhouse gas emissions to a level that would limit global temperature rise to

2 degrees Celsius.

[48]

Renewable Energy Directive (RED I) 2009/28/EC
This Directive set a target that in the European Union, the use of renewable energy sources
should reach 20% of final energy consumption by 2020. Annex 1 shows the national targets

for the share of energy from renewable sources set by each EU country.
[58]

Fuel Quality Directive (FQD) 3009/30/EC This Directive called for a 6% reduction in the greenhouse gas intensity of fossil fuels for
transportation in 2020, compared with 2010. [59]

Directive (EU) 2015/1513
This Directive set a limit of 7% of final energy consumption for transport in EU states in

2020 for biofuels produced from food or feed crops grown for energy
purposes on agricultural land.

[60]
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Table 4. Cont.

Regulations Description References

Strategy for “Innovation for sustainable growth: a bioeconomy for Europe”
(COM (2012)60)

A Bioeconomy for Europe was proposed by the European Commission to develop an
“innovative, resource efficient and competitive society that reconciles food security with

the sustainable use of renewable resources for industrial purposes, while ensuring
environmental protection”.

[61,62]

Clean Energy for All European Package (CEoAEP)

Directive from 2018 on the promotion of the use of energy from renewable sources.
According to the aim of the Paris Agreement following the 21st Conference of the Parties
to the United Nations Framework Convention on Climate Change (2015 COP21) and to the

Union 2030 energy and climate framework (COM (2014) 15 final), the European
Commission committed to ensure that the share of energy from renewable sources in the

Union’s gross final consumption of energy in 2030 will be at least 32%.

[63–66]

Directive (EU) 2018/2001

Directive from 2018 on the promotion of the use of energy from renewable sources.
According to the aim of the Paris Agreement following the 21st Conference of the Parties
to the United Nations Framework Convention on Climate Change (2015 COP21) and to the

Union 2030 energy and climate framework (COM (2014) 15 final), the European
Commission committed to ensure that the share of energy from renewable sources in the

Union’s gross final consumption of energy in 2030 will be at least 32%.

[64,67]

European Green Deal

As part of the European Green Deal, the Commission proposed, on 4 March 2020, the first
European Climate Law (COM (2020) 80 final) to enshrine the 2050 climate-neutrality target
(COM (2020) 563 final). Moreover, on the basis of European Green Deal Communication
and Paris Agreement purposes towards climate neutrality and reducing air pollution, the

Commission delivered a strategy to reduce methane emissions across the energy,
agriculture and waste management sectors at international and EU levels.

[68,69]

EU Strategy to Reduce Methane Emissions (COM/2020/663 final)

It identifies a set of actions that could significantly reduce methane emissions in the energy,
agriculture and waste management sectors at the international and EU levels. It is a policy
action to reduce CH4 emissions that contributes both to the EU’s decarbonization efforts

toward the 2030 climate target plan and to the EU’s zero-pollution ambition for a
toxic-free environment.

[70]

“Fit for 55” Package

In July 2021, the European Commission presented this package with the goal of reducing
greenhouse gas emissions by 55% by 2030 compared with 1990. The package revised new
rules to reduce the carbon footprint of the gas market with the transition from natural gas

to renewable and low-carbon gases, promoting their deployment by 2030 and beyond
in Europe.

[71,72]
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3.2. Anaerobic Digestion and Co-Digestion

Biogas as a renewable energy source is obtained through the anaerobic digestion of
organic substances. Anaerobic digestion (AD) is the biochemical process of decomposing
complex organic matter into simpler chemical components under anaerobic conditions [73].
Various waste materials are used in the AD process for sustainable conversion to biogas,
including the organic components of municipal solid waste, industrial waste, wastewater
production waste and solid waste from agriculture, and process water and agricultural
waste from livestock and agricultural activities [74]. Some examples may be grass, leaves,
cereal straw, hay, fruit, vegetables, mills, pruning, cellars, fruit processing, livestock waste
affecting poultry farms, stable washing water from cattle and pigs supporting biogas
production [75,76].

The biological dissolution of organic matter during anaerobic digestion is a multi-step
chemical process involving the four steps described in Equations (1)–(5):

CH3COO− + H2O→ CH4 + HCO3
− (1)

HCO3
− + H+ → CH4 + 3H2O (2)

4CH3OH→ CO2 + 2H2O (3)

4HCOO− + 2H+ → CH4 + CO2 + 2HCO3
− (4)

4H2 + CO2 → CH4 + 2H2O (5)

Equations (1)–(3) are related to hydrolysis, acidogenesis (acid production) and the
acetogenesis phase (acetic acid production), respectively. Equations (4) and (5) are related to
the methanogenesis phase (methane production) [77]. Different groups of microorganisms
are involved in each of these steps.

The flow diagram of the AD process is shown in Figure 2.
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Each step in the process differs in the reaction pathways and metabolites of the
microorganisms involved [78]. Biochemical steps occur simultaneously in an anaerobic
context, generating the production of biogas and digestate [42]. Microorganisms, which
play an essential role during this process, are distinguished among the four phases [79].
The AD process, in fact, depending on the operational phase, requires different associations
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of bacteria, namely, aceticlastic and hydrogenotrophic methanogenic bacteria, sintrophic
acetogens, and fermentative and homoacetogenic bacteria [80]. Therefore, the gradual
decomposition of organic matter does not occur uniformly, since the different bacterial
groups work at different rates [81].

