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Abstract

Energy supply and waste management are two of the great challenges that
humanity as a whole faces. The world’s energy supply is mainly dependent on
fossil fuels whose combustion leads to excessive carbon dioxide emission, which,
when released into the atmosphere in greater concentration, causes global
warming. Moreover, the amount of solid waste produced is increasing and is
expected to grow rapidly in the next decades. Therefore, to meet these challenges
in the future, it is necessary to use life-cycling technology as a robust tool capable
of combatting environmental waste into energy. It is becoming apparent that the
majority of organic waste from various agricultural and industrial sources can be
converted by microorganisms into biofuels. These biofuels provide renewable
energy sources that could significantly lower greenhouse gas emissions and
ensure sustainable waste management. The concept of bioenergy production
from waste has developed significantly over the last few decades. Biogas is
among the gaseous biofuels produced by the anaerobic digestion of organic
material, and recently, its production from animal waste such as cow dung is an
economically viable way to reduce environmental pollution and provide an
opportunity for effective waste management and production of valuable products.
Biogas consists of mainly methane (CH,), carbon dioxide (CO,), and small
amounts of hydrogen sulfide (H,S). This chapter focuses on the production of
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biogas from animal wastes. The chapter will provide an overview of the concept
of biogas production, microorganisms used in the production of biogas, the
anaerobic digestion process, and the anaerobic digester. The chapter will also
attempt to highlight the key stages involved in biogas production (hydrolysis,
acidogenesis, acetogenesis, and methanogenesis), and the benefits of biogas.
Details of factors influencing the production of biogas are also discussed.

Keywords

Global warming - Biofuels - Anaerobic digestion - Environmental pollution -
Biogas

8.1 Introduction

The present world energy supply is largely dependent on fossil-origin fuel such as
petroleum, coal, and natural gas, etc. They are the ossified remains or impressions of
dead plants and animals, which have been preserved in the Earth’s crust for millions
of years. Utilization of such resources converts carbon stored for millions of years
into carbon dioxide (CO,), and its release into the atmosphere in greater
concentrations causes global warming. For this reason, fossil fuels are
non-renewable energy sources. One of the main threats to society today is the
continuous increase in organic waste production. Therefore the task of waste man-
agement and inadequate energy supply are two of the enormous problems that are
increasingly threatening the life of many people (Onwuliri et al. 2013). Sustainable
management of waste as well as avoiding and reducing waste have become major
priorities, representing a significant part of the public efforts to reduce pollution and
greenhouse gas emissions and mitigate global climate changes.

The decrease in the production of non-renewable energy sources along with the
climate change problem has driven the search for renewable and more environmen-
tally friendly energy sources as an alternative to fossil fuels which allow for
sustainable development, as the system seems auspicious to achieve sustainable
energy production without destructing our environment (Chojnacka et al. 2015). It
is therefore important to implement a renewable energy system to replace fossil
fuels. Research has shown that biogas is one such alternative energy source, partic-
ularly for the rural community (Raja and Wazir 2017). In contrast to fossil fuels,
biogas is renewable energy as it is produced from biomass. Biogas will not only
upgrade energy stability but also make a significant influence on the conservation of
natural resources and environmental protection. It will increase the security of the
energy supply, reduce dependency on fossil fuels and help to ensure sustainable
development. Govarthanan et al. (2022) reviewed critically various research works
and suggested that utilizing lignocellulosic (LC) biomass generates biogas at a high
rate and also nanotechnology intervention was found to be very effective in biogas
production (Yadav et al. 2020).
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Fig. 8.1 Quantifiable sources of livestock dung (MT per year) and potential for biogas generation
(million m? per year) in India. (Adapted from Kaur et al. 2017)

Biogas is a promising renewable alternative to natural gas with similar
applications. It is typically a mixture of different gases which primarily comprises
methane (CHy), carbon dioxide (CO,), a small amount of hydrogen sulfide (H,S),
moisture (H,0O), and a few other gases formed in the absence of oxygen due to the
breakdown of organic material (Liaquat et al. 2017). Nearly any organic waste
materials can be biologically degraded and transformed into biogas and other
energy-rich organic compounds by the process of anaerobic digestion, thereby
enabling sustainable waste management (Goswami et al. 2016). Production of
biogas through anaerobic digestion of animal waste converts these wastes into
renewable energy. Biogas production from animal waste is an economically feasible
way to reduce environmental pollution and produce valuable products, i.e., methane
(Pampillén-gonzalez et al. 2017). It is a very important renewable source of energy
produced from organic materials like cattle dung, human waste, and different types
of biomass. Therefore, biogas is a renewable energy source as it is wholly energy
self-sustenance technology, independent of any fossil fuel, and reduces greenhouse
gas emissions into the environment. State-wise generation of animal dung and the
tentative theorized estimate of this untapped source for biogas production in India
are shown in Fig. 8.1. The annual production of dung is estimated to be approxi-
mately 2600 million tons (MT), which is enormous in terms of volume, making it an
important untapped energy source. The total dung generated which is mentioned in
Fig. 8.1 comprises of large animal dung, small animal dung, pig dung, and poultry
dung. Total potential biogas production from all dung sources was calculated in
terms of annual yield measured in million m’ per year.
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Fig. 8.2 Biogas potential of
different countries (in billion
m3). (Source: Karaca 2018)
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When the biogas potentials of some other countries are examined, it is seen that
India has good potential (Fig. 8.2).

8.2  Anaerobic Digestion and Biogas Production

Anaerobic digestion (AD) is a natural biological process whereby organic matter is
decomposed and transformed by microorganisms into biogas in the absence of
oxygen (Fedailaine et al. 2015). During the process, microorganisms digest plant
and/or animal material in sealed containers, producing biogas. The process occurs in
an anaerobic environment (oxygen-free environment) through the activities of a
diverse group of microorganisms that break down the organic material and produce
methane (CH,), carbon dioxide (CO5) in a gaseous form known as biogas, and other
nutrient-rich compounds (Kythreotou et al. 2014). It is a complex process that
involves two stages. At the initial phase of the process, degradation is executed by
fast-growing, acid-forming microbes (acidogenic), where protein, carbohydrate,
lipids, cellulose, and hemicellulose in the waste are hydrolyzed and metabolized
into organic acids and volatile fatty acids (VFAs), along with carbon dioxide and
hydrogen gases. At this stage, the decomposing products have noticeable, disagree-
able, effusive odors from the organic acids, H,S, and other metabolic products
(Liaquat et al. 2017). In the second phase of the process, most of the organic acids
and other intermediary products of the earlier phases of the process are metabolized
by methanogenic microorganisms, thereby producing biogas as the end-product,
which comprises a mixture of different gases, as shown in Table 8.1.

