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Abstract Lignocellulosic waste (LW) and food waste (FW) have great potential for
biomethane production. The recalcitrant nature of LW limits its use in anaerobic
processes. Without pretreatment, it is difficult to utilize LW at higher organic loading
rates (OLRs) through an anaerobic process. Therefore, pretreatment is a compulsory
step for efficient utilization (i.e., at higher OLRs) of LW. There are various tech-
niques of pretreatment of LW, and every method has its own advantages and
disadvantages and generally makes the process expansive. Pretreatment of LW can
change the biomass structure by removing lignin, increasing the surface area, and
decreasing the crystalline nature and length of the polymer chain. On the other hand,
FW is readily digestible biomass and can be utilized at a comparatively higher
organic loading rate than that of LW. Although mono-anaerobic digestion of FW
at higher organic loading rates leads to the accumulation of higher volatile fatty
acids, the process becomes unstable. This chapter provides state-of-the-art knowl-
edge on the current status of mono-anaerobic digestion of LW and FW for sustain-
able biogas production, limitations such as pretreatment, low organic loading rates,
higher hydraulic retention time, low buffering capacity, and higher accumulation of
volatile fatty acids. Besides, the advantages of co-anaerobic digestion of LW with
FW over mono-digestion of LW and FW, the technological advancements being
made are also discussed.
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4.1 Process of Sustainable Production of Biogas

4.1.1 Anaerobic Digestion

Biodegradable matter is decomposed by microorganisms in the presence or absence
of oxygen. The process of decomposition of any organic substance in the presence of
oxygen is known as aerobic digestion, whereas if the decomposing takes place in the
absence of oxygen, it is generally known as anaerobic digestion. A general process
of anaerobic digestion process is presented in Fig. 4.1. Biogas is one of the types of
renewable energy which is generally an outcome of the anaerobic digestion process.
Amongst the various advantages, one of the main advantages of anaerobic digestion
is that a diversity of biodegradable matters can be utilized via this process (Dolan
et al. 2011).

Biogas generally constitutes methane (CH4), carbon dioxide (CO2), hydrogen
sulfide (H2S), hydrogen, nitrogen, ammonia, oxygen, and water. However, primarily
CH4 and CO2 comprise approximately 90% (Naik et al. 2010; Choudhary et al.
2020a). Apart from CH4, one of the very important outcomes of this process is
digestate. Digestate is generally a slurry that produces after the biochemical reaction
during the anaerobic digestion process. Dominantly, it is water and a very small
quantity of solids. This is generally very rich in nutrients and widely used as a
fertilizer during farming (Tampio et al. 2016). Therefore, anaerobic digestion dimin-
ishes the demand for fossil fuels which otherwise would be required during the
generation of conventional chemical fertilizers. Anaerobic digestion has other sev-
eral advantages as well, such as it reduces the reliance on the usages of fossil fuels
and hence indirectly helps in the curtailment of greenhouse gases into the environ-
ment which generally takes place during the burning of the conventional fossil fuel.

Fig. 4.1 Process of anaerobic digestion
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Due to all these advantages, currently anaerobic digestion is becoming a very
popular waste management technology across the world. It is also being practiced
and becoming very popular amongst the industries in developing countries due to its
simple design, working, and requirement of low-capital investment (Börjesson and
Mattiasson 2008; Forgács 2012).

Under optimum system variables such as organic loading rate (OLR) and tem-
perature, the process may yield high usage of biomass, i.e., the ratio of energy
output/input ratio of 28 MJ/kg (Kabir et al. 2015).

The best feature about this technology is that small-scale and pilot-scale anaer-
obic reactors can be developed at the local level and be fed with materials available
at the regional level. Due to this reason, a huge number of small-scale (household)
anaerobic digesters can be found in developing countries. Based on some studies
available, approximately 30 million, 3.8 million, and approximately 200,000 anaer-
obic digesters are running in China, India, and Nepal, respectively (Jiang et al. 2011;
Rajendran et al. 2012). However, in African nations, this technology has not been
established much, and only very few anaerobic digesters are running at the small-
scale level (Amigun et al. 2008). On the other hand, the scenario of anaerobic
digesters is opposite in European countries and America. In these regions, the
anaerobic digesters are larger than small-scale household digesters when compared
with developing countries. In Europe, various waste materials such as sludge, energy
crops, and different animal dungs are utilized in anaerobic digestion, and approxi-
mately 10,000 anaerobic reactors are working here. According to a study, the
anaerobic digesters will be increased by five-fold in Europe in future, whereas a
study reported that the number of biogas plants will reach 200 million by 2020
(Deublein and Steinhauser 2008).