The microbial decomposition of organic residues in an anaerobic environment is a
process that occurs spontaneously in nature. However, knowledge of the factors involved
in biological processes is necessary to optimize fermentation and subsequent biogas produc-
tion. The disintegration of organic substances into components until they are converted into
methane can only occur in the aquatic environment [81]. The anaerobic digestion process is
considered advantageous for its economic availability, for the stabilization of waste, for
the reduction in odors generated by farms, for the mitigation of biomethane emissions,
for the recycling of nutrients using fertilizers and for the potential for local production
of renewable energy [82]. Furthermore, anaerobic fermentation of the organic substrate
allows for the reduction in the use of non-renewable sources, the reduction in greenhouse
gas emissions and the increase in soil fertility thanks to the use of unconventional digestate-
based fertilizers. In addition to improving waste management, AD can avoid potential
environmental problems and provide clean energy [83]. AD plays an important role in
reducing the use of fossil fuels in transport and industry, while managing organic waste
and producing renewable fertilizers [84].

Mutual and syntrophic interactions among functionally distinct anaerobic microor-
ganisms involved in each phase and the stability of the AD process are fundamental for
the efficient conversion of organic matter; this can be obtained by preserving the delicate
equilibrium between production and consumption of intermediate products [85]. There-
fore, a detailed understanding of the properties and influence variables of the different
degradation paths is of decisive importance for the process.

As shown in Equations (1)–(5), biogas production through anaerobic digestion includes
four phases. Each degradation steps simultaneously occurs in a single-stage continuous
reactor. This results in narrow limits and high requirements under specific environmental
and operating conditions for the degradation of complex substrates [78]. The development
of the two-stage digestion process (i.e., separation of acid and methanogenic phases) is
reported in the literature as an interesting alternative for increasing the stability and overall
performance of the process [32]. Biomass generally contains complex polymers that must be
broken down before microbial treatment. The initial stage of fermentation, i.e., hydrolysis,
decomposes the complex species of the substrate (proteins, carbohydrates, lipids) into
simple organic molecules, such as amino acids, fatty acids and sugars [86]. This stage of the
process passes through extracellular enzymes of the hydrolase group (amylase, protease,
lipase) produced by appropriate strains of hydrolyzing bacteria. It emerged that hydrolysis
is supposed to be a limited-rate phase in anaerobic digestion. This is due to the limitation
of the availability of soluble molecules to bacterial cells. Therefore, most reviews have fo-
cused on advances in improving hydrolysis using physical, thermochemical and biological
pretreatments [87]. In the next stage of acidogenesis, acidifying bacteria absorb hydrolysis
products to produce volatile fatty acids, such as acetic acid, propionic acid and butyric
acid [88]. In the phase of acetogenesis, the volatile fatty acids produced in acidogenesis
are converted into acetates, together with the production of hydrogen. Finally, in the final
phase of the AD process, methanogenesis or biomethanation, there is the consumption of
intermediates by methanogenic microorganisms [89], and there is the division into two
processes of methane generation: reduction of CH3COO− and conversion of H2 with CO2.
Acetotrophic methanogenic bacteria are responsible for reducing acetate (CH3COO−) to
methane, while hydrogen methanogenic bacteria convert H2 and CO2 into CH4, water and
carbon dioxide. Acetogenesis and methanogenesis often occur simultaneously. Methane
can also be formed through the reduction of carbon dioxide with formate or through the
disproportion of methanol or various methylamines. The presence of CO2, H2O, NOx and
N2 leads to a reduction in calorific value [90]. Thus, these constituents could be separated
or enhanced by increasing the CH4 content. Process-critical components are H2S, NH3,



Appl. Sci. 2023, 13, 10219 11 of 27

halogenated components and siloxanes. The methanogenic phase can also become the
limiting step in the process, as methanogenic microorganisms are extremely sensitive to
acid accumulation in the medium.

The transformation of biomass into biogas requires a complex microbiological activity.
Indeed, AD requires a number of microbial steps and leads to the formation of various in-
termediates. Digestion is performed by bacteria. Organic matter, such as cellulose, proteins
and fats, as well as some insoluble organic compounds, is degraded by microorganisms [91].
In the process, there are distinct metabolic groups of microorganisms that differ both in
substrates and in the products of their metabolism. Facultative anaerobic bacteria absorb
dissolved oxygen in water, reducing the redox potential. Complex organic compounds,
converted into the simplest form, can be further transformed into volatile fatty acids, such
as acetic, propionic acid, butyric acid, formic acid and lactic acid. In addition, the concen-
tration of the generated H+ ions directly affects fermentation, since the high concentration
hinders the production of acetate. In this fermentation stage, monomeric sugars, fats and
amino acids are transformed into organic acids and alcohol. Simultaneously, intermediate
substrates are transformed into H2, CO2 and acetate [92]. During the AD process, aceto-
genic bacteria grow together with methanogenic bacteria; methane is produced in complete
absence of O2, and the reaction is highly exothermic. With the advent of high-throughput
sequencing, several microbial groups involved in biogas production have emerged [93].
Several factors influence the AD process, among which are temperature, pH, C/N ratio
and substrate particle size. Smaller particles can be expected to decompose more rapidly,
resulting in faster generation of biogas.

The identified multiple factors that intervene in the anaerobic digestion process and
that allow for the control of its efficiency are the fundamental elements for the proper
functioning of biogas plants.

Digestion processes can take place under very different operating conditions, which
are reported in Table 5.