Biogas production through anaerobic digestion (AD) is an environmentally
friendly technology for bioenergy production utilizing the increasing amounts of
organic waste produced worldwide. A wide range of waste streams, including
industrial waste, domestic waste, human excreta, municipal wastewater, agricultural
waste, animal waste as well as plant residues, can be treated with this technology. It
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Table 8.1 Typical per-

contage combosition of S. no. Biogases Formula Percentage %
biogags (Liaqgat et al. 2017; 1. Methane CH, 50-75
Schnurer and Jarvis 2009) 2 Carbon dioxide €O, 25-50

3. Nitrogen N, 0-10

4. Oxygen 0, 0-2

5. Hydrogen H, 0-1

6. Hydrogen sulphide H,S Traces

7. Water vapor H,0 Traces

8. Ammonia NH; 0-0.05

is an effective process to convert animal waste into profitable by-products as well as
reduce the pollution of air, water, and soil caused by these wastes. The organic
material in animal waste is easily decomposable, so a lot of microorganisms thrive in
it. These microbes are mostly anaerobic and thus ideally suited to decompose the
organic material in an anaerobic digester and produce biogas (Pampillén-Gonzélez
et al. 2017). The production of biogas through this process proffers significant
benefits over other systems of bioenergy production and many other waste treatment
processes. The major product of this process, i.e., the biogas, is a renewable energy
source, while the by-product, i.e., the digester residue, can be used as a biofertilizer
because of its high nutrient content available (Horvath et al. 2016). Biogas produc-
tion is influenced by the amount of organic material and the number of anaerobic
bacteria that degrade the organic material (Hidayati et al. 2018). Therefore, the
quantity and quality of the biogas appear to be controlled by the type of biomass
being digested and the microbial inoculum fed into the biogas plant. Biogas can be
generated from nearly all types of biomass; nevertheless, animal waste and slurries
represent one of the largest resources. Animal waste and slurries from cows, pigs,
sheep, goats, and poultry have been estimated as among the major waste streams for
biogas production, which, if left unprocessed or inadequately managed, may become
a major environmental problem because of nutrient leaching (N, P), ammonia
evaporation, and pathogen contamination. Among animal waste, it has been reported
that pig manure produces a high yield of biogas and methane compared to other
animal waste, as shown in Fig. 8.3 (Enzmann et al. 2018; Verma et al. 2018).

The purpose of using anaerobic digestion is usually related to waste management
and energy production. The remaining digestate is an added benefit, which creates
additional value. Hence, the practice of anaerobic digestion can assure appropriate
waste management, production of biofertilizers, and improved environmental impact
and sustainability (Luo et al. 2013). Anaerobic digestion (AD) technology is widely
used in the treatment of organic wastes to achieve the reduction of the wastes with
the simultaneous production of biogas, the technology allows the treatment of high
organic loading wastes to reduce their volume and load while recovering biogas,
which can be used to produce heat, electricity, and or upgraded to be biofuels for
automotive vehicles (Awe et al. 2017; Madakka et al. 2020).

The anaerobic digestion technology has gained considerable momentum over a
few years and it is considered a valuable technology for the production of renewable
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Fig. 8.3 Biogas and methane contents of some organic waste in milliliter per gram volatile solids
(mL/gVS) (Heo et al. 2003)

energy and offers a way to mitigate problems related to low access to energy
(Anukam et al. 2019; Nathia-Neves et al. 2018).

The systems have undergone various modifications in the last decades to increase
the efficiency of the process. An important milestone was the development of a new
reactor design, i.e., the up-flow anaerobic sludge blanket (UASB) reactor, containing
a well-settleable methanogenic sludge due to the formation of a dense sludge bed.
Another technology making it possible to retain active biomass within the system
was the application of membrane bioreactors (MBRs), which can also be utilized for
the parting of inhibitory substances, which otherwise would negatively disturb the
biological process (Mainardis et al. 2020). Additionally, advances in molecular
biology techniques could provide scientists and students with a valuable tool to
understand the complex microbiological processes involved in the anaerobic diges-
tion of organic materials. By the application of these techniques, it would be possible
to regulate and control the process and discover disturbances much earlier than using
traditional process parameters for monitoring the process.

8.3  Stages of Biogas Production by the Anaerobic Digestion
Process

Biogas production through anaerobic digestion (AD) of organic materials is the
combinative activity of various microbial populations carried out by several different
groups of bacteria and fungi such as hydrolyzing, acidifying, acetogenic, and
methanogenic microbes, which in the final stage produce biogas mainly methane
(CHy) and carbon dioxide (CO,) (Heeg et al. 2014). The production of biogas is
usually carried out in four biological and chemical stages, i.e., hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. These four main stages account
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Fig. 8.4 Key steps of biogas production

for the production of biogas from different organic matter as it takes place in an
anaerobic reactor (Fig. 8.4). In the single-stage batch reactor, all wastes are loaded
simultaneously, and all four processes are allowed to occur in the same reactor
sequentially; the compost is then emptied at the end of a given retention period or
cessation of biogas production (Kwietniewska and Tys 2014).

8.3.1 Hydrolysis

Hydrolysis is the first step in biogas production. In this step, the complex organic
matter (polymers), that is, proteins, carbohydrates, and lipids (fats) are broken down
and transformed into simple and smaller water-soluble compounds such as amino
acids, fatty acids, and simple sugars, which in turn can be utilized by acidogenic
bacteria (Chandra et al. 2012). During the hydrolysis process, hydrolytic bacteria
present in the reactor secrete extracellular enzymes that convert complex organic
substrates containing carbohydrates, lipids, and proteins into sugars, long-chain fatty
acids, and amino acids, respectively (Li et al. 2011). However, certain substrates,
such as lignin, cellulose, and hemicellulose, may find it difficult to degrade, and can
be inaccessible to microbes due to their complex structures; enzymes are often added
to enhance the hydrolysis of these carbohydrates (Lin et al. 2010).

From a chemical perspective, hydrolysis refers to the cleavage of chemical bonds
by the addition of water. Cations and anions react with water molecules, altering pH
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in the process to create a cleavage of H-O bonds. The reaction associated with this
step is given below:

(C(,H]()Os)n + nH,O — nCgH;»0¢

From the reaction, the hydrolysis of cellulose (C¢H;(Os5) via the addition of water
(H,0) to form glucose (CgH,Og) as the primary product and gives off H,. The
reaction is catalyzed by homogeneous or heterogeneous acids to produce glucose
(C¢H120¢) (Zupancic and Grilec 2007). Hydrolysis is the slowest step of biogas
production, especially when solid waste substrates are used. The process rate
depends on factors such as pH, particle size, enzyme production, diffusion, and
enzyme adsorption on waste particles that are exposed to the degradation process.
The magnification of the hydrolysis process increases the performance of digestion
(Yu et al. 2016). Biological, chemical, and mechanical pre-treatments, or a combi-
nation of these can be used to accelerate hydrolysis, because they can cause lysis or
disintegration of the substrate and allow the release of intracellular matter, allowing
greater accessibility of anaerobic microorganisms, thus reducing the retention time
in the digester (Ferrer et al. 2008).

8.3.2 Acidogenesis

This is the second stage of biogas production, where the products of the hydrolysis
(water organic monomers of sugars and amino acids) are further broken down and
converted mostly into several organic acids (acetic acid, propionic acid, butyric acid,
succinic acid, pentanoic, etc.), VFAs (lactic acid), alcohols (methanol, ethanol), and
ammonia (from amino acids) (Christy et al. 2014). Acidogenesis is usually the fastest
step of biogas production and occurs due to the action of acidogenic fermentative
microorganisms. With the rapidity of this stage, it is important to note that while the
production of VFAs creates direct precursors for the final stage of methanogenesis,
VFA acidification is widely reported to be a cause of digester failure (Akuzawa et al.
2011).

