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Abstract

Lignocellulosic biomass generated from different sectors (agriculture, forestry, industrial) act as biorefinery precursor for
production of second-generation (2G) bioethanol and other biochemicals. The integration of various conversion techniques
on a single platform under biorefinery approach for production of biofuel and industrially important chemicals from LCB is
gaining interest worldwide. The waste generated on utilization of bio-resources is almost negligible or zero in a biorefinery
along with reduced greenhouse gas emissions, which supports the circular bioeconomy concept. The economic viability of a
lignocellulosic biorefinery depends upon the efficient utilization of three major components of LCB—cellulose, hemicellulose
and lignin. The heterogeneous structure and recalcitrant nature of LCB is main obstacle in its valorization into bioethanol
and other value-added products. The success of bioconversion process depends upon methods used during pre-treatment,
hydrolysis and fermentation processes. The cost involved in each step of the bioconversion process affects the viability of
cellulosic ethanol. The lignocellulose biorefinery has ample scope, but much-focused research is required to fully utilize
major parts of lignocellulosic biomass with zero wastage. The present review entails lignocellulosic biomass valorization
for ethanol production, along with different steps involved in its production. Various value-added products produced from
LCB components were also discussed. Recent technological advances and significant challenges in bioethanol production
are also highlighted in addition to future perspectives.
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Introduction

Globally, the mankind is witnessing the most significant
challenges with the utilization of fossil fuels in a more
sustained way and the generation of energy from alternate
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extensive and economical production of bioenergy and other
compounds [3]. LCB is a complex material made of three
prime parts—cellulose, hemicellulose and lignin—and other
components like pectin, protein, extractives and inorganic
compounds minerals, which are also present in it a minimal
quantity [4]. Cellulose and hemicellulose constitute 70-80%
by dry weight, while lignin constitutes about 10-25% [5]. In
the LCB complex, lignin being a recalcitrant requires spe-
cific pre-treatment to hydrolyze the cellulose and hemicel-
lulose part into their respective sugars [2]. It can transform
LCB components’ dissociation into simpler compounds that
can be transformed into several value-added bioproducts
and biofuels. Along with LCB, by-products from numerous
industrial and human sectors (e.g. food industry, pulp and
paper industry, municipal solid waste and bioethanol produc-
tion) can be utilized as renewable resources for biorefinery
and circular economy (CE) actualization [6]. According to
many studies, the LCB has excellent potential for generat-
ing chemicals and fuels in a sustainable way [7, 8]. Being a
bio-resource for energy production, LCB can support enor-
mous possibilities after an intensive evaluation of production
cost, availability and market demand [9]. The plant biomass,
which contains 90% lignocellulosic materials, amount to
200 x 10 t/year, out of which only 8-20x 10° tons is used
potentially [10].

Moreover, the cost of lignocellulosic feedstock is much
lesser than sugar and starch-based feedstocks [11, 12]. Since
the production rate of LCB is high and the cost of feedstock
is low, it is a competent source for value-added products
and energy production. In several developing countries, the
agricultural waste is not entirely discarded, and its disposal
becomes a source of pollution. The waste biomass can be
utilized as a feedstock for fuel generation, which reduces the
problem of their management and provides a good option for
bio-based processes [13]. To get various products from LCB,
it should undergo several process steps. Pre-treatment breaks
down LCB into reducing sugars, which can be utilized to pro-
duce biofuels like bioethanol, bio-hydrogen and biogas and
different organic acids, phenols and aldehydes. Pre-treatment
is followed by enzymatic breakdown of cellulose by cellulase
enzyme for its conversion to bioethanol [3]. Therefore, there is
a massive demand for cellulase enzymes, which can be further
utilized in industries and research and development. The pri-
mary aim of bioethanol production from LCB is to reduce the
cost of conversion technologies and to realize the potential of
biorefineries in meeting our energy requirements. Bioethanol
appears as a good and cheap replacement to the petrochemical
fuels and received immense attention, considering its efficient
conversion technology. Different LCB feedstocks are used in
a biorefinery to recover bioenergy through relevant conver-
sion technologies. Waste biomass can be used as feedstock in
biorefinery, closing the loop of circular bioeconomy (CE) [14].
Agricultural and industrial lignocellulosic waste is recycled in

second-generation biorefinery by various integrated processes
and transformed into biomaterials (food, feed, chemicals) and
bioenergy (biofuels, power and heat) in a sustainable way [15].
The primary goal of CE, depending on the reuse, reduce and
recycling of waste, is to achieve a closed-loop system to obtain
maximum value-added materials from waste.

The literature has witnessed different review articles
over the years covering various aspects of lignocellulosic
bioethanol production, lignocellulose biorefinery, CE, etc.
Ferreira et al. [16] elaborated different combination methods
for generating products from LCB and the leftover from the
first-generation bioethanol on aiding co-generation tech-
niques and conversion techniques from microbes. Awasthi
et al. [17] conducted a critical evaluative review in organic
manure recycling for circular bioeconomy that produce
sustainable bioproducts like biogas and fertilizers. Zaba-
niotou and Kamaterou [18] assessed various possibilities
and objections to change single process to a combined spent
coffee grounds biorefinery. A study based on different waste
biorefineries that lead to circular economies in developing
countries was reviewed and performed by Nizami et al. [19].
Garlapati et al. [20] focused on value-added products from
lignin under circular economy and lignocellulose biorefin-
ery approach. Pant et al. [21] formulated research on the
present growth of the bio-based economy among European
countries and India. Yaashikaa et al. [22] discussed various
sources of agro-industrial waste and different methodologies
for its valorization along with life cycle analysis in agricul-
tural circular bioeconomy. Technological improvements in
bioethanol production along with its blending mandates and
policies worldwide were reviewed by Raj et al. [23].

The production of bioethanol from LCB has some con-
straints like recalcitrant nature of biomass, cost of the pro-
duction process and feasibility of the production technolo-
gies, so multidisciplinary developmental research is essential
for minimizing the process’s total costs and reducing the
environmental impacts of these technologies. Therefore, this
review paper details the lignocellulosic sources and their
compositional by-products along with value-added products
production from each part. It also elucidates the circular
bioeconomy concept in the bioethanol production process
from LCB to reduce the total cost by co-generating other
valuable products. The current review also highlights the
challenges, technological advances and techno-economic
analysis of bioethanol production process.

Biorefineries in Circular Bioeconomy
Circular Economy Action Plan (CEAP) [24] delineates
CE as the preservation of products, specific resources and

materials in the economy for a long time having minimum
production of wastes. The aim of the circular economy and
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environment (CEE) unit is to achieve a sustainable approach
by changing the current society to a sustainable one. The
circular bioeconomy is the integration of CE and bioecon-
omy. The circular bioeconomy is focused on sustainable and
resource-effective valorization of biomass in biorefineries
along with utilization of wastes and residues through cas-
cading [25]. Various raw materials such as minerals, met-
als, fossil carbons and biomass are converted to products,
and their waste left are shared, reused, redistributed and
recycled [26]. European Commission Action Plan [24] has
also defined their key priorities, which are connected with
the economy, including waste derived from food and trans-
formation of biomass. Food waste is one of the significant
areas in the CE and can be recognized as an essential part
at various levels. Some of the food materials which are first
digested and then excreted play a significant role in waste
recycling, retrieval of energy or landfill disposal. Biodegrad-
able products can include organic recycling and trap and
utilize carbon (i.e. carbon recycling) [26]. The idea of CE
emerged from reviewing the production process in the 1970s
to 1980s and was built on industrial ecology [27]. In 1990,
CE was much familiar and an opposing viewpoint regard-
ing the linear economy, where the industrial effects on the
environment were minimized [28]. The primary aim of CE
is to re-shape the development of a product to minimize the
negative impacts on the environment.