Table 5. Process parameters of anaerobic digestion [73].

Thermal Conditions of
Reaction Solid Content Biological Phase

Psychrophilia (<25 ◦C) Wet process
(solid fraction 5–8%) A single reactor

Mesophilia (20–40 ◦C) Semi-dry process
(solid fraction 8–20%)

Separate hydrolytic and
methanogenic phases

Thermophilia (50–65 ◦C) Dry process
(solid fraction >20%) In separate reactors

AD can be conducted in three different temperature ranges. The temperature should
be kept as constant as possible to ensure process stability. Mesophilic and thermophilic
temperatures are the most used and range from 20 to 40 ◦C (usually 35 ◦C) and from 50 to
65 ◦C (usually 45 ◦C), respectively. Lower temperatures, in fact, reduce biogas production.
pH is another factor that affects the stability and performance of the AD process. pH,
as well as temperature, affects the metabolic activity of different microbial populations.
Since microorganisms are sensitive to pH, the ideal pH range for the process is about
6.0 to 7.5 [73]. The mentioned parameters have an impact on the performance of the
bacteria in the anaerobic digester, influencing the efficiency of the AD process and the final
biogas production.

Anaerobic digestion can be applied to semi-solid, liquid and gaseous wastes. It can
be carried out on single materials (mono-digestion) or mixtures of numerous materials
(mixed digestion or co-digestion). In the past, only one substrate was used in the process,
but today, the tendency is to prefer a combination of different substrates (co-digestion).
Anaerobic co-digestion offers the opportunity to overcome the disadvantages of mono-
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digestion by simultaneously digesting two or more raw materials, improves digestion and
is often used in larger biogas plants that treat organic waste of various origins. Co-digestion
of various substrates improved biogas production potentials compared with individual
substrates [94,95], leading to higher gas production per tons of substrate. The combination
of these substrates is an excellent method for the coincident management of solid and
liquid organic wastes. This helps to solve the problem of nutrient imbalance linked to
the anaerobic use of individual substrates and the consequences of the accumulation of
dangerous compounds during digestion. As a result, biogas production is greatly improved
by co-digestion compared with mono-digestion. Co-digestion of faceted biomaterials with
animal manure and other biodegradable organic substances provides sufficient access and
potential for microorganisms to promote optimized degradation [96]. The main advantage
of co-digestion is the improvement in biogas yield and its methane content. Despite the
many benefits of co-digestion, antagonistic effects due to an incompatible raw-material
mixing ratio can result in organic overload, acidification and system failure [97]. Some of
the major disadvantages of co-digestion that hinder the application of the technology with
large-scale commercial reactors include the accumulation of non-digestible solids within the
digester, a high nitrogen load and the accumulation of acids from other co-substrates [98].
However, these contests can be addressed by depicting heterogeneous organic compounds
in digester feedstocks and understanding their inherent biodegradability patterns [99].

In addition, the synergistic effects of the co-substrate mixture that are caused by the
dynamics of the co-digestion process as well as the microorganisms involved outweigh the
disadvantages of the technology. With process regulation and control, as well as pretreat-
ment, the benefits of anaerobic co-digestion can be fully realized. Different in situ and ex
situ preparation strategies are involved in optimizing products [100,101]. Animal manure
is co-digested with other biodegradable materials to increase economic effectiveness while
ensuring the stability of the anaerobic digestion system on a commercial scale [102].

The overall environmental impact of anaerobic digestion is considerably lower than
that of the composting process, i.e., 6.5% in all categories, with the exception of agricultural
soil pollution, where the percentage is higher by 1%. The results proved significant [103].
However, research and development of co-substrate mixing proportions need to be further
investigated for a wide variety of co-digestion substrates. Further research on a wide range
of co-digestion feedstock combinations and their mixture ratios is needed.

Zootechnical Slurry for Biogas Generation

A wide variety of biomass available on Earth is used as a component for renewable
energy production. For instance, wood, energy crops, agricultural residues, food waste,
livestock manure and industrial waste are promising solutions to reducing the negative
impact of waste on the environment [104]. Particularly, livestock manure and slurry are
considered valuable feedstocks for biogas generation [105]. Their conversion to energy us-
ing Waste-to-Energy technologies promotes their use as a clean energy resource to decrease
the uncontrolled decomposition of animal waste [106,107]. The improper management and
disposal of waste from the livestock industry could represent a significant threat to the
environment. Unprotected manure, in fact, contributes to the release of a large amount of
biomethane and thus to global warming [108]. Furthermore, this material is also a reservoir
of pathogens that can spread and enter the surrounding groundwater [109]. Animal waste
management involves several key processes, including thermal (incineration), chemical
(hydrolysis) and biological (anaerobic digestion) methods.

Ammonia and nitrous oxide emissions, as well as the presence of phosphates, heavy
metals and pathogenic agents from livestock effluents, can promote ecosystem dysfunction,
resulting in adverse effects on animals’ and farm workers’ health [110,111]. Therefore,
controlled anaerobic digestion (AD) is one of the most suitable technologies for the treat-
ment of manure. Nutrient-rich digested manure becomes efficient matter for clean energy
source production to reduce the employment of conventional fossil fuels and hazardous gas
emission [105]. It is also applied as a natural fertilizer to replace synthetic fertilizers and to
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improve soil fertility [112]. However, some limitations of anaerobic manure digestion can
affect biogas production. For example, the low concentration of organic load and ammonia
production due to high nitrogen can cause the reduction in microbial activity, decreasing
biogas production [113]. In addition, temperature and process type can be limitations for
the net energy balance of biogas production; just as in the co-digestion of manure with
lignocellulosic biomass, the degree of crystallinity of cellulose can slow down the hydrol-
ysis step of DA and act as an inhibitor of anaerobic microorganisms [114,115]. Several
technologies for raw biomass feedstock pretreatment have been proposed by researchers
to overcome AD inconveniences and improve access to biomass for enzymes as well as
bacteria [116]. Particularly, different techniques, such as thermal, chemical, biological and
physical methods, are available to optimize the fermentation of animal manure.

