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ABSTRACT ARTICLE HISTORY
Bioethanol is an appropriate alternate energy option due to its renewable, nontoxic, environmentally Received 21 April 2022
friendly, and carbon-neutral nature. Depending upon various feedstocks, bioethanol is classified in Revised 22 June 2022
different various generations. First-generation ethanol created a food vs fuel problem, which was ~ Accepted 25 June 2022
overcome by second-generation, third-generation and fourth-generation ethanol. The considerable KEYWORDS
availability of lignocellulosic biomass makes it a suitable feedstock, however, its recalcitrant nature is Feedstock; generations;
the main hurdle in converting it to bioethanol. The present study gives a comprehensive assessment of biomass; conversion;
global biofuel policies and the current status of ethanol production. Feedstocks for first-generation bioethanol

(sugar and starch-based), second-generation (lignocellulosic biomass and energy crops), third-genera-

tion (algal-based) and fourth-generation (genetically modified algal biomass or crops) are discussed in

detail. The study also assessed the process for ethanol production from various feedstocks, besides

giving a holistic background knowledge on the bioconversion process, factors affecting bioethanol

production, and various microorganisms involved in the fermentation process. Biotechnological tools

also play a pivotal role in enhancing process efficiency and product yield. In addition, most significant

development in the field of genetic engineering and adaptive evolution are also highlighted.
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® Global biofuels policies on bioethanol production were presented

® Technological integrations of 1G, 2G, 3G and 4G bioethanol were discussed
® Various factors affecting bioethanol production were mentioned
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1. Introduction

Biofuels are gaining global attention due to energy
security and environmental concern raised by fos-
sil fuel burning [1] [2]. Fossil fuels are the fuel of
choice, but their burning causes emission of green-
house gas (GHG) emissions, climate change, glo-
bal warming, biodiversity loss, and rising sea levels
[3-6]. Moreover, it is estimated that by 2040, glo-
bal energy use will elevate by more than 28% [7].
Renewable energy is an effective alternative that
can fulfil the demand of the increasing human
population and climate change and reduce the
dependency on fossil fuels [8]. At the twenty-
sixth Conference of Parties (COP26), countries
made ambitious commitments to reaching net-
zero emissions by around mid-century, on phasing
out coal power and to end subsidizing unabated
fossil fuels by the end of 2022 [9]. Biofuels are
contemplated as a fascinating substitute to fossil
fuels from the economic, environmental, and
social points of view [10]. Many developed coun-
tries attempted to implement biofuel usage over
fossil fuels and increase their dependency on
bioethanol. Bioethanol as biofuel has an extensive
history in the transportation field after being
employed in internal combustion engines by
Germany and France in 1984. Even before, Brazil
started bioethanol as fuel utilization in the 1930s
while the United States and Europe in the early
1900, however, the main focus started in the 1980s
due to the oil crisis problem.

Life Cycle Analysis (LCA) on biofuel stated that
carbon dioxide emission from plant growth, harvest-
ing, and processing for biofuel production and its
utilization in fuel engines is much lower than petro-
chemical fuels [11]. As per Renewable Fuel
Association 2021, ethanol use in gasoline in 2020
decreases the emission of Greenhouse Gases (GHG)
by 47.3 million metric tons from the transportation
sector, which is equivalent to removal of emission
from 12 coal fired power plant annually or phaseout
of 10.1 million cars from roads for a year. The global
bioethanol production in 2020 has been severely
impacted due to the COVID-19 crisis and reached
probably 98 billion liters, which was lesser than the
previous year’s production, i.e. 115 billion liters. A fall
of 15% was observed mainly due to the decreased
output from the United States and Brazil [12]. The

United States (US) and Brazil are still the global leader
in term of ethanol production and, sharing about 82%
of the whole bioethanol production in 2021 [13]. Each
country has its biofuel policies, which are reviewed
from time to time. Up to a particular percentage,
bioethanol can be employed in unmodified petrol
engines. Toxicity and emissions from ethanol are
much lesser than fuels like diesel and petroleum.
Ethanol can be manufactured from various feedstocks
like starch, sugar, and cellulosic material [14].
Bioethanol is produced from distinct substrates world-
wide, depending upon the availability and maturity of
production technology. Depending on the feedstock,
bioethanol production is divided into four different
generations. The 1% generation (1G) consists of edible
crops that gave rise to conflict between food and fuel.
While, the 2™¢ generation (2G) was promoted with use
non-food substrates comprising the residual part of
edible crops or lignocellulosic biomass or energy
crops. The third generation (3G) used the algal bio-
mass, while the fourth generation (4G) utilized an
engineered photosynthetic crop that captured carbon
dioxide for growth and converted it into fuel. The
search for the most sustainable and economical tech-
nology for converting bioresources has continued to
get more production and yield of ethanol. The present
review entails the current status of ethanol production
worldwide, global biofuel policies, and different tech-
nologies used in ethanol production from various
feedstocks, along with the microorganisms involved
in the production process. The current review also
assessed the factors (physical and nutritional) affecting
ethanol production and advancements in biotechno-
logical tools like genetic engineering and adaptive
evolution in this field.

2. Present scenario of global bioethanol
production

According to the International Energy Agency
(IEA), a 3% increase in ethanol production was
noticed globally since February 2020, with about
104 billion liters of its production. This production
enhancement was mainly visualised by the US,
European Union (EU), and China. With an aver-
age growth rate of 2% per annum, it will reach to
about 119 billion liters by 2023 [15]. Daily ethanol
production in 2021 was around 152.6 million
liters, which was more than the 144.6 million liters



in 2020, as predicted by IEA. Furthermore, it is
expected to reach 157.4 million liters/day in 2022.
It was also estimated that the daily ethanol blend-
ing will reach to around 143.1 million liters in
2021 and 146.3 million liters in 2022. Both the
predictions were escalated and in an another esti-
mate in May 2021, Short Term Energy Outlook
(STEO) forecasted that daily ethanol blending in
2021 will be 141.5 million liters and will again
reach to 144.7 million liters in next year; as com-
pared to its consumption in blending of 130.4
million liters per day in 2020 [16].

Many countries (developed or developing) have
introduced ethanol fuel programmes to promote
its usage. According to Renewable Fuel
Association [13], Brazil and US are the chief con-
tributors to fuel ethanol, contributing about 31%
(8.08 billion gallons) and 53% (13.9 billion gal-
lons), respectively, in 2020. However, due to the
COVID-19 crisis, total production has decreased
over the past seven years to around 2.9 billion
gallons, even below from 2019. A worldwide sce-
nario of bioethanol production in different
Countries are represented in Figure 1.

Brazil: It has been the largest producer globally
for past few decades, however, in 2006, the United
States took the place of the top producer of etha-
nol. It is the first country to generate ethanol
commercially through the Proalcool programme,
which was started by its government in 1975 to
utilize it as a substitute for gasoline, considering
the increased oil prices. Currently, Brazil is the 2™

2% |
2%

3%

Figure 1. Global annual ethanol production (2021).
(Source: Renewable Fuel Association, 2021)
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highest ethanol producer. Its entire ethanol gen-
eration in 2020 was 31.35 billion liters, which
showed a 16% decrease, as compared to the revised
tigure, i.e. 37.38 billion liters for 2019 due to the
diversion of sugarcane use more toward produc-
tion of sugars. Fuel ethanol production in 2020
was estimated at 28.66 billion liters, which also
showed a 17% decline from the previous year.
Corn-based ethanol production was reported at
2.5 billion liters, a rise of 1.17 million liters in
contrast to the revised figure for 2019 as per The
Brazilian Corn Ethanol Union [17]. While ethanol
from cellulosic biomass was expected at around 32
million liters in 2020 and 30 million liters in 2019.
In Brazil about 360 units of ethanol mills are
operational for ethanol production in 2020 [18].
United States (U.S): It is the most prominent
ethanol producer and has 209 ethanol plants
located in 25 different states. The United States
has encouraged biofuel production over the past
few years. Its Energy Policy Act of 1978 established
a subsidy for ethanol production and, likewise
reduced the federal tax for ethanol-blended gaso-
line for its implementation [19]. The Energy Policy
Act, 2005 also provides economic incentives, tax
credits, and loans to promote biofuels and estab-
lished the Renewable Fuel Standard (RFS) to man-
date the 7.5 billion gallons of renewable fuels
blending with gasoline by 2012. Energy
Independence and Security Act expanded the tar-
get of RFS, 2007 (EISA) to generate 36 billion
gallons of biofuel by 2022, out of which 21 billion

® United States

1% ™ Brazil

2%
= European
2% Union
® China
® India
¥ Canada
Thailand

Argentina
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gallons were produced from advanced fuels [20].
In 2020, the U.S. produced about 13,800 million
gallons of ethanol, which was lesser from the tar-
geted quantity in 2019. Moreover, total ethanol
export was estimated to be 1.3 billion gallons,
which declined 9% from the target fixed in 2019.

European Union (EU): The main feedstock used
for bioethanol production in the EU is sugar beet
derivatives and grains. As per the 2019 biannual pro-
gress report, the EU are on the right track to meeting
the 20% target and also probable to catch up the goal
of 10% usage of inexhaustible energy in the transport
sector, which is to some extent facilitated by the
‘double counting’ criteria of biofuels and electricity.
In 2018, the EU adopted Renewable Energy Directive
II (RED II), which became effective in January 2021,
and targeted of 32% renewable energy by 2030 and
14% for the transportation sector. However, the profit
of ethanol producers declined in 2019, because of the
enhanced cost of feedstock and competition from
imported U.S ethanol, which overall reduced by
5.6% of ethanol production. The EU generated 4,680
million liters of bioethanol in 2020, representing a
9.8% reduction due to COVID-19 crisis. The total
cereal volume needed for production was estimated
around 10.6 MMT, which registered a decline of 1.1
MMT in contrast to projections made in 2019, which
accounted for only 3.5% of the total cereal production.
Apart from the bioethanol production, distillers dried
grains (DDG), yeast concentrates, and wheat gluten
are the co-products of the production process. Their
maximum theoretical production is expected to reach
up to 3.3 MMT, a reduced production of approxi-
mately 0.35 MMT from 2019 [21].

China: It is the fourth-biggest producer and con-
sumer of ethanol after the U.S, Brazil, and the EU. In
2020, China produced 860 million gallons of
bioethanol, contributing 3% to the global bioethanol
production [13]. Moreover, China produced various
ethanol based products on a large scale, including
potable alcohol, industrial chemicals, and fuel etha-
nol. Dissimilar to other countries, China’s ethanol
market was focused to produce industrial chemicals
rather than fuel ethanol. The import of fuel ethanol
was restricted till 2015 and also did not produce
sufficient ethanol to export. To expand the ethanol
market, China’s government provides subsidies on
corn processing for ethanol production and nation-
wide increases the blending of ethanol and gasoline

by implementing E10. However, ethanol market of
China is still facing challenges like feedstock supply
to meet the E10 goal. In 2018, it was reported that
87% of fuel ethanol in China was produced from
corn-based feedstock, 11% from cassava-based and
sugar cane, and 2% from cellulosic feedstocks. Due
to government directives (municipal and provincial),
fuel ethanol consumption was estimated to be 4,311
million liters in 2019, which was higher from 2018
(1.397 million liters). In China’s supply for transpor-
tation fuel, all the ethanol (fuel) should meet the
standard GB18350 for denatured fuel ethanol [22].

