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Abstract

The greatest challenge for humanity is the continuous provision of a sustainable
source of energy while considering the environmental concerns of global climate
change. These factors, along with the rising prices of fossil fuels, require research
into various sources for the production of environmentally friendly renewable
energy. Biomass has emerged as a key source in the contribution of renewable
energy to meet future energy needs in the form of biofuels. It is a potential
candidate for the production of electricity, heat, and transport fuels. The proper
management of bioenergy will ensure energy security in the future and reduction
of environmental pollution and realize the potential of organic waste, for eco-
nomic and social development. The chapter gives an insight into the potential of
biomass and technologies used for its conversion into bioenergy. The newly
found use of algae and microbial cells as fuel has also been discussed.
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EU European Union

MSW  Municipal solid wastes
PUFA  Polyunsaturated fatty acid
SSF Solid state fermentation

16.1 Introduction

The use of biomass for various applications from food to feed as well as the
generation of biofuels and biorefinery products has been under discussion since
the last century (Garba 2020; Kumar and Verma 2021a). The energy crisis faced by
the world since the 1970s has led several countries to shift their focus on the use of
biomass for generating biofuels. Although various technological advances to reduce
fossil fuel prices slowed down the development of biomass-to-biofuel conversion
approaches for quite a long time, however, the ever-increasing fuel demand,
fluctuating prices, limited supply of fossil-based fuels, and the emission of green-
house gases and other harmful gases leading to global warming and environmental
pollution have remotivated research into the development of biomass-based
bioenergy(Lee et al. 2019; Kumar et al. 2020a; Kumar and Verma 2021b).

Biomass consists of solar energy along with CO, stored in the form of chemical
energy (carbohydrate) via the process of photosynthesis. The trapped carbon can be
released along with energy generation that makes biomass a potential renewable
energy source (Sansaniwal et al. 2017; Chaturvedi and Verma 2013). The energy
generated from biomass by using fuels is termed bioenergy. It is a renewable form of
energy and can be harvested to meet global energy demand. Biomass can be used
directly via combustion for the generation of thermal energy or can be converted
through various technological innovations to generate different types of biofuels that
can be used for various applications (Kumar et al. 2020b). Since the production of
bioenergy from biomass has the advantage of providing sustainable energy while
having additional benefits to the environment, the study of biomass potential and
various aspects that have influenced its implication along with different technologies
for biomass conversion is necessary (Long et al. 2013).

The energy contribution of biomass is already more than 90% in the rural areas of
developing nations and is expected to be the leading energy source in the near future
with a 10%—15% share globally (Bhavanam and Sastry 2011; Pathak et al. 2013).
The chapter describes the types of biomass sources, key factors, technologies, and
commonly used industrial biofuels.
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16.2 Biomass

Biomass being a renewable source of energy has been considered a prospective
source to be used as a feedstock for the generation of a sustainable form of energy to
meet the present energy demand while providing security to future energy
requirements. The application of biomass for energy generation dates back to the
traditional use of firewood to generate thermal energy (Lee et al. 2019). For
industrial applications, different range of feedstock can be used for biofuel produc-
tion (Fig. 16.1).

Biofuels produced from edible food crops such as corn, sugarcane, sunflower, etc.
are termed the first-generation biofuels, while lignocellulosic biomass such as
switchgrass, straw, jatropha, etc. are used for the production of the second generation
of biofuels (Naik et al. 2010; Sims et al. 2010). Recently algae are also being
explored for the fabrication of the third generation of biofuels (Fig. 16.2)
(Chowdhury et al. 2019).