The concept of CE has gained much appreciation and
importance in the last few years among various scholars,
managers of public and private areas that showed an imme-
diate increase in the publication number on this topic [29].
In 2014, articles published on CE were just 27 in the count,
which rose to 371 in 2017, which showed an increase in
the interest of academicians and researchers by 1275% in
just 3 years [30]. Alhawari et al. [31] revealed that the total
articles on CE were 1408 in 2020 as per the Scopus data-
base. CE can lead to the sustainable growth of the economy
by safeguarding the environment and preventing pollution.
It becomes an integral part of an economic plan by saving
the materials to facilitate innovative methods to change lin-
ear consumption methods to circular ones. CE is a collec-
tive term that encloses all the activities related to reducing,
reusing and recycling in production and consumption pro-
cedures. Additionally, it may be described as a production
and consumption process in which the loss is minimized
by using reuse, recycling and recovery technology often.
The implementation of CE principles brings many bene-
fits for the environment and society, such as reduced use
of resources, less production of waste and limited energy
consumption, which directly led to sustainable growth [32].

Biorefinery is elucidated by the International Energy
Agency (IEA) as ‘the processing of different biomass to
various biomass-based materials such as food, chemicals,
feed and bioenergy such as biofuels and heat in a sustainable
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way’ [33]. Biomass is a replenishable carbon source and has
several benefits: carbon sequestration, bioenergy generation
and bioproducts. Biomass can be used as a valuable raw
material in a biorefinery only if well planned and system-
atic techniques of conversion and valorization are available.
All types of biomass generated from agriculture, aquacul-
ture, industries and households can be used in biorefinery.
Biomass is a good energy source with an abundant supply
but low energy density. Low calorific value, seasonality
and geographic location are barriers to biomass utility [34].
However, using multi-criteria analysis could select suitable
locations for the instalment of biorefineries. The integrated
biorefinery method transforms the various conversion wastes
into valuable bioproducts. A biorefinery is a basic frame-
work provision designed for biomass raw feed such as LCB,
algae and other wastes, where all the conversion techniques
are integrated in a systematic way which leads to the pro-
duction of sustainable bioproducts such as bioenergy, biofu-
els, biochemicals and other valued-added bioproducts [16,
35]. Although biorefinery is a renewable method used to
transform biomass by different treatment methods to value-
added products using different technologies, its execution
and application mainly depend on its availability, character-
istics and economic value.

A literature review by Clark and Deswarte [36] showed
various generations of biorefinery being mentioned in the
study:

e Stage I biorefinery (single raw material, one procedure
and one primary product)

e Stage II biorefinery (single raw material, many proce-
dures and many significant products)

e Stage III biorefinery (many raw materials, many proce-
dures and many significant products)

A good biorefinery must be the one that leaves mini-
mum or no waste during a process. A zero-waste biore-
finery must follow the proper steps of fractionation and
extraction with a combined biochemical and thermal
processes approach where recycling of energy and waste
streams should be continuous. Zero-waste biorefinery
needs the skills and proficiency from different interdis-
ciplinary fields such as chemistry, biochemistry, chemi-
cal engineering, biology, biomolecular engineering and
materials sciences. Zero waste biorefinery is a combined
substructure of different techniques joined in sequential
steps to transform bio-based material into valuable bio-
based products such as biofuels, certain chemicals and
power, similar to that of petro-refinery. Various ‘waste
cycles’ are similar to the natural cycles operating in the
ecosystem. These waste cycles keep circulating differ-
ent materials in a controlled manner to nourish the eco-
system. Various bio-processes like retrieval of minerals,
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acidogenesis, bioelectrogenesis, methanogenesis, photo-
synthesis and thermocatalytic processes work in a well-
controlled system, where the waste generated from one
process becomes raw material for another [37]. Combining
the various procedures mentioned above in a particular
format can increase the possibility of getting resources
out of a residue, thus giving rise to a circular bioeconomy.
Effective combined photosynthetic equipment such as
algal mass and photosynthesizing bacteria and techniques
as microbial decarbonization are employed, providing a
good opportunity to develop the bioeconomy required for
gaseous residues [38]. Improved unification of biological
and technical nutrient patterns gives extra profits and sub-
stitute nutrients for the environment and industry. Differ-
ent waste biorefinery concepts may use various feedstocks
from wastes. The waste biorefinery system efficiently gives
rise to various current utilization of fossil-based stocks to
the renewable or ‘green’ resources with additional sustain-
ability benefits [37].

Lignocellulosic Biorefinery

LCB comes under second-generation biomass feedstocks
and provides a better option than first-generation feedstocks
that need a separate area for their growth. As depicted
through the yearly index, the global annual production of
LCB is around 1.3 billion tons, out of which bio-based
chemicals, bio-based energy and non-food bioproducts
accounts for only 3% [39]. LCB is a recalcitrant structure
than starch-based feedstocks poses a challenge at industrial
level. LCB biorefinery is a profitable approach to produce
multiple products by LCB fractionation [12]. Figure 1 elu-
cidates various routes for the conversion of LCB into dif-
ferent value-added products. Among all the feedstocks, the
primary source of LCB is rice straw, sugarcane bagasse,
barley straw, rice straw, coconut husk, corn stalk, sorghum,
wheat straw, fruit bunch and wood, etc. According to De
Bhowmick et al. [40], lignocellulosic biorefinery can be
employed as a platform to highlight the manufacturing of
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Fig. 1 Different routes of formation of value-added products from lignocellulosic biomass for circular economy
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value-added products and various biofuels sustainably con-
cerning sustainable development. Lignin valorization is also
an attractive approach in circular bioeconomy concept of
LCB to increase the economy of the biorefinery. Out of 224
biofuel biorefinery, 43 were based on LCB in Europe.

LCB is a complex structure with a significant portion
of three polymers cellulose, hemicellulose and lignin and a
minor amount of pectin, protein, extractives, inorganic com-
pounds minerals and phenolic substituents. However, each
polymeric component of LCB has a different composition.
LCB, either retrieved from cultivated plants or in residue, is
mainly collected from abundantly available perennial herba-
ceous plant species, woody crops and other plant constitu-
ents. Hemicellulose acts as a matrix covering the cellulose,
while the layer of lignin encrusts them and protects both the
other components. All three components are cross-linked by
covalent bonds and form a composite structure. It is widely
available in the forest, urban refuse, rural farms and even
organic waste generated from agro-based industries. Differ-
ent sources of LCB which can be used as feedstock for etha-
nol production are shown in Fig. 2. The majority of sources
for LCB are the following:

e Forestry residues: Forests, whether natural or cultivated,
are rich sources of fuel, timber, wood and charcoal. Res-
idues that remained after removing stem wood during
harvesting, such as roots, branches and foliage, can be
used as a source of lignocellulosic biomass. The annual
production of woody biomass is about 4.6 Gt worldwide
[41].

e Agricultural residues: Crops are available in abundance
as the natural source, and it is even easy to collect and
store. Some residues include rice husks, wheat straw,

Fig.2 Various sources of ligno-
cellulosic biomass
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corn cobs, cotton sticks, sugarcane bagasse, groundnut
and coconut shells. These can be applied to produce
second-generation biofuels. In 2018, about 683 million
tons of crop residues from different crop harvesting were
produced in India, which were used for different purposes
like fuel, fodder and industrial processes [42].

Energy crops: Energy farming is done to produce energy
crops. These are the fast-growing plants that can be used
to produce gaseous and liquid biofuels. Such crops are
grown to produce biomass, which can be further used in
biorefinery areas.

Animal waste: It is an organic material and has a com-
bustible nature and a rich fuel source. Dung cakes used
for cooking are substrates for biogas, especially in rural
areas.

Urban waste: The waste material includes two primary
forms—(1) municipal solid waste from household gar-
bage, kitchen and garden waste and (2) liquid waste that
emerges from domestic sewage and effluents. Sewage is
mainly processed for the production of biogas. In India,
the approximate potential for energy generation from
urban solid waste and liquid waste was 1247 MW and
375 MW, respectively (https://www.mnre.gov.in/waste-
to-energy/current-status, Retrieved on 10 February
2021).