India: The National Biofuel Policy, 2018 has
envisaged target for 20% blending of ethanol in
gasoline by 2030, and the Ethanol Blending
Program (EBP) demands the ethanol acquisition
from sugarcane juice, B and C-heavy molasses,
and damaged food grains like broken rice and
wheat. In 2019, India also authorized the utiliza-
tion of surplus rice for fuel ethanol manufacturing.
In 2020, the ethanol blending rate has reached
5.2%, which was higher than the blending rate of
2019, i.e. 4.5%. This increase is not due to an
increase in ethanol supply but somewhat due to
less gasoline consumption (near about 12% low)
during the nationwide COVID-19 lockdown.

India has a total of 330 distilleries that can pro-
duce over 6 billion liters of rectified spirit annually.
Out of which 200 distilleries (approximately) can
produce about 3.5 billion liters of ethanol that can
be used for industrial, medical-grade, fuel, and pota-
ble liquor applications. In 2020, a total of 1.7 billion
liters of contracted supplies of ethanol were reported
by the Indian Mills Association, which includes 781
million liters, 685 million liters, 111 million liters,
and 125 million liters of ethanol produced from C-
heavy molasses, B-heavy molasses, damaged food
grains, and sugarcane juice, respectively. In 2019,
2.5 billion liters of ethanol were obtained from
molasses, and 1.9 billion liters were blended with
petrol to get a blending rate of 4.5% [23].

3. Bioethanol and sustainable development
goals

The sustainable development goal, affordable and
clean energy (SDG 7), includes a substantial rise in
the renewable share in the global energy blend by
2030; the global energy mix includes electricity,



cooking, heating, and transportation fuel [24].
Although the share of renewables in transportation
has been growing since 2008 in several countries.
However, it is still less than 4%, with the majority
of consumption in the form of biofuels (91%)
driven by the support policies of the nation’s
[25]. Biofuel demand has grown at an average
rate of 5% from 2010 to 2019, but considering
the target to achieve Net Zero-emission by 2050,
a 14% growth per year is required up to 2030 [26].
Biofuels hold the potential to enhance renewables
share in the transportation and energy sector glob-
ally, provided that large-scale sustainable produc-
tion becomes feasible. Apart from SDG 7, biofuels
contribute in attaining SDG 13 (climate action)
[27]. Bioethanol as a transportation fuel can sig-
nificantly decrease carbon emissions in the trans-
portation sector. Moreover, the industry can open
new job opportunities ranging from building and
operating production units for collecting and
transporting feedstock [28] under SDG 8 (decent
work and economic growth). The second genera-
tion of bioethanol uses biomass such as agricul-
tural and forestry residue as feedstock, promoting
recycling and encouraging efficient use of natural
resources. Biomass is available in an abundant
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quantity in various countries of the world; there-
fore, second-generation biofuels could increase
domestic consumption and reduce material out-
sourcing, which agrees with the goal of responsible
consumption and production (SDG 12) [29,30].
The bioethanol industry has a vast potential to
increase the contribution of manufacturing sector
to the country’s GDP and also plays a vital role in
generating employment and reduced CO, emis-
sions per unit of economic value (SDG 9-
Industry, Innovation, and Infrastructure). Figure
2 depicts the positive impact and contribution of
bioethanol industry in achieving different sustain-
able development goals.

4. Generation of biofuels

Biofuel is categorized into four generations based
on the feedstock used for its production and its
advantages and disadvantages (Figure 3).

4.1. First-generation biofuel

This generation is primarily generated from food
crops containing a good amount of starch and
sugar. Both sugary (sugarcane, sweet sorghum,

SDG 7
Afforable
and Clean

Energy

Figure 2. Sustainable development goals and their attribution by bioethanol industry.
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investments

Figure 3. Advantages and Disadvantages of different generations of biofuels.

sugar beet, etc.) and starchy (corn, cassava, wheat,
etc.) feedstocks are exercised to produce biofuels.
These two feedstocks are converted to biofuels
through fermentation, however, the starchy raw
material needs to undergo saccharification before
fermentation. These materials contain long chains

of glucose that must be shortened prior to their
efficient transformation into biofuels [31]. This
commercialized technology contributes 50 billion
liters annually to the total biofuel production [32].
Despite mature technology, it still has some socio-
economic and environmental impacts. This



technology contends with food for arable land and
water resources that might cause soil and land
deterioration due to over-fertilization. It can also
raise the cost of cereals, wheat, corn, etc [33].

4.2. Second-generation biofuel

Second-generation feedstocks made their place in
the biofuel production process to avoid food
security as raised by first-generation feedstocks.
This technology is based on lignocellulosic bio-
mass (LCB) derived from non-edible plants
(switchgrass, jatropha, etc.) and leftover agricul-
tural residues (husk, leaves, stems, straw, etc.).
LCB is a cheaper carbon source and is readily
available in high quantities. Moreover, it is a
renewable and environmentally friendly energy
resource that has reduced CO, emissions. The
biochemical structure of lignocellulosic biomass
is complex and is comprised of cellulose, hemicel-
lulose, and lignin. Cellulose and hemicellulose are
the polymeric chains of hexose and pentose sugars
entangled through covalent bonds. Still, lignin is
made of phenyl propane units and behaves like a
physical barrier surrounding cellulose and hemi-
cellulose. Lignin must be eliminated prior to con-
version of biomass to biofuel [6], which can be
achieved by pre-treatment of the biomass.
However, this step increases the production cost
and produces toxic compounds that reduce the
efficacy of the process. To convert this biomass
to biofuel, matured/efficient conversion method
is required to convert these abundant resources
[34]. The lack of robust microorganisms for simul-
taneous conversion of hexose and pentose sugars
into ethanol is another bottleneck in this process.

4.3. Third-generation biofuel

Owing to shortcomings of 1°* and 2™ generation
biofuel, the search for another raw material led to
uncovering the algal potential for biofuel produc-
tion. Biomass from algae for biofuel production is
economical and sustainable and can replace fossil
fuel demands. Algae are photosynthetic organisms
that can produce biomass composed of carbohy-
drates, lipids, and proteins by utilizing sunlight
and CO, [35]. The advantages of using algae as
feedstock are- low carbon input, not requiring
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arable land, and adaptive to growth in wastewater,
brackish water, and seawater. This method is pro-
mising as it gives a good amount of oil, lipids, and
carbohydrates, which can be converted to biofuels.
Still, the drying of algal biomass and extraction of
its components utilize a high energy input, which
is one of the limiting factors of this method [36].
Another limiting factor is the insufficient produc-
tion of biomass for commercialization [37].

4.4. Fourth generation biofuel

This technology was put forth to remove the lim-
itation of the three generations of biofuel technol-
ogies mentioned above. These are derived from the
plant or biomass that are specially engineered, that
may have a higher yield of energy or lower barriers
to cellulosic breakdown and can grow on non-
agricultural land or bodies of water [38]. The 4th
generation of biofuel mainly involves using geneti-
cally modified algae to get desirable properties to
produce biofuels and capture CO, during the pro-
duction stage [39]. Besides, plants are also geneti-
cally modified for reduced recalcitrance and
improved ethanol yield [40]. Genetically modified
algae produced a high amount of biomass as com-
pared to unaltered. Hence, it is an excellent alter-
native to fossil fuels, however, very few studies
assessed the scale-up cultivation of genetically
modified microalgae and their environmental
impacts [41].

5. Feedstock

The feedstock for the bioethanol production is
broadly categorized into four categories, as
shown in Figure 4. Different studies on bioethanol
production from these feedstocks are mentioned
in Table 1.

e First-generation feedstock mainly consists of
sugar and starch-containing substances, i.e.
sugarcane, sweet sorghum, wheat, corn, etc.

e Second-generation feedstock mainly involves
lignocellulosic biomass, i.e. the residual part
of crops and non-edible energy crops like
wheat straw, rice husk, sugarcane bagasse, etc.

e Third generation feedstock- It includes the
algal biomass, i.e. microalgae and macroalgae.
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Figure 4. Feedstocks and their contribution in different generations of ethanol production.

e Fourth-generation feedstock- This generation
is not using feedstocks as available in nature,
but modified or altered by genetic engineer-
ing to improve the raw material features for
better results and efficiency.

5.1. First-generation feedstock

5.1.1. Sugar containing raw material

The countries like Brazil, Germany, France, and
India mainly produce bioethanol from sugar-con-
taining energy crops that include sugarcane, sugar
beet, and sweet sorghum, with yields of 62-74
tons/ha, 54-111 tons/ha, and 50-62 tons/ha,
respectively [52]. Production from first-generation
feedstock is a high sugar yield with production
cost. But seasonal variability of these raw materials
restricts their use. Some potential sugar-based raw
material has been discussed below:

Sugarcane: It is a C4 plant that efficiently con-
verts solar radiation to biomass grown in tropical
and subtropical regions [53]. For many vyears,
sugar cane juice and molasses have been utilized

in bioethanol production. In Brazil, bioethanol
production from sugarcane contributes about
79%, and molasses are India’s top raw material
[54]. Brazil used the Melle-Boinot (MB) bioetha-
nol production from sugarcane. Brazil bags first in
producing sugarcane with 7681 million tons fol-
lowed by India with production of 341.2 million
tons [55].

Sugar beet: It is grown in temperate zones with
low rainfall and produces 20-25 tons per acre. The
feedstock has been used for biofuel production in
Europe, North America, and France. Ethanol from
sugar beet has also been experimented with in
tropical countries like China, Kenya, the USA,
Brazil, and Australia [56]. Freshly harvested sugar
beetroot is composed of water (75-76%), sugars
(15-20%), non- sugars (2.6%), and pulp (4-6%).
Processing 1 ton of sugar beetroot yields 121 Kg of
sugar, 50 Kg pulp, and 38 per 1000 g of molasses
that contain 18.2 per 1000 g of sugar, 7.8 per 1000 g
of water, and 12.1 per 1000 g of impurities [57]. The
expense of ethanol production from sugar beet is
more than from sugarcane because of the



Table 1. Bioethanol production from different feedstocks.
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Generation feedstock Ethanol production References
First Amorphophallus sp (starchy tuber) 8.68 + 0.91 g/L Bhuyar et al.[42]
First Sugarbeet pulp 12.6 g/l Berlowska et al.[43]
Second Corn stover 343 g/l Liu and Chen [44],
Second Cassava stems 263 ml/Kg dry biomass Pooja et al.[45]
Second Cassava leaves 200 ml/Kg dry biomass Pooja et al. [45]
Second Cassava peels 303 ml/Kg dry biomass Pooja et al. [45]
Second Corn cobs 16.928 g/L Laltha et al. [46]
Second Sorghum biomass 36 g/l Joy and Krishnan [47],
Second Potato peels 1.513 g/L/h Chohan et al. [48]
Third Desmodesmus specie 4200 I/ha/year Smachetti et al. [49]
Third Eucheuma Denticulatum Spinosum macroalga 11.6 g/g Alfonsin et al. [50]
Third Ulva intestinalis 0.081 g/g dry weight Osman et al. [51]

significant amount of chemicals and energy input
[58]. Ethanol production of 12.6 g/l was obtained
from carbohydrates liberated from sugar beet pulp
by co-culture of Saccharomyces cerevisiae Ethanol
Red, and Scheffersomyces stipitis LOCK0047 [43].