16.2.1 Factors Affecting Resource Potentials

The biomass, due to its complex nature, makes it very obscure to estimate its
potential as bioenergy with different literature showing zero technical to 1500 EJ
of theoretical potential of the biomass for energy generation (Edenhofer et al. 2011).
These differences depend on the assumptions of different scenarios such as plant
type, yield, available area, and the methodologies used. Though different studies
have been conducted for the estimation of the biomass to bioenergy potential, none
of these studies include all the factors that could have an impact on the biomass
potential. The biomass diversity, availability, and demand, water requirements, type
and availability of land areas, superfluousness of food, competition with the other
sectors for the resources in use, etc. are some factors that influence the potential of
biomass for its use for generating bioenergy (Fig. 16.3) (Dornburg et al. 2010).
The type of crop, agricultural administration, history of a previous application for
land under consideration, etc. directly affect the diversity of crops, which also affects
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the biomass potential. Furthermore, lower biomass demand for power generation
due to its competition with other forms of renewable energy is another important
factor. The demand for biomass is also dependent on the development of
technologies to generate these alternate energy sources. Although various
bio-based chemicals and biomaterials such as wood and fiber may have increasing
biomass demand, they are not considered for biomass potential. To add to this,
increasing food demand and the rising price of agricultural commodities have
created a huge competition between the growing agricultural market and the use of
bioenergy (Dornburg et al. 2010). It is estimated that if laws are enforced for the
blending of fossil fuels and biofuels for transportation purposes, the price of the
biofuel will upsurge by 10% using the first-generation biofuel crops (Banse et al.
2011). The use of cereals, sugarcane, oilseeds, etc. in biofuel production collides
with food supply, while the use of pasture and grasses builds competition for limited
resources such as land and water. The growing population shows a trend of increas-
ing water demand for domestic and agricultural practices from 60 to 220% by 2050.
Changing pattern of rainfall and increased rate of evapotranspiration due to climatic
change all add up the scarcity of water for its use on bioenergy crop production.
However, proper planning for the efficient use of water can provide favorable
opportunities for biomass production for bioenergy production. Finally, an important
factor to consider for biomass potential is its yield. The development of an efficient
agricultural system with the application of modern technologies other than crop type
can have a positive impact on biomass yield, yet successful implementation of these
technologies in developing countries is an overwhelming task. However, the data
regarding biomass potential are based on the use of perennial crops that usually have
yields higher than the annual crops. Therefore, there are doubts about the reliability
of these data while using annual biomass crops (Dornburg et al. 2010).

16.2.2 Feedstock Conversion Technologies

For the utilization of biomass potential, numerous conversion technologies are
employed for generating energy in different forms. The type of conversion technol-
ogy depends on biomass type, its characteristics, and quantity available, project
specificity, end-use requirements or energy form required, economic and environ-
mental policies, etc. with the most decision based on the form of energy required and
pathway for its generation (McKendry 2002).

There are three main types of conversion technologies used for the generation of
bioenergy from biomass to bioenergy: biochemical, thermochemical, and
physiochemical with each type further divided into various processes for generating
different energy types (Adams et al. 2018). Anaerobic digestion (AD) and fermenta-
tion are grouped under the biochemical technology of feedstock conversion, where
AD is carried out by microorganisms for the conversion of organic waste to produce
gaseous biofuel, i.e., biogas, whereas fermentation requires pretreatment and sac-
charification for the release of simple sugar molecules which are then fermented to
produce liquid biofuel (ethanol). AD is more economical than fermentation as the
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alcohol produced at the end of fermentation is diluted and thus requires an additional
step of distillation (Deublein and Steinhauser 2011). Photobiological reactions are
also being explored for the generation of biogas (biohydrogen) via conversion of
biomass using the phototrophic organisms (Lee et al. 2019). Organic compounds are
decomposed using high-temperature treatment to bring about their chemical conver-
sion into biochar or to produce a liquid or gaseous biofuel in the thermochemical
technology (Goyal et al. 2008). Combustion, pyrolysis, liquefication, and gasifica-
tion are the options available under this technology. Combustion is the most
common process used for the generation of heat and electricity (Kataki et al.
2015). In all thermochemical processes, pyrolysis is the initial stage as it brings
about a chemical reaction in the absence of oxygen to produce all three forms of
energy, i.e., solid, liquid, and gas (Patel et al. 2016). Physiochemical technology is
used for the extraction of oil from the seed of different biomass such as linseed,
which is also known as mechanical extraction. The oil is further esterified to generate
biodiesel, which is used as a transportation fuel (Adams et al. 2018).

Faster reaction time, the ability to bring about the decomposition of even the
recalcitrant biomass, and higher efficiency of the thermochemical process compared
to other technology make them a popular option as feedstock conversion technology.
Moreover, the energy released can be released in any form for various applications
(Adams et al. 2018). Moreover, the readily available infrastructure, low water
requirement, and the ability to use plastic waste for energy generation make thermal
technology a widely used method (Uzoejinwa et al. 2018).

16.3 Bioenergy Production

The biomass can be used for the production of different biofuels, i.e., solid, liquid, as
well as gaseous biofuels. Gaseous biofuel is biogas, whereas solid biofuels are
sawdust, briquettes, straw, etc., while bioethanol, biodiesel, and biomethanol are
liquid biofuels. Of these, liquid biofuels have higher demand as transportation fuels
with biodiesel and bioethanol being the only biofuel used in the European nations
(76 and 20%) (Brodzinski et al. 2014).