Industrial waste: The waste material produced from vari-
ous industrial units, including pulp and paper industry
effluent, starch and glucose industry waste, palm oil
industry and distillery and tannery, can be a source for
the production of biofuels. The primary feedstock used in
the pulp and paper industry is LCB. The industrial units
mainly emphasize on separation of lignin and cellulose
of the biomass. The total potential for energy production
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from urban and industrial organic waste was 5690 MW
approximately in India (https://www.mnre.gov.in/waste-
to-energy/current-status, Retrieved on 10 February
2021).

e Biowaste streams: It includes household waste, municipal
solid waste, market waste, packaging waste, food pro-
cessing waste, etc.

By employing thermochemical, biochemical and mechan-
ical techniques on the above-mentioned LCB sources, dif-
ferent value-added products like biomethane, bio-hydrogen,
bioethanol, bio-char and organic acids have been generated
(Fig. 1). Pyrolysis and gasification are the thermo-chemical
methods that decompose the biomass at high temperature
and resulted into syn gas (CO+ H,), bio-char and bio-oil
which on further processing produce methanol, ethanol, bio-
hydrogen and other chemicals (aromatics, phenols, olefins,
alcohols, etc.). Biochemical processing of LCB generates
bioethanol through fermentation, biomethane and bio-
hydrogen through anaerobic digestion. All these products
of biochemical conversion can be co-generated by follow-
ing process integration (discussed in the next sections). The
mechanical method includes extraction, fractionation and
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pelletization through which other value-added products can
be obtained like furfural, hesperidin, nanocellulose, lignin
residues and organic acids [43].

Value-Added Products from LCB
Components

LCB is a potent feedstock, but its degradation is tricky
because of its complex, non-uniform and three-dimensional
structure. The compositional content of LCB and the value-
added products produced from the biomass are shown in
Fig. 3. LCB is mainly made of two types of polymers: (a)
carbohydrate polymer (cellulose and hemicellulose) and (b)
aromatic polymer (lignin). The valuable products obtained
from different components of LCB are the following:

Cellulose
Cellulose is the significant biomass component and consti-
tutes about 30-50% of the total dry matter of lignocellulose.

The repeating unit in cellulose is disaccharide cellobiose,
consisting of two glucose molecules. Cellulose is a C6 sugar
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Fig.3 Generation of different value-added products from the constituents of the lignocellulosic biomass along with their composition
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mainly made of glucopyranosyl monomeric units connected
by 14 B glycosidic bonds. The structure of cellulose appears
to be flat sheet type with glucose monomer units. Further-
more, many cellulose strands are packed into crystalline
fibrils. Cellulose structure consists of many intra-molecular
and intermolecular hydrogen bonds with which the glucose
unit is bound tightly [44]. The main forces of interaction
between cellulose sheets are Vander Waal forces. At the
same time, the cellulose polymeric units have two different
types of linkages, including glycosidic linkage (considered
as ether bond) and hydrogen bond linkage (between two
hydroxyl groups) [45]. The glycosidic bond connects the
glucose units, while the hydrogen bond connects the straight
chains of the polymer. Cellulose has a high degree of polym-
erization, due to which it has low flexibility and is primarily
insoluble in water and most of the solvents [46].

The value-added products from cellulose were ethanol,
sorbitol, levulinic acid (LA), succinic acid (SA), levoglu-
cosan, hydroxyacetaldehyde, etc. LA is produced by acid
hydrolysis of C6 sugars. Pileidis and Titirici [47] demon-
strated the LA production at a large scale. La has poten-
tial applications in pharmaceuticals, fragrances, cosmetics,
plasticizers, etc. Several companies like Maine Biochemi-
cals, Avantium and Segetis demonstrated and investigated
the production of LA from cellulosic biomass. SA is also
produced by glucose fermentation by Escherichia coli by
Roquette/DSM and BioAmber at a commercial scale [48].
The market value of SA is USD 147.42 million in 2020 and
is expected to reach USD 268.8 million in 2028 at 8% CAGR
from 2021 to 2028 [49]. Sorbitol is produced by transition
metal-catalyzed hydrogenation of glucose and has been
used in the production of cosmetics, confectionaries, ascor-
bic acid, industrial surfactants, pharmaceuticals, healthcare
products, etc. Roquette, a French-based company, is the larg-
est producer of sorbitol [50].

Hemicellulose

Hemicellulose is the second primary polymer of LCB. Its
structure is amorphous and composed of various heteropol-
ymers, including xylan, galactomannan, arabinoxylan and
xyloglucan [51]. Hemicellulose appears branched in struc-
ture with the availability of functional groups like acetyl,
methyl, glucuronic acid and galacturonic acid. Hardwood
hemicellulose contains xylan, and softwood hemicellulose
mainly contains glucomannans. The main forces of interac-
tion in hemicellulose are non-covalent. It is attached to cellu-
lose fibrils’ surface, thus appearing as an amorphous matrix
material. It forms a complex of bonds in the plant cell wall,
which provides robustness by associating cellulose fibrils to
microfibrils and cross-links with lignin [52].

Compared to cellulose, hemicellulose is easily hydrolyzed
due to the lesser degree of polymerization. Hemicellulose
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has short chains of sugars, which distinguishes it from cel-
lulose. Therefore, it can be extracted quickly and used to
produce bioethanol [45]. Xylan is the most known polymer
belonging to the hemicellulose polysaccharide family. Xylan
molecule has 1-4 xylopyranosyl linked to a-4-O-methyl-D-
glucuronopyranosyl units and is a branched-chain polymer
having a 5-carbon sugar monomer [53]. Most of the hemicel-
lulose is soluble in alkaline solvents.

Various value-added products, such as lactic acid, xylitol,
xylo-oligosaccharides, furfural, hydroxymethylfurfural
(HMF) and polyhydroxyalkanoates, were obtained from
extracted hemicellulose or its hydrolysate. Lactic acid is
one of the industrially known organic acids and has many
applications in manufacturing cosmetics, pharmaceuticals
and biopolymers. Furfural and HMF is the dehydration
product of hemicellulose. Furfural can be generated from
5-HMF through cracking reactions or by splitting the hemi-
acetal bonds in the xylan depolymerization [54]. Xylitol is
also a popular sweetener (low calorie) produced from xylose
bioconversion and used in toothpaste, chewing gums, dia-
betic products and dental preventive products. Xylo-oligo-
saccharides are non-digestible dietary fibres with potential
prebiotic activity and health benefits [55].

Lignin

It is a three-dimensional, non-carbohydrate phenolic poly-
mer of phenylpropanoid units and constitutes about 15-20%
of feedstock matter. It is found in the secondary cell wall and
acts as a cellular adhesive. Lignin further provides tough-
ness to the plant tissue and fibres and binds them together.
The presence of lignin made the cell wall stiff and resistant
to insects and pathogens [51]. Lignin does not take part in
the fermentation process; instead, it is used to extract other
chemicals, which are majorly used as a part of biorefinery
[20]. The lignin polymer consists of three phenylpropa-
noid monomeric subunits: guaiacyl (G), syringyl (S) and
p-hydroxyphenyl (H) [46]. The presence of these subunits
distinguishes its composition from others, such as softwood
or hardwood, and significantly impacts the delignification
process. Different monomers in layers of lignin are due to
secondary cell wall deposition, when oxidative coupling of
4-hydrophenylpropanoids takes place, leading to the high
heterogeneity of lignin. LCB is linked by four different types
of linkages, carbon to carbon bonds, ether bonds, ester bonds
and hydrogen bonds [52]. They form intra-polymer linkage
(individual components) and inter-polymer linkage (differ-
ent components) to form complexity in lignocellulose [20].

Lignin is used for energy purposes, mainly as fuel to boil-
ers for pulp production. It is of great interest for biorefiner-
ies to produce lignin-derived value-added products. Lignol
Innovations Company used wood and agricultural residues
for bioethanol and lignin (high purity) production in their
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pilot plant. It has great potential on a large scale in substi-
tuting the petroleum-based products utilized to manufacture
industrial coatings, gels and emulsifiers, etc. [56]. Vanillin
is also generated from lignin by treating its aqueous solution
with oxidants at basic pH and high pressure and temperature.
Vanillin is a flavouring agent in the pharmaceutical and food
industries. In addition to the flavouring property of vanillin,
it also possesses antioxidant, antimicrobial, anticarcinogenic
and anti-slicking properties made it an attractive intermedi-
ate for the production of polymers and fine chemicals.