For example, it was found that cattle manure AD coupled with thermal hydrolysis
pretreatment (THP) at 160 ◦C with 2% (dry wt.) sodium hydroxide (NaOH) addition
produced a higher biochemical methane potential (BMP), 227.0 ± 11.0 mL-CH4/g-volatile
solid, with approximately 8.8% biodegradability, compared with the BMP of the intact cattle
manure (CM) sample (182.2 ± 2.5 mL-CH4/g-volatile solid) [117]. Furthermore, the CO2
emitted during the production of biomethane could represent a sustainable solution to the
use of chemical solvents in the biomass preparation process, minimizing its emissions into
the atmosphere. The use of this by-product can have advantages, such as the optimization
of biogas production and the kinetics of the fermentation process in the bioreactor, resulting
in an increase in the energy value of manure obtained from the raw material after CO2
pretreatment [118]. The potential of biogas produced through anaerobic digestion also
depends on the type of manure used. In detail, the species, breed, age, body weight,
feed of the animal can influence chemical and physical composition and thus the content
of organic matter, carbohydrates and fats [107]. The ideal carbon–nitrogen balance for
anaerobic digestion is in the range of 20:1 to 30:1 [119]. However, the use of animal waste
(cattle, swine, poultry) as mono-substrate is not very convenient to produce biogas due
to the low carbon ration and low efficacity [120]. Co-digestion is a preferable strategy to
mono-digestion, because it improves the C/N ratio, nutrient supply and buffering capacity
by overcoming the limitations of AD. By taking into account the synergistic effects of using
various raw materials, process stabilization is positively influenced. Due to the positive
synergies in the digestion medium and the required nutrient supply, the use of co-substrates
increases biogas yields compared with the mono-digestion of the same substrates. Different
co-digestion strategies are shown in Table 6.

Table 6. Summary of different types of co-digestion and their impact on biogas yields.

Substrate C/N Ratio Biogas Yields References

Manure, straw, energy crops,
food waste, slaughterhouse

waste and residual fat
Balanced C/N ratio

Increase in biogas yields by
1.27–3.46 times compared with

mono-digestion of the same substrates
[121–124]

Quail manure and
alkali-pretreated corn stover

(NaOH 2.5%)
Balanced C/N ratio

Enhancement in methane production
(296.5 mL CH4 gVSadd−1) and high

energy recovery
[122,125]

Poultry manure with
alkali-pretreated corn stover

(6% NaOH)
Balanced C/N ratio

Enhancement in biogas production with
the maximum biogas yield of

745 mg/g TS
[126–129]

3.3. Purification and Improvement of Biogas

Biogas upgrading is a widely studied and debated topic. Its use as a substitute for
natural gas has gained, in fact, considerable interest in recent years. Biomethane is produced
through anaerobic digestion, followed by an upgrading of biogas that aims to increase
the concentration of CH4 by separating it from other biogas compounds. Biomethane is
typically 97–99% methane and 1–3% CO2. It is a renewable gas that can be transformed into
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a resource by means of its conservation in depots. Storage of biomethane allows it to be used
at any time and place; thus, it is useful as transportation fuel or for injection into the national
natural gas grid [130]. To increase the exploitation of biogas, it is necessary to remove
various impurities using upgrading technologies. We usually refer to impurities such as
water (H2O), carbon dioxide (CO2), hydrogen sulfide (H2S), dioxygen (O2), dinitrogen (N2),
carbon monoxide (CO), ammonia (NH3), volatile organic compounds (VOCs), siloxanes,
hydrocarbons, and aromatic and halogenated compounds. The biogas upgrading process
generates new possibilities for its use, as it can replace natural gas, which is widely used in
many countries. Most of the biomethane produced worldwide is obtained with the AD
process, followed by the processes of carbon dioxide removal and desulfurization of raw
biogas. However, upgrading processes add to the costs of biogas production. Therefore, it
is important that the upgrading process be optimized in terms of low energy consumption,
high efficiency and high methane yield [131]. Biogas upgrading technologies are mainly
based on absorption, adsorption and membrane separation processes. These purification
techniques allow for high methane concentration and high efficiency of removal of various
impurities. The primary objective is to enhance the low calorific value of biogas and convert
it into valuable fuel. The end result of biogas upgrading is pure methane [132]. Currently,
different upgrading technologies, such as solvent scrubbing, adsorption processes and so
on, are commercially available. The biogas upgrading technologies are summarized in
Table 7 and are then discussed below.

Table 7. Comparison of technologies in use in biogas upgrading [133–135].

Solvent Scrubbing Adsorption Processes Cryogenic Separation Hydrogenation
Processes Membrane Separation

It uses a gas–liquid
reverse flow to improve

selectivity in the
absorption of biogas
contaminants using

water or other organic
liquids, or with the
chemical reaction
between biogas

contaminants and a
chemical solution.