16.3.1 Bioethanol

Ethanol generated using the renewable plant and microbial biomass as its substrate is
termed bioethanol or good ethanol. It is an environmentally friendly and renewable
source of energy (Johnston 2008). The production and usage of bioethanol reduces
the energy dependency on fossil-based fuels and reduced the emission of greenhouse
gases. Bioethanol is the most extensively used among liquid biofuels and is pro-
duced via the fermentation of sugar molecules from different sources. Different
crops and agro-wastes can be used as feedstock for bioethanol production, such as
sugarcane and corn, rice straw, switchgrass, pulpwood, as well as food waste and
municipal solid wastes (MSW) (Demirbas and Demirbas 2010).
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The use of cellulosic material for ethanol production requires pretreatment steps
followed by saccharification, fermentation, and finally distillation for ethanol sepa-
ration (Nigam and Singh 2011). Pretreatment is a necessary step for making cellu-
lose molecules trapped in the hemicellulose and lignin components of the biomass
accessible. Further saccharification of the cellulose and hemicellulose
polysaccharides will convert them into simple fermentable sugars (Demirbas and
Demirbas 2010).

Different technological advancement in ethanol production has been investigated
to improve each step with S. cerevisiae as the most common organism for the
fermentation step. Further technologies with combined saccharification and fermen-
tation steps are being developed for ethanol production using lignocellulose. This
SSF technology has the advantage of a high hydrolysis rate resulting in a higher
yield at a shorter duration. Similarly, direct microbial conversion technology, i.e.,
DMC, involves single-step production, hydrolysis, and fermentation of cellulose that
makes the overall process economical (Vasic et al. 2021).

Bioethanol finds its application in different industries such as cosmetic and
alcoholic beverage production. However, the main studied application of bioethanol
in the current scenario is bioenergy production. Bioethanol is mostly used as a
transportation fuel with cars run entirely on pure ethanol or “gasohol,” i.e., a blend
of gasoline with ethanol (Bielski et al. 2015). The ethanol used in blending needs to
be anhydrous with no engine modification required for its use as a blend. It enhances
the octane rating of the fuel and at the same time reduces the amount of pollutants
generated in unleaded gasoline (Demirbas and Demirbas 2010). The oxygen content
of bioethanol is approximately 35%, while a low level of nitrous oxide is released in
the environment. In the European nations, 5% blend of ethanol can be used with
petrol without engine modification according to the EU quality standard EN
228 along with the vehicle warranty, while engine modification is required for
using higher bioethanol percentage (Brodzinski et al. 2014). Other countries such
as the USA, China, Brazil, and Canada are also engaged in bioethanol production
and use, with the highest production being shown by the USA which contributes
more than 50% to the total global ethanol production followed by Brazil with 27%
(Zabed et al. 2017; Vasic et al. 2021).

Though new technologies have greatly increased ethanol production, there are
opportunities to increase the efficiency of the pretreatment processes of the cheap
lignocellulosic biomass substrate, optimization of different components required for
increased production, and enhancing tolerance and stability of the organisms used to
make the overall process economical for wide-scale commercial applications
(Nigam and Singh 2011).

16.3.2 Biobutanol

Butanol is a four-carbon alcohol that belongs to the same category as ethanol and
methanol which are used as biofuel. Four isomers of butanol are present, namely, n-
butanol, 2-butanol, iso-butanol, and tert-butanol, based on the orientation of the
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carbon atoms which either form a straight chain or branched structure and the
corresponding position of —OH (Zheng et al. 2015). Though these isomers have
different properties, the energy generation and application in gasoline blending and
combustion are identical. However, the production method of these isomers varies
(Jin et al. 2011; Ramey 2004). n-Butanol is the commonly generated end product of
the fermentation process with the fermentation technology being referred to as
acetone-butanol-ethanol (ABE) fermentation as these three compounds are
generated as the end product in a 3:6:1 ratio. The petrochemical-based product,
tert-butanol, cannot be synthesized using biological methods, while 2-butanol pro-
duction involves a two-step process, the first step being the bacterial fermentation of
sugar to obtain an intermediate product, followed by chemical modification of the
intermediate to 2-butanol directly in the fermentation medium. Iso-butanol is pro-
duced in a small amount by the yeast during the process of winemaking; however,
large-scale production of iso-butanol is slowly being considered with different
companies showing an increased interest in its production considering the issues
with the production of n-butanol. Though commercial production of n-butanol goes
back a long way, the complexity of the production process, toxic nature, and
difficulty in recovery and purification make the overall process costly (Nigam and
Singh 2011).