Sweet sorghum: It is also a C4 photosynthetic
crop that is highly adaptive and resistant to
drought, salinity, waterlogging, and acid toxicity.
It contains high sugar content in its stalk and
produces 20 gallons of ethanol from 1 ton of
stalk on an average [58]. The extracted juice
from sweet sorghum contains about 16-23% Brix
[55]. It can grow as a perennial crop in both
regions, i.e. temperate and tropical. The US
Department of Agriculture (USDA) has reported
that during the biofuel extraction from sweet sor-
ghum, the energy input and the energy output
ratio is 1:8 [59]. Ethanol production from sweet
sorghum is environmentally friendly as it has low
sulfur content, less BOD and COD, and high-
octane ratings. It can also potentially produce
ethanol up to 8000 1/ha/year, which is double to
the potential of corn [60]. Erasmus et al. [61]
evaluated the sugar and ethanol yield from 9
sweet sorghum genotypes in the Adana location,
resulting in total sugar content between 1245 and
5909 kg/ha and ethanol yield between 738 and
3146 L/ha.

5.1.2. Starch-based feedstock

Starch consists of many glucose monomers and is
extensively utilized for bioethanol because of its
easy availability and conversion, long storage dura-
tion, and high ethanol yield [62]. Starch

containing feedstock includes grain crops, i.e.
corn, wheat, barley, and tuber crops, i.e. cassava,
potato, and sweet potato. The starch must be
hydrolyzed before fermentation to break the long
chains of carbohydrates for ethanol production. A
few starchy feedstocks have been discussed below:

Corn: It is a crucial starchy crop that is widely
used for bioethanol production. A tremendous
amount of corn is generated in North America,
Asia, Europe, and South America [63]. Ethanol
production from corn is based on its variety and
quality. Based on corn variability, ethanol yield
ranges from 3 to 23% [64]. The USA produced
ethanol from corn and nearly produced 13.8 bil-
lion gallons of ethanol in 2020, representing a
12.7% decrease from the previous year [65]. Chen
et al. [66] integrated corn with corn stover for
better ethanol titers. Alkali pretreated corn stover
hydrolyzate was mixed with the liquefied corn for
ethanol production, resulting in ethanol yield and
productivity of 80.47% and 2.19 g/l/h, respectively.

Wheat: It is available globally, mainly in Asian
and European countries. Global production of
wheat in 2020-2021 was 775 million metric tons,
and China, being the primary producer of wheat,
produced 137 million metric tons in 2020-2021
[67,68]. It has also been reported that 1 MJ of
wheat-based ethanol consumption can diminish
GHG emissions by 42.5-61.25% as compared to
gasoline [69]. At industrial scale technology, one
wheat bushel can produce nearly 2.6 ethanol gal-
lons which is relatively less than corn-based etha-
nol (2.8 gallons of ethanol from 1 corn bushel)
[70]. Mikulski and Klosowski [71], utilized
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microwave-acid pretreated wheat and rye stillage
for ethanol production. The substrate was then
hydrolyzed with Cellic® CTec2 with a dose of 1.0
FPU per 1g of wheat and rye stillage dry weight.
An ethanol concentration of 20 g/l was obtained
after 48 h of the fermentation time.

Cassava: It is amongst the potential tuber crops
available for ethanol generation and can survive in
tropical and temperate climates. It can tolerate a
semi-arid environment with less than 500 mm of
rainfall. The cassava market was at 6.90 million MT
in 2019 globally, and Thailand was the largest pro-
ducer in the world [72]. Its use for production
receives attention due to its high starch yield and
capability to resist heat and drought and grow on
degraded land [73]. Pradywong et al. [73] compared
the cassava starch with corn starch utilizing the con-
ventional and granular hydrolyzing method. The
ethanol concentration was 2.8% higher in the gran-
ular hydrolyzing method than in the conventional
one. Overall, cassava’s fermentation and ethanol
profiles are somewhat similar to corn, making it an
attractive option for bioethanol production.

5.2. Second-generation feedstock

There is no food security issue related to second-
generation feedstock as it is comprised of non-
edible biomaterial. Niju et al. [74] reported that
50% of the biomass produced in the world is
lignocellulosic, which has energy potential higher
than that of required world primary energy
demand. The feedstock involves residues of food
crops, non-edible crops, and lignocellulosic bio-
mass from other industrial and urban sources. It
is a carbon reservoir mainly comprised of three
main constituents, i.e. cellulose, hemicellulose, and
lignin. Cellulose is a polysaccharide made of
straight chains of CgH;,0¢ units connected by (-
1, 4 glycosidic bonds represented by a formula
(C6H100s5)n; where, n is the degree of polymeriza-
tion (DP) [75]. It has a complex physical structure
because free OH groups present on C2, C3, and C6
form intra and inter hydrogen bonds. This inter-
action forms cellulose chain aggregates, leading to
bundle formation called microfibrils. The assem-
blage of microfibrils forms macrofibrils which in
turn form cellulose fibrils. This tight adherence
made the rigid cellulose structure with a high

melting point than required for chemical degrada-
tion [76]. Cellulose has two regions- crystalline
and amorphous. The crystalline region is well
arranged and compact, while the amorphous part
is not much orderly arranged. Therefore, amor-
phous part is more susceptible to degradation,
while the crystalline part poses difficulty in degra-
dation [77]. Hemicellulose is a branched hetero-
polymer that mainly consists of two sugars, i.e.
pentoses (xylose and arabinose) and hexoses (glu-
cose, galactose, mannose, and rhamnose). The
structure of hemicellulose is much different from
cellulose in context to the small number of build-
ing blocks made of 500 to 3000 repeated sugars
fractions that form various short chains. In con-
trast, cellulose is made of 7000-15000 glucose
units [6]. It interlinks with cellulose and lignin to
create a network structure of plant cell walls.
Hemicellulose utilization is tricky due to presence
of variable sugars, as pentose hydrolysis is not very
simple [78]. On other hand, lignin is a branched
and amorphous structure with phenylpropane
units associated within a three-dimensional struc-
ture [79]. Three primary phenylpropane units are
involved in forming lignin structure, i.e. guaiacyl,
syringyl and coniferyl. It works as a binding agent
that binds the cellulose fibrils and makes its acces-
sibility difficult. Therefore, lignin conversion or
removal is necessary to get the ethanol from lig-
nocellulosic biomass [74]. Several potent second-
generation feedstocks are available worldwide and
used for bioethanol production. Some of them are
mentioned below.

Wheat straw: It is produced abundantly world-
wide with a lignocellulosic content of 33-40%
cellulose, 20-25% hemicellulose, and 15-20%
(w/w) lignin. Various countries like India, the
USA, China, European Union, and Canada are
involved in wheat cultivation and annually pro-
duce approximately 850 million metric tons of
wheat straw [80]. The estimated data have
revealed that the 354Tg of wheat straw can pro-
duce 104 GL bioethanol [75]. Ziaei-Rad et al. [81]
fermented ionic liquid (IL)-pretreated wheat
straw hydrolyzate with S. cerevisiae resulted in
43.1 g/l of the ethanol production after 48 h fer-
mentation period. Yuan et al. [82]developed a
method to convert wheat straw into bioethanol,
silica and lignin. Silica was extracted by treated



wheat straw with 0.2 mol/l NaOH at 30°C on
incubating for 5h resulting in 91% of the extrac-
tion. Further, the ethanol concentration of 31.1 g/
1 was produced by S. cerevisiae from a hydrogen
peroxide pretreated substrate.

Rice straw: The annual global production of rice is
750 million metric tons, contributed by more than 50
countries. The continents mainly involved in rice
straw distribution are Africa, Asia, America, and
Europe. As a result, rice producing countries contri-
bute a large amount of agricultural rice residue, i.e.
about 91% of the total production [83]. The cellulose
and hemicellulose part of rice straw shared to more
than half of the total percentage and can be converted
into bioethanol [84]. Further, it has been estimated
that straw amounting 668 million metric tons can
theoretically produce 282 billion liters of ethanol
with suitable technology [80]. Anu et al. [85] opti-
mized the process for chemical pretreatment of rice
straw for bioethanol production. Rice straw was pre-
treated with NaHCO;, CaCO; (0.5, 1.0, 2.5 and 5% w/
v) and NH; at different concentration of 5, 10, and
20% v/v at 121 °C, 15 psi for a period of 1 hour.
Among the three pretreatment agents, treatment
with ammonia released maximum reducing sugars.
The optimal 10% concentration of ammonia gener-
ated 233.76 + 1.23 mg/g yield of reducing sugars after
enzymatic saccharification of 6 hours. Fermentation
of ammonia pretreated rice straw with ammonia pre-
treated enzymatic hydrolyzate was fermented by S.
cerevisiae at 30°C, pH 7.0, 150 rpm. Moreover, the
whole setup was able to achieve yield of 24.37 g/L
bioethanol after 72 h with 20% hydrolyzate. Jin et al.
[86] also reported that hydrolysis of NaOH (1%)
pretreated rice straw with 200 FPU/ml crude enzyme
liberates 22.15 g/l reducing sugar in 20 h. The ethanol
yield of 83.5% was obtained in the separate hydrolysis
and fermentation process by Saccharomyces
tanninophilus.

Sugarcane bagasse: The sugarcane bagasse con-
tains cellulose (40-45%), hemicellulose (30-35%),
lignin (20-30%), and a low amount of ash (1.9%).
Less ash content makes it better than the feed-
stocks like wheat, and rice straw, which contains
9.2% and 14.5% of ash content, respectively [52].
Around 250 to 280 kilograms of bagasse was pro-
duced from each ton of sugarcane ([87]. Its
immediate presence in the biorefinery of sugar
extraction is advantageous because the integrated
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biorefinery approach provides higher rate of etha-
nol production as compared to individual 1* and
2" generation plants [88]. An estimated quantity
of sugarcane, ie. 1.6 billion tons from the sugar
industry, produced about 493 million metric tons
of bagasse annually at a global level [89]. Jugwanth
et al. [90] valorize sugarcane bagasse for ethanol
production through simultaneous saccharification
and fermentation. The highest ethanol concentra-
tion of 4.88 g/l was achieved under optimal condi-
tions of 39 °C and 100 U/g enzyme loading.