The exact compounds to be formed depend on the substrate and process
conditions, as well as the microorganisms available. Studies have shown that volatile
fatty acid concentrations can vary significantly for digesters operating at different
pH, with different studies presenting seemingly contradictory results (Huang et al.
2015). The important acid in this stage is CH;COOH, and it is the most significant
organic acid used as a substrate by CHy-forming microorganisms. Whereas the
production of volatile fatty acids (VFAs) is increased when the process pH is greater
than 5, the production of ethanol (C,HsOH) is favored by a low pH value of less than
5 with the reaction process coming to a halt at a pH < 4 (Bajpai 2017). Egs. (8.1)—
(8.3) present the reaction sequence that summarizes the acidogenic stage of biogas
production (Barua and Dhar 2017).
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CeH,0¢ < 2CH3CH,OH + 2CO, (8.1)
C6H1206 + 2H2 — 2CH3CH2COOH + 2H20 (82)
C6H]206 — 3CH3COOH (83)

Acetates, CO,, and H, pass through the basic pathway of transformation, while
other products of acidogenesis play an insignificant role. As a consequence of these
transformations, the new products may be directly used by methanogenic microbes
as substrates and energy sources. This stage is very significant because it links the
phase of fermentation with the phase of production of methane. Thus, more acid is
produced to form elements of methanogens that generate methane gas (Ntaikou et al.
2010).

8.3.3 Acetogenesis

Acetogenesis is the third stage of biogas production. It is the process where
acetogens produce acetate (a derivative of acetic acid) utilizing carbon and energy
sources. In this phase, acetogenic microbes convert the compounds generated during
the acidogenic phase, producing hydrogen, carbon dioxide, and acetate (Chandra
et al. 2012). Acetogenic microbes digest the biomass to an extent from which,
methanogens utilize it as a substrate to produce biogas (methane). This stage
explains the efficiency of the production of biogas as, in the process of acetate
reduction, more than 70% of CH,4 is generated. Subsequently, acetate is the main
intermediate product of the process of methane production (Gkamarazi 2015).

The stage involves coordination between the oxidizing microbes and the
methanogenic microbes that are active in the next phase of the methane-producing
process (Heeg et al. 2014). The reaction associated with this stage of AD is
represented by Egs. (8.4)—(8.6) (Anukam et al. 2019).

CH;CH,COO ™~ + 3H,0 « CH3;COO~ + H+ HCO3; ™~ + 3H, (84)
CgH1,0¢ + 2H,0 < 2CH3COOH + 2CO, + 4H, (8.5)

8.3.4 Methanogenesis

Methanogenesis is the final stage of the biogas production process. In this process,
methanogens generate biogas from the end products of acetogenesis which consists
mainly of methane (CH,) and carbon dioxide (CO,), but also comprises some other
gaseous “impurities” such as hydrogen sulphide (H,S) (easily detectable by its smell
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of rotten eggs), nitrogen, oxygen, and hydrogen (Chojnacka et al. 2015). The actual
process of methanogenesis is very complex and needs explicit substrates and
cofactors, the major substrates used are acetate, carbon dioxide, H,, formic acid,
methanol, methylamine, and dimethyl sulfide. But two substrates, carbon dioxide
and acetate, are the most commonly used (Costa and Leigh 2014). The pathway
which precedes methane production exclusively depends on the methanogenic
microbes and the availability of the substrate that favors the degradation process.
Generally, there are six pathways of methanogenesis, each converting a different
substrate into methane gas. The three major pathways are:

1. Hydrogenotrophic methanogenesis (production of methane by the reduction of
H,/CO,)

2. Acetotrophic  methanogenesis  (production of methane by acetate
decarboxylation)

3. Methylotrophic methanogenesis (production of methane by removal of the car-
boxyl group of methyl alcohols, methyl amines, etc.), (Slonczewski and Foster
2013)

The acetotrophic pathway is the main pathway of methane production in the
anaerobic digestion process as 70% of the total methane generated during the
process is through this pathway (Merlino et al. 2013), and the most commonly
used pathway is hydrogenotrophic methanogenesis, which transforms carbon diox-
ide into methane by reduction of H,/CO, (Slonczewski and Foster 2013). The
reaction equation representing the condition taking place in the methanogenesis
step is represented by the following (Ostrem 2004):

CH3COOH — CH, + CO, (8.7)
2CH;CH;0H + CO,; — CH4 + 2CH3COOH (8.9)

The first Eq. (8.7) shows the conversion of CH;COOH into CH,4 and CO,. The
CO, formed is reduced to CH, through H; gas in the second Eq. (8.8) and, lastly,
Eq. (8.9), shows the production of CH, by decarboxylation of CH;CH,OH.

8.4  Anaerobic Digesters

Anaerobic digesters are vessels in which a biochemical process is carried out and
involve organisms or biologically active substances derived from such organisms.
Three basic types of digesters that have been executed in developing nations are
floating-drum digester, fixed-dome digester, and tubular digester, all of which are
wet digestion systems worked uninterruptedly under mesophilic conditions. These
three types are easy to handle, low-cost, built with nearby available material, do not
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have numerous moving parts and are thus less predisposed to failure. An additional
digester type, the garage-type digester, which is worked as a dry digestion system in
batch-mode, is considered another potential biogas technology suitable for low- and
middle-income countries. Although this technology is being tested in some African
countries like Ghana by converting a used shipping container, it is not yet ready for
the commercial market as no viable low-cost design exists that has been successfully
tested at full-scale (Vogeli et al. 2014).

8.4.1 Fixed-Dome Digester

A fixed-dome plant is invented of a closed, dome-shaped digester with a fixed,
feedstock inlet, a firm gas-holder, and the compensation tank or overflow tank. A
schematic diagram is shown in Fig. 8.5. The digester stored the gas produced in the
upper part of the reactor. The digestate was pushed into the compensation tank by the
high pressure generated by gas produced in the digester with a closed outlet gas
valve. The gas pressure falls and a relative amount of slurry flows back into the
digester from the tank of compensation, once the gas valve is open for gas utilization.
Given this design, gas pressure varies always, depending on gas production and use.
Usually, such a plant is constructed underground, protecting the digester from low
temperatures during cold seasons and at night. The internal pressure in the digester,
which is normally 0.1-0.15, bar balances the surrounding soil up to the top of the
gas-filled space (Werner et al. 1989).

Fixed-dome plants are only suggested for situations where experienced biogas
technicians with specific technical skills in construction are available to ensure a
gas-tight construction. In general, fixed-dome plants are characterized by modest
initial cost and long operational life (about 15-20 years), since no moving or
corroding parts are required. Though with time, the masonry building may become
liable and spongy to cracking, resulting in gas leakages. Porosity may be
counteracted with the use of special sealants; however, cracking often causes
permanent leaks. The fluctuating gas pressure in this digester type might confound
gas utilization (Nzila et al. 2012).

There are numerous designs of the fixed-dome digester such as the Chinese fixed-
dome plant, the Indian Deenbandhu, or the CAMARTEC model developed in
Tanzania. Fixed dome digester can be constructed in different sizes, typically
ranging from 6 to 16 m”.