The fluctuation in the price of crude oil and achievement in bioethanol production
has led to increased interest in the use of alcohol as a biofuel with the development in
biobutanol production also being considered (Kumar et al. 2012). The same feed-
stock used for bioethanol generation can also be applied for butanol production,
providing opportunities for the farmers as well as expanding the biofuel market since
it is used alone or in synergy with ethanol for the preparation of gasoline blend. The
higher hydrogen and carbon content of butanol makes blending with gasoline easier
and has higher energy compared to ethanol. Butanol with a value of 85% can be used
in gasoline blend to be used as fuel without modification in the car engines. The
lower evaporation rate compared to gasoline and ethanol and emission of less
volatile organic compounds make it an easy and safe alternative as biofuel. The
lower corrosive nature makes transport and distribution of butanol easier using the
system (Nigam and Singh 2011). Butanol also finds its application as a solvent and
industrial cleaners other than acting as a fuel additive (Jin et al. 2011). However, the
success of butanol production depends on technological advancement in the ABE
fermentation technology. High pretreatment and recovery cost, the high toxicity of
butanol to the fermenting microorganisms and end-product inhibition, and develop-
ment of efficient strain for the fermentation process are the challenges to be
addressed in this regard (Veza et al. 2021).

16.3.3 Biohydrogen

Hydrogen is another source of renewable energy with the potential for use as an
alternative to conventional energy sources. It has numerous applications from use in
fuel cells for generating electricity, fertilizer, and methanol production; in oil



16 Biomass, Bioenergy, and Biofuels 471

refineries for removal of impurities; as a reducing agent, hydrogenating agent, or
rocket engine fuel; and in cryogenics, pharmaceuticals, etc. Also, it is carbon-neutral
energy with an energy yield 2.75 times higher than fossil fuels (Singh and Mahapatra
2019).

Though there are different methods for hydrogen production such as the electrol-
ysis of water, fossil fuels, and natural gas, the commonly used method of hydrocar-
bon reformation generates carbon monoxide gas as a byproduct, which has
environmental consequences. The thermochemical technologies used for biomass
conversion to hydrogen also produce different toxic substances; thus the biological
process of biomass conversion to biohydrogen is gaining attention (Mona et al.
2020). Biohydrogen production using photosynthetic organisms with zero pollution
is one of the most efficient approaches with sunlight, water, and minimal nutrient
requirements, and further technological advancement can provide a platform for
commercial production of biohydrogen as renewable energy sources (Rodionova
et al. 2017). The different species of bacteria, cyanobacteria, green algae, and plants
produce biohydrogen along with oxygen via photosynthesis (Stevens 2001). Dark
fermentation is another biological process where anaerobic fermentative bacteria are
used for the conversion of sugar substrate to release hydrogen along with organic
acid byproducts (Sen et al. 2008). This method of hydrogen production though has a
higher yield and low concentration of hydrogen; however, it makes it uneconomical
as a purification needs to be added for its use in fuel cells. Furthermore, the hydrogen
yield depends on the fermentation pathway with 4 mol or 2 mol of H,/mol of glucose
being generated depending on whether acetate or butyrate is produced along with it
(Wang et al. 2003). Photo-fermentation is another biological process in which
photosynthetic organisms such as Rhodopseudomonas palustris, R. capsulata,
R. sphaeroides, and Rhodospirillum rubrum use the energy from light for the
anaerobic conversion of organic molecules to release hydrogen along with carbon
dioxide (Basak and Das 2007).

Though biohydrogen can be used as a valuable and renewable source of energy,
for economic viability and eco-friendly production, the use of cheap biomass for
fermentation by the microorganism is preferred. Thus, studies focused on techno-
logical advancement in this area can enable the industrial production of biohydrogen
using biomass and microorganisms (Saratale et al. 2019). The problems of storage
and transportation are some other challenges that need to be exploited to make its
commercial application feasible (Srivastava et al. 2020).