4.1.2 Biochemistry of Anaerobic Digestion

Anaerobic digestion is a process in which various biological and chemical processes
occur simultaneously. During this process, the biodegradable matter is degraded by a
variety of microorganisms and biogas is a major output of this process. Hydrolysis,
acidogenesis, acetogenesis, and methanogenesis are the biochemical process which
simultaneously takes place within the reactor (Fig. 4.2). In these processes, a variety
of bacteria and archaea are involved which have a syntrophic relationship with each
other (Deublein and Steinhauser 2008).

In anaerobic digestion, hydrolysis is the primary step. During hydrolysis, hydro-
lytic bacteria are involved which hydrolyze the biodegradable matter. Generally, in
this process, large molecules are broken down into smaller ones, i.e., polymers are
degraded into soluble monomers and oligomers. Biochemistry of anaerobic diges-
tion of FW is illustrated in Fig. 4.3.

Cellulases, hemicellulases, lipases, amylases, and proteases are the enzymes
associated in this phase (Taherzadeh and Karimi 2008). Almost, all types of biode-
gradable matters can be decomposed, and all the abovementioned enzymes are
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involved in this. However, it has been noticed that during the anaerobic digestion of
any lignocellulosic biomass, lignin does not decompose (Fernandes et al. 2009).

Hydrolysis is a time-dependent process, and it decisively depends upon the nature
of biodegradable matter, i.e., complex or rapidly digestible. For example, the
hydrolysis of food waste is rapid (Choudhary et al. 2020b) when compared with
any lignocellulosic biomass. Nevertheless, in the case of complex biodegradable
matter, rapid hydrolysis can be accomplished if suitable enzymes are generated by
the microorganisms and suitable contact between biodegradable matter and enzyme
is achieved (Taherzadeh and Karimi 2008). Even though, the complex biodegradable
matter may take a few weeks to decompose (Deublein and Steinhauser 2008).
Therefore, the hydrolysis phase in a complex biodegradable matter such as ligno-
cellulosic wastes is measured as the rate-limiting step (Taherzadeh and Karimi
2008).

Acidogenesis is an acid-forming phase in the anaerobic digestion process. The
by-products of the hydrolysis phase are utilized in this phase and are further
converted into volatile fatty acids (VFAs) with the help of obligate and facultative
anaerobes. Propionic acid, valeric acid, formic acid, acetic acid, and butyric acid are
amongst the main VFAs produced during this phase. Apart from the VFAs, alcohols
and hydrogen are other by-products in this process. Hydrogen has a major role
during this process; it regulates the expected by-products in this phase.

Fig. 4.2 Various phases in
the anaerobic digestion
process
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A low partial hydrogen pressure results in hydrogen, carbon dioxide, and acetate.
On the contrary, if partial pressure exerted by the hydrogen is high, then the
formation of alcohols and VFAs takes place. Therefore, during the process, the
condition should be optimal, i.e., to avoid high partial pressure, otherwise accumu-
lation of VFA takes place which may result in the inhibition of the whole process.
These products are furthermore decomposed under the optimal conditions for the
production of biogas (Schink 1997).

The by-products of the acidogenesis phase are subjected to two different path-
ways. In the first pathway, hydrogen, acetate, and carbon dioxide can straightfor-
wardly be used by methanogens for the production of methane. Hence, alcohols
carrying greater than one carbon atoms and VFAs carrying greater than two carbon
atoms are further degraded to hydrogen and acetate in this phase by obligatory
hydrogen-producing bacteria (Bryant 1979; Schink 1997).

During the methanogenesis phase, anaerobic archaea convert acetate or hydrogen
to methane and carbon dioxide.

Fig. 4.3 Biochemistry of the anaerobic digestion process of food waste
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4.1.3 Variable of AD

Various factors such as pH, retention time, temperature, organic loading rate (OLR),
mixing, and macronutrient and micronutrient availability may influence the optimum
anaerobic digestion decisively. Thus, there is always a need to monitor and maintain
these parameters for the optimum performance of the microorganisms (Ward et al.
2008). The characteristics and nature of the substrate is also a very important factor.
The decision of the OLR has a great dependency on the nature of the substrate. A
decision of an optimum OLR may help in overall optimum performance of the
process; therefore, there is a huge requirement to monitor the OLR regularly.
Generally, the OLR has been defined as the feed (Kg VS) added per meter cube of
the working volume of the digester with respect to time, i.e., Kg VS/m3/d. The
organic loading rate of any process can be computed using Eq. (4.1).