Nevertheless, the principle design elements of all fixed-dome digesters are the
same. Generally, the fixed-dome digester type was classically used for cow dung-fed
systems, but it is also appropriate for treating other waste types such as kitchen
waste. Sometimes, toilets are also connected to the digester to treat the human waste
product, which does not create significant problems.
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W Y a Outlet for

Fig. 8.5 Scheme of the fixed-dome digester; (a) production and collection of biogas, (b) digestate
pushed into the overflow tank by the high pressure generated by gas

8.4.2 Floating-Drum Digester

A floating-drum biogas plant contains a cylinder-shaped digester and a movable,
floating gasholder (drum). The digester is mostly built underground (see Fig. 8.6),
while the floating gasholder is above the ground. Smaller domestic-scale systems
usually are above ground. The reactor part of the digester is typically made with
bricks, concrete, or quarry-stone masonry and then plastered. The gas-holder is
typically prepared from metal and is covered with synthetic paints, oil paints, or
bitumen paints to protect it against corrosion. Conversely, it is important to ensure
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Fig. 8.6 Scheme of the floating-drum digester; (a) production and collection of biogas, (b)
digestate pushed into the overflow tank by the high pressure generated by gas

sustained use by regular de-rusting, and the cover coating should be re-applied
annually. A well-maintained metal gas-holder can be expected to last between
eight to twelve (8—12) years in a dry climate or 3—5 years in humid areas. A proper
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alternative to standard grades of steel is fiberglass-reinforced plastic or galvanized
sheet metal (Nzila et al. 2012).

The generated gas collects in the gas drum, which falls or rises again, depending
on the volume of gas produced and used. The drum level thus contains a valuable
visual indicator of the quantity of gas available. The gas is provided at moderately
constant pressure, which is contingent on the weight of the drum. Additional weights
can be added on top of the gasholder, to increase gas pressure. Braces can be welded
onto the inside of the drum which then helps to break up the scum layer when the
drum is rotated (Vogeli et al. 2014).

The gasholder is either a specifically constructed separate water jacket or floats
directly on the fermenting slurry which reduces methane leakage, as shown in
Fig. 8.6. A guiding frame constructed inside of the gas drum is an additional measure
to prevent the tilting of the drum when it rises (see guide pole in Fig. 8.6). The design
size of floating-drum plants is springy, with bioreactor sizes usually ranging between
1 and 50 m® (Vogeli et al. 2014).

8.4.3 Tubular Digester

A tubular biogas plant comprises a longitudinal-shaped heat-sealed, rubber bag
(balloon) or weather-resistant plastic that serves as a digester and gas holder in
one. The upper part of the balloon stores the gas produced. The outlet and inlet are
attached straight to the skin of the balloon. No short-circuiting takes place as a result
of the longitudinal shape, but since tubular digesters naturally have no stirring
device, active mixing is incomplete and digestate flows through the reactor in a
plug-flow manner. The pressure of the gas can be increased by placing weights on
the balloon while taking care not to damage it. Figure 8.7 shows a schematic diagram
of a typical tubular digester (Vogeli et al. 2014).

The advantage of these digesters is that they can be constructed at a low cost by
standardized prefabrication. Furthermore, because of the shallow below-ground
installation, they can be used in places with a high groundwater table. The plastic
balloon though is quite liable to mechanical damage and has a comparatively short
life span of 2-5 years (Nzila et al. 2012).

To prevent damage to and deterioration of the balloon, it is also very important to
protect the bag from direct solar radiation with a roof. Moreover, a wire-mesh fence
protects against damage by animals. This system can be modified for it to work at
different altitudes and climates. For example, on the Bolivian Altiplano in west-
central South America (more than 4000 m above sea level), biodigesters are
surrounded in a polyethylene greenhouse, supported by two lateral adobe walls
along the whole length of the shallow trench. A layer of 20 cm of insulating material
(e.g., dry cereal straw and natural grass) can be used to decrease heat loss through the
walls of the trench. The lateral walls accumulate the heat so that with freezing
temperatures during wintertime nights, the digester remains operational of its high
thermal inertia. Also, dark pipes are installed to pre-heat the water used for mixing
the substrate before entering the balloon (Marti-Herrero 2008).
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Fig. 8.7 Scheme of tubular digester; (a) production and collection of biogas, (b) spent slurry
pushed into the outlet pipe by the high pressure generated by gas

8.5 Microbes Involved in Biogas Production

Microbiology of anaerobic transformation of biological wastes is a method that
involves numerous different kinds of microbes, such as hydrolytic, acid-forming,
acetogenic, and methanogenic bacteria which produce CO, and CH4 as the
by-products of the digestion process. Each organic waste accounts for the degrada-
tion of a different type of compound.

8.5.1 Microbes Involved in Hydrolysis and Acidogenesis

The hydrolytic and acidogenic phases may be combined in the anaerobic acidogenic
bacteria. The most commonly found acidogenic bacteria in digesters include species
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of Butyrivibrio, Propionibacterium, Selenomonas, Lactobacillus, Clostridium,
Bacteroides,  Bifidobacterium,  Eubacterium,  Ruminococcus,  Acetivibrio,
Peptostreptococcus, Peptococcus, Streptococcus, and members of the
Enterobacteriaceae. In mesophilic sewage sludges, there are usually between 10°
and 10° hydrolytic bacteria per milliliter (Borja 2011; Kashyap et al. 2019).

8.5.2 Acetogenic Bacteria

Acetogenetic species can be subdivided into those that do reduce protons to hydro-
gen obligately and those that are not obligately proton-reducing, that is, hydrogen-
producing species during acetogenesis. The first group has a wide range, comprising
the homoacetogens and species that may direct their metabolisms to proton reduction
in the presence of a sufficient hydrogen-removing system. Homoacetogenic species
are known in the genera Acetobacterium, Acetogenium, Acetoanaerobium,
Butyribacterium, Eubacterium, Clostridium, and Pelobacter (Borja 2011).

In environments with sufficient H, sinks, such as anaerobic digesters, many of the
acidogenic bacteria direct their metabolism to acetogenesis. This facultative change
in metabolism has been demonstrated in defined methanogenic co-cultures
degrading alcohols, pyruvate, lactate, fructose, glucose, cellobiose, and cellulose.
Obligately proton-reducing acetogenic microbes can only be grown in a sufficiently
electron-removing environment, for example, in monoxenic culture with a
hydrogen-removing or formate-removing species. The mixed culture concerning
this type of “mutualistic” interaction is a culture containing the acetogenic bacteria
and a hydrogen-removing bacterium such as a methanogen. Desulfovibrio spp. is
obligatory proton-reducing acetogens when metabolizing ethanol or lactate in the
absence of sulfate, and can be cultivated in mutualistic co-culture with methanogens.
Some of the acetogens and their metabolizing substrate have been depicted in
Table 8.2. The relative significance of formate and hydrogen in interspecies electron
transfer essentials is to be established in different digesters and under different
operating conditions (Borja 2011).