Miscanthus: Miscanthus is a perennial C4 tall grass
that grows faster and provides higher yields without
much input of water and fertilizers. Around 20 species
of Miscanthus are well known, especially in tropical
and subtropical regions [91]. It is a potential energy
crop that contains about 76.20 to 82.76% of holocel-
lulose and 9.23 to 12.58% of lignin content based on
the type of species and genotypes of Miscanthus [92].
The potential of bioethanol production from
Miscanthus sacchariflorus was evaluated by Kang et
al. [93] at a bench-scale plant and reported production
of one lakh kiloliters of ethanol from 606,061 tons of
M. sacchariflorus.

Switchgrass: Switchgrass is a herbaceous and per-
ennial grass, indigenous to North America, which can
be used to produce ethanol. Marginal lands can be
utilised for their cultivation and moreover, it can help
in conservation of croplands. It can be grown on wide
varieties of soil and can survive under variable envir-
onmental conditions [75]. Zhang et al. [94] has
revealed that about 59 million ha of China’s marginal
lands are suitable for switchgrass cultivation and able
to produce 22 million tons of ethanol. The estimate
also reckoned that the use of switchgrass for bioetha-
nol production can also help to diminish 94% of the
greenhouse gas emission compared to gasoline [95].
Dien et al. [96] pelletized the switchgrass to compare
the pellets and non-pelletized substrate. Glucan and
xylan content were reduced during pelletization, how-
ever, glucose, total sugar yield and ethanol yield were
not affected.

5.3. Third-generation feedstock

The 3G feedstock constitutes mainly the algal bio-
mass. It is an appropriate substrate for ethanol
production by its significant lipid and carbohy-
drate content and ability to grow in variable
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aquatic conditions. With its ubiquitous nature, the
photosynthetic organism represents a broad group
with several species that vary in size, morphology,
occurrence, and physiology [97]. Based on mor-
phology, algae can be classified into two main
types- microalgae (unicellular) and macroalgae
(multicellular). Microalgae are single-celled photo-
synthetic organisms mainly composed of proteins
(30-50%), carbohydrates (20-40%), and lipids (8-
15%) [98]. Microalgae is classified into five cate-
gories including, Bacillariophyceae, Chlorophyceae,
Cyanophyceae, Chrysophyceae, and Rhodophyceae.
About 50,000 species of microalgae are estimated,
but only a few were used practically [99]. In con-
trast, macroalgae are multicellular marine organ-
isms containing a high amount of carbohydrates, i.
e. near about 60% and 20-30% starch [100]. It is
grouped into three classes based on the pigmenta-
tion present, i.e. Phaeophyceae, Rhodophyceae, and
Chlorophyceae. There are about 9200 species of
macroalgae, of which 221 are economically signif-
icant [101]. Both microalgae and macroalgae are
potent feedstock for bioethanol production. The
macroalgae has advantage over microalgae with
its lower lipid content and higher sugars and car-
bohydrates content. According to projections
made by the United States Renewable Fuel
Standard, the country will achieve target of 36
billion gallons of biofuel production from micro-
algae fuels by 2022 [102]. Many enterprises, such
as Sapphire Energy, Algenol, Seambiotic, etc., pro-
duce bioethanol at a large scale, with an annual
production of 1 billion gallons, costing only 85
cents per liter [103]. Eucheuma Denticulatum
Spinosum macroalga was selected as a substrate
for ethanol production by Alfonsin et al. [50]; on
treating with different concentrations of sulfuric
acid, i.e. 3, 5, 7 and 9 % (w/w) in the ratio of 1:7,
1:10 and 1:13 (w/v) at different time intervals (35,
70 and 105 minutes). The hydrolyzate was fermen-
ted by S. cerevisiae, providing 11.6% yield of etha-
nol at 9% (w/w), 1:7 ratio and 70 min reaction
time. Sulfahri et al. [104] pretreated the marine
algae with fungi with an inoculum size of 5 to
20% (v/v) at 30 °C for 0-120 h before enzymatic
hydrolysis. Fungal pretreatment before hydrolysis
increased its sugar yield by 2.3 fold. Phwan et al.
[105] assessed the impact of pretreatment on
bioethanol production from microalgae. The algal

biomass was pretreated with dilute sulfuric acid
and acetic acid at different concentrations of
acids (1, 3, 5, 7 and 9% v/v). The ethanol yields,
i.e. 0.28 g/g and 0.23 g/g, were obtained at 5% (v/v)
sulfuric acid and acetic acid, respectively.

5.4. Fourth-generation feedstock

The fourth-generation feedstock for bioethanol
includes algae and biomass crops engineered to aug-
ment more carbon than the unaltered species [31,106],
making them carbon neutral and a negative carbon
source of fuel. Chlamydomonas, Phaeodactylum,
Synechococcus, and Nannochloropsis are some micro-
algae species genetically modified for enhanced bio-
mass and reduced nutrient consumption [41]. Genetic
modifications are employed to reduce the recalci-
trance of plant biomass to pretreatment, which
increases sugar yield and subsequent ethanol conver-
sion. Modifying switchgrass for reduced lignin con-
tent increases the bioethanol yield significantly using
the conventional fermentation process [107].
Similarly, plants are engineered to produce cellulase
enzymes themselves which reduce the recalcitrance of
cell walls and make them amenable to pretreatment
and hydrolysis [108]. Apart from this feedstock,
genetically modified cyanobacteria are used to directly
convert CO, into ethanol [109]. Fasahati et al. [110]
designed a process in which biodiesel is co-produced
with ethanol from genetically modified lipid produ-
cing sorghum. It has been evaluated that the copro-
duction of biodiesel lowers the minimum selling price
of ethanol from $3.08/gal to $2.46/gal.

6. Bioethanol production processes

The bioethanol production process has three una-
voidable steps: (a) obtaining fermentable sugars, (b)
sugar to ethanol conversion (c) ethanol separation
and its purification. The process steps of ethanol
production from different substrates are illustrated
in Table 2. One or more steps can be combined,
however, these steps depend on the feedstock and
the conversion technology.

6.1. 1°* generation (1G) bioethanol production

It is usually produced from sugar or starch-based
substrates by fermenting the extracted sugars of



Table 2. Process steps of generations of bioethanol.
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Process 1° generation

2" Generation

3" Generation

Feedstock
Pretreatment Grinding/Milling

Starchy and sugary

and biological
Hydrolysis Enzymatic hydrolysis (a-amylase
and glucoamylase)

Fermentation SHF, SSF with the help of yeast strain

Lignocellulosic biomass
Physical, chemical, physicochemical

Acid and enzymatic hydrolysis
(cellulases, hemicellulases)

Algal biomass (cultivation and harvesting)

Physical, chemical, physicochemical and biological
(to break the cell structure)

Enzymatic hydrolysis (Cellulases, a-amylase,
glucoamylase and B-glycosidase)

the feedstock. Depending on the feedstock, i.e.
sugar or starch-based, the processes differ from
each other. Despite the variation in the process
conditions, some main stages remain same [111].
USA and Brazil are the two major bioethanol
contributors, which uses corn and sugarcane as
significant substrates for ethanol production. The
technology used for 1G bioethanol from corn and
sugarcane is discussed below.

6.1.1. Starch-based feedstock

Ethanol cannot be directly produced from starch
because of its long-chain polymeric structure.
Hydrolysis is necessary to convert the polymer into
monomers. In general, few steps needs to be followed
for bioconversion of starch to ethanol, including
milling, liquefaction, hydrolysis, fermentation, and
distillation [112]. Corn-derived bioethanol can be
generated using two main techniques i.e.drying and
wet milling. The corn is first ground in dry milling
and then mixed with water to produce a slurry. In
later stages, a- amylase is added to the ground corn
slurry to make amylase and amylopectin susceptible
to the hydrolysis process and converted to dextrose
and maltose sugars.

Further, the addition of glucoamylase hydro-
lyzes the maltose to glucose at a temperature of
60 °C for about 2 hours under continuous agita-
tion. The extracted sugar is further fermented on
Inoculating with different strain of yeast to pro-
duce bioethanol. A distillation step is also neces-
sary to segregate the ethanol from the solid
fraction. After ethanol recovery, the residual part
can be used as animal feed [113]. More than 90%
of fuel ethanol in the US is produced from the dry
mill process.

In the wet milling process, the corn is first sub-
jected to the dilute sulfur dioxide solution for 24 to 48
hours for its decomposition. With the help of various

grinders (hydrocyclones, continuous centrifuges),
corn germ is separated from the solution, and the
oil-rich corn is used as a by-product. A grit screen is
used to set apart the starch, gluten, and fiber. Finally,
the starch-rich part Is converted to bioethanol, on
following the steps similar to dry milling pro-
cess [114].

6.1.2. Sugar-containing feedstocks

The process steps of bioethanol production from
sugar-based substrates do not require the liquefaction
and hydrolysis stage in contrast to the starch-based
bioethanol process. The first step is milling, which
includes sugarcane washing, chopping, and shredding.
The milling process is followed by juice extraction
with the help of crushers, chemical treatment to
remove impurities, concentrate the saccharose sugar,
and ultimately sugar fermentation to get bioethanol.
The waste by-product bagasse is generated and
applied as raw material for the 2G bioethanol refinery.
The whole methodology for bioethanol production
from sugarcane is called as Melle- Boinot process.
After distillation, ethanol is recovered, and vinasse
(the nonalcoholic part) can be used as a fertilizer due
to its richness of nutrients like nitrogen, potassium,
calcium, etc [115].

6.2. 2" generation (2G) bioethanol production

Bioethanol production from biomass, which is also
known as 2"! generation bioethanol, mainly
includes a  pretreatment, hydrolysis, and
fermentation.

Pre-treatment: The first step of the 2G
bioethanol process includes the biomass pretreat-
ment that disrupts the lignocellulosic biomass
complex. The main goal of pretreatment is to
decrease the cellulose crystallinity and remove
lignin, in order to make the biomass accessible
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to enzymes in hydrolysis steps. The pretreatment
is divided into four main kinds- physical, chemi-
cal, physicochemical, and biological. The physical
pretreatment method is mainly applied to dimin-
ish the biomass size and enlarge the concerned
biomass’s surface area. Grinding, milling, chop-
ping, freezing, and extrusion are ways through
which physical pretreatment can be attained
[116]. The chemical pretreatment method
involves use of chemicals, i.e. acids, alkali, other
organic solvents, etc. The acid utilization for pre-
treatment of biomass can solubilize the polysac-
charides into monosaccharides. Internal bonds
between the lignin and hemicellulose have been
broken down using alkali pretreatment [2]. The
physicochemical method involves the combined
effect of the physical and chemical methods. It
encompasses steam explosion, ammonia pretreat-
ment, wet oxidation, carbon dioxide explosion,
and liquid hot water pretreatment. In the steam
explosion method, the chipped biomass is sub-
jected to high-pressure steam that changes the
lignin structure and decomposes the hemicellu-
lose, improving cellulose hydrolysis. Like a steam
explosion, ammonia fiber pretreatment and car-
bon dioxide explosion incorporate the biomass
subjection to liquid ammonia and CO,, respec-
tively, at elevated temperature and pressure for a
short duration, thereby enhancing the cellulose
digestibility [117]. Biological pretreatment entails
using microorganisms or enzymes to disintegrate
the lignin and hemicellulose. This method con-
sumes limited energy but is time-consuming [34].
Sometimes to enhance the efficiency of the pro-
cess, two or more pretreatment methods are com-
bined to get desired results.