16.3.4 Biogas

Biogas is a gaseous alternate biofuel that is produced via the process of AD by
microorganisms using different types of organic matter. The composition of biogas
mainly consists of two gases, i.e., methane (CH4) and CO, at 60% and 40%,
respectively, with the presence of traces of other substances such as H,S, siloxanes,
NH3;, and water (Chaemchuen et al. 2016; IEA Bioenergy Task 37 2018). Various
organic wastes such as agricultural residues, food scraps, municipal solid waste, and
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industrial waste rich in organic compounds, etc. can be used for biogas production
(Hanifzadeh et al. 2017). The use of these organic compounds helps to meet
environmental guidelines while managing waste and providing cheaper or in some
cases negative cost of substrate for generating renewable energy. The energy crops
can also be used for generating energy with reduced emission of greenhouse gases
(Zhu et al. 2019). Biogas can be produced in sewage and wastewater treatment
plants, agricultural waste digestion plants, landfills, etc. through the action of
mesophilic and thermophilic microorganisms (Chaemchuen et al. 2016). Further-
more, the residue generation at the end of AD can be used as fertilizer, thus making
biogas a promising alternative biofuel generated using biomass (Palop et al. 2010).

Biogas can be used for the sole purpose of generation of heat as well as in
combined heat and power (CHP) plants, where it can be used for generating
electricity along with heat. The high content of CO, is an issue in the industrial
utilization of biogas (Palop et al. 2010). The separation of CO, from biogas is
essential to improve its calorific value. In addition, when biogas is used as a fuel,
the purification of biogas is crucial as the contaminants present in the biogas can
cause damage to the device and cause emission of undesirable compounds
(Chaemchuen et al. 2016). The removal of CO, and other substances via purification
generates an upgraded version of biogas known as biomethane, which has properties
similar to fossil fuels and can be used directly with the existing transportation and
distribution facilities (Zhu et al. 2019). Biomethane has received significantly
increasing attention in the recent past in the context of renewable energy, with the
number of biomethane plants rising from 187 to 465 within a span of 4 years
(2011-2015) in Europe alone with a market significance of 90% globally
(Cucchiella et al. 2017).

The development of technologies for the purification and cleaning of biogas is the
key bottleneck for the exploitation of biogas to its maximum potential. Since the
composition of contaminants depends upon the substrate source, with the contami-
nation of H,S being of major environmental concern, the separation technologies
need to be established accordingly. The materials used in the purification steps
should have high stability and nonreactivity to these contaminants. Therefore,
biotechnological advancement in the evolution of suitable technologies with eco-
nomic feasibility, maximum efficiency, and low energy are future expectations for
large-scale commercial application of biogas as biofuel (Chaemchuen et al. 2016).

16.4 Algal Biomass as Fuel Cells

While the use of various food crops as feedstock for biofuel generation has all the
environmental benefits of reduced carbon-dioxide emission and continuous supply
of energy for the growing population, their use, however, can pose a major challenge
in meeting the food demand and ensuring food security globally. Further limited
land and water resources, exploitation of agricultural land for maximum production
of these feedstock crops via the use of chemicals and fertilizers, soil erosion, loss of
crop biodiversity, etc. can have a negative impact on soil health. A further limitation
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Table 16.1 Application of algal biomass for the production of different biofuels

Biofuel Technique Algal species Reference
Bioethanol Fermentation Tribonema sp., Chlorella, Wang et al. (2014),
Dunaliella, ()Zgimen et al. (2015)
Chlamydomonas,
Scenedesmus
Biodiesel Transesterification | Oedogonium, Spirogyra, Hossain et al. (2008), Chen
Scenedesmus sp. et al. (2012)
Biogas Anaerobic Botryococcus braunii, Vergara-Fernandez et al.
digestion Nannochloropsis oculate, (2008), Mussgnug et al.
Macrocystis pyrifera, (2010), Frigon et al. (2013),
Euglena gracilis Buxy (2014), Ciudad et al.
(2014)
Biohydrogen | Biophotolysis Chlamydomonas Happe et al. (1994),
reinhardtii, Markov et al. (1997),
Synechococcus elongatus, | Mathews and Wang (2009)
Anabaena variabilis
Fermentation Ulva sp., Chlorella Ueno et al. (1998), Carver
vulgaris, Dunaliella et al. (2011), Margareta
tertiolecta, Chlorococcum | et al. (2020)
littorale
Bio-oil Pyrolysis Chlorella protothecoides, | Miao et al. (2004), Miao
Nannochloropsis sp., and Wu (2004), Pan et al.
Microcystis aeruginosa (2010)
Hydrothermal Chlorella pyrenoidosa, Yu et al. (2011), Vardon

liquefaction

Scenedesmus, Spirulina

et al. (2011, 2012)

of current technological advancement leading to the high cost of pretreatment
methods and low yields makes the use of the lignocellulose uneconomical (John
et al. 2011). To address these issues, the third generation of biofuels based on algal
biomass is being introduced, which can serve as the best alternative for addressing
the urgent demand for biofuels without compromising food security or the limitation
of agricultural land (Subhadra and Edwards 2010) (Table 16.1).