Furthermore, benzoquinone and carboxylic acid are
also produced from the oxidation of lignin. The former has
application in dye manufacturing, a prime component in the
biologically active compound, supercapacitors electrolytes,
etc. The latter is used as a precursor in the food, polymer
and pharmaceutical factories. The thermal depolymerization
process also converts lignin to bio-oil, methanol and syngas.
Alkozyphenols, benzyl phenols, catechols and methoxy phe-
nols are also formed from lignin by the reductive depolym-
erization process [54, 57].

Bioethanol Production from LCB

Bioethanol is a colourless and flammable liquid that is an
inexhaustible source and an alternative to petroleum fuels.
Developing bioethanol as fuel is because ethanol is produced
from biomass which is both renewable and sequesters carbon
dioxide during production, resulting in no net release of car-
bon dioxide into the atmosphere. It is also used to enhance
octane numbers in unleaded gasoline. Moreover, it is also
used to mix with other fuels to clean-burn gasoline with oxy-
gen additives. Therefore, these biofuels help reduce pollu-
tion and improve the quality of air [58, 59]. For many years,
it has been well known that alcohol has been produced from
natural and agricultural products rich in starch and sugar
content. Microorganisms were allowed to grow in the carbo-
hydrate feedstock for transformation to ethanol. The polysac-
charide is a polymer of monomer units, including fructose
and glucose, which are first hydrolyzed by enzymes and then
fermentation to generate ethanol. The annual production of
fuel ethanol at the global level has enhanced from 25,700
million gallons in 2015 to 26,059 million gallons in 2020
(ethanolrfa.org), with a bit of dip of about 10% that might
be due to the COVID-19 pandemic. Most of the ethanol
supply (80%) comes from Brazil and USA, using corn and
sugarcane as feedstock. However, in developing countries,
the material used for bioethanol production comes from non-
food materials like cassava and sweet sorghum.

LCB is a competent feedstock for second-generation
bioethanol production and is an excellent substitute for
first-generation feedstock. LCB is widely available in large
amounts worldwide and is found in the form of peels, leaves

and branches. Hence, bioethanol produced from LCB is a
promising fuel, especially for the countries that generate a
lot of agricultural and forestry waste. Bioethanol is produced
from lignocellulosic feedstock through two main processes
including the following:

The thermochemical process includes processes like pyroly-
sis or gasification that produce synthesis gas (CO+H,), as
shown in Fig. 1. The gas produced is assorted with a cata-
lyst and employed to generate ethanol and other liquid co-
products. At temperatures 500—600 °C, biomass pyrolysis
produces bio-oil whose hydroprocessing converted it to the
precursors for drop-in fuels. At 700 °C, biomass gasification
resulted in syngas that converted to bioethanol by metallic
catalyst (aluminium, cobalt, etc.) through Fischer—Tropsch
synthesis or microorganisms. Methanol production was first
noticed in some cases, which on catalytic shift produce etha-
nol and provides 80% yield of it. Syngas solubility and gas
to liquid mass transfer are barriers to the commercialization
of syngas fermentation technology. Ethanol recovery cost
is also very high, which will become cost-effective if the
ethanol concentration is 15% (v/v) [60].

Biochemical process In this technique, specialized microor-
ganisms and enzymes convert lignocellulosic components
to sugars and then ferment them to produce ethanol. The
schematic diagram of the biochemical process of ethanol
production has been mentioned in Fig. 4.

The biochemical process is employed for the conversion
of LCB into ethanol via four significant steps which are the
following:

1. Pre-treatment where biomass is treated to make it suit-
able for hydrolysis.

2. Enzymatic hydrolysis to break down cellulose into
simpler sugars.

3. Fermentation is which various microbes are used to
ferment sugars to produce ethanol.

The following steps are discussed in detail:

Pre-treatment

It is a significant step in bioethanol production from LCB
as the biomass structure is complex, which needs specific
treatment to open it. There are four types of pre-treatment
methods, i.e. physical, chemical, physicochemical and bio-
logical, used to disrupt the biomass structure and enhance
its accessibility. The ideal pre-treatment method is the one
that provides good sugar yield with less inhibitor production
in an economical way.
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Fig.4 Schematic diagram of the
biochemical process of bioetha-
nol production
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Physical Pre-treatment

In this pre-treatment method, the surface area of biomass
increased due to reduction in size and reduction in crystal-
linity index of the cellulose by techniques like mechanical
comminution, extrusion and freezing. Each technique needs
some optimum conditions, and a specific tool for biomass
degradation like comminution needs milling tools, freez-
ing needs low-temperature apparatus and extrusion needs
extruder. Overall, physical methods are efficient, but the
expense and power requirement is much higher than causes
their restricted use. Zhang et al. [61] applied the extrusion
pre-treatment on rice hull for enhanced hydrolysis yield. The
optimum extrusion conditions used for the pre-treatment
were 143 °C temperature, screw speed of 350 rpm and mate-
rial diameter and moisture of 60 mesh and 29%, respectively.
Huang et al. [62] applied ball milling on LCB (bagasse
and Pennisetum) along with a small amount of alkali. The
results revealed that the small alkali dosage could enhance
the saccharification of bagasse and Pennisetum. Meng and
Wang [63] used vacuum freeze-drying to pre-treat biomass,
i.e. switchgrass, wheat straw and poplar. This study blended
the samples with distilled water and frozen at —20 °C, fol-
lowed by drying samples at—52.1 °C. The results showed
an enhanced pore structure of biomass through the water to
ice transformation.

Chemical Pre-treatment

The chemical pre-treatment method includes the applica-
tion of chemicals like acids, alkalis, solvents and oxidants.
Different chemicals react with the biomass and disrupt it
according to their characteristics. The chemical agents like
acids (H,SO,, HCI1, H;PO,, HNO;, etc.) break the hemi-
cellulose linkages under mild temperature conditions,
increasing biomass porosity. Junior et al. [64] pre-treated
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the sugarcane biomass with phosphoric acid, resulting in
fermentable sugars with 98% glucose in the hemicellulose
hydrolysate. Similarly, alkali pre-treatment led to the ruptur-
ing of the lignin bonds and enhanced the accessible surface
area of the biomass. Goshadrou et al. [65] investigated the
effect of alkali on cogongrass and found that it improved
enzymatic hydrolysis from 24.8 up to 90.8%. Organosolv
method includes the organic solvents, i.e. acetone, methanol
and ethanol, employed along with the organic acid catalysts
for lignin elimination and increased solubilization. Tsegaye
et al. [66] used organosolv pre-treatment to remove lignin
and solubilization of the polysaccharides that resulted in the
release of 74.09% of cellulose and 73.17% and 46.62% of
the lignin and hemicellulose solubilization, respectively. The
acid, alkali and solvent pre-treatment methods are effective
but have a drawback of corrosion, neutralization and solvent
removal. However, both ozonolysis and oxidative deligni-
fication depend on the oxidants. Ozonolysis is a specific
and selective method and utilizes ozone as an oxidant to
remove lignin without affecting cellulose and hemicellulose
[1]. However, oxidative delignification is not selective and
uses ozone, air and hydrogen peroxide for lignin elimina-
tion and affects cellulose and hemicellulose. Perrone et al.
[67] employed the ozonolysis on sugarcane biomass and
found that it removed 25% of the lignin after pre-treatment.
Hernandez-Guzman et al. [68] pre-treated wheat straw with
NaOH (2% v/v) and H,0, (2% v/v) and obtained the cel-
lulose content of 19-26% after pre-treatment and efficacy
of 57 +3.74% for lignin removal. Therefore, ionic liquids
are also used for biomass pre-treatment and break the non-
covalent linkages between the biomass. This method is
gaining attention due to its advantages; however, the cost
of solvents is one of its drawbacks. Semerci and Ersan [69]
employed the ionic liquids (triethylammonium hydrogen
sulphate, TEAHSO,; 1-butylimidazolium hydrogen sul-
phate, HBIMHSO,; and 4-methylmorpholinium hydrogen
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sulphate, HMMorpHSO,) on hornbeam for its pre-treatment.
The results obtained from the pre-treatment showed that the
cellulose content was increased up to 81%, while removed
91% of lignin was removed when treated with HBIMHSO,.
This study showed that at 30% of biomass loading, 70% of
the lignin was extracted with TEAHSO, and HBIMHSO,.