Hydrolysis: This step is aimed to achieve fermen-
table sugars from the cellulose and hemicellulose
polymers. Usually, hydrolysis can be achieved by
acid or enzyme utilization. Acid hydrolysis is of two
types i.e. dilute and concentrated. Dilute acid hydro-
lysis occurs at high temperature and pressure condi-
tions with low acid concentration for a few seconds to
minutes, while concentrated acid hydrolysis utilizes
high acid concentration at low temperature and pres-
sure. It can remove lignin and decompose the cellu-
lose and hemicellulose to get fermentable sugars. The
dilute acid hydrolysis works at high temperatures that
generate inhibitory compounds like furan and

phenolic compounds, carboxylic acids, etc., on hemi-
cellulose degradation. The inhibitory compound gen-
eration by acid hydrolysis affects the efficiency of
ethanol production, therefore, it becomes one of the
disadvantages of this process. The other drawback of
this technique is the corrosion problem that occurred
due to the use of acid [118].

In enzymatic hydrolysis, various enzymes are
employed to solubilize the polymeric assemblage
of lignocellulosic biomass. Cellulase complex is
mainly used to hydrolyze cellulose and does not
produce inhibitors. It is produced mainly by fungi
and classified into three main types, which include
endoglucanase (breaks down the amorphous part
of cellulose structure), exocellulase or cellobiohy-
drolase (degrades the reducing and non-reducing
ends of the cellulose polymer and produces cello-
biose) and P- glucosidase (act on cellobiose to
produce glucose) [119]. Due to different sugar
units, an enzyme complex, i.e. hemicellulase, is
also used to hydrolyze its polymeric parts of hemi-
cellulose. The enzymatic hydrolysis process is par-
ticular, and its rate and extent rely on the enzyme
loading, hydrolysis time, efficacy of cellulase, and
other structural characteristics [120]. The sacchar-
ification success also depends on delignification by
pretreatment [121]. This method is non-chemical
but expensive and time-consuming [122].

Fermentation: It is the method of transforming
fermentable sugars into bioethanol with the help
of microorganisms. It can be done in three distinct
configurations, i.e. separated hydrolysis and fer-
mentation (SHF), simultaneous saccharification
and fermentation (SSF), and consolidated biopro-
cessing (CBP). SHF provides a chance to work on
optimal conditions of both processes, i.e. hydro-
lysis and fermentation. But the end product inhi-
bition (glucose accumulation) is the main
limitation of this procedure [123]. SSF removes
the drawback of sugar aggregation and reduce
the number of steps as both (hydrolysis and fer-
mentation) are combined in SSF. But the variation
in the required temperature of enzymes and fer-
menting microorganisms is the drawback of this
technology [124]. CBP is the process that unites all
the process steps. Reduction in the steps can
decrease the capital cost of this technology.
Although the process cost is reduced on modifying
microbial strains to hydrolyze the biomass and



convert it into the end product under similar con-
ditions [125].

6.3. 3™ generation (3G) bioethanol production

Algae (microalgae or macroalgae) rich in lipids
and carbohydrates and having less lignin are the
main reasons to consider it for bioethanol produc-
tion. The stages of bioethanol generation from
algae are discussed below.

Strain selection: The foremost step for bioetha-
nol production from algae is the choice of the
strain. Several species of algae are present, but
not all are suitable for bioethanol production con-
sidering the factors including photosynthetic activ-
ity, biomass  productivity, growth rate,
carbohydrate content, and ability to withstand dif-
ferent temperatures and pH conditions. The strain
with high carbohydrate content, and less lignin
content which can tolerate stressful conditions, is
suitable for bioethanol production [101].

Cultivation: The growth and cultivation of algae
depend on light, salinity, temperature, pH, CO,, and
availability of macro and micronutrients. These
parameters jointly affect the photosynthetic activity
responsible for producing macromolecules required
for biofuel production. Therefore, providing an opti-
mum condition for good productivity is much essen-
tial. Various cultivation strategies like open, closed,
and hybrid systems can be utilized for algal cultiva-
tion [126]. The open pond system is used commonly
across the globe and is shallow with 15-30 cm depth.
In an open pond system, location is the main factor
as a sufficient amount of sunlight and carbon dioxide
is required for algal growth. The open pond system
becomes more sustainable if algae are cultivated on
wastewater, providing dual benefits, i.e. bioremedia-
tion and biofuel production. This system has low
maintenance, but its monitoring is the complex
probability of contamination, needed more land,
and weather constraints [127]. The system mostly
applied for research, and industrial algal growth is a
raceway pond, circular tank, and a big shallow pond.

Closed systems can overcome the drawbacks of
an open system. Photobioreactors (PBRs) are
designed to provide more light with less contam-
ination. It is perhaps made as tanks, bags, or
towers. PBR could be tubular or plate made of
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glass or plastic. This method provides more yields
but is expensive and requires more energy than the
open system [128]. A combined set-up of the open
and closed system is referred to as a hybrid system.
It is constructed to eliminate the limitations of
both systems. In this system, the algae are first
grown in a closed photobioreactor and then
shifted to an open system to increase the yield. It
is appropriate for large-scale algal cultiva-
tion [129].

Harvesting: Harvesting is the process of separat-
ing the algal cells from the medium without creating
any damage to the viability and activity of the cell.
Many harvesting techniques collect algal biomass,
including flocculation, floatation, filtration, centrifu-
gation, and precipitation. The choice of the proce-
dure relies on the cell size and density [130].
Harvesting is followed by dehydration of algal bio-
mass because it contains 90% water content.
Therefore, different drying methods, including sun
drying, sprig drying, freeze-drying, etc., are engaged,
for drying to get solid hard material. However, each
technique has its pros and cons. Sun drying is an
inexpensive approach but consumes more time and
requires a large area for drying. Sprig drying is
needed to extract valuable products but causes
harm to the pigments of algae and is an outrageous
method. The freeze-drying method also dehydrates
algae efficiently but is expensive, and its operation is
complex on a large scale [131].

Pre-treatment: Pretreatment is the necessary
step to get bioenergy from algal biomass. The
chief target of the algal biomass pretreatment is
to disintegrate the cell wall and modify the intra-
cellular compounds. The cellulose is found in the
cell wall of the algae and starch in the plastid as a
sugar reserve. The cell wall comprises of two
layers, i.e. external and internal, while the external
layer is a matrix of pectin, agar, alginate, and algae
polymer. At the same time, the internal has fucans,
hemicellulose, pectin, glycoproteins in the cellu-
lose matrix, and a small amount of xylose, rham-
nose, arabinose fucose, and galactose [132]. The
rigidity of the cell wall depends on its composition,
which varies from species to species. Starch is
present in the form of semi-crystalline granulose
particles made of amylase polymer and amylopec-
tin. The crystalline granules of starch contain
water, making it more stable and harder to
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hydrolyze through enzymes [133]. Therefore, it is
essential to gelatinize it through different pretreat-
ment methods mentioned as physical, chemical,
physicochemical, biological, and combined meth-
ods [134].

Hydrolysis and Fermentation: Enzymatic
hydrolysis of algal biomass requires cellulase, amy-
lase, and glucoamylase as it mainly comprises cel-
lulose, starch, and a small amount of
hemicellulose. Hydrolysis of cellulose and starch
based on the breakdown of 3-1,4-glycosidic bonds
amid the hydroglucose subunits into cellobiose
and cellodextrin, further degraded to glucose by
B-glucosidase. The disruption of a-1,4-glycosidic
linkages into dextrin on degradation by glucoamy-
lase generates glucose and oligomers, respectively.
This method is of low maintenance and does not
produce inhibitors, however, enzyme cost can be a
drawback for its large-scale production [135]. The
released sugar is fermented to ethanol with the
help of yeast by using any of the fermenting tech-
niques, i.e. SHF or SSF.

7. Factors affecting ethanol production

Different physical and nutritional parameters
affect ethanol production, which must be opti-
mized for efficient yield and productivity. Table 3
illustrates the parameters responsible for high and
low titers of ethanol.

7.1. Physical parameters

Temperature: It is one of the physical parameters
that must regulate meticulously throughout the
production process. Temperature effects enzyme
activity, microorganism growth, and overall pro-
cess efficiency [136]. The studies in this field

Table 3. Factors affecting ethanol production.

elaborated that ethanol concentration elevates
with rise in temperature. However, an increase in
temperature stressed the growth of the fermenting
microorganism and made them to produce heat
shock proteins and deactivate their ribosomes.
High temperature also denatures the tertiary struc-
ture of the enzymes involved in the microbial
growth and fermentation process [137].

On the other hand, a lower temperature range
might cause the cells’ lower specific growth rate.
Therefore, it is essential to optimise temperature
during the fermentation process to give maximum
productivity and yield. The optimum conditions
mainly used for the fermentation process ranges
from 20 to 35°C. Fakruddin et al. [138] reported
that ethanol production increases during fermen-
tation temperature of 25-30 °C and then sharply
decreases on further increasing in temperature.
The studies also able to achieve an ethanol produc-
tion rates of 28.84g/L, 86.9¢g/l and 65.33 g/l at
25°C, 30°C and 35°C, respectively and reached to
conclusion that 30°C is the ideal temperature for
the production of ethanol by S. cerevisiae IFST-
072011.

pH: The pH of the media broth plays a vital part
in the biofuel processes, i.e. hydrolysis and fer-
mentation. A particular pH is required for the
enzyme activities like 4-5 for glucoamylase, 5-8
for a- amylase, and 4.5 to 5.5 for cellulase. It also
affects the microorganism and their cellular activ-
ity directly [64]. Generally, a change in the proton
concentration (H") in the media broth can influ-
ence the plasma membrane’s total charge, impact-
ing permeability of certain nutrients in the cell
[139]. The ideal pH conditions were different
based on the substrate and the strain employed
in the procedure. For ethanol production, the pH
range best suited for S. cerevisiae and Zymomonas

Parameter Range
Physical Temperature 20 to 35 °C (fermentation)
pH 4 to 8 (depends on the substrate and the strain employed)
Incubation period Moderate
Agitation rate 150-200 RPM
Nutritional Substrate Concentration Moderate

Inoculum size
Nutritional Components
Reducing agent

10* —107 cells/ml
Moderate dose but it may vary according to the selected organism requirement
Low concentration




mobilis is 4 to 5 and 5 to 6, respectively [140,141].
Bernardi et al. [142] used a three-factor central
composite design to optimize biomass saccharifi-
cation parameters and enhance the reducing sugar
yield. According to the findings of the study,
recombinant xylanases exhibited higher levels of
activity at 80°C and a pH range of 4-8.