It is based on three
separate approaches for
selective adsorption of
biogas contaminants:
PSA, TSA and VSA.

The most widely used
technique for biogas
upgrading is PSA.

It is known that CO2
and H2S are liquefied
at different pressures

and temperatures. The
diversity of boiling

points of the gases in
the biogas is exploited.

CO2 is used to produce
synthetic methane in
combination with H2
produced from clean
renewable sources.

The selective
permeability

characteristics of the
membranes, which

enable separation of the
various biogas

components, are the
foundation of this

technique.

The upgrading processes of biogas can be conducted using several techniques, such as
(1) solvent scrubbing, (2) adsorption processes, (3) cryogenic separation, (4) hydrogenation
processes and (5) membrane separation. Advantages and disadvantages of CO2 removal
techniques are indicated in Table 8.

Solvent scrubbing is the most commonly used process. It can occur either by physical
absorption, with water or specific solvents that absorb the contaminants of biogas, or
by chemical absorption, with the use of chemical means. The cleaning procedure using
water is based on the higher solubility of H2S and CO2 in water than CH4 [136]. For
instance, CO2 is 26 times more soluble in water than methane at 25 ◦C. Physical washing
with water is carried out at a pressure between 6 and 10 bar [137]. During the upgrading
process, the biogas is pressurized to 8–12 bar up to 40 ◦C and fed through the bottom of
the scrubber, while water is fed into the scrubber from above. The absorption column
is usually filled with random packing material to increase the gas–liquid mass transfer.
There is a countercurrent interaction between gas and water, which increases the contact
time and mass transfer between gas and water. CO2 is absorbed in the downward-flowing
water, and biomethane is obtained as over-90%-pure CH4. The exhaust water containing
the absorbed CO2 and H2S is sent to a flash column to recover the CO2-rich exhaust gas.
There are two types of water scrubbing, namely, single-pass water scrubbing, where water
comes from sewage treatment plants, and regenerative absorption, where water can be
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regenerated in a desorption column by decompressing it at atmospheric pressure, resulting
in the removal of CO2 and H2S. In single-pass water scrubbing, the treated water is used to
absorb CO2 and H2S from the raw biogas and is then returned to the treatment systems.
In regenerative absorption, fresh water is used for the absorption of impurities from raw
biogas. Water regeneration is crucial to the economic sustainability of this technology, due
to the considerable water quantities required for biogas upgrading [138]. Subsequent to
washing with water, the drying of biomethane is necessary due to the increase in water
content [139]. Finally, after a drying phase, CH4 can reach a purity of up to 99%. It has
recently been revealed that it is possible to lower the cost of high-pressure water washing
(HPWS) by including residual heat recovery [139]. In addition, CO2 desorption in the biogas
upgrading process has recently been improved by using vacuum and ultrasound, positively
influencing the effectiveness and efficiency of the HPWS process [140]. Washing can also be
performed with organic solvents. This procedure is a physical absorption process similar to
water scrubbing; however, it uses organic solvents instead of water not only to absorb CO2
from the biogas but also for the absorption of H2S and H2O. Polyethylene glycol ether (PEG),
methanol and N-methyl pyrrolidone are the commonly used organic solvent mixtures to
absorb CO2 and H2S from raw biogas [141]. These organic solvents have higher solubility
of CO2 in the solvent than in water. During this organic solvent-scrubbing process, raw
biogas is initially compressed to 7–8 bar and cooled to 20 ◦C, before being injected from
the bottom of the absorption column [138]. The organic solvent is also cooled before being
injected. After washing, the organic solvent is regenerated by heating and depressurizing
it in a secondary desorption column [142]. Another technology is chemical washing.
Chemical washing is based on a chemical reaction in a countercurrent flow between the
absorbed gases and a chemical solvent (amine reagent). The following chemical solvents are
used: mono-, di- and tri-ethanolamines, mainly mono-ethanolamine (MEA), diglycolamine
(DGA), diethanolamine (DEA), triethanolamine (TEA), methyldiethanolamine (MDEA),
and 2-amino -2-methyl-1-propanol (AMP) or piperazine (PZ). These react with gases to
separate them from the gaseous mixture. MEA is among the most commonly used, thanks
to its greater selectivity for CO2 and greater absorption capacity, ensuring efficiency of CO2
removal of 80–95% [142–144]. Chemical washing requires a considerable amount of heat
compared with the physical absorption process.

Adsorption processes are based on the selective adsorption of biogas contaminants.
Pressure Swing Adsorption (PSA), Temperature Swing Adsorption (TSA) and the Oscillating
Vacuum Adsorption (VSA) are used. PSA is the most frequently used method for biogas
upgrading [133]. It is based on the ability of a porous material to adsorb target molecules
from a gas mixture under the application of high pressure; these are then released at lower
pressures [134]. Basically, the process consists of an adsorption phase during which the biogas,
after preliminary removal of H2S and water vapor/moisture, is injected from the bottom of
an adsorption column. During passage through the column, CO2 and/or O2 and/or N2 can
be adsorbed, and the gas is then expelled as a flow of more or less pure CH4.