Organic loading rate ¼ Kg VS added=day
working volume of the digester m3ð Þ ð4:1Þ

Generally, the reactor is started up with lower OLR and later increased gradually
up to the optimum OLR. If the system is fed with higher OLR than the optimum,
then generally accumulation of higher VFA has been experienced by many
researchers and which further led to lower CH4 content, higher CO2, higher pH,
and higher H2S concentration, i.e., instability of the reactor and overall anaerobic
digestion process (Mata-Alvarez et al. 2000; Bouallagui et al. 2004; Choudhary et al.
2020b). Nonetheless, reactors running over extremely low OLR have no techno-
economic feasibilities because the real capacity of the reactor has not been utilized.

Apart from that, another crucial parameter is retention time and generally reported
as hydraulic retention time (HRT). The HRT is the time for which liquid sludge exist
in the digester. It is also generally called solid retention time (SRT), which indicates
the duration spent by a solid particle within the reactor or with microorganisms
(Appels et al. 2008). The HRT can be calculated using Eq. (4.2).

HRT daysð Þ ¼ V m3ð Þ
Q m3=dayð Þ ð4:2Þ

HRT is calculated based on the following formula, where V is the working volume of
the digester in m3, Q is the flow rate of the sludge (m3/day).

Generally, if the feed is complex to digest, then HRT is more significant; on the
other hand, if the feed is easily digestible, then SRT is more important (Speece
2008). To increase the efficiency of the process, a short retention time is generally
favorable. A shorter retention time may reduce the overall capital investment of the
project(Chandra et al. 2012). There is always necessity of managing OLR and HRT
in such a manner that optimum anaerobic digestion can occur. This means that while
running the digester at higher OLR, the HRT should be appropriately higher to
ensure an adequate interaction between the substrate and the microorganisms
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(Demirer and Chen 2005). For continuously and semi-continuous anaerobic reactors,
HRT and SRT are equal. Nonetheless, these reactors are not subjected to
re-circulation; in the case of re-circulation, the HRT and SRT will increase.

Temperature is amongst the most important parameters which can affect the
whole anaerobic digestion process decisively. Generally, temperature fluctuations
during the anaerobic digestion process may be favorable for a certain group of
microorganisms, but may not be favorable for the other groups. The process of
methanogenesis is most affected by any fluctuation in the temperature during the
anaerobic digestion process. Anaerobic digestion is performed at three temperature
ranges, i.e., thermophilic, mesophilic, and psychrophilic. The growth optimal is
around 10, 37, and 50 �C for thermophilic, mesophilic, and psychrophilic, respec-
tively (Kashyap et al. 2003; Wiegel et al. 2007; Coelho et al. 2011).

pH is also an important parameter during the anaerobic digestion process. During
the process of hydrolysis, acidogenesis, acetogenesis, and methanogenesis, there is a
requirement of a wide range of pH (Mittal 1996). A significant number of microor-
ganisms prefer the pH in the range of 7.0–8.5 (Kanokwan 2006). There are,
however, microorganisms that can survive in an acidic and basic range of pH. The
acidogenic microorganisms can survive in the acid range, i.e., near pH 5.0. Never-
theless, in accordance with the microorganisms involved in all the processes, the pH
of the anaerobic process needs to be maintained in the range of 6.6–7.3 (Babel et al.
2004; Sitorus et al. 2013; Zhou et al. 2016). The pH beyond this range may affect the
overall process, more specifically during the methanogenesis process (Kim et al.
2004; Taconi et al. 2008). An optimum OLR is highly recommended for the
optimum pH during the whole process, which is attributed to the fact that if the
anaerobic digester is subjected to the higher OLR, it may affect the intermediate
by-products such as VFA which may further affect the pH adversely. It is
recommended that the concentration of VFA should always be less than 2000 mg/
L for an optimum anaerobic digestion process (Jain and Mattiasson 1998).

However, if the concentration of the VFA is higher in the system, it can be
lowered by adding or maintaining the alkalinity in the system. The alkalinity can be
defined as the buffering capacity of the system and generally measured in terms of
mg/L as CaCO3. If there is adequate alkalinity present in the system, then it can
neutralize the high VFA concentration, and hence, this will lead the system towards
the optimum pH, i.e., near to 7.0. Few substrates have the alkalinity by default such
as animal dungs. On the other hand, few substrates have low-buffering capacities
such as food wastes and lignocellulosic wastes (Banks and Humphreys 1998).
Therefore, monitoring of alkalinity and VFA in such systems becomes mandatory.
A great indicator of the stability of the anaerobic digestion process is the ratio of
VFA to alkalinity. It is suggested that for optimum anaerobic digestion, this ratio
should be nearly about 0.3–0.4. However, it should never exceed 0.8. The
VFA/alkalinity ratio exceeding 0.8 shows system instability, and hence, process
inhibition, or less efficiency of the process (Wang et al. 2012).