Table 8.2 Acetogenic bacteria (Schiel-Bengelsdorf and Diirre 2012)

Metabolize/degrade [organic waste carbon chain acid (Cs)

S. no. | Microbes to acetate (C,)]

1. Methanobacterium Pentanoic acid (Cs) to propionic acid (Cs)
suboxydans

2. Methanobacterium Propionic acid (C3) to acetate (C,)
propionicum

3. Syntrophobacter wolinii Propionic acid (C3) to acetate (C,)

4, Syntrophomonas wolfei Butyrate

5. Syntrophusbus wellii Benzoate

6. Desulfovibrio spp. Ethanol or lactate
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8.5.3 Methanogens

Methanogenic microbes are present in sewage sludges at populations of up to 10® per
milliliter and contribute up to 10% of the volatile solids. They are a morphologically
diverse group of archaebacteria unified by their capability to derive energy from
methanogenesis. A limited range of substrates are utilized by the methanogens,
H, + CO, and acetate being the most important substrates in AD. Most
methanogenic microbes utilize H, and CO,, but species of only two genera,
Methanothrix and Methanosarcina, can produce methane from acetic acid. The
species of methanogens that most commonly use H, and CO, as substrate and
those that use acetate found in anaerobic digesters are described in Table 8.3.

Alternatively, hydrolysis is claimed to be rate-limiting when the biological waste
contains much insoluble material (e.g., cellulosic compounds). Though, in the AD of
soluble substrates, either methanogenesis from acetate or acetogenesis is considered
to be rate-limiting. Under certain conditions, the rate of acetogenesis is controlled by
the H,-utilizing methanogens and so methanogenesis by either the acetate- or
H,-utilizing methanogens can be rate-limiting to the Anaerobic Digestion process
(Schiel-Bengelsdorf and Diirre 2012).

Table 8.3 Methanogens that most commonly use H, and CO, as well as acetate as a substrate are
found in anaerobic digesters (Schiel-Bengelsdorf and Diirre 2012)

Methanogens that use

H, and CO, as a substrate Acetate as substrate
S.no. | Genus Species Genus Species
1. Methanobacterium Bryantii, formicicum, Methanosarcina | Barkeri,
wolfei, mazei,
thermoautotrophicum, acetivorans
uliginosum,
thermoalcaliphilum,
thermoaggregans
2. Methanobrevibacter | Arboriphilus, Methanothrix Soehngenii,
ruminantium, smithii concilii
3. Methanothermus Fervidus
Methanococcus Maripaludis, deltae,

vannielii, voltae,
Jjannaschii, halophilus,
thermolithotrophicus,
frisius

5. Methanomicrobium | Mobile, paynteri

6. Methanogenium Cariaci, marisnigri,
olentangyi, tatii,
aggregans,
thermophilicum,
bourgense

7. Methanospirillum Hungatei

8. Methanoplanus Limicola
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8.5.3.1 Characteristics of the Methanogen Families, Substrates
for Methanogenesis; Digester Input, and % of Biogas Produced

The two families of methanogenic microbes are Methanobacteriaceae and
Methanothermaceae which are closely related. These methanogens have cell walls
composed in part of pseudomurein (Kandler and Konig 1985). The
Methanothermaceae also contain an additional surface layer composed of protein
on their cell wall. The family of Methanothermaceae contains one genus,
Methanothermus, and both species are extremely thermophilic bacilli with tempera-
ture optima of 83-88 °C. Like in many of the Methanobacteriaceae, the only
substrate for methanogenesis is H, + CO,. The family of Methanobacteriaceae
contains two genera composed of mesophilic as well as thermophilic species.
These genera, Methanobacterium and Methanobrevibacter, are bacilli that utilize
either H, + CO, alone or H, + CO, and formate as substrates for methanogenesis
(Miller and Wolin 1983).

Some of the most important and most distinctive features of all six families of
methanogenic species, substrates for methanogenesis; digester input and % of biogas
produced are summarized in Table 8.4 below:

Table 8.4 Some characteristics of the methanogen families, substrates for methanogenesis;
digester input, and % of biogas produced (Rosenberg et al. 2014)

Substrates for

S.no | Family Characteristics methanogenesis

1 Methanobacteriaceae Long or short rods, mostly H, + CO,, formate, or
Gram-positive; contain alcohols
pseudomurein; nonmotile; GC But Cocci, utilize only
content, 23—61 mol% H, + methanol

2 Methanothermaceae Rods; Gram-positive; contain H, + CO,
pseudomurein; nonmotile;
extreme thermophiles; GC
content, 33-34 mol%

3 Methanococcaceae Irregular cocci, Gram-negative; | H, + CO,, and formate
motile; GC content, 29-34 mol
%

4 Methanomicrobiaceae Rods, spirals, plates, or H, + CO,, frequently
irregular cocci; Gram-negative; | formate and sometimes
motile or nonmotile; GC alcohols
content, 39-61 mol%

5 Methanocorpusculaceae | Small, irregular cocci; motile or | H, + CO,, formate, and
nonmotile; GC content, sometimes alcohol
48-52 mol%

6 Methanosarcinaceae Pseudosarcina, irregular cocci, Sometimes H, + CO,,

sheathed rods; substrates for
methanogenesis are Gram-
positive or negative; frequently
nonmotile; GC content,

36-52 mol

acetate, and methyl
compounds; formate is
never used
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8.5.3.2 Cooperation of Microorganisms in the Methane Fermentation
Process

The four different groups of microorganisms that are responsible for the conversions
of complex organic compounds to biogas mainly CH, and CO, are presented in
Table 8.5. These groups of microbes may be counted among secondary fermentation
bacteria (syntrophic and acetogenic bacteria), primary fermentation bacteria, and
two types of methanogens belonging to the domain Archaea. These microbes occur
in the ordinary environment and fulfill various roles during the process of anaerobic
degradation of wastes (Conrad 1999). Syntrophy is a form of association of two
metabolically different groups of bacteria, which permits the degradation of various
substrates (Demirel and Scherer 2008).

Cooperation of the population of microbes permits the synthesis of certain
products which are then used by a different group of bacteria. The bacteria which
are involved in the production of methane belong to the domain Archaea and exhibit
symbiosis relationships with other populations of microbes. They may develop only
when hydrogen is used by hydrogenotrophs. Such cooperation between microbes
producing hydrogen and using hydrogen was defined as the interspecific transfer of
hydrogen (Conrad 1999). Syntrophy between microorganisms producing and using
hydrogen allows for the growth and activity of these bacteria.

8.6  Factors Affecting Biogas Production

Biogas production through the anaerobic digestion process is influenced by a large
number of factors that can influence digestion efficiency and the potential of biogas
production (Mathew et al. 2015). Biogas production can be significantly improved
with statistical optimization and pretreatment techniques (Gopal et al. 2021). Some
of these factors are discussed below.

8.6.1 Temperature

Temperature is a critical and very important parameter to take into consideration
during biogas production. It is the principal environmental factor affecting biogas

Table 8.5 Microbial cooperation in organic matter degradation (Zieminski and Frac 2012)

Electron

Microorganisms Electron donor acceptor Product Reaction type
Fermentative Organic carbon Organic carbon CO, Fermentation
bacteria

Syntrophic bacteria | Organic carbon Organic carbon H, Acidogenesis
Acetogenic bacteria | Organic carbon/ CO, CH;COOH | Acetogenesis

H,
Methogenic bacteria | Organic carbon/ CO, CH,4 Methanogenesis

H,
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digester performance (Mata-Alvarez et al. 2014). It affects the physical and physi-
cochemical properties of the compounds present in the digester and the kinetics and
thermodynamics of the biological process (Kougias et al. 2013). Temperature causes
significant effects on the microbial community, interfering with the stability of the
process, microbial growth, substrate utilization rate, and biogas yield (Khalid et al.
2011). The rate of biological reactions is designated by temperature. Temperature is
a significant parameter that quite often has to be scrutinized, specifically, when there
is a variation in the weather. There are three temperature ranges for biogas produc-
tion, which are psychrophilic temperatures: 10-20 °C with an optimum at 25 °C;
mesophilic temperatures: 20—45 °C with an optimum at 35 °C; and thermophilic
temperatures: 50-65 °C with an optimum at 55 °C (Kothari et al. 2014).