Microalgal biofuels show characteristics similar to fossil fuels and have gained
considerable attention in the past decade. Different species of algal are being
explored for their capability to produce biofuels, especially bioethanol with
increased investment in the research and development in this area by the different
fuels-based companies (Kiran et al. 2014). The higher content of oil in their biomass
makes the microalgae a potential substitute for crude oils (Mehariya et al. 2021).
Other advantages of the algae over other feedstock crops include higher CO,
sequestration (1.83 kg CO,/kg of algal biomass); bioremediation of industrial,
agricultural, and municipal wastewater via removal of chemicals; and heavy metals
NH,*, NOs, PO,*", etc. The algae can be cultivated throughout the year and have the
ability to thrive and grow under a low nutritional environment with no meddling
with food security (Goswami et al. 2021). Their water requirements are lower than
the other feedstock crops, and they can be cultivated in nonarable land with no
requirement of fertilizer or pesticides. The fast growth rate and accumulation of
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different neutral lipids for a higher yield of biodiesel are favorable for algal biomass-
based biofuels (Goswami et al. 2021). Other important compounds such as PUFA,
pigments, dyes, proteins, etc. can also be obtained from algal biomass (Kiran et al.
2014).

The algal biomass can be used for biofuel production via the conversion of algal
metabolite into simple sugars. The algae assimilate a large amount of starch in their
cell or, in some cases, other carbohydrates such as cellulose or laminarin, which can
then be harvested and converted into simple sugars to be used for fermentation using
efficient ethanol-producing organisms, similar to most biofuel generation
technologies (Bhardwaj et al. 2020a; Agrawal et al. 2020). In the dark, the algae
generate energy through the breakdown of stored carbohydrates, i.e., starch and
glycogen via oxidative reaction. If the anaerobic condition is maintained during this
time, the incomplete degradation of starch can lead to the generation of ethanol, H,
gas, organic acids, etc. in varying proportions depending on the algal species. This
process can be modified for these algae to operate in the form of a mini-factory for
ethanol production via dark fermentation. Further attempts at the development of
microalgae genetically engineered for direct ethanol production were also done
(John et al. 2011; Chaturvedi et al. 2021).

16.5 Improving the Capabilities of Microbial Strains
for Bioenergy Production

Improved conversion of plant biomass into various bioenergy sources could be
achieved by implementing genetic engineering to construct relevant microbial
strains with enhanced lignocellulosic degradation capabilities (Singhvi et al.
2014). Various genetic engineering methods can help to improve biochemical
reaction rates to achieve maximum end-product production. Various methods such
as heterologous expression of genes encoding plant biomass hydrolytic enzymes,
expression of transporter proteins and carbon uptake pathways, expression of CO,
fixation pathways, etc. in relevant microorganisms could be used to achieve
improved bioenergy production. Some important approaches are discussed.

16.5.1 Consolidated Bioprocessing (CBP)

An innovative approach to effective bioenergy production is consolidated
bioprocessing (CBP). In this approach, all three steps of biofuel production, enzyme
production, and saccharification and fermentation are combined in the same reactor,
where the pretreated plant biomass is efficiently converted into the desired product
by the microbial consortium without the addition of saccharified enzymes (Kumar
and Verma 2020a, b).