Physicochemical Pre-treatment

This method pre-treats the biomass both physically and
chemically with the help of techniques like a steam explo-
sion, carbon dioxide (CO,) explosion, ammonia method,
wet oxidation (WO) and liquid hot water (LHW). Steam
explosion and ammonia pre-treatment both involve biomass
exposure at high pressure; however, in the ammonia method,
it occurred in the presence of ammonia. Both methods
increases the accessible area by opening the biomass struc-
ture. The steam explosion method produces inhibitors that
are toxic for the microbial species involved. The ammonia
method also lacks efficiency in the case of woody biomass
[70]. Semwal et al. [71] pre-treated the different fractions of
rice straw (5-20 mm) with the steam of 1-1.5 MPa. They
obtained the glucans conversion of 53.6 + 1.02% (5 mm),
61.1+1.52% (10 mm) and 27.9 £ 0.82% (20 mm) with
water impregnated steam explosion, respectively. Sugarcane
bagasse was pre-treated with different concentrations of lig-
uid ammonia and found the optimized conditions as ammo-
nia concentration 15.64% (v/v) with solid loading of 10.51%
w/v, temperature of 84.9 °C and residence time of 23.95 h
and obtained 545.57 +7.1 g/kg total sugar [72]. In the CO,
explosion method, biomass is subjected to supercritical
CO, at high pressure and mild temperature. In the presence
of steam, carbon dioxide causes the swelling of biomass
and forms carbonic acid that leads to biomass breakdown.
This method is economical and non-toxic. Zhao et al. [73]
treated the biomass with supercritical carbon dioxide with
process conditions of 50-80 °C temperature and pressure
0f17.5-25.0 Mpa for an incubation period of 12—-60 h.
The surface of the biomass was increased and made the
biomass accessible for enzymatic hydrolysis. The authors
observed 3—fourfold enhancement in sugar yield compared
to the untreated biomass. The conditions enhanced sugar
yield from the hydrolysis by 3—fourfold compared to the
untreated biomass. The wet oxidization (WO) method
involves utilizing water, oxygen and hydrogen peroxide at
high temperatures for biomass rupturing. Water acts as an
acid at high temperatures and releases hydrogen ions that
hydrolyze the hemicellulose and oxidize the lignin. The cost
involved with the method is relatively high, which restricts
its commercial use [74]. Liquid hot water (LHW) pre-treat-
ment uses water in its liquid form at high temperatures and
pressure. The method solubilizes the cellulose and hemicel-
lulose fractions. Though the LHW method is inexpensive,

inhibitors are formed at high temperatures. Kang et al. [75]
conducted an experiment in which liquid hot water was used
to pre-treat hybrid Pennisetum and found that the LHW can
change the biomass structure and effective solubilization
of hemicellulose resulted in 100% xylan removal from the
hybrid Pennisetum.

Biological Pre-treatment

This method is done with the help of microorganisms (bac-
teria and fungi) and macro-organisms (insects, worms and
gastropods). Microorganisms degrade the lignocellulose
structure by releasing cellulolytic, hemicellulolytic and
ligninolytic enzymes and producing bioethanol following
fermentation [39]. Macro-organism possesses different
mechanisms such as mechanical and enzymatic in combina-
tion with physiological functions and break the LCB struc-
ture. The macro-organisms that could digest biomass include
litter, leaf and wood. The earthworm feeds on detritus and
digests organic matter more efficiently. These detritivores
can even digest cellulose, starch, lignin and carbohydrates
[76]. The factors influencing the biodegradation of biomass
include physical factors (temperature, pressure, aeration,
surface areas), chemical factors (pH, composition, carbon
and nitrogen source, organic and inorganic compounds),
enzymes and biological factors (microbial species, their
interaction and competition) [42]. The biological pre-treat-
ment methods have advantages over other methods which
include fewer energy inputs and needless harsh chemicals.
However, time consumption in the process is the major
drawback of the biological method, which acts as a barrier
to its use on a commercial scale [77].

Hydrolysis

During this step, polysaccharides present in feedstocks are
hydrolyzed to monosaccharide sugars with the help of acid/
enzymes. The cellulose released is transformed to glucose,
catalyzed by acid (dilute or concentrated) or cellulase.

Acid Hydrolysis The advantage of acid hydrolysis is that
it can pierce the lignin in LCB without pre-treatment. The
process dissociates the cellulose and hemicelluloses into
individual sugar molecules. The commonly used acid for
hydrolysis is hydrochloric acid and sulphuric acid. The con-
version of lignocellulosic material is done by hydrolysis with
either acid with higher concentration at mild temperature or
dilute acid at elevated temperature. The concentrated acid
hydrolysis has a high hydrolysis yield of cellulose; however,
concentrated acid leads to corrosion of equipment [78]. At
high temperatures, hydrolysis with dilute acid enhances the
rate of hemicellulosic sugars solubilization and inhibitory
compounds formation like furfural [78]. Therefore, two-step
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dilute acid hydrolysis is employed to eliminate these draw-
backs. The process is carried out at moderate temperature
conditions (170-190 °C) to solubilize amorphous hemicel-
lulose in the 1st stage. In contrast, in the 2nd stage, used
harsh conditions (200-230 °C) to hydrolyze more crystal-
line and resistant cellulose [79]. The utility of acid in the
hydrolysis process has some drawbacks, including corrosion
of the equipment with acid, utilization of unsafe chemicals
and addition of neutralization step [80].

Enzymatic Hydrolysis In the case of enzymatic hydrolysis,
a mixture of different enzymes extracted from microorgan-
isms are used to hydrolyze cellulose and hemicellulose. It
can hydrolyze hemicellulose efficiently as compared to cel-
lulose. Cellulose is more stable and has a crystalline struc-
ture; therefore, it cannot be easily depolymerized. The cellu-
lase complex is used to hydrolyze cellulose. The complex of
cellulase contains three main enzymes that act on cellulose
and hydrolyze it into reducing sugar [81]:

Endo-1, 4-p-glucanases: It breaks the 1, 4-p-glucan bonds
randomly.

Exo-1, 4-B-D-glucanases: The function of this enzyme
is to free up the D-glucose and cellobiose and hydrolyze
cellobiose gradually.

B-D-glucosidase: To form D-glucose from cellobiose.

Along with these three main enzymes, other enzymes are
also used to degrade the hemicellulose polymers, including
xylanases, galactomannase, acetylesterase and glucoman-
nase. Bacteria and fungi are two chief sources for the afore-
mentioned enzymes that possess cellulolytic and hemicel-
lulolytic capabilities [81]. The activity of various enzymes
from different sources is shown in Table 1. Cellulose and
hemicellulose conversion is provided in reactions (i) and

(i1) in which glucan (for hexoses) and xylan (for pentose)
reacts with water:

(C6H1005)n + nH,0—,C¢H,,04 (D

(C5H804)n + nH,0—-,CsH,(,Os ()

Fermentation

Fermentation is the biochemical process by which glucose
(a hexose sugar) and xylose (a pentose sugar) are converted
into ethanol. Depending upon the composition of the hydro-
lyzed material, a specific bacteria or yeast is used to perform
the process.

The reactions (iii) and (iv) shows the glucose and xylose
conversion as given below:

C¢H,,0, — 2C,H,OH + 2CO, 3)

3C,H,,05 — 5C,H;OH + 5CO, @)

The yeast majorly employed for ethanol production
is Saccharomyces cerevisiae; however, it cannot metabo-
lize xylose. The microorganisms usually taken for this pro-
cess metabolize the monomer sugars and convert them into
bioethanol. There are three methods used for the fermenta-
tion, including separate hydrolysis and fermentation (SHF),
simultaneous hydrolysis and fermentation (SSF) and consol-
idated bioprocessing (CBP). Various fermentation technolo-
gies used for bioethanol production, yield and concentration
from various substrates are shown in Table 2.