Incubation period: Microorganism growth is
greatly affected by fermentation time. A shorter fer-
mentation period is responsible for insufficient
growth of microorganisms as it does not get enough
time to adapt to the existing conditions, which ham-
pers the efficiency of fermentation process. However,
a longer fermentation time also interrupts the micro-
organisms’ survival as the ethanol present in the broth
has toxic effects on the growth of microbes [143]. For
effective hydrolysis, enzymes need time to reach the
carbohydrate molecules. A shorter duration may
result in the incomplete conversion of the carbohy-
drate polymers due to the interruption in the hydro-
lysis process [64].

Agitation rate: It also affects the process by
reducing the ethanol inhibition on cells, thereby,
enhancing sugar consumption. The nutrient’s per-
meability to the cells and ethanol removal from the
interior of the cells is increased by agitation. An
RPM (revolution per minute) rate of 150 to 200 is
suitable for fermentation with yeast cells [143].
Moreover, the excessive agitation rate also limits
ethanol production by reducing the metabolic
activities of the cells [144].

7.2. Nutritional parameters

Substrate concentration: Initial sugar concentra-
tion affects the hydrolysis process as an excess of
feedstock can cause substrate inhibition, leading to
the incomplete conversion of polymers to sugars,
resulting in low sugar yields. High sugar concen-
tration also affects the fermentation process and
microbial activity. Many studies have observed
that the high sugar concentration induces osmotic
pressure in the microbial cells, reducing the effi-
ciency of ethanol fermentation [141,145].
Increased sugar concentration and low water activ-
ity affect the growth and viability of the cells,
which leads to reduced ethanol fermentation
rates. Lin et al. [141] also reported that the higher
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initial glucose concentration (300 Kg/m3 ) at
uncontrolled pH resulted in low conversion effi-
ciency. However, the significant association
between the sugar concentration and fermentation
pace is more complex. The generic relation states
that sugar concentration increased the fermenta-
tion rate up to a specific limit [146].

Inoculum size: The size of inoculum does not
affect the bioethanol concentration, but affects
sugar consumption and ethanol productivity.
Reduced inoculum size diminishes the rate of
ethanol production [144], while the increase in
inoculum size over the ideal level does not increase
the yield of the fermentation process [139]. Zabed
et al. [137] mentioned that a rise in the cell num-
ber from 10* to 107 cells/ml enhanced ethanol
production, but no remarkable difference was
observed on rising in cells from 10” to 10°cells/ml.

Nutritional components: Nutrients plays a signifi-
cant part in the production as microorganism
involved in the fermentation process also has some
nutritional requirements to grow. The essential nutri-
ents includes carbon and nitrogen sources, however,
some micronutrients like zinc, magnesium, manga-
nese, etc., are also required for yeast growth and etha-
nol fermentation. Many physiological and metabolic
activities, growth, and yeast enzymes have been related
to magnesium and positively affect ethanol efficiency
[147]. Xu et al. [148] studied the effect of eight differ-
ent metal ions (Na+, Mg*+, K+, Ca**, Mn>*, Fe**, Cu®
*,Zn"") on yeast fermentation and found that Mg**, K
+, Ca’* affected positively while, Fe**, Cu®*, Zn**
exhibited to remain neutral and no sign of any adverse
effect was reported. A high dose of manganese
imposed toxic effect on yeast and decreased fermenta-
tion efficiency. At a high dose of Cu®*, Zn>*, the
growth of S. cerevisiae was completely suppressed.
Ghazanfar et al. [149] optimized the physical and
nutritional parameters by one factorial at a time
(OFAT) and central composite design (CCD), respec-
tively. The study reported that 0.25 g/L yeast extract,
025g/L (NH4),SO,;, 0.1g/L K,HPO, 0.09g/L
MgSO,, 8% substrate, 40 IU/g commercial cellulase,
1% S.cerevisiae inoculum, and pH 5 are optimum for
maximum ethanol production (72 g/) from alkali pre-
treated Bombax ceiba.

Reducing agent: The capacity of a solution to
withstand oxidation-reduction processes can be
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defined by reducing agent. They aid in regaining
the NADH from NAD+ because it is used in the
production of alcohol from aldehydes. Babu [150]
observed that dithiothreitol (reducing agent) addi-
tion can increase ethanol concentration with
media supplemented with 0.1% yeast extract.

8. Ethanologenic microorganisms

Many fungal and bacterial strains are available that
can ferment sugars and produce ethanol. Each
microbial strain has different choices to ferment
hexose or pentose sugar. The microorganism
selected for the fermentation process in ethanol
production should possess some traits that make
it more suitable. They should have, a) high ethanol
tolerance, b) utilized both C6 and C5 efficiently, c)
provided high ethanol yield and productivity, d)
stenothermal and survive at a broad pH range, e)
osmotolerant, and f) tolerant to inhibitors [125].
Researchers are working on finding the wild strain
with these traits and using different techniques to
modify the microbe for better ethanol production.
The following are examples of some wild strains
considered in the process to ethanol production.
S. cerevisiae: Several thousand years ago, the brew-
ery and wine industries used the strain for alcohol
production, but today, it is widely used to produce
fuel ethanol from different bioresources. S. cerevisiae
appears as a good option for fermentation in ethanol
production with its wide range of pH tolerance that
makes the process less susceptible to infection [143].
Being a mesophilic strain, it can survive at an opti-
mum temperature range of 22- 29°C, however, it fails
to grow at a temperature higher than 35°C. Moreover,
a broad range of C6 sugars, ie. glucose, galactose,
fructose, maltose, etc. can be fermented with the
strain. It also possesses high growth rate, proficient
glucose utilization, high ethanol production, and tol-
erance to high ethanol concentration and other inhi-
bitors [151]. The glycolytic pathway is utilised for
conversion of glucose, which produces two moles of
pyruvate on utilization of one mole of glucose mole.
Further reduction in the process gives two moles of
ethanol from the generated pyruvate (2 moles) [64].
Two ATP molecules are also generated during the
Embden-Meyerhof pathway (EM). However, its
inability to utilize pentose sugars and incapacity to

retain at higher temperatures and higher concentra-
tions of inhibitory compounds are the key hurdles
towards its utilization for bioethanol produc-
tion [152].

Z. mobilis: A gram-negative bacterium survives
at 30-39 °C with neutral pH. The baterial strain
can ferment starch and sugar hydrolyzate and
produce ethanol efficiently. In contrast to S. cere-
visiae, it has high glucose uptake and high ethanol
yield and productivity [153]. It metabolizes glu-
cose by the Entner-Doudoroff pathway (ED) to
produce pyruvate converted to ethanol and CO,.
ED pathway produces half ATP molecules as com-
pared to the EM pathway, responsible for low
biomass yield [154]. The disadvantage of Z. mobi-
lis is its incompetence in utilizing both sugars, i.e.
C6 and C5, resulting from cellulose and hemicel-
lulose hydrolysis [155].

Kluyveromyces marxianus: The thermotolerant
species, is able to thrive at temperatures higher
than 40°C and can produce ethanol using hexose
and pentose sugars. It has a rapid growth pace and
is tolerant to the high concentration of inhibitory
compounds. Since it could thrive at higher tem-
peratures, which make it suitable for SSF and CBP
fermentation. Moreover, the capability to utilise
C6 and C5 sugars, made it ideally suited for etha-
nol production from lignocellulosic biomass [156].

Escherichia coli: The gram-negative anaerobic
bacterium has the advantage of efficiently consum-
ing hexose and pentose sugars. Moreover, its cap-
ability to tolerance higher level of toxic substances
makes it more ideal for bioethanol production. Its
mechanism is widely studied and shows the phe-
nomenon of CCR (carbon catabolite repression)
that regulates the microorganism to use the pre-
ferred carbon source. Due to the CCR mechanism,
sugars are consumed sequentially, which limit the
overall ethanol yield. The strains are genetically
modified for the co-fermentation of the sugar mix-
ture to enhance the yield and repress the regulatory
mechanism of CCR [157].

Klebsiella oxytoca: The ethanol-producing
organism can grow at a temperature of up to
35°C and pH of as low as 5. It also can directly
use cellobiose and cellotriose along with C5 and
C6 sugars, thereby eliminating the use of -gluco-
sidase and xylosidase. Compared to Z. mobilis, and



E. coli, K. oxytoca has a more comprehensive range
of substrate utility [158].

Clostridium species: Many species of Clostridium
is present such as C. thermocellum, C. stercorarium,
and C. raminisolvens, etc., that utilize cellulose,
hemicellulose, and starch. Thermophile C. thermo-
cellum shows an incredible growth rate and con-
sumes crystalline cellulose with the help of a multi-
enzyme complex called ‘cellulosome’, however, it
does not utilize pentose sugar [159]. Mesophile
species like C. cellulovorans and C. phytofermentans
utilize both cellulose and xylan. C. phytofermentans
can grow at 35-37 °C and efficiently consume
starch, xylan, cellulose, pectin, cellobiose, arabinose,
fructose, glucose, and galactose, and produce pro-
ducts like ethanol, acetate, formate and lac-
tate [160].

Pichia stipis: The pentose fermenting microbe
that carries out fermentation at an optimum
temperature of 25-33°C and pH range of 4.5-
5.5. The strain can also ferment hexose sugars
and owns both high, and low-affinity symport
systems worked according to the concentration
of sugars. When glucose is present in high
amounts, it utilizes more glucose than xylose
due to noncompetitive inhibition caused by a
low-affinity symport system. Pentose utilization
is more when the glucose level is low because of
the high-affinity symport system of the
strain [161].

Candida tropicalis: C. tropicalis is a signifi-
cantly beneficial microbe for the ethanol genera-
tion for commercial purposes as it can directly
ferment starch at a slow pace [162]. C. tropicalis

BIOENGINEERED (&) 99

can ferment the starch into ethanol due to glu-
coamylase enzyme production, thus eliminating
the separate saccharification step [163]. This
makes C. tropicalis more suitable for production
of ethanol at industrial scale. More studies
regarding ethanol production using different
microbes from variable feedstocks are given in
Table 4.