The cryogenic separation process is different, as it exploits the diversity of the gas boil-
ing points of the gases in biogas. This process is, in fact, based on the principle that gases
such as CO2 and H2S are liquefied at different pressures and temperatures. The boiling
point of CH4 is the lowest of all biogas constituents. As a result, a gradual decrease in tem-
perature allows for the removal of impurities in order to obtain extremely pure biomethane.
Methane has a boiling point of −161.5 ◦C, while CO2 has a boiling point of −78.2 ◦C, and
this ensures the separation of CO2 as a liquid by cooling biogas at high pressures [141].
In this separation, the temperature is reduced (to −170◦ C), and the pressure (80 bar) is
increased incrementally to achieve pure CO2 and CH4 flows. A combination of direct and
indirect cooling is used to ensure optimal operating conditions [136]. All variations of these
technologies have recently been examined [145,146]. Cryogenic technology is, among all,
the most energy- and cost-consuming technology.

In hydrogenation processes, CO2 is used to produce synthetic methane in combination
with H2 produced from clear renewable sources. At the present time, the technology for
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obtaining methane on a large scale is to produce natural gas from synthetic gas (H2, CO2
and CO) obtained from the conversion of coal using metal-based catalysts at a tempera-
ture between 150 and 500 ◦C and pressure between 1 and 100 bar. The most commonly
used catalysts are nickel, copper, iron, cobalt, palladium, ruthenium, rhodium, platinum,
molybdenum and tungsten, supported by a support material consisting of silicon oxide and
carbide, or oxides of aluminum, cerium, titanium and zirconium. Temperature, pressure
and physical state are fundamental factors for these elements, which would otherwise
gradually hinder the reaction and generate problems of selectivity, cause the production of
harmful by-products and the formation of other hydrocarbons other than methane and fi-
nally show poor efficiency. Due to the remarkable selectivity, it is indeed possible to achieve
complete transformation of CO2 and H2 [142]. The positive aspect of this technology is
that methane produced through hydrogenation is easy to transport, fully compliant with
current natural gas networks and suitable for regions with low natural gas availability.

Membrane separation uses semi-permeable membranes to separate the different com-
ponents of biogas, based on their actual size. Membrane technology is a viable alternative
to the traditional biogas upgrading system based on adsorption, presenting competitive ef-
ficiency. The operation of this technique is based on the properties of selective permeability
of the membranes that allow the separation of the various components of biogas. Com-
mercially successful membranes, such as polyimide and cellulose acetate membranes, are
used [142]. Membrane fiber materials used in the gas separation technique can be classified
into three groups: inorganic membranes, polymer membranes and membranes in a com-
bined form. Drawbacks related to the use of membranes include their high cost and their
degradation over time, including damage caused by vibration of colloidal solids [142,147].

Table 8. Advantages and disadvantages of techniques for removal of CO2 [133,134,142,147].

Method Advantages Disadvantages

Solvent scrubbing High efficiency and low losses
Expensive investment, high consumption of water and
biomethane contamination from N2 and O2 desorbed

from water, high amount of heat and foaming problems

Adsorption processes Highly efficient technology, lower energy
requirement and no chemicals required

High energy consumption and high operating
conditions (high pressure and low temperature)

Hydrogenation processes Highly selective technology and easy
transportation of methane produced

High energy consumption and high
operating conditions

Cryogenic separation Efficient treatment, lower methane losses
and high methane purity Very high energy consumption and complex process

Membrane separation Low operational requirements and
non-chemical process

High initial investment costs, high cost of membranes
and degradation of membranes over time

3.4. Recovery of Digestate

Another relevant issue related to biogas production concerns the by-product of the
process, i.e., digestate. Digestate is the residue of the anaerobic digestion process. It
can result from the digestion of livestock manure, plant biomass (waste or dedicated),
animal by-products, sewage sludge or organic fraction of municipal solid waste. Promising
applications for digestate have been found in the agricultural sector, where it is used both
as a soil amendment and a fertilizer [148]. The content of biogas digestate has been studied
by many researchers. As a result of this study, it was found that the content of digestate is
rich in nutrients useful for the plant. In fact, digestate is a potential biofertilizer and source
for several biogas plants all around the world [130]. Therefore, the increase in the demand
for biogas will result in a significant increase in the amount of digestate produced each
year [149]. Given the many different substances and wide range of compounds contained in
digestate, the main recommended use for its management is its direct use as a fertilizer [150].
The resulting digestate has higher moisture content than the starting biomass, because
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some of the dry matter is biologically degraded for biogas production. The residual organic
matter is more stable and contains nutrients such as nitrogen, phosphorus and potassium,
which can return to the soil to provide nutrients for crops. Digestate is, in fact, an excellent
fertilizer for plants, rich in both organic matter and macro- and micro-nutrients. The
physicochemical characteristics of digestate vary considerably depending on the nature
and composition of the digested substrates as well as the operating parameters of the biogas
processes. The general components of digestate are dry matter, organic matter, total and
ammoniacal nitrogen, diphosphorus pentoxide and potassium oxide and vary depending
on the origin. In digestate derived from livestock manure, the highest rate of nitrogen is in
ammonia form [151]. Precisely because the natural composition of the raw materials of the
process can be varied, the digestate produced also has different physicochemical properties.
Other elements that may affect the final composition of digestate include the fragmentation
of the substrate and the technologies used in the fermentation process [151,152]. All the
factors influencing the biogas system, directly and indirectly, affect the quality of biogas
digestate. The use of digestate as a fertilizer offers significant advantages for agriculture.
However, to guarantee a safe use, abuse and inefficient uses should be avoided. Table 9
summarizes the advantages and disadvantages of using digestate from biogas, which will
be described in detail below.

Table 9. Positive and negative aspects of using digestate from biogas.