There are two strategies for CBP: native strategy and recombinant strategy.
Native strategies include naturally hydrolytic enzymes producing microbial strains
and improving biofuel production by using different approaches such as isolating
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new strains for CBP and using different substrates (Salehi Jouzani and Taherzadeh
2015). Microbial candidates suitable for this strategy include hydrolytic enzyme-
secreting bacteria and fungi and cellulosome-forming bacteria. Liu et al. investigated
the ability of the native cellulolytic bacterium, Clostridium thermocellum DSM
1237, to produce bioethanol from lignocellulosic biomass. The industrial applicabil-
ity of this bacterium was concluded by high rates of cellulose degradation and the
ability to survive and grow at higher temperatures of 50-60 °C, both properties that
are advantageous for industrial processes (Lamed and Bayer 1988). In this study, the
strain C. thermocellum DSM 1237 was cultured in 3-L fermenter and anaerobic
flasks, and the growth of the strain was evaluated under different cellular growth
conditions such as different temperatures, different carbon sources (glucose, cello-
biose, and xylose), and substrates and its ability to produce ethanol. The different
fermentation substrates used for the evaluation included rice straw, corn straw,
sugarcane bagasse (SCB), peroxide fortified alkali-treated SCB, and SCB treated
with alkali. With 0.5% (weight/volume) cellobiose and an optimum temperature of
60 °C, the strain produced ethanol with a yield of 0.60 g/L at 0.80 g/g cell biomass.
Utilization of alkali-treated sugar bagasse showed an increased yield of ethanol to
about 0.68 g/L.. The addition of enzymes such as xylanases and cellulases in the 3-L
fermenter showed further improved yield of ethanol, i.e., 0.86 g/L, which is 83.3% of
the theoretical yield. Thus, the integrated one-step hydrolysis and fermentation
process and the on-site addition of lignocellulolytic enzymes, i.e., CBP, proved to
be an effective approach to increase bioethanol production (Liu et al. 2020;
Bhardwaj et al. 2020b). Second, the recombinant strategy involves engineering the
ability to secrete hydrolytic enzymes in non-cellulolytic microorganisms and
implementing these modified strains for enhanced production of bioenergy such as
biofuels. Some commonly used microbial hosts for the recombinant strategy are
bacteria such as Escherichia coli, Lactobacillus lactis, Zymomonas mobilis, Bacillus
subtilis, etc. and yeasts such as Saccharomyces cerevisiae. E. coli FBR strains were
constructed using ldh (lactate dehydrogenase) and pfl (pyruvate formate lyase)
strains. The strains were transformed with pLOI297 plasmids containing the pet
operon system. These recombinant strains of E. coli were able to produce ethanol
from various substrates such as xylose, arabinose, and glucose. Strain FBRS showed
maximum ethanol production with 0.46-0.51 g/L yield (Dien et al. 2000). Xylose
fermentation ability was introduced into Z. mobilis by insertion of four E. coli-
derived xylose fermentation genes: xylA (encodes xylose isomerization), xy/B
(encodes xylulose kinase), tktA (encodes transketolase), and kB (encodes
transaldolase). The genes were introduced into the bacterium under the influence
of two strong constitutive promoters: Glyceraldehyde 3-phosphate dehydrogenase
and enolase promoters. The transformed strain thus produced, Z. mobilis CP4
(pZB5), showed efficient conversion of xylose to produce a high yield of ethanol
of about 86% (Parker et al. 1995). Another important approach to increase bioenergy
production under CBP is the overexpression of hydrolytic enzymes. Such
overexpression of lignocellulolytic enzymes can be achieved by various techniques,
such as increasing the copy number of genes, engineering the specific promoters,
protease enzyme deficiency, etc. Yamada et al. showed increased production of
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ethanol from S. cerevisiae by the technique of increasing the copy number of genes.
When grown on substrates such as pretreated rice straw and cellulose treated with
phosphoric acid, the transformed yeast showed ethanol production with yields of
7.7 g/L and 7.6 g/L, respectively (Yamada et al. 2010).

In addition to the advantages of the CBP approach, both strategies have their
limitations. The native biomass-degrading microorganisms are usually wild type and
are poorly characterized. Such organisms isolated with the desired CBP potential
perform well below satisfactory levels of bioenergy production. In the recombinant
strategy, setbacks include the undesirable effects arising from the co-expression of
multiple genes, improper protein folding, variations in the corresponding expression
levels of the different genes, inadequate fermentation, etc. These limitations could be
efficiently addressed to make CBP an efficient approach for future biotechnological
fields.

16.5.2 Clustered Regularly Interspaced Short Palindromic Repeat
(CRISPR)/CRISPR-Associated Proteins (Cas9)

Recent advances in the fields of genetic engineering have provided a plethora of
techniques and tools to modify the physiological behavior of a relevant microorgan-
ism in the desired form and consolidate its applicability in the industrial fields. In the
genetic engineering approach, the desired gene can be inserted, deleted, or regulated
at a specific site of the chromosome of the host microorganism. There are two major
types of genetic engineering: MEM engineering and REM engineering. MEM
genetic engineering includes three methods zinc finger nucleases (ZFNs) (Miller
et al. 2007), transcription activator-like effector nucleases (TALENs) (Joung and
Sander 2013), and meganuclease system (Silva et al. 2011). REM genetic engineer-
ing includes CRISPR/Cas9 technology.