9. Technologies to improve bioethanol
production

9.1. Genetic engineering

This method is used to modify the biomaterial
structure or the microorganism involved by
inserting or knocking out the gene of interest
to enhance the process output. This technique
can provide multiple benefits like removing the
pretreatment step, increasing sugar content,
reducing the cost of cellulase enzyme, and pro-
viding co-utilization of sugars through engi-
neered microorganisms [177]. Lignin hinders
the accessibility of cellulose and hemicellulose
for bioconversion. Modification in the structure
of lignin to reduce lignin content through down-
regulation of the enzyme required in the lignin
biosynthesis route can eliminate the pretreat-
ment step. Likewise, sugar content increase can
be achieved by opting for the following
approaches: diverting carbon from lignin pro-
duction, modifying plant growth regulators, and
delaying flowering. It has been assumed that

suppressing flowering genes will increase

Table 4. Different microbes used in ethanol fermentation

Microbial strain Feedstock Yield References

E. coli MM160 Agave lechuguilla 73.3% Diaz-Blanco et al.[164]

E. coli MS04 Corncob 80.% Pedraza et al.[165]

E. coli FBR5 Corn stover 92.2% Saha et al.[166]

K.marxianus CBS1555 Jerusalem artichoke tuber 70.2 g/L Kim et al.[167]

K. marxianus CECT10875 Barley straw 70% Garcia-Aparicio et al.[168]

Zmobilis CHZ2501 Cassava 93.5% Choi et al.[169]

Z.mobilis ATCC 29,191 Sweet potato 92.4% Zhang & Feng [170]

S.cerevisiae MTCC 174 Rice straw 0.50 9/g Singh & Bishnoi [171]

S.cerevisiae ATCC 24,859 Potato waste 92.08% Izmirlioglu & Demirci [172]

C.tropicalis ATCC 13,803 Rice straw 0.2 g/g Oberoi et al.[173]

C.tropicalis NBRC 0618 Olive prunings 0.44 g/q Martin et al. [174]

P.stipitis DSM 3651 Sugarcane bagasse 0.3 g/g Canilha et al. [175]

P.stipitis DSM 3651 Wheat straw 0.45 g/g Bellido et al.[176]
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biomass production [178]. The price of the cel-
lulase enzyme reduces up to 5 folds if plants are
modified to express the enzyme [179]. Also,
expressing cellulase genes in yeast helps carry
out simultaneous saccharification and fermenta-
tion (SSF) [180]. Many fermenting microbes (S.
cerevisiae and Z. mobilis) do not utilize pentose
as carbon, affecting overall ethanol yield. This
limitation can be overcome by modifying the
termenting microbes. E. coli is an efficient etha-
nologenic microorganism, however, provides low
yield due to generation of other organic com-
pounds from sugars instead of ethanol. On mod-
ification, E. coli overexpressed the enzymes
(alcohol dehydrogenase and pyruvate decarbox-
ylate) that resulted in enhanced ethanol produc-
tion [181,182]. Chou et al. [183] co-expressed
the ictB and ecaA genes in Synechococcus elon-
gatus PCC7942 and obtained 202.7 mg/L ethanol
production. Zingaro et al. [184] expressed the
GroESL gene in E. coli and increased its ethanol
tolerance up to 6%. In order to enhance ethanol
output and tolerance, genetic engineering has
been performed on a variety of microorganisms,
as shown in Table 5.

9.2. Adaptive evolution

This approach improves the microorganism’s abil-
ity to survive under stressed conditions. In this
method, the microorganism is cultured under spe-
cific conditions for a long time, i.e. from weeks to
years, improving the phenotype of microbial spe-
cies. High ethanol concentration is toxic to yeast
and affects the cellular protein and plasma mem-
brane fluidity, and impairs the transport system.
The ethanol production rate can be enhanced by
increasing the tolerance of the yeast [194]. Zhang
et al. [195] conducted adaptive evolution to
enhance ethanol production in which S. cerevisiae
was exposed to multiple stresses, i.e. freeze-thaw
treatment, ethanol, and osmotic stress resulting in
a robust strain that had high tolerance toward
ethanol and osmotic pressure than the wild strain.
Novelli Poisson et al. [196] used an adaptive evo-
lution methodology to improve the activity of
Scheffersomyces stipitis for the production of etha-
nol. The strain was exposed to osmotic and etha-
nol stresses. The results showed that the
evolutionary S. stipitis strain could be used for
ethanol production from non- detoxified hydroly-
zate due to increased ethanol and osmotic

Table 5. Different genes expressed or knockout in the microorganisms to increase the ethanol tolerance and its production.

S. Gene expressed/

No. Microorganism knockout

Results References

S.elongatus PCC7942 ictB and ecaA
(coexpression)

2. E. coli GroESL

3. S. elongatus PCC7942

4. S elongatus PCC7942 Co-expression of ecaA, ictB,

and acsAB genes

5. Enterobacter aerogenes ATCC

29,007
6.  S. cerevisiae Rpb7 of RNA polymerase Il

Synechococcus sp. PCC7002
two
pdcZM-slr1192 cassettes

8. S. cerevisiae

9. S. cerevisiae

10. S. cerevisiae Y294 BGLT gene expressed

11.  S. cerevisiae

glgC knockout and pdc-adh genes expressed

Sestc cellulase gene introduced

sestc expression and knockout of hxk2 gene

Co-overexpression of tps7 and aril genes

202.7 mg/L ethanol production Chou et al. [183]

6% ethanol tolerance
3856 mg/L ethanol yield

Zingaro et al.[184]

Velmurugan &
Incharoensakdi
[185]

Increased carbohydrate Chow et al.[186]
productivity and reached 7.2

g/L of ethanol concentration

Deleting IdhA gene and overexpression of adhE Ethanol yield was achieved 0.48 Thapa et al.[187]

a/g

96.58 + 1.14% ethanol yield Qiu & Jiang [188]

Two glgA genes were targeted and introduced Ethanol production was 2.2 g/L  Wang et al.[189]

(10 days)

8.1 g/L ethanol concentration
and increased about 57.86-
fold

37.7-fold increase was achieved Yang et al.[191]

Yang et al.[190]

Strain Show exponential growth McBride et al.[192]
on cellobiose and glucose
and increased f- glucosidase
activity

Engineered strain tolerated upto Divate et al. [193]
14% ethanol
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Table 6. Adaptive evolution in different ethanol-producing microbes.

Microbial Species Adaptation Ethanol Yield References

Z. mobilis ZMF3-3 Furfural and Acetic acid tolerance 94.84% Shui et al.[198]

E. coli SZ470 Higher Ethanol tolerance (350 generations) 94% Wang et al.[199]

S. cerevisiae 1S012 Combined tolerance for inhibitors and temperature (280 generations) 0.38 g/g Salinas & Grauslund [200]

Z. mobilis AD50 Simultaneous utilization of glucose and xylose (50 transfers) 0.49 g/g Sarkar et al.[201]

S. cerevisiae YF10-5 Improved osmotic pressure and ethanol stress tolerance 93.95% Zhang et al.[195]

S. cerevisiae Improved xylose fermentation 0.43 g/g Shen et al.[202]

E. coli SSK42 Improved specific growth rate and ethanol yield (42 days) 89% Jilani et al.[203]

C. thermocellum LL1210  Improved ethanol yield 75% Tian et al.[204]

S. cerevisiae CC156 Low pH and lignocellulosic inhibitors tolerance (709 generations) 0.45 g/g Narayanan et al.[205]

tolerance. Yan et al. [197] evolved Z. mobilis strain
with improved inhibitor (phenolic aldehydes) tol-
erance by 6.3 fold and enhanced ethanol fermenta-
tion by 21.6% laboratory adaptive evolution for
198 days. Different studies on adaptive evolutions
of various microbes and their effect on ethanol
yield are represented in Table 6.

10. Bioethanol commercialization and
scale-up

The bioethanol biorefinery concept indicates the
application of biomass to produce sustainable bio-
products or bioenergy along with bioethanol by
using an integrated approach. First-generation
bioethanol production has developed at a large
scale. A major portion of total bioethanol production
is contributed from United States and Brazil-based
1G ethanol plants. The lignocellulosic biomass com-
ponents are fractionated and utilized for ethanol
manufacturing and other valuable materials like xyli-
tol, sorbitol, succinic acid, furfural, vanillin, etc. in
second-generation bioethanol biorefinery. All these
aforementioned products have market value and are
commercialized on a large scale. In Europe, 43 bior-
efineries were based on lignocellulosic biomass
[206]. The allocation of lignocellulosic biorefinery
is done for a number of reasons: to endure renewable
and sustainable energy; to save foreign exchange
reserve by diminishing the reliance on the imported
crude petrol and increase the economic growth as a
whole; to get a low carbon footprint and ecologically
sound environment; and for the establishment of the
circular economy [207]. The Indian Oil Corporation
has also announced their intention to build a cellu-
losic ethanol plant with a 63 million liter capacity by

using a dilute acid pretreatment process. TATA has
also envisaged building an ethanol plant with a capa-
city of 100 KL at Bargarh, Odisha, India [208].
Likewise, third-generation algal biorefinery pro-
duces ethanol, methane, biodiesel, syngas, and bio-
hydrogen on following the process of
fermentation, anaerobic digestion, transesterifica-
tion, gasification, and biophotolysis, respectively.
For increasing the efficiency of ethanol produc-
tion, cellulose-rich waste streams are considered
as a propitious technique that focuses to optimize
the process stream for achieving the goal of a 6-
8% annual increase in liquid biofuels by 2050
[209]. Substitutes like bio-0il and biomethane
were explored in macroalgae biorefinery waste
streams that unfolded exploration of novel meth-
ods in research and energy sector at commercial
level. Many patents have been documented
recently in biofuels from macroalgae to commer-
cialize the process, however, work at a slow pace.
Six patents were documented for the processes
that resulted in various biofuels and bio-products.
The aforementioned patents include renewable
chemicals, biofuels, fermentation sugars, acids,
and alcohols (US9688595B2); Levulinic acid,
hydroxymethylfurfural ~ and  formic  acid
(US9452993B2), bioethanol (CN101024847,
US2013005009A1); biofertilizers and agricultural
feed (CN101024847, US2013005009A1,
US10000579B2); industrially applicable biopro-
ducts such as lipids, agricultural feed, pigments,
hydrocolloid  agar from  red  seaweed
(US10000579B2) [210-215]. Exploration of bioe-
nergy from macroalgae was begun in 1970 and its
practical facets (pilot projects) were noticed after
2010. Some initiatives like the SeaGas project,
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Macro fuels, MacroBio crude, and Global seaweed
have been completed. There are about 32 funded
projects (2018-till now) by the Governments of the
United States, United Kingdom, Europe, Australia,
and New Zealand on the production of the final
product with the capability to commercialize
downstream byproducts [216]. In totality, it has
been noticed that bioethanol derived from 1G
substrate is very much commercialized in US and
Brazil but 1G substrate is not suitable for large
scale in developing countries like India.
Therefore, to enhance production at the global
level, the circular economy concept needs to be
followed to produce bioethanol at a large scale
from 2G and 3G feedstocks. Commercialization
of bioethanol from 1G, 2G, and 3G feedstocks
require process integration and exploration and
incorporation of novel techniques such as nano-
particles and genetic engineering.