There are mainly two temperature ranges that provide optimum digestion
conditions for the production of methane—the mesophilic and thermophilic ranges.
The types of active microbial consortia at the two temperature conditions are quite
dissimilar. The choice of temperature condition will be determined by the type of
expected outcome. However, the temperature should be appropriate to the type of
microorganisms used. Thermophilic temperatures’ condition is commonly used in
large-scale biodigester (Kwietniewska and Tys 2014). This temperature condition
requires higher energy costs and may favor the acidification of the reactor by
inhibiting biogas production (Mao et al. 2015). Silwadi et al. (2022) investigated
the effect of temperature on the enhancement of biogas production by anaerobic
digestion of three different animal droppings, namely, cow, camel, and chicken.
They found that digestion of cow, camel, and chicken manure at 37 °C increased the
production by 2.2-, 2.1-, and 1.3-fold, respectively, compared to that obtained at 25 °
C. Hossain et al. (2022) studied various factors which influence biogas production
and found that biogas production rate and cumulative biogas production were found
to increase with a rise in temperature.

8.6.2 pH

pH is one of the major operational factors that affect biogas production. During
anaerobic digestion, different optimal pH values are required at different stages of
biogas production. Each microbe grows much better at a certain pH value range, and
the uttermost growth of the microbes occurs at an optimum pH value (Montaiés
et al. 2015). The optimum pH range to achieve high biogas yield in the anaerobic
digestion process lies in the range of 6.5-7.5. During anaerobic digestion, the
processes of hydrolysis and acidogenesis occur at acidic pH levels (pH 5.5-6.5),
as compared to the methanogenic phase (pH 6.5-8.2) (Khalid et al. 2011).
Methanogens are sensitive to acidic situations. The growth of microbes and the
yield of methane could harmfully be affected by this acidic condition (Arsova 2010).

pH is a very important factor in the anaerobic digestion process. It provides an
overview of the effectiveness of the process (Mathew et al. 2015). The lower pH is
an indication of the failure of the system or low buffering capability that can inhibit
digestion. High pH can also limit the methanogenesis process. The optimal pH value
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is of great significance, and to keep a constant pH level, buffers such as lime and
calcium carbonate need to be added to the system. To retain a steady pH value within
the system, the interaction between the VFAs and bicarbonate concentration is
crucial (Liu et al. 2008).

8.6.3 Nutrients Requirements

The nutrient requirement is a key concern for the steady execution of biogas
production processes (Mathew et al. 2015). As for any biological processes, where
microorganisms are involved, both the nutrient required in large and small quantities
(macro and micronutrients) should be provided to the microorganisms in the right
proportion to be able to achieve efficient biogas production. The nutrients should be
found in abundance in the digester as the shortage of any of them may inhibit the
process (Mara and Horan 2003). Insufficient availability of nutrient concentration
may lead to low biogas yields and process uncertainty (Lebuhn et al. 2008). The
macro and micronutrients are essential for the continual performance of the biogas
production process (Bruni et al. 2010). Fundamental macronutrients such as carbon
(C), nitrogen (N), phosphorus (P), and sulfur (S) are necessary for microbial growth
and therefore must be provided to ensure efficient and stable biogas production.
Among micronutrients iron (Fe), nickel (Ni), cobalt (Co), molybdenum (Mo), and
tungsten (W) are the most important ones (Zandvoort et al. 2006). The growth of
methanogenic microbes is reliant on many of these ions, so it is essential for all
methanogenic pathways and thus their availability is necessary for biogas produc-
tion. However, the exact quantity of the required ions should be determined individ-
ually in each case because it depends on the microbial consortia and the substrate
used (Jagadabhi 2011).

8.6.4 C/N Ratio

The carbon/nitrogen ratio plays an important role in the anaerobic digestion process.
It is the ratio between the amount of carbon and nitrogen contained in organic matter.
The relation between the measure of carbon and nitrogen in organic matter is
described by the C/N ratio. It is an important parameter in estimating nutrient
deficiency and ammonia inhibition (Hartmann and Ahring 2006). Carbon present
in organic matter is of great importance for biogas production. Nitrogen deficit can
result in an inadequate consumption of the carbon source, which may result in the
decline of microbial growth and lastly lead to a decrease in the biogas yield (Resch
et al. 2011). Nitrogen is used as a nutrient by the microorganisms responsible for
anaerobic digestion. Nitrogen compounds from organic waste are converted into
ammonia in the anaerobic digestion process which contributes to maintaining the pH
of the system stable during the process (Khalid et al. 2011). The optimal C/N ratio
for anaerobic digestion of organic waste ranged from 20 to 35 (Mathew et al. 2015).
A large carbon/nitrogen ratio is a sign of fast ingestion of nitrogen by methanogens,
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which then leads to lower biogas yield, but if the ratio is low, an accumulation of
ammonia occurs and pH values then may exceed 8.5, such condition can negatively
influence the activity methanogenic bacteria (Kothari et al. 2014). Therefore, an
optimal C/N ratio must be maintained to ensure efficient biogas production.

8.6.5 Agitation

The purpose of mixing the substrate in an anaerobic digester is to mix the new
material with digestate containing the microbes (Mao et al. 2015). It is not essential,
but always advantageous. Agitation is done to make sure that the contact between
substrate and microbes is close and hence results in an enhanced digestion rate of the
substrate (Hajji et al. 2016). Agitation enhanced biogas production by about 62%
compared to gas production without agitation and thus increase biogas yield
(Cavinato et al. 2013). The agitation has the advantage of bringing a homogeneous
environment and maintaining a uniform slurry, thereby preventing scum formation.
Scum can result in blockage of the gas pipe or potentially lead to foaming over the
digester, avoids temperature gradients within the digester, and agitation also
prevents grit deposition. Inappropriate mixing can interrupt the contact of microbes
to the substrate and decrease biogas production, hence slow, occasional, and harmo-
nious mixing of slurry which enhances biogas production is preferred (Prasad 2012).

8.6.6 Water Content

Water is an important nutrient for microorganisms’ life and activity. It is an essential
component of the organic matter breakdown process since it acts as a solvent and
contributes to the mass transfer and diffusion of microorganisms, allowing interac-
tion between the surface of the substrate with microbes involved in the anaerobic
digestion process (Bollon et al. 2011). Biogas production from organic matter
breakdown requires aqueous environments with water activity higher than 0.91
(Kwietniewska and Tys 2014). The highest methane production occurs at 60—80%
moisture as high levels of moisture facilitate the digestion process (Khalid et al.
2011). The movement of bacteria and the activity of extracellular enzymes are highly
determined by water content in the digester. The optimum water content of 60-95%
has to be maintained in the digester. Although, the optimum moisture content varies
with the different input materials, chemical characteristics, and degradation rates
(Demetriades 2009).