Separate Hydrolysis and Fermentation In this method, two
separate reactors are used for hydrolysis and fermentation.

Table 1 Activity of various

! S.no Enzyme Source Enzyme activity References

enzymes from different sources

used for degradation of biomass 1 Cellulase Aspergillus niger 484.3 U/mg [82]
2 Cellulase Trichoderma reesei RUT C30 19.85 FPU/ml [83]
3 Cellulase Bacillus velezensis 20.20+0.74 U/ml [84]
4 Cellulase A. niger 10.2 U/ml [85]
5 Xylanases Beauveria bassiana SANO1 304.48+13.25 U/ml [86]
6 Endoglucanase B. bassiana SANO1 17.16 £0.41 U/ml [86]
7 Xylanase Aspergillus terreus 474 U/ml [87]
8 Xylanase A. niger (wild strain) 4.124 U/ml [88]
9 Xylanase A. niger (UV-mutated strain) 9.3641 U/ml [88]
10 Xylanase Bacillus tequilensis UD-3 8.54 TU/ml [89]
11 Endoglucanase Mpyceliophthora thermophila M.7.7 2.22 U/ml [90]
12 Endoglucanase Tricholoma matsutake 414.6 U/mg [91]
13 Cellulase Bacillus paranthracis 1.0 U/ml [92]
14 Xylanases Bacillus nitratireducens 9.2 U/ml [92]
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The cellulose liberated is treated inside a separate reactor for
hydrolysis, and then the released sugars are transferred to the
fermentation reactor along with the fermenting microorgan-
isms. Although it uses two reactors and sugar apt microbes
in the fermentation, inhibition of glucose, and concentration
to fermenting microbes is still a barrier. Moreover, SHF has
some drawbacks like higher investment cost, contamination,
higher incubation time, inhibitor formation and require-
ment of extra equipment [101]. Jin et al. [101] conducted
an experiment that generated bioethanol from NaOH pre-
treated rice straw by utilizing Saccharomyces tanninophi-
lus through SHF with an enzyme loading of 200 FPU/ml
for 20 h and obtained an ethanol concentration and yield of
9.45 g/l and 83.5%, respectively. To make the process more
efficient, another method, i.e. separate hydrolysis and co-
fermentation (SHCF), was developed by a slight variation
in the SHF process in which 5-carbon and 6-carbon sugars
were produced in the hydrolysis of cellulose and hemicel-
lulose and were fermented together in the process.

Simultaneous Hydrolysis and Fermentation The SSF
method involves degradation of cellulose under the influ-
ence of enzyme in combination with fermentation method,
resulting in released sugars from the hydrolysis process and
followed with fermented consecutively. This method has
advantages over SHF as it generates less inhibitory effect
with sugar accumulation; moreover, only a single reactor is
required, and therefore, the operation is much easier [102].
SSF technique is the most suitable method to convert LCB
to bioethanol; however, the method has the drawback of
optimizing the conditions for different processes, includ-
ing hydrolysis and fermentation. Qui et al. [93] produced
the bioethanol from wheat straw by SSF process at solid
loading rates of 10%, 15% and 20% (w/w). They revealed
that ethanol conversion decrease with an increase in solid

loadings, i.e. 99.4%, 95.4% and 75.7% with 10, 15 and 20%,
respectively. A new technique for process integration has
also been developed named simultaneous Saccharification,
filtration and fermentation (SSFF). This process integrates
both SHF and SSF. In this method, pre-treated biomass is
solubilized in the reactor, while the suspension is repeat-
edly pumped through the cross-flow membrane. The sugar
filtrate obtained from it is subjected to fermentation, and
the retentate is again fed back to the hydrolysis vessel [103]
(Zabed et al., 2016).

Consolidated Bioprocessing The conversion of biomass
to sugars and then to bioethanol is a multistep process. The
cost involved in each step makes the process expensive. It
can be reduced by developing a structure or process mode
that can convert biomass directly into ethanol in a single
step. Various researchers used the consolidated bioprocess-
ing approach for the fermentation of sugars. CBP is still
developing, and much effort is required to explore [104].
Various studies found CBP as a competent approach. The
total expense of the process can be decreased using only one
microbe or consortium for enzyme production, saccharifica-
tion, and fermentation in a single step [100]. Singh et al. [97]
experimented with bioethanol production from rice straw
using CBP and observed 29.4% solubilization of rice husk
and 1.8 g/l of bioethanol concentration.

Bioreactors and Their Operating Modes Involved
in the Process

The mode of the bioreactor applied depends on the feeding
of the substrate into the bioreactor. It can be classified into
three main types: batch, fed-batch and continuously based
on the discontinuous, continuous or semi-continuous mode
of substrate feeding in a bioreactor. Table 3 illustrates the

Table 2 Different fermentation

: N S. no Method Substrate Bioethanol yield/concentration References

technologies used for bioethanol

yield/concentration from 1 SSF Wheat straw (WS) 15.3 g ethanol/100 g WS [93]

;i;f(fle(r:e];llt))s ubstrates (SHF, SSF 2 Fed batch SSF Sweet potato peels 0.355 g ethanol/g sugar [94]
3 Fed batch SHF  Beta vulgaris 0.479 g ethanol/g sugar [94]
4 SHF Cynara cardunculus 13.17 g ethanol/100 g of biomass ~ [95]
5 Semi-SSF C. cardunculus 13.64 g ethanol/100 g of biomass ~ [95]
6 CBP Parthenium hysterophorus ~ 81.5 mg/g biomass [96]
7 CBP Pennisetum species 0.55 g/g of reducing sugar [92]
8 CBP Rice straw 1.8 g/l [97]
9 SHF Waste bamboo 83.1% [98]
10 SSF Corn cob 23.69 g/l [99]
11 SHF Corn cob 17.4 g/l [99]
12 PSSF(SSF with ~ Corn cob 20.12 g/l [99]

prehydrolysis)

13 SHF Rice straw 83.5% [100]
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different studies related to bioreactor modes along with the
substrate used for fermentation.

Discontinuous or Batch Type The operation is a simple and
most commonly studied process with bioreactors. The sub-
strate is filled in the bioreactor initially, and volume remains
constant throughout reaction time, without any additional
nutrients in the reaction. In this process, productivity is less
due to inhibition by the product, long lag phase, an interrup-
tion due to sterilizing, cleaning and filling [114]. Phukoet-
phim et al. [115] evaluated sweet sorghum for bioethanol
production by Saccharomyces cerevisiae NP0O1 in repeated
batch fermentation for five cycles to facilitate the efficiency
of the process. The experiment’s outcomes revealed that
the average ethanol concentration was 112.3 g/I for the five
cycles. Zhang et al. [116] experimented on batch fermenta-
tion (SSF) of the pre-treated corncob for ethanol production
and observed an ethanol concentration of 69.2 g/l1.

Fed-Batch Type or Semi-continuous Type In this type,
nutrients are supplied intermittently during the process
to reduce the substrate associated growth inhibition. It
encourages the uniformity of the living system and gives
more yield than batch type. It is also a substitute for repress-
ing mixing problems associated with immense solid load,
as excessive substrate viscosity is prevented [117]. In this

type, inhibition problems are also reduced due to reduced
unproductive enzyme binding. Lu et al. [118] produced
bioethanol from the pre-treated liquid hot water reed using
fed-batch (S-SSSF) fermentation. The optimal conditions
for the experiment were 36 °C temperature for fermentation
of pre-treated reed; 18-h pre-hydrolysis was carried out at a
temperature of 50 °C and 4.8 pH. The inclusion of fed-batch
substrate (6.4%) was done after 6th h of the 18-h enzymatic
pre-hydrolysis. Zhang et al. [116] investigated pre-treated
corncob (acid—alkali: H,SO,-NaOH) for ethanol production
using the fed-batch SSF process. The fed-batch substrate
(6%) was supplemented with the process for the first 24 h
and obtained an ethanol concentration of 84.7 g/l after 96 h.
The overall yield and cellulose conversion during the experi-
ment were 79.6% and 82.3%, respectively.