Nutrients are significantly important for any anaerobic digestion process. There
must always be an abundance of nutrients in the system, and even a small shortage of
them can cause process inhibition. The synthesis and growth of enzymes are
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associated with biochemical and metabolic pathways of the process’s microorgan-
isms. Generally, nutrients can be categorized into two types, i.e., micronutrients and
macronutrients (Mara and Horan 2003).

The much known fundamental macronutrients are nitrogen (N), phosphorus (P),
carbon (C), and sulfur (S). These are very important for the multiplication and
growth of microorganisms. During the anaerobic digestion process, carbon and
nitrogen levels play even more critical role. Nitrogen is very important for the
overall development and growth of the microorganisms, whereas carbon acts as
food for the microorganisms. Deficiency of nitrogen in any system may lead to
unsatisfactory consumption of the carbon, or in other words, it will prohibit the
growth of the microorganisms (Resch et al. 2011). As a result of that, the overall
biogas production will be reduced. Therefore, the ratio of C to N is always a decisive
parameter during the anaerobic digestion process (Hobsen et al. 1981; Chandra et al.
2012), and it can be adjusted/optimized by adjusting the ratios of substrates during
the design of OLR.

4.2 Types of Lignocellulosic and Food Wastes

4.2.1 Lignocellulosic Material as a Substrate

As we have discussed in the previous section of this chapter, for the production of
biogas, various substrates such as animal dungs, organic fraction of municipal solid
waste, wastewater, sewage sludge, and agricultural residues can be used
(Koniuszewska et al. 2020; Ferdeș et al. 2020; Atelge et al. 2020; Choudhary et al.
2020a, b, c). Amongst these substrates, several are lignocellulosic. There is ample
availability of lignocellulosic substrates across the world. The carbohydrate content
present in the lignocellulosic wastes makes it more attractive for the production of
biogas via anaerobic digestion. Generally, lignocellulosic substrates can be divided
into two categories, i.e., lignocellulosic residuals and cultivated feedstocks, known
as energy crops. The major drawback with the lignocellulosic residuals is that they
have a high percentage of lignin and therefore are less suitable for the utilization in
anaerobic digestion. Due to this reason, only lignocellulosic residues as substrate
(without pretreatment and co-digestion) have relatively low methane yield
(Kainthola et al. 2019a). On the other hand, energy crops have a smaller fraction
of lignin when compared to lignocellulosic residuals. Energy crops primarily consist
of cellulose and hemicellulose (Kabir et al. 2015; Chen et al. 2018). Moreover, along
with cellulose and hemicellulose, the energy crops’ residues consist of various
non-structural carbohydrates such as fructose, fructans, pectins, glucose, sucrose,
and extractives (Kabir et al. 2014). The utilization of lignocellulosic wastes such as
giant reed stems, wheat straw (Dell’Omo and Spena 2020), rice straw (Liu et al.
2019), corn stover (You et al. 2019), and Napier grass (Phuttaro et al. 2019) is
common across the world (Kainthola et al. 2019a).
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4.2.2 Food Waste as a Substrate

Food waste (FW) is a great substrate for anaerobic digestion, and it has a huge
potential for producing biomethane (Pramanik et al. 2019; Choudhary et al. 2020b).
FW generally consists of complex and organic material. There are various types of
FW, such as vegetable and fruit waste, brewery waste, kitchen waste, and dairy
waste (Xu et al. 2018). The composition and characteristics of FW vary with the
geographical area (Meng et al. 2015; Xu et al. 2018). FW consists of carbohydrates,
fats, protein, and sugar. FW is generally acidic and has less alkalinity. Fisgativa et al.
(2016) studied various types of food waste and reported that the average pH of FW
was 5.1; the C/N was reported at 18.5%. Also, they have reported carbohydrates,
protein, and fat fraction in the FW as 57.2%, 62.2%, and 15%, respectively
(Fisgativa et al. 2016). Generally, carbohydrates and protein have a rapid hydrolysis
rate when compared to lipids.

Vegetable and fruit waste have low lipid and comparatively higher cellulose
content. Due to the presence of animal fat and vegetable oil, the kitchen waste
carries high lipid content (Bong et al. 2018). The lipid content may vary in the range
of 11.8–33.22% in the case of fruit and vegetable and kitchen waste, respectively
(Wang et al. 2014; Yong et al. 2015). FW with higher lipid content can produce
significantly higher biomethane when compared to protein and carbohydrates
(Li et al. 2017). Nevertheless, very high lipid content may inhibit the process as
well because of the formation of a high concentration of long-chain fatty acids
(Leung and Wang 2016; Li et al. 2017). FW carrying significantly higher carbohy-
drate may decisively affect the C/N ratio. This is attributed to the fact that high
carbohydrate content may increase carbon content, and hence, quick acidification
may occur due to heavy loading of carbon into the system (Li et al. 2017).