CRISPR/Cas9 technology was originally derived from the adaptive immune
systems in bacteria and archaea. In the bacterial genome, this system contributes
40% of the endogenous adaptive immune defense and approximately 70% in
members of archaea (Burstein et al. 2016). CRISPR/Cas9 provides defense in
three stages: adaptation, expression, and interference against invading exogenous
DNA. The invading DNA is fragmented into multiple fragments by Cas genes to
produce protospacers. Such protospacer fragments are introduced into the CRISPR
locus tandem array. In the second phase of defense, expression, the locus with the
integrated spacer is transcribed to produce long precursor CRISPR RNA
(pre-ctRNA), which forms a complex with transactivating CRISPR RNA
(tractrRNA) and Cas9 protein. The RNA hybrid is recognized by an RNA exonucle-
ase enzyme, which converts the complex into a mature form. The mature form of the
RNA hybrid combines with the Cas9 protein, which cuts the DNA to create double-
strand breaks at the desired locations. Replacing the dual RNA hybrid with a
specifically designed guide RNA, called sgRNA, forms the basis of CRISPR/
Cas9-mediated gene manipulation to incorporate desired traits into host cells. The
sgRNA attachment requires a protospacer adjacent motif (PAM) present
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immediately downstream of the target DNA site. Generated DSBs are repaired via
two repair pathways: homologous repair (HR) pathway and the nonhomologous
end-joining repair (NHEJ) pathway. NHEJ can lead to gene insertion and deletion,
while the HR pathway uses an exogenous DNA donor to recombine at the desired
sites. Gene knockout and gene knocking introduced via DNA repair can be used for
the addition or elimination of desirable traits within microorganisms.

CRISPR/Cas9 gene-editing technology has been applied to a variety of industrial
microorganisms, including bacteria, yeasts, and fungi, to enhance their capabilities
in the production of bioenergy, such as biofuels. This approach of genetic manipu-
lation has been studied to install a number of desirable traits in the producing strains,
such as:

1. Building increased tolerance to biofuels: different microorganisms exhibit
differences in their biofuel tolerance. Several functional, genomic, and transcript
profiling analyses of S. cerevisiae revealed the presence of genes controlling
tolerance to ethanol (Lewis et al. 2010), suggesting an increase or decrease in
ethanol tolerance following site-specific mutations at such genes. In Z. mobilis,
ethanol tolerance was increased by a frameshift mutation in the gene encoding the
enzyme NADH dehydrogenase (Ulaganathan et al. 2017).

2. Increased tolerance to various inhibitors: tolerance to inhibitors is important to
prevent low yields due to the production of toxic compounds during pretreatment
processes of lignocellulosic biomass. Ramos et al. developed increased tolerance
to acetate in S. cerevisiae. The removal of a single amino acid from four different
genes, GLS4, ADH3, SKS1, and ASGI, which were present at different sites,
showed increased tolerance of the yeast cell to acetic acid (Gonzalez-Ramos et al.
2016).

3. Enhancing the tolerance to temperatures: one amino acid alteration in NADH
dehydrogenase enzyme and pyruvate kinase showed enhanced ethanol produc-
tion and more thermotolerance in the bacterium Z. mobilis (Benjaphokee et al.
2012).

However, although equipped with several advantages, the recent technology of
CRISPR/Cas9 provides certain limitations which include off-target effects, low
efficiency of gene manipulation by HR, absolute dependence on the PAM site, as
well as the challenges of the generation and the delivery of sgRNA. Such limitations
need to be addressed in a more efficient way to make this technology applicable on
industrial grounds (Table 16.2).

16.6 Conclusion and Prospects

Biomass and bioenergy have become a major global issue, with a remarkable
increase in research and development and an expanding market for bioenergy.
Biomass is a continuously available renewable energy resource, and its full potential
for use as a bioenergy source has yet to be explored. It has the potential to contribute
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greatly to the global energy supply in the coming years. Although its commercial
realization depends on its success in competing with fossil fuels and on environ-
mental and agricultural policies, its share in the global energy market is steadily
increasing. Various factors and available technologies for biofuel production are the
most important considerations in selecting from the wide range of available biomass
sources. The study of all these factors and technological advancements will further
improve the biomass and bioenergy market.
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