Positive Aspects Negative Aspects

High-quality organic fertilizer for plants, rich
in nutrient components.

Digestate contains odors, pathogens and other
pollutants, and contaminants.

Reduces dependence on inorganic fertilizers.
Greenhouse gas emissions resulting from

digestate have underscored the importance of
appropriate digestate management.

Increases the economic efficiency of
agricultural activities.

The use of digestate at high doses may cause a
harmful effect on agriculture.

Digestate consists of a solid fraction in suspension and a liquid fraction containing
soluble nutrients [153]. It is made up of organic and inorganic nutrients, enriching the
soil and improving its structure and absorption capacity [154]. Due to the high plant
nutrient content, digestate can be effectively used as a fertilizer in plants and can be
complementary or alternative to mineral fertilization, providing those essential plant
macronutrients needed to sustain the food supply of a constantly growing population.
Its use can alter the soil ecosystem or have a direct impact on plant growth. Evidence
has been documented regarding digestate as a high-quality biological fertilizer, rich in
key components and nutrients (N, P, K, Cu and Zn). In addition, organic matter, amino
acids, vitamins and some favorable microorganisms can increase the amount of humic
substance in the soil and improve its fertility, providing an adequate defense [155]. Its use
for the fertilization of plants allows for the diversification of and increase in the economic
efficiency of agricultural activities [156]. However, its impact on soil characteristics and
biomass yield has not yet been investigated [157]. Its use as an organic fertilizer closes the
carbon and nutrient cycles and seeks to reduce the dependence on inorganic fertilizers;
besides arousing interest in this regard, it also contributes to improving soil structure and
fertility. Digestate turns out to be a clean, easily available and convenient fertilizer that can
be reintroduced into crops to improve agriculture. It plays a better role than directly using
animal manure as a fertilizer, because it has higher homogeneity and nutrient availability,
and better C/N ratio, and it significantly reduces odor [158]. However, digestate contains
odors, pathogens and other pollutants. Therefore, it is necessary to implement technical and
effective strategies for the treatment of biodigestate and for its use in the environment [159].
It also contains contaminants such as heavy metals, including Cd, Cr, Cu, Pb, Ni, Zn
and As [160], and the greenhouse gas (GHG) emissions derived from digestate have
underlined the need for appropriate management of digestate before its safe discharge into
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the receiving environment [161]. Prior to the use of digestate, the content of heavy metals
and the presence of pathogens should be checked [150]. Depending on the type of raw
material and the operating conditions (thermophilic/mesophilic temperature), the digestate
may require sanitization, deodorization and neutralization phases [153]. According to the
sanitation standard of the European Union, for the safe use of biogas digestate, it should be
treated in a continuous mixing tank at 70 ◦C for 1 h. The disadvantage of the sanitization
process is that it is removed from the N fertilizer in ammonia at the applied temperature.
This loss can be compensated for by adding ammonium sulphate to biogas digestate [162].
The fertilizer can be used after enrichment. It also can be used as feedstock for further
nutrient applications in agriculture and the chemical industry, but this usually requires
additional treatment [163]. An essential aspect of the agricultural applications of digestate
is the need to inactivate pathogens present in digestate and reduce the risk of them entering
the soil environment. Before foliar or soil application, conditioning (e.g., with inorganic
acids) and neutralization (e.g., with potassium hydroxide (KOH)) are required to eliminate
odorous compounds and microorganisms [163].

Digestate can be used directly or separated into its fractions, i.e., solid and liquid
fractions; in the first case, high investment and operating costs are required, but costs re-
lated to storage and transportation tariffs are greatly reduced [157], increasing the resource
recovery potential with the use of advanced technologies. Both fractions can be applied to
agricultural land. In any case, the liquid fraction includes higher volatile total ammonia ni-
trogen (TAN) concentrations; this could result in possible negative consequences related to
ammonia emissions. The direct application of digestate to soil causes nitrogen loss through
ammonia volatilization. Volatilized ammonia nitrogen enters the atmosphere, causing an
increase in nitrogen content in natural soil and water, resulting in eutrophication [164].

Recently, digestate has gained importance, in part due to the rising cost of mineral
fertilizers and the problems related to their availability and purchasing. The many benefits
of using digestate are gaining increasing recognition and are linked to the promotion of
sustainable development and the circular economy. Scientific research indicates that biogas
digestate can also be used in animal husbandry, aquaculture and algae production.

The production and recycling of digestate as fertilizer requires quality, management
and quality control throughout the life cycle of AD, from the production of feedstocks to
the final use of digestate as fertilizer [165].

Waste Framework Directive 2008/98/EC introduced the “end of waste” criteria, in-
dicating that waste ceases to be waste when the required criteria are met. Digestate,
conventionally recognized as waste, can be legally used in agriculture and other land appli-
cations if it meets legal requirements. Despite the high potential for closing nutrient loops in
agriculture and reducing external inputs of mineral fertilizers, the application of digestate
on agricultural land has some potential drawbacks [166]. In fact, its uncontrolled disposal
can cause nutrient runoff; the anaerobic degradation of protein-rich biomass enriches the
concentration of total ammonia nitrogen (TAN) in digestate, limiting its use in areas classi-
fied as vulnerable to nutrient pollution of underground and surface waters. Similarly, the
content of phosphorus (P) is of concern in digestate management, being responsible for
the phenomenon of eutrophication (Water Framework Directive, 2000/60/EC). Traditional
methods of digestate application, such as spray irrigation, can cause emissions of ammonia,
carbon dioxide and nitrous oxide [167]. In Europe, national legislation establishes the maxi-
mum nitrogen (N) loads to be applied to fields, the minimum required digestate storage
capacity and the obligatory spreading season to adequately fertilize agricultural fields
without posing environmental risks (Directive 91/676/EEC). In Europe, environmental
regulations regarding pathogens (EU Commission Regulation No. 142/2011) and heavy
metals (Directive 86/278/EEC) also apply to the quality of digestate.