8.6.7 Hydraulic Retention Time (HRT)

Hydraulic Retention Time describes the average time period for which the organic
material remains inside the digester or the time required for a complete breakdown of
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organic matter. Hydraulic Retention Time (HRT) can be expressed by the equation
below:

HRT=V/Q

Where V is the reactor volume (m3 ) and Q is the flow rate of the fresh substrate (m3/
day) (Kothari et al. 2014). Maximum biogas production occurs at the optimal value
of HRT. Underloading and overloading reduce biogas production (Dobre et al.
2014). VFA will accumulate if the retention period is less than the optimal value,
which will cause severe fouling and result in reduced biogas production. And if the
retention period is above the optimal value, the biogas component will not be utilized
effectively, hence biogas production will be reduced (Chen et al. 2016). Hydraulic
retention time depends on the temperature of the system and the substrate to be
digested. Usually, the HRT for mesophilic temperature conditions ranges from 10 to
40 days, while for the thermophilic condition, the time is shorter, 14 days (Kothari
et al. 2014). In conditions where the influent streams have large solids
concentrations, extensive retention times are vital to maximize biogas production
(Khanal 2009). Hydrogen-producing bacteria prefer short retention times. In contrast
to methane-producing bacteria, short retention times lead to a decrease in methane
production.

8.6.8 Redox Potential

The redox potential of a digester is another important factor that affects biogas
production. It is a measure of the oxidizability or reducibility of its content. Biogas
production only proceeds in an environment free of oxygen (an anaerobic environ-
ment). The optimal value of the redox potential of a reactor must be less than —330
mv for efficient biogas production (Weinrich et al. 2018).

8.6.9 Ammonia

Ammonia is frequently described as one of the impeding substances in the biogas
production process. Free ammonia or ammonium ions are produced by the break-
down of nitrogenous matter in the digester, commonly present in the form of proteins
(Chandra et al. 2012). Microorganisms need some ammonia to form cellular proto-
plasm for growth and reproduction (Lin et al. 2011). A healthy system will have an
ammonia concentration of around 200 mg/L to support the anaerobic growth of the
bacteria, while the increase in concentrations of ammonia greater than 1500 mg/L
will cause inhibitory effects. This inhibition will cause inequity and accrual of
intermediate digestion products such as VFAs which can result in acidification of
the reactor, which in turn may result in a reduction in methane production. However,
the effects of ammonia inhibition can be lessened by dilution with water in extreme
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ammonia overloads, or altering feedstock to adjust C/N ratio in lesser overloads
(Kayhanian 1999).

8.6.10 Organic Loading Rate (OLR)

Organic Loading Rate (OLR) is the amount of substrate (biomass) fed into or loaded
to a unit of volume of the reactor under a unit of time. It signifies the quantity of
substrate introduced into the digester in a given time. Organic Loading Rate is
typically expressed in terms of kg volatile solid per m® per day [kg VS (m® day)~
1, and can be defined by the equation:

OLR=Q.VS/V

Where OLR is the organic loading rate (kg VS substrate/m> digester/day), [kg VS
(m3 day)fl], Q is the fresh substrate added daily (kg/day), V is the volume of the
bioreactor (m3) and VS stands for volatile solids [kg VS (kg)fl] (Kothari et al.
2014).

Biogas production is highly influenced by the organic loading rate. The organic
loading rate depends on the types of biomass fed into the digester. Underloading and
overloading reduce biogas production (Babaee and Shayegan 2011). If OLR is
increased, the metabolic activity of microbes will be high and hence improve biogas
yield. Very high overloading of OLR leads to a significant rise in VFAs and causes
its accumulation, which may result in acidification, a decrease in pH and the produc-
tion of biogas, and may eventually result in system failure (Chen et al. 2016). This in
turn influences the biological activity of microbes that generate methane as their
growth is inhibited below a pH of 6.6, thus reducing the production of methane,
which is the major product of biogas. To optimize digester efficiency and maximize
methane production, it is therefore very crucial to assess the suitable OLR for a
particular substrate.

8.6.11 Volatile Fatty Acids

Volatile Fatty Acids (VFAs) are also an important factor that affects biogas produc-
tion. VFAs are needed in small quantities as part of the intermediary step for
metabolic pathways of methane production by methanogens (Xu et al. 2018). It is
estimated that to have a stable process of anaerobic digestion for the production of
biogas, the volatile fatty acids, concentration, particularly acetic acid, should be
below 2 g/L. (Jain and Mattiasson 1998). VFAs can accumulate in a reactor when
methanogens cannot keep up with the rate of degradation in the earlier digestion
stages, causing a drop in the pH, which in turn will inhibit methanogens, and finally
result in biogas digester failure (Yang et al. 2015).
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8.6.12 Particle Size

The particle size of the substrate also affects biogas production. For microbes to
digest, the large particle size of a substrate is problematic and may also result in
reactor blockage. Small particles have a large area for adsorption of the substrate and
thus allow for increased microbial activity, thus increasing the production of biogas
(Sreekrishnan et al. 2004).

8.6.13 Inocula

Biogas production is not possible without a sufficient quantity of microbes that
support biogas production. Inoculating the digester with microorganisms is neces-
sary for the anaerobic digestion process. Diluted cow dung (optimally 1:1 ratio with
water) is an ideal inoculate. At the start-up phase of biogas production, the bacteria
population needs to be progressively acclimatized to the feedstock. This can be
attained by gradually increasing the everyday feeding load which permits time to
attain a stable microbial population. Some of the effluents are collected and
inoculated back into the reactor. It is a way of inoculating fresh manure with active
microbes. This inoculation of fresh manure can increase biogas production by up to
30% (Budiyono et al. 2014).

8.7  Benefits of Biogas Technology

The production and use of biogas from anaerobic digestion provide socioeconomic
and environmental benefits to society as a whole as well as the farmers involved. The
use of the internal biogas production value chain boosts local economic potential,
protects rural jobs, and strengthens regional financial strength (Saidmamatov et al.
2021). It contributes to the growth of the economy and society and increases living
standards. Renewable energy sources are gaining popularity, and there is widespread
interest in them. Biogas demand is gradually increasing as more people build biogas
plants to supply biogas (Jorgensen 2009).

8.7.1 Reducing the Production of Greenhouse Gas

The use of fossil fuels such as crude oil, lignite, hard coal, and natural gas converts
carbon deposited in the Earth’s crust for hundreds of millions of years and releases it
into the atmosphere as carbon dioxide (CO,). Carbon dioxide (CO,) is one of the
constituents of greenhouse gas (GHG), thus global warming has resulted as a
consequence of an increase in the current carbon dioxide (CO,) concentration in
the atmosphere. On the other hand, the crucial difference, as compared to fossil fuels,
is that the carbon in biogas was recently extracted from the environment by the
plants’ photosynthetic behavior (Tsaurai 2018). Thus, in a very short period
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(between one and several years), the carbon cycle of biogas is closed. The generation
of biogas by anaerobic digester also decreases methane and nitrous oxide emissions
from the dumping and usage of untreated animal manure as fertilizer (Khayal 2019).