Continuous Type Operation Mode In this type of operation,
the substrate is added to the bioreactor continuously, and the
product is removed frequently with a similar flow rate. Heat
rate and temperature control is a continuous and straightfor-
ward type. Typical bioreactors belonging to this category are
(i) suspended (free) cell, (ii) membrane cell recycle and (iii)
immobilized cell.

(i) Suspended (Free) Cell In this bioreactor, agitation is pro-
vided to the cells by a mechanical agitator to move freely

Table 3 Different mode of bioreactors applied for ethanol production using different substrates and microorganism

S.no Type of bioreactor Substrate Microorganism involved Ethanol concentration/pro- References
ductivity
1 Pervaporation membrane Glucose S. cerevisiae Maximum ethanol concen- [105]
bioreactor tration was 22.085 g/l in

feed side and 435.47 g/l in
permeate side after 44 h

2 Batch reactor Sugarcane bagasse Scheffersomyces stipis Maximum ethanol production [106]
after 72 h was 7.34 g/

3 Batch reactor Sugarcane bagasse Scheffersomyces shehatae Maximum ethanol production [106]
after 72 h was 18 g/l

4 Fed batch Corn stover S. cerevisiae SyBE005 Maximum ethanol concentra- [107]
tion was 48.2 g/l

5 Continuous mode bioreactor ~ Sugarcane bagasse S. cerevisiae Maximum ethanol concentra- [108]
tion in the permeate was
43.2 g/l after 19 h

6 Packed bed Biofilm reactor Rice straw hydrolysate Zymomonas mobilis Ethanol yield after 3 days [109]

(repeated batch)

7 Stirred tank bioreactor (single Cassava starch
step batch)
8 Fed-batch bioreactor Glycerol
9 Fed-batch bioreactor Sugarcane juice and molasses
mix
10 Continuous mode bioreactor ~ Glucose

Kluyveromyces marxianus
$8106

Klebsiella pneumoniae Kpl7

S. cerevisiae

Immobilized Z. mobilis
ATCC 29,191 cells

was 0.36 to 0.38 g/g

Ethanol concentration after
72 h was 7.91% (v/v)

Final ethanol production after
30 h was 17.30 g/l

Ethanol concentration of
135.0 g/l after 30 h

Ethanol productivity was
31.09 g/l/h

[110]

[111]

[112]

[113]

@ Springer



BioEnergy Research (2022) 15:1820-1841

1833

within the fermentation broth. The reactor initiated at batch
mode and growth of cells is permitted up to an exponential
phase, and prepared media is continuously introduced to the
reaction tank. The precaution related to cell inhibition for
entry in the stationary phase must be taken in the bioreactor
[119]. The system can be in single, double and multi-stages.
In a continuous type of single-stage fermentation, higher
reactor productivity can be achieved at the cost of low prod-
uct concentration, in contrast to the productivity acquired
through the batch process. In double stage fermentation, the
inhibitory compound production decreases by allowing the
process to occur in two different containers. In a multi-stage
system, 68 tanks are used to carry out the process.

Compared to batch fermentation, the continuous fer-
mentation process is more productive; however, low cell
concentration is the barrier to higher productivity in the
free cell continuous process. In this process, there is
no alternate way to keep cells in the bioreactor, and the
washout occurs at a tremendous dilution rate [120].

(ii) Membrane Cell Recycle Bioreactor The bioreactor is char-
acterized by high cell accumulation, which leads to high
product concentration and substrate conversion. It is a hybrid
system in which a conventional fermentor is attached to a
membrane filtration system [121]. In this system design, a
bioreactor was connected to a filter where cells are retained
while the product is recovered through an in-line flash tank.
The cost of the membrane is relatively high, and broth in
the membrane cell recycle bioreactor may result in begrim-
ing of the membrane, which imposes a drawback to use the
system [122].

(iii) Immobilized Cell Bioreactor The advantages of immo-
bilized cell bioreactor are high cell accumulation, operation
of a reactor at the high flow rate, more prolonged continuous
operation and no cell washout is needed, resulting in high
productivity and yield [123]. In this bioreactor type, the feed
is provided from the base (lower side), and the product is
withdrawn from the uppermost portion of the bioreactor.
This method is also called a ‘non-mixing reactor’ in which
product inhibition is significantly reduced. For the immobili-
zation of the cells, one can use any one of the three methods,
i.e. entrapment, adsorption and covalent bonding [124].

The bioreactor may be a fluidized bed and packed bed.
In fluidized bed types, microorganisms are bound to the
particles, which remain suspended with high upward flow
rate feed and oxygen-free gas, i.e. nitrogen. While in a
packed bed type bioreactor, cells are immobilized on large
stationary particles [120].

Circular Economy/Biorefinery Approach
in Bioethanol Process

During ethanol production, other value-added products
have also been produced like furfural, hydroxylmethyfur-
fural (HMF) and lignin residues. The circular bioecon-
omy approach for bioethanol production and other value-
added products production from LCB has been illustrated
in Fig. 5. Furfural and HMF are mainly produced during
the pre-treatment process and act as an inhibitor for etha-
nol fermenting microorganisms. Furfural is a product of
xylose sugar and has several applications, i.e. making inks,
plastics, fertilizers, antacids, nematicides, adhesives, fun-
gicides and flavouring compounds. Its extraction during
ethanol production provides benefits like increased ethanol
yield and its utilization for producing other valuable prod-
ucts. In recent times, pyrrole and D-proline production
has been reported from furfural. These compounds are
directly or indirectly used as a precursor in pharmaceu-
ticals [125]. Ntimbani et al.[126] produced ethanol and
furfural from sugarcane bagasse. In this study, furfural was
extracted during sulphuric acid pre-treatment of sugarcane
bagasse in a heated 2-1 Biichiglasuster® pressure reac-
tor, and ethanol is produced from non-detoxified furfural
residues. The results reported a maximum furfural yield
of 69% at 170 °C and 0.5 wt.% sulphuric acid and ethanol
yields of 77 to 95%. Similarly, ethanol, hesperidin (antimi-
crobial and antioxidant) and nanocellulose were obtained
from orange juice industry waste. Citrus Pulp of Floater
(CPF), a waste product of the orange juice industry, on
enzymatic hydrolysis provides sugar-rich liquid utilized
for ethanol production and on extraction (Soxhlet extrac-
tor) provides hesperidin. The remaining solid residues
from both processes were used for nanocellulose produc-
tion. The yield of hesperidin and nanocellulose obtained
were 1.2% and 1.4%, respectively, and 27.5% hydrolysis
yield was obtained after 6 h [127]. After pre-treatment,
water washing is the most common method applied to
remove inhibitory compounds. So, this wastewater recy-
cled and integrated the ethanol production process with
anaerobic digestion. Yuan et al. [128] proposed the inte-
grated approach for a lignocellulosic biorefinery. The pre-
treatment of the biomass with high solid loadings omits
lots of wastewater utilized in the anaerobic digestion unit
as substrate resulted in biogas production and bioethanol
(from pre-treated biomass). Conesa et al. [129] also indi-
cated in their study that Persimmon is an efficient substrate
for ethanol production and other valuable products like
carotenoids. As a circular biorefinery approach, Chatter-
jee and Mohan [130] simultaneously produced bio-hydro-
gen and bioethanol from separated streams of sugarcane
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bagasse hydrolysate. They treated the biomass with 2%
sulphuric acid, resulting in the xylose-rich hydrolysate.
The hydrolysate is used as two streams, i.e. one is fed
in dark fermentation for bio-hydrogen production and the
other for SSF for ethanol production. In dark fermentation,
acidogenic effluent generated during the bio-hydrogen pro-
duction was utilized as a phosphate solubilizing organic
fertilizer for chickpea cultivation. Their study showed the
feasibility and maximum potential for zero waste biore-
finery. Khaire et al. [131] also overviewed bioethanol pro-
duction, xylo-oligosaccharides and lignin from sugarcane
tops. For adding value to the process, xylan and lignin
separation from biomass before enzymatic hydrolysis is
also a beneficial approach. Sugar-rich hydrolysate pro-
duced ethanol through fermentation; xylan used to produce
xylo-oligosaccharides, food coatings, etc. Lignin residues

@ Springer

on modification have a varied application like polyole-
fin, rubber intensifier and rubber packing. In totality, it
has been observed from the above-mentioned studies that
the circular bioeconomy approach in bioethanol process
enhanced the overall efficacy of the production process
and was also beneficial in reducing the capital cost of the
bioethanol process.