Due to the profligate utilization of biogas digestate, there is evidence of a harmful effect
on agriculture. In fact, despite the fact that its use promotes plant growth at small doses,
at high doses, instead, it can produce a harmful effect [168]. This negative effect can be
resolved by controlling the dilution or planting time in the fertilizer concentration [169,170].
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Biogas digestate is an ecological and advantageous product for sustainable production
due to climate change and limited fossil resources. In any case, the advantages of the
product can only be achieved with the appropriate use of the product and proper control
before its use.

Another aspect related to its use concerns the economic evaluation. Transport distances
have a crucial impact on the economic feasibility of using anaerobic digestate for land
application; therefore, the correspondence between the location of existing digesters and
neighboring agricultural land should always be checked.

In the scientific literature, there are few studies on the ecology of soil where digestate
is used. Furthermore, scarce information is available on the quality, treatment, valorization
and integration of its production with an economic evaluation in the agricultural sector.
Some studies have discussed digestate valorization, while others have examined different
alternatives to digestate treatment, as well as the economic evaluation of digestate treat-
ment methods. The utility of mechanical, thermal and biological processes for nutrient
recovery has been discussed, and the potential of industrial-scale technologies has been
indicated [171].

Despite extensive studies on the elemental composition of biogas digestate, the knowl-
edge of its impact on soil processes, however decisive for the state of fertility and crop
response, is still scarce. Numerous scientific studies indicate that digestate can be success-
fully used as a fertilizer. However, more research is needed, especially on the diversity
of feedstocks used for biogas production and their effects on digestate composition and
performance. A standardized risk assessment for agricultural applications of digestate is
lacking, indicating the need for research in this field [172].

4. Conclusions

This review aimed to summarize the main knowledge about the use and production
of biogas and biomethane particularly from zootechnical slurry. Renewable energy has,
in fact, become a priority for organizations worldwide, as the currently employed fossil
fuels will soon run out. Furthermore, bioenergy supply can meet climate change objectives.
By reviewing the literature, it emerged that AD is an efficient process for the production
of biogas from waste of different origins. Animal waste products provide nutrient-rich
and highly valuable raw material for renewable fuel generation through the AD process.
Co-digestion of multiple feedstocks is an excellent way to improve biogas production.
Contrary to the mono-digestion of manure alone, it has recently been suggested that the
combination of agricultural and livestock wastes is an advantageous alternative that fully
exploits the qualities of both feedstocks and, as a result, increases the biogas yield. Through
alkaline pretreatment, tested with NaOH, the optimization of the digestion process was
found to be able to increase the production of biogas and thus biomethane. However,
further research on substrate mixing is needed to advance process design and optimization
and to keep process costs down. Various upgrading technologies have also been developed
to purify the biogas produced. With the improvement in biogas production and biogas
upgrading in the future, the demand for biogas as an alternative energy source is expected
to be met by replacing conventional fossil fuels. The by-product of the AD process, known
as digestate, can be further used as a natural fertilizer in agriculture, providing plants with
organic matter and ensuring the replacement of synthetic fertilizers.

In conclusion, the road to the green transition of the industry and the diversification of
energy supply sources is still uphill. Biogas is one of the solutions to global greenhouse gas
emissions, and its importance in waste management is well established and will continue
to develop in the future. What is certain is that renewable sources represent a pillar in
this process, which will be strengthened through targeted investments. Environmental
protection is an urgent and common problem that must be solved by all parts of society. On
this front, much has been achieved, thanks to a mix of technological progress and incentives
that have made renewable energies an increasingly convenient choice, and much more will
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be performed through further research and significant investigations that will perfect the
best use of these energies.
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170. Świątczak, P.; Cydzik-Kwiatkowska, A.; Zielińska, M. Treatment of the liquid phase of digestate from a biogas plant for water
reuse. Bioresour. Technol. 2019, 276, 226–235. [CrossRef]

171. Monfet, E.; Aubry, G.; Ramirez, A.A. Nutrient removal and recovery from digestate: A review of the technology. Biofuels 2018, 9,
247–262. [CrossRef]

172. Niu, J.; Shao, R.; Liu, M.; Zan, Y.; Dou, M.; Liu, J.; Zhang, Z.; Huang, Y.; Wang, F. Porous carbons derived from collagen-enriched
biomass: Tailored design, synthesis, and application in electrochemical energy storage and conversion. Adv. Funct. Mater. 2019,
29, 1905095. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.wasman.2018.05.017
https://doi.org/10.1016/j.biortech.2018.12.077
https://doi.org/10.1080/17597269.2017.1336348
https://doi.org/10.1002/adfm.201905095

	Introduction 
	Materials and Methods 
	Results and Discussions 
	Biogas and Biomethane as Energy Resources 
	Anaerobic Digestion and Co-Digestion 
	Purification and Improvement of Biogas 
	Recovery of Digestate 

	Conclusions 
	References