8.7.2 Source for Renewable Energy

The present worldwide energy supply is dependent on fossil sources (crude oil,
natural gas, lignite, hard coal). These are fossilized remains of dead animals and
plants, which have been exposed to heat and pressure in the Earth’s crust over
millions of years. Fossil fuels are non-renewable resources; reserves are depleting
much faster than new ones are being formed; as a result, the world’s economies rely
on crude oil today (Khan et al. 2017). There is some discrepancy among scientists on
how long this fossil resource will last. Peak oil production is defined as “the point in
time at which the extreme rate of the worldwide production of crude oil is reached,
after which the rate of production enters its terminal decline.” According to
researchers, peak oil production has already happened or it is estimated to happen
within the next period of time (Li 2008). The introduction and production of
renewable energy systems such as biogas from anaerobic digesters would strengthen
the reliability of the national energy supply and minimize reliance on imported fuels
(Alhassan et al. 2019).

8.7.3 Low Input of Water

As compared to other biofuels, biogas has several benefits. One of the benefits is that
the method of anaerobic digestion requires the least amount of process water. This is
an incredibly significant feature related to the assumed lack of water in many parts of
the world (Khayal 2019).

8.7.4 Contribution to the EU Environmental and Energy Goals

One of the key goals of European energy and environmental policy is to tackle
global warming. The European targets for the development of renewable energy, the
elimination of GHG emissions, and the effective management of waste are focused
on the willingness of the Member States of Europe to take adequate steps to achieve
them. The production and use of anaerobic digestion biogas have the potential to
simultaneously comply with all three targets (Bartolini et al. 2017).

8.7.5 Reduction of Waste

The ability to turn waste material into a valuable resource by using it as a substrate
for anaerobic digestion is one of the key benefits of the biogas production process.
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The overproduction of organic waste from manufacturing, agriculture, and
households is a major problem affecting many developed countries. The production
of biogas is an excellent way of coping with highly stringent national and European
regulations in this region and of using organic waste for the production of energy,
followed by the recycling of the digested substrate as fertilizer (Rai et al. 2020).
Anaerobic digestion will also lead to a reduction in waste volume and waste disposal
costs (Bong et al. 2017).

8.7.6 As an Excellent Fertilizer

A biogas plant is not solely an energy supplier but depends on the institutional
structures and farmers’ practices involved in making energy available. The digested
substrate, commonly called the digestive, is beneficial nitrogen, phosphorus, potas-
sium, and micronutrient-rich soil fertilizer that can be added to fields using the
normal liquid manure application equipment. Due to higher homogeneity and
nutrient abundance, better C/N ratio, and substantially decreased odor, digestive
fertilizer performance has increased compared with raw animal manure (Kolar et al.
2011). Unpaprom et al. (2021) performed biogas production of crushed water
hyacinth (WH) combined with swine dung (SD). The digestate from the biogas
fermenter was confirmed to be an efficient alternative fertilizer with high nutrients
(nitrogen, phosphorus, potassium) and environmentally friendly compared to chem-
ical fertilizer.

8.7.7 Flexibility of Using Different Feedstock

For the production of biogas, different types of the feedstock may be used: animal
manure and slurries, crop residues, organic waste from dairy production, food, and
agro-industries, wastewater sludge, the organic component of municipal solid waste,
household and catering organic waste, as well as energy crop waste. Biogas can also
be obtained from landfill sites with unique infrastructure. The ability to use “wet
biomass” types as feedstock, all characterized by a moisture content greater than
70% (e.g., waste sludge, animal slurries, flotation sludge from food manufacturing,
etc.), is a significant benefit in biogas production. A variety of energy crops (grains,
maize, rapeseed) have been primarily used as feedstock for the production of biogas
in countries such as Austria and Germany. In addition to energy crops, biogas and
fertilizer may be produced using all types of agricultural residues, degraded crops,
unfit for food, or arising from unfavorable growing and weather conditions
(Brémond et al. 2020).
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8.7.8 Reduced Odor and Flies

Liquid manure, animal dung, and certain organic wastes are sources of constant,
undesirable odor and attract flies at the time of their application and storage.
Anaerobic Digestion eliminates these odors by as much as 75-85%. The digestive
produced is nearly odor-free and the residual odors of ammonia fade soon after the
application of fertilizer (Paolini et al. 2018).

8.8  Future Prospects of Biogas Technology

The increasing energy demand compels the exploration of different types of waste
and the development of new technologies for bioenergy production. Consumption of
fossil fuels has contributed to detrimental effects on the environment and society
(Korbag et al. 2020). Biogas is recognized as one of the leading bioenergy to address
the existing environmental and energy challenges being faced by the world. It is an
alternative energy source produced through solid waste management by the action of
several microbes (Uche et al. 2020). The utilization of animal waste such as cow
dung, pig dung, poultry dung, sheep dung, horse dung, etc. as the substrate for the
production of biogas can effectively alleviate the shortage of energy and protect
against environmental pollution (Gemechu 2020). Biogas is commonly used for
cooking, lighting, heating, and power production and if purified further, it can be
used as vehicle fuel (Roubik and Mazancova 2020).

The quantitative yield of biogas per unit weight of the substrate used differs from
one type of substrate to another depending on the composition as well as the nature
of the substrate. The methane content of biogas is the valuable portion of the gas and
determines its calorific value (Nsair et al. 2020). Among the animal wastes that are
used as substrate for biogas production, it has been reported that poultry waste has
the highest methane content approximately 70% (Laiq Ur Rehman et al. 2019).
Therefore, keen attention should be drawn to the utilization of several other types of
animal waste that could have the potential to provide high methane content than
poultry waste. Also, the degradation of organic waste material requires a
co-ordinated action of several groups of microbial consortia with different metabolic
capabilities (Palaniveloo et al. 2020). Conventional methods in molecular biology
could help to classify only the most abundant microbial inhabitants found in the
digester. Therefore, novel molecular biological techniques should be adopted that
could provide a valuable tool for an improved understanding of this complex
microbiological process, which in turn could help improve and control the process
fruitfully in the future.

Biogas upgrading technologies are constantly being improved for better perfor-
mance, enhanced upgrading efficiency, and low cost so that the technology gets a
broader implementation globally. The current advancement of biogas upgrade
techniques is illustrated by some innovative developments such as hydrate
separation, cryogenic separation hybrid process, biological method, membrane
enrichment, in situ upgrading, supersonic and industrial lung, multistage, and
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high-pressure anaerobic digestion, though evaluated at laboratory and trial level
(Olumide et al. 2017). However, commercial-scale optimization and testing are
needed for these technologies to prove the full potential for biogas upgrading.
Thus, there are still urgent needs for the development of novel anaerobic digestion
technologies such as the development of a new reactor design to improve the
efficiency of the process, increase biogas production rate and provide enormous
potential concerning feasibility and technological simplicity with high efficiency.
Also, research on the development of novel packing materials that can intensify mass
transfer between gas and liquid and relatively low-pressure drop should be given
utmost attention. There is also a need for the development of several computer
models to model the biochemical anaerobic digestion process and regulate the
process effectively. Better process management is essential for the future as well.
Advanced monitoring and control systems will form part of the new epoch in the
future of biogas plants and significantly contribute to process optimization (Theuerl
et al. 2019). Operational process parameters like temperature, pressure, and flow rate
of the gas should be optimized to decrease the large quantities of water needed, the
cost for biogas compression, and water pumping.
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