Techno-economic Analysis

The techno-economic analysis of ethanol production from
lignocellulosic biomass includes the capital investment,
operational cost and the minimum selling price (MSP) of the
bioethanol. The economic input in each production process,
like lignocellulosic, pre-treatment and production costs, is
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equally important. The biomass cost ranges from $22 to 85
per ton, depending on its variability and accessibility [132].
Its cost also depends on inflation, labour and transportation
costs. An increase in these factors leads to an increase in
biomass cost. Likewise, pre-treatment and production cost
depend on the capital and operation cost.

Some studies on techno-economic analysis of the bioetha-
nol process have been mentioned. A case study on ethanol
biorefinery was optimized in Maharashtra state by Vikash
and Shastri [133] using 14 substrates, i.e. wheat pod, rice
straw, rice husk, wheat stalk, bagasse, maize cob, cotton
husk, cotton boll shell, jowar cob, jowar husk, jowar husk,
sugarcane stalk, maize stalk and cotton stalk following four
bioconversion methods (SHF, SHCF, SSF and SSCF). The
study results showed that maximum ethanol production
cost, fixed operating cost and variable operating expense
are Rs. 96.79, 19.11 and 35.76 per litre, respectively. It
was reported that the maximum cost related to feedstock
is because of transportation involved (Rs. 5.08/L), and
the ionic liquid method is the expensive method among
the other pre-treatment techniques involved. Solarte-Toro
et al. [134] also reported that the pre-treatment conditions
impacted the ethanol yield and suggested the production of
co-products to diminish the utilities of the process. Okolie
et al. [135] assessed the economic feasibility of bioethanol
and biomethane biorefinery through glycerol valorization
(co-product of the diesel production process). They made
three scenarios (S), i.e. S1 made of hydrothermal gasifica-
tion (HG) and syngas fermentation (SF) and not involve the
carbon dioxide capture; S2 involved the bioethanol produc-
tion through HG and SF along with CO, capture and storage;
and S3 is somewhat similar to S2 but includes the biom-
ethane production from the captured CO,. The minimum
selling price (MSP) of bioethanol production was utilized to
assess the economic viability of the process that shows the
trend like this—S1 (USD $1.4/L)>S2 (USD $1.32/L)>S3
((USD $0.31). The lowest value of S3 was ascribed due to
the production of value-added products (biomethane and
oxygen) along with bioethanol. Likewise, Khounani et al.
[136] produced bioethanol from safflower straw, a waste
product of the biodiesel production process from its seed.
The extracted straw and the residual cake (obtained from oil
extraction) were subjected to pre-treatment, hydrolysis and
fermentation. Wastewater from solid-liquid separation unit
is used for biogas production in an anaerobic digester unit.
The process simulations of both scenarios A (fermentation
by Zymomonas mobilis) and B (S. cerevisiae) were done by
Aspen Plus v.10 software. The profitability index of scenar-
ios (S) A and B was 1.14 and 0.81, respectively, showing the
cost-effectiveness of SA but not economically sustainable
for the B scenario. The utilization of Z. mobilis reduced the
cost of bioethanol production from 0.12 to 0.09 $/L, suggest-
ing that Z. mobilis is a preferred biocatalyst for bioethanol

production from a techno-economic point of view. It has
been deduced from the studies mentioned above that the
cost of the bioethanol production process can be reduced by
the production of other value-added products along with it.

Recent Trends, Challenges and Future
Prospects

In the last few years, there has been a massive develop-
ment of various biorefineries to produce value-added prod-
ucts like hydrogen, methane, ethanol, butanol and other
biochemicals such as alcohols, furfurals and organic acids
[48, 137, 138]. To increase the sustainable bioeconomy,
one should implement bio-based techniques. There will be
a change of economy from linear to CE if the bioeconomy
has more sustainability and circularity. According to the
WBA (World Bioenergy Association), the demand for
bioenergy worldwide will increase significantly (https://
worldbioenergy.org/uploads/201210%20WBA%20GBS %
202020.pdf). Due to this reason, there should be a need for
efficient usage of biomass resources (such as crops, algae
and wastes). LCB biorefinery for bioethanol has some
challenges like feedstock choice and its complex recalci-
trant structure. The choice of feedstock is based on its cost,
availability, biological utilization, composition, process-
ing, harvesting, storage and transportation. So, efficient
ethanol production in a biorefinery will need the detailed
study of the composition, characterization of the substrate
and its feasibility with the processing technology and the
optimum conditions of the same. Disruption of LCB struc-
ture required pre-treatment, which adds to the total pro-
cessing cost. Modification in the lignin content reported
in several studies makes the pre-treatment inexpensive
through metabolic engineering [60]. Developing the new
bio-cascading and circular techniques is indispensable to
fulfil bioenergy and biochemical needs [139]. Integration
of hydrothermal and biological techniques may further
overcome the recalcitrant nature of biomass, which could
easily lead to biofuels and biochemical production. This
integration technique can be up-and-coming for biomass
valorization. The sustainability of lignocellulose biore-
fineries for a long time depends on how lignin is being
utilized [21]. The chemicals obtained from lignin can be
a sustainable replacement of fossil fuel-based chemicals,
considering high energy content, renewable nature and
reduced carbon footprints [140]. Recent development
in the research revealed that the bioconversion of lignin
to synthesize higher lipid with the utilization of oleagi-
nous microbes is an essential step in developing different
combined biofuels. Research is also focused on the over-
expression of cellulolytic and hemicellulolytic enzymes
for enhanced polysaccharide production.
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Now, the interest is shifting in the area of consolidated
bioprocessing (CBP). One microorganism is engineered
with genes or the consortia of microbes, reducing the
cost involved with the processes. Another challenge is the
microorganism survival and the co-utilization of pentose
and hexose sugars completely and simultaneously by the
fermenting microorganism. Now, the research is focused
on the generation of modified strains, which can disrupt
the polysaccharides and use sugars even in the presence
of toxic compounds generated during pre-treatment [141].
Several studies have been executed on processing LCB
waste obtained from domestic waste, restaurant kitchens,
and food processing plants through enzymatic treatment.

Furthermore, few studies highlighted towards pavement
of sustainable way on utilizing the biomass completely with
adopting zero-waste plan [18, 142]. To enhance the mon-
etary benefits, the products obtained from primary biorefin-
ery processes should be processed again to generate other
value-added products instead of converting them to minor
valued products, including compost or fuel. Future aspects
of utilization of LCB bioconversion should be more system-
atic, with enhanced microorganism and enzyme activities
and imposing a particular focus on economic viability and
environmental impacts. The accomplishment of the biore-
finery concept requires techno-economic viability and some
major renovations like coproduction strategies in one pro-
cess, reutilization of LCB for maximum resource utilization
and value addition in the generated waste during the process
[143]. Further, it has been observed that many efforts and
research are required to make lignocellulosic biorefinery an
economically and sustainably viable option.

Conclusion

Global environmental issues are shifting the nations towards
development of biofuels and bio-based economy. Circular
economy and biorefineries concepts also advocate the uti-
lization of sustainable and renewable feedstock like LCB.
The usage of LCB for biofuel production and other value-
added products provides an opportunity to increase the
economy of biorefineries on generating energy and reduce
the burden of waste management. Lignocellulosic biomass
abundance makes this an appropriate source for valuable
products production. The success of a biorefinery depends
upon the utilization of hemicellulose and lignin part for pro-
duction of value-added products along with generation of
2G ethanol from cellulose and hemicellulose part. Balanced
and focused research is required for its efficient conversion
of LCB into bioethanol and other value-added products. The
technical and economic barriers involved in its availability,
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processing, pre-treatment, hydrolysis and saccharification
steps must be addressed for its successful utilization.
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