The total solid may fall in the range of 10.7–41% in any type of food waste which
indicates significantly higher moisture content, i.e., about 60–90%. Due to the
presence of higher moisture content, FW is also considered as a rapidly digestible
substrate for the anaerobic digestion (Zhang et al. 2014).

The C/N of the FWmay vary in the range of 12.7–28.84. The pH generally falls in
the acidic range, i.e., 4.1–6.5. The biomethane potential of every variety of FW may
vary in the range of 346–551.4 mL/gVS, which is comparatively higher than animal
dungs and various other wastes (Lehtomäki et al. 2007).

4.3 Mono-digestion and its Limitations

When only one substrate is fed into the digester, such process is referred to as mono-
digestion. Mono-digestion of lignocellulosic waste and FW has several limitations
that will be discussed further.

During mono-digestion of FW and lignocellulosic substrates when the anaerobic
digester runs at comparatively higher OLRs, the accumulation of VFA is a major
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limitation of the anaerobic mono-digestion process. Due to this reason, the process
faces several challenges such as instability, ammonia inhibition, insufficient alka-
linity, production of H2S, and less ultimate biomethane potential.

On the other hand, if the digester runs at lower OLRs, then the process becomes
economically unfeasible. Secondly, to enhance the biomethane yield of the process,
often various pretreatments are suggested, which again makes the process less
environment friendly and economically less attractive (Mata-Alvarez et al. 2011;
Nghiem et al. 2017).

In the case of lignocellulosic substrates, the C/N ratio is significantly high, which
creates nitrogen deficiency during the anaerobic digestion process. Therefore, the
risk of production of inhibitors such as furfural and hydroxymethylfurfural becomes
very high. Moreover, due to the presence of lignin, hydrolysis occurs at a relatively
slower pace and consequently the HRT of the process increases significantly (Kabir
et al. 2013; Yong et al. 2015; Achinas et al. 2017). Apart from this, the low C/N ratio
is also a major limitation of the mono-digestion of FW (David et al. 2018).

4.4 Pretreatment Technologies

4.4.1 Pretreatment of FW

FW generally consists of a rapidly digestible fraction and complex organic fraction.
The rapidly digestible fraction in FW is often carbohydrates, and the complex
organic fractions are lipids and proteins. Hence, complete biomethane potential is
not achieved without pretreatment. With the help of pretreatment, biodegradability
of recalcitrant organic fraction of FW can be increased significantly. It is a well-
understood fact that in the case of complex substrates such as lignocellulosic
substrate, hydrolysis is a rate-limiting phase, whereas for rapidly digestible sub-
strates such as FW, methanogenesis is the rate-limiting step (Li et al. 2018). The
efficiency of hydrolysis can be decisively affected by the operating temperature and
nature of the organic matter (Srisowmeya et al. 2020). Various methods have been
used to speed up the hydrolysis rate.

Often during the physical pretreatments, the size of substrates is reduced and the
morphological structure of the substrates is also changed and therefore increases its
solubilization (Ma et al. 2018). An increment of 28% in methane has been noted
while reducing the particle size (by mechanical grinding) of the FW by 53%.
Nevertheless, excessive reduction of the particle size has resulted in the accumula-
tion of VFA and later high methane content. Hence, during the mechanical
pretreatment, the primary objective should be to optimize the particle size of the
substrate.

The solubility and accessibility of the FW can also be increased by
ultrasonication. Ultrasonication reduces the complexity of the substrate by reducing
its particle size mechanically. By ultrasonication, methane yield can be increased by
1.21–1.58 times (Nasr et al. 2012). For rapidly digestible substrates such as kitchen
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waste, microwave pretreatments along with electromagnetic energy have neither
been found much effective for hydrolysis nor these are found economically feasible
(Shahriari et al. 2013).

During the thermal pretreatment, the surface area of the organic matter is
increased and therefore increasing the contact between microorganisms and the
organic matter, thereby leading to better methane yield. Longer retention time
(>4 h) and higher temperature (>120 �C) during the pretreatment have shown
adverse effects on proteins and carbohydrates and resulted in bioproducts such as
melanoidins and amodori which are difficult to degrade under anaerobic conditions
(Vavilin et al. 2008). Additionally, during longer retention time and thermal
pretreatment, loss of volatile solids and sugar occurs (Eskicioglu et al. 2006).
Therefore, thermal pretreatment for longer retention time and a higher temperature
is not recommended (Ariunbaatar et al. 2014b). The FW with the higher complex
fraction ozonation pretreatment is more appropriate (Ariunbaatar et al. 2014b).

Pretreatment with the help of hydrolytic enzymes is also a highly efficient
technique (Ma et al. 2018). It can increase the hydrolytic efficiency by substrate-
specific action of enzymes owing to high energy recovery. Although pretreatment
with the help of hydrolytic enzymes ensures enhanced methane yield, it has eco-
nomical limitations on a commercial scale (Ma et al. 2018).

Due to the wide diversity of FW, it is very difficult to choose the most suitable
pretreatment method though the application of pretreatments is important to ensure
the utmost efficiency and methane yield (Ariunbaatar et al. 2014a).

4.4.2 Pretreatment of Lignocellulosic Biomass

In case of lignocellulosic waste, the biodegradable fraction becomes unavailable for
the microorganisms involved in the process, and hence, it results in lower methane
yield. Sometimes, even this may become the reason for the accumulation of inhib-
itory compounds within the digester. Therefore, various process enhancement tech-
niques are recommended which increases the hydrolysis rate and overall
degradability of the substrate. It is recommended that pretreatment must fulfill
certain criteria such as (a) during the process, there should not be any formation of
inhibitory substances; (b) there should not be much loss of carbohydrate; and (c) it
should be cost-effective. The fundamental of pretreatment of any lignocellulosic
biomass includes two processes, i.e., separation of lignin from the overall structure
and exposing the rest matrix to degrading enzymes and disruption of the lignocel-
lulosic matrix into cellulose, hemicellulose, and lignin (Sun and Cheng 2002;
Vivekanand et al. 2012). Alike FW, hydrolysis is a rate-limiting step in the case of
lignocellulosic biomasses, especially in cases of recalcitrant agriculture residues.

Figure 4.4 represents the various pretreatment techniques for lignocellulosic
biomass. Often physical, chemical, thermophysical, thermochemical, and biological
pretreatments are done to treat the lignocellulosic biomasses. A very basic and
preliminary technique to break the lignin structure is grinding (size reduction).
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Grinding helps in increasing the surface area, porosity, altering the polymerization
degree, and diminishing the crystallinity of the biomass (Hajji and Rhachi 2013;
Zhang and Banks 2013; Lindmark et al. 2014).

Various chemical agents are also used as a catalyst for disrupting and
delignification of the bond of the lignocellulosic matrix in various biomass substrates
(Boonterm et al. 2016). Different acids used during the pretreatment process are
HNO3, H2O2, H2SO4, HCl, etc.

Lime, ammonia, NaOH, Na2CO3, etc., are used in alkaline pretreatments.
Pretreatment by alkaline agents can increase the surface area, porosity, altering the
polymerization degree, and disrupting the lignin of the biomass. Aqueous ethanol
and acetone–butanol–ethanol are used for pretreatments as an organic solvent.

Although the usage of chemical agents is simple and effective, sometimes it is
observed that these pretreatments produce inhibitory compounds that may further
need treatment or they may inhibit the anaerobic digestion process.

Temperature is also used as a tool for pretreatment of different lignocellulosic
substrates, and such methods are referred to as thermal pretreatment. Thermal
pretreatment can increase the porosity of the surface and enhance the destruction
of the lignin layer. Any liquid at higher temperatures hydrolyses the lignocellulosic
fraction of the biomass. This is because at high temperature and pressure, water

Fig. 4.4 Pretreatment techniques for lignocellulosic biomass
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molecules break down into OH� and H3O
+ that further assists in catalytic conversion

of lignocellulosic biomass. Delignification and improved porosity can be achieved at
a higher temperature and short reaction time with dilute H2SO4, ammonia recycle
percolation (APR), or steam explosion. Usually, after thermal pretreatments, an
increased cellulosic content is achieved. Moreover, during this process, removal of
some hemicellulosic content also takes place, which further helps in increase of the
surface for enzymatic attack.

Under optimum microwave intensity and irradiance time, the hemicellulose and
cellulose removal efficiency can be improved up to 30.6–43.3% (Ma et al. 2009). In
fact, with the help of microwave pretreatment, a delignification of 6% can be
achieved and as a result of that, hydrolysis is improved (Zhu et al. 2005). Although
furan derivatives, phenolic substances, etc., are some inhibitory compounds that are
produced during pretreatment with microwave irradiation, which later disturbs the
anaerobic digestion. Therefore, such inhibitors are also a decisive step during
bioconversion of lignocellulosic substrate to methane (Palmqvist and Hahn-
Hägerdal 2000; Putro et al. 2016). The production of inhibitory compounds and
higher operation cost and energy demand are the biggest drawbacks of physical,
thermal, and chemical pretreatments.

On the other hand, biological pretreatments with microbes and enzymes provide
the significantly environment friendly solution for the bioconversion of lignocellu-
losic substrates. Though, one of the main problems with pretreatments with microbes
and enzymes is lesser surface area accessibility of microbes and microbial products
on lignocellulose for efficient conversion to hydrolytic products (Kainthola et al.
2019b). The microbial route was found to be one of the economic and effective ways
for the delignification and cellulolytic hydrolysis (Ghosh and Bhattacharyya 1999).

Microorganisms such as white, brown, and soft-rot fungi are involved in lignin
and hemicellulose degradation. Temperature and pH during the anaerobic digestion
process can hinder the biological pretreatment process. In such circumstances,
extremophiles are also found to be a good alternative because they can sustain
even in the harsh environment. During the last decade, various microorganisms
have been developed that can sustain in an extreme environment and work effi-
ciently. Clostridium thermocellum, Caldicellulosiruptor saccharolyticus, and
Caldicellulosiruptor bescii DSM 6725 are some thermophilic bacteria that have
gained huge attention in the past 10 years (Li et al. 2014).

4.5 Co-Digestion and its Advantages

When two substrates are digested simultaneously in an anaerobic digester for the
production of biogas, the process is generally referred to as anaerobic co-digestion.
In the last few decades, anaerobic co-digestion has gained ample popularity amongst
the researchers and industries because anaerobic co-digestion has improved the
process in various aspects when compared to mono-digestion. As in most of the
cases, co-digestion provides missing nutrients, buffer, and sometimes moisture
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content required in the digester which has a positive synergic effect on the overall
process (Mata-Alvarez et al. 2000).

We have already discussed the importance of the C/N ratio in the anaerobic
digestion process. Mixing any substrate such as any lignocellulosic substrate whose
C/N is comparatively high with a substrate whose C/N is low such as FW can
optimize the overall C/N of the process.

In case of lignocellulosic substrates, high C/N ratio, lignin percentage, and
contamination with pesticides can be resolved with the help of anaerobic
co-digestion (Kainthola et al. 2019a). Some of the advantages of anaerobic
co-digestion are (a) enhancement of the overall process stabilization,
(b) weakening the inhibitory effects, (c) establishment of adequate moisture content
within the digester, (d) higher OLR when compared to mono-digestion, (e) positive
synergism during the digestion, (f) micronutrient and macronutrient balance,
(f) enhance the economic feasibility of the process, (g) enhanced biomethane
potential, and (h) improved digestibility of the individual substrate (cellulose and
hemicellulose) and buffering capacity (Griffin et al. 1998; Zheng et al. 2014; Mata-
Alvarez et al. 2014).

4.6 Recent Developments in Co-Digestion of Lignocellulosic
Biomass and Food Wastes

In the last few years, researchers have performed extensive research on the
co-digestion of lignocellulosic biomass and food wastes. In this regard, Kainthola
et al. (2020) co-digested rice straw with food waste for the determination of methane
yield for various C/N (i.e., 25, 30, and 35) ratios using a 1 L anaerobic digester. They
have found almost similar methane yield for all the C/N ratios, i.e., 294.17� 3.78 L/
KgVS. Besides, they have reported 71.09% more methane yield when compared to
mono-digestion. However, in the same study, during the optimization of the process
(i.e., pH ¼ 7.32, C/N ¼ 30, and F/M ¼ 1.87), co-digestion resulted in 94.41% more
methane yield when compared to mono-digestion (Kainthola et al. 2020).

Mu et al. (2020) used urban-derived food waste and co-digested it with yard
waste. In this investigation, they found co-digestion a more promising alternative
when compared to mono-digestion. They have found that due to co-digestion
various parameters such as C/N ratio and buffering capacity have improved. The
mono-digestion of yard waste resulted in a yield of 49.0 � 5.0 mL methane/g VS,
while co-digestion of yard waste and food waste resulted in 360.0 � 30.2 mL
methane/g VS (Mu et al. 2020).

David et al. (2018) co-digested three types of lignocellulosic substrates (corn
stover (CS), Prairie cordgrass (PCG), and unbleached paper (UBP)) with food waste
at thermophilic temperature. During this investigation, they reported that
co-digestion can overcome the limitation of mono-digestion of individual substrates
specifically, low buffering capacity, accumulation of VFA, and low C/N in case of
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FW. All lignocellulosic wastes co-digested with food wastes have shown synergetic
enhancement in methane yield. However, the highest methane yield was reported for
the combination of FW-PCG-CS followed by FW-PCG. A better volatile solid
reduction was found in those two mixtures when compared to mono-digestion.
David et al. (2018) also stated that pretreatment of lignocellulosic substrates
increased the readily available sugar for the anaerobic digestion; however, it
increased the cost of the overall process. David et al. (2018) also conducted their
investigation without any pretreatment of the lignocellulosic substrate and empha-
sized the fact that during the co-digestion, consortia can play a vital role if
pretreatment is not performed. They also reported that although maintaining ther-
mophilic temperature during the digestion process will increase the costs of the
overall process, it provides extra advantages of digesting the substrate at higher
loading rate and at lesser retention time (David et al. 2018).

Helenas Perin et al. (2020) studied the influence of garden waste on the anaerobic
digestion of food waste. In this study, they noted 86 L/d biogas production, at OLR
of 0.47 L/g VS in specific methane yield when compared to mono-digestion of food
waste (17 L/d biogas production at OLR 0.006 L/g VS in specific methane yield),
thus indicating the possibility of optimization of the overall process (Helenas Perin
et al. 2020).

Panigrahi et al. (2020) studied the co-digestion of food waste & yard waste and
stated that it is an efficient technique for sustainable bioenergy generation. They
reported for maximum methane production, high C/N ratio, and recalcitrant nature of
yard waste are a huge bottleneck. Therefore, they thermally pretreated the yard in
this study, and further, it was co-digested with the food waste to enhance nutrient
balance for the overall methane production. Besides, the optimization of F/M (food/
microorganism) was also performed. They reported the highest methane potential of
431 mL/gVS when F/M ratio was 1.5 (Panigrahi et al. 2020).

Shi et al. (2018) investigated the co-digestion of wheat straw and FW using five
different ratios at mesophilic and thermophilic temperatures. They reported that the
synergic effects improved the overall stability and performance of the process at the
same (OLR ¼ 3.0 g VS/L/d). Both the reactors of mono-digestion showed system
instability. However, reactors running at thermophilic temperature have shown
4.9–14.8% higher methane yield when compared to mesophilic reactors (Shi et al.
2018).

Tayyab et al. (2019) investigated the biomethane potential of pretreated
Parthenium weed and also studied its co-digestion with catering food. They set up
various lab-scale digesters with different mixing ratios (0:100, 20:80, 60:40, 40:60,
80:20, and 100:0 on total solid basis) for the determination of methane yield and to
study the effect of co-digestion. They observed that the reactor with 60% catering
food and 40% pretreated Parthenium weed yielded maximum accumulative biogas
(5532 mL/L). On the basis of their experimental study, Tayyab et al. (2019)
concluded that pretreated Parthenium weed as a potential substrate if co-digested
with catering food waste.

Zou et al. (2020) aimed to accelerate the hydrolysis of corn cob during anaerobic
digestion with the help of FW. The authors used FW as an acidic agent for the
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pretreatment of the corn cob. This is attributed to the fact that during the anaerobic
digestion of FW, acidification occurs which can accelerate the hydrolysis of ligno-
cellulose. In the beginning, the optimum mixing ratio of FW, corn cob, was reported
as 1:3. The hydrolysis rate was increased by 28% when compared to mono-digestion
of corn cob. A reduction of 6.7% in cellulose crystallinity and 13.2% in cellulose
was also achieved at this mixing ratio. However, during the stage of methane
generation, the mixing ratio of food waste and corn cob reported as 1:6 has shown
maximum methane production as 401.6 mL/g�VS. During the kinetic study of
cellulose/hemicellulose degradation, it was found that pretreatment of corn cob
with food waste improved the degradation of cellulose (Zou et al. 2020).

4.7 Conclusion

This chapter focuses on the different types of types of lignocellulosic (LW) and food
wastes (FW) that can be utilized as substrates for the production of biogas through
anaerobic digestion under various temperature ranges. The process of mono-
digestion of both the substrates (LW and FW) has several disadvantages. Therefore,
the pretreatment techniques have been recognized as an important step before the
digestion process of both substrates. There is clear scientific evidence present in
which pretreatment has been found to be a recognized technique in the context of
improved specific biomethane potential. Nevertheless, pretreatment has not proved
to be cost-effective and environmental friendly for anaerobic digestion. On the other
hand, the co-anaerobic digestion of LW with FW proved to be a more promising
alternative when compared to mono-anaerobic digestion of an individual for syner-
gistic enhancements in the context to trace elements, buffering capacity, high easily
biodegradable components, and C/N ratio.
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