11. Life cycle analysis

The process of assessing the impact of a product
throughout its life, from the extraction of raw
material to its use and final disposal, is called
Life Cycle Analysis (LCA). Different generations
of bioethanol have different impacts on the envir-
onment depending upon the feedstocks and the
methods used. In the case of GHG emissions, a
neat biofuel at the time of blending has 50% lower
emissions throughout the lifecycle than fossil fuels;
however, the net emissions may occur at the steps
of cultivation, feedstock processing, transport and
conversion [217]. Using bioethanol as fuel can
certainly reduce GHG emissions from the trans-
portation sector. There was a total reduction of 0.5
billion tons of CO,-eq emissions due to the use of
bioethanol during the period from 2008 to 2018,
and it is also predicted that it can lead to a further
reduction of 160 billion tons of CO,-eq by 2030,
with the majority of bioethanol produced from 1G
feedstocks [218]. However, the land-use change
associated with the cultivation of first-generation
feedstocks can significantly affect the emissions
during the lifecycle of bioethanol. Conversion of
grasslands/forestlands to croplands had a net emis-
sion of 0.002-0.009kg CO,-eq/M] for corn
bioethanol [219].

Similarly, Scully et al. [220] reported an
emission of 0.0039 kg CO,-eq/M] due to land-
use change. Direct land-use change from per-
ennial croplands to annual cropland produces
0.02 and 0.0179 kg CO,-eq per M] of bioethanol
generated from cassava and sugarcane, respec-
tively [217]. Apart from land-use change, 1G
feedstocks have other impacts such as eutrophi-
cation potential, pesticides pollution and water
utilization. The eutrophication potential of
bioethanol is mainly due to wastewater gener-
ated during the production and fertilizers
leaching into water bodies. The eutrophication
potential of cassava and sugarcane was found to
be 0.0058 and 0.0007kg P-eq per GJ, as
reported by Papong et al. [217]. Similarly, feed-
stocks like sugar beet and wheat can increase
the eutrophication potential of bioethanol
[221,222]. The second-generation bioethanol
tends to have lower carbon emissions and
lower ozone layer depletion, while having a
positive or negative effect on other impact
parameters such as eutrophication, acidifica-
tion, human health and photochemical smog
[223]. Maga et al. [224] performed LCA of
first and second-generation bioethanol from
sugarcane and reported that second-generation
bioethanol had a reduction in each impact cate-
gory. Common reed, natural wetland grass, was
evaluated for bioethanol production; the LCA
results showed that the greenhouse gas emis-
sion intensity was 0.15kg CO,.eq/M] and
eutrophication potential was —0.0011 kg PO,*"
eq/M]J, indicating sustainability of common
reed for bioethanol production [225]. Surplus
rice straw available in India, when converted to
bioethanol, has the potential to reduce 11,498-
14,498 kt CO,-eq by the year 2030-2031, when
renewable electricity replaces fossil fuel-driven
electricity [226]. However, in a scenario where
the processing energy is supplied by coal, the
net emission from the rice straw bioethanol
would be very high [227]. The third-generation
bioethanol also appears to be a suitable biofuel.
In terms of CO, emissions and energy balance,
microalgal bioethanol manifests itself as a
favorable alternative fuel and other than that,
it has low water and land footprints as com-
pared to other energy crops [228].



Bioethanol performs better than fossil fuels in
the impact category of global warming potential
due to zero net carbon emissions during combus-
tion. However, based on the process, the other
impact categories may be positively or negatively
affected. It is tough to compare the results of
different LCA studies because of different
approaches, like different functional units, alloca-
tions, and system boundaries.

12. Current challenges and prospects

Different feedstocks were used for ethanol production
with different process steps. The first generation cre-
ates a food versus fuel debate. So, lignocellulosic bio-
mass can be used as a plentiful renewable source.
However, the recalcitrant nature of its structure
poses hurdles to extracting sugars from the biomass.
Various pretreatment technologies can break its struc-
ture, but the pretreatment process quenches a lot of
energy. Therefore, more research is needed to
decrease the energy consumption during the whole
ethanol production process. Various expensive
enzymes are used in biological pretreatment and
enzymatic hydrolysis, so there is a need to explore
and produce low-cost or thermally stable enzymes in
future also. The modified plant biomass can reduce
the price of pretreatment and hydrolysis [229]. To
increase the ethanol production yield, the researchers
have made many recombinants or genetically mod-
ified strains. Many strains like S. cerevisiae can fer-
ment hexose sugars very efficiently, but the feedstock
for ethanol production contains both hexose and
pentose sugars. Therefore, to isolate or find the micro-
organism that can metabolize both the C5 and C6
sugars efficiently, is one of the potential challenge
towards bioethanol production [33].

Another challenge is the existence of inhibitory
substances in the hydrolyzate that can adversely
impact the growth and the viability of the microbial
cells and their metabolic pathway through which
sugars are converted to ethanol. Strains tolerant to
the inhibitory substances are significant for the scale-
up process, which represent the area where research
investigations are required. Third-generation biofuel
technology has not yet been commercialized entirely
due to its considerable expenses. Therefore, there is a
need to explore the financial and inexpensive
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conversion technologies. Fourth-generation biofuels
are in the growing stage and facing challenges like
lack of information about the genes and biology of
the microbial species. Future studies are needed to
explore the best suited algal species. Moreover,
research investigations are required to evaluate the
as-yet-unknown effects of using GMOs as feedstock
and also to explore most sustainable and feasible tech-
nology for the effective and efficient use of biore-
sources for bioethanol production.

13. Conclusions

The growing energy demand will lead to a move
toward renewable energy resources. Different
countries have made their biofuel policies, con-
sidering the rapid depletion of energy resources.
Each generation of biofuel production consists
of different process steps according to the bio-
mass structure and composition. Despite the
abundant feedstock for bioethanol production,
some technological barriers can still affect its
production efficiency. Therefore, advanced tech-
nologies like genetic modification and adaptive
evolution have been used to enhance the yield
and overcome the barriers. The studies con-
ducted at various levels have advocated the suit-
ability of these tools to boost the production of
biofuels. However, the overall production cost is
high, which needs to be lower down for its
commercialization and large scale production.
Technical advancement is essential to cut costs
by reducing processing steps. Moreover, geneti-
cally modified organisms (GMO) are required to
be developed that could efficiently metabolize
both sugars (hexose and pentose) present in the
feedstocks to enhance yield and production of
bioethanol.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

The author (Anita Singh) would like to acknowledge SERB
grant (ECR/2018/000672) for providing financial support to
carry out this work.



104 A. DEVI ET AL.

Ethics approval and consent to participate

This article does not contain any studies with Human parti-
cipants or animals performed by any of the authors.

References

[1] Himmel ME, Ding S-Y, Johnson DK, et al. Biomass
recalcitrance: engineering plants and enzymes for bio-
fuels production. Science. 2007;315(5813):804-807.
DOI:10.1126/science.1137016

[2] Devi A, Singh A, Bajar S, et al. Ethanol from lignocel-
lulosic biomass: an in-depth analysis of pre-treatment
methods, fermentation approaches and detoxification
processes. J Environ Chem Eng. 2021;9(5):105798.
DOI:10.1016/j.jece.2021.105798

[3] Abnisa F, Arami-Niya A, Daud WMAW, et al
Characterization of Bio-oil and Bio-char from
Pyrolysis of Palm Oil Wastes. BioEnergy Res. 2013;6
(2):830-840. DOI:10.1007/s12155-013-9313-8

[4] Kundu A, Sahu JN, Redzwan G, et al. An overview of
cathode material and catalysts suitable for generating
hydrogen in microbial electrolysis cell. Int ] Hydrogen
Energy. 2013;38(4):1745-1757. DOI:10.1016/j.
ijhydene.2012.11.031

[5] Vanhala P, Bergstrom I, Haaspuro T, et al. Boreal
forests can have a remarkable role in reducing green-
house gas emissions locally: land use-related and
anthropogenic greenhouse gas emissions and sinks at
the municipal level. Sci Total Environ. 2016;557:51-57.

[6] Ginni G, S K, R YK, et al. Valorization of agricultural
residues: different biorefinery routes. J] Environ Chem
Eng. 2021;9(4):105435. DOI:10.1016/j.jece.2021.105435

[7] EIA. EIA projects 28% increase in world energy use by
2040. 2017; Available from: https://www.eia.gov/todayi
nenergy/detail.php?id=32912.

[8] Sharma N, Sharma N. Second generation bioethanol
production from lignocellulosic waste and its future
perspectives: a review. Int J Curr Microbiol Appl Sci.
2018;7(5):1285-1290.

[9] Helen Mountford DW, Lorena G, Chirag G, et al,
COP26: key Outcomes from the UN Climate Talks in
Glasgow. 2021; Available from: https://www.wri.org/
insights/cop26-key-outcomes-un-climate-talks-glasgow.

[10] Cremonez PA, Feroldi M, Cézar Nadaleti W, et al.
Biodiesel production in Brazil: current scenario and
perspectives. Renew Sust Energ Rev. 2015;42:415-428.

[11] Lin C-Y, Lu C. Development perspectives of promising
lignocellulose feedstocks for production of advanced
generation biofuels: a review. Renew Sust Energ Rev.
2021;136:110445.

[12] IEA. Renewables 2020. 2020; Available from: https://
www.iea.org/reports/renewables-2020/transport-
biofuels.

[13] Association, R.F., Annual Ethanol Production U.S. and
World Ethanol Production. 2021; Available from:
https://ethanolrfa.org/markets-and-statistics/annual-
ethanol-production.

[14] Vallejos ME, Kruyeniski J, Area MC, Second-generation
bioethanol from industrial wood waste of South
American species. 2017.

[15] Voegele E IEA predicts growth in global ethanol produc-
tion through 2023. 2018; Available from: http://www.
ethanolproducer.com/articles/15673/eia-predicts-
growth-in-global-ethanol-production-through-2023.

[16] Voegele E EIA increases 2021, 2022 forecasts for ethanol
blending. 2021; Available from: http://www.ethanolpro
ducer.com/articles/18312/eia-increases-2021-2022-fore
casts-for-ethanol-blending.

[17] Barros S, Woody, K. Corn ethanol production booms
in Brazil. Report No. BR2020-0041, Global Agricultural
Information Network. Brasilia, Brazil: United States
Deparment of Agriculture (USDA): Brasilia; 2020

[18] Barros S. Biofuels annual—Brazil. Annual report
BR2020-0032.  Global  Agricultural Information
Network. Brasilia, Brazil: United States Deparment of
Agriculture (USDA); 2020.

[19] de Lima LM, Bacchi MRP. Global ethanol market: com-
mercialization trends, regulations, and key drivers. In
Chandel AK, Silveira NHL, editors. Advances in sugar-
cane biorefinery. Vol. 1, Amsterdam, Netherlands:
Elsevier; 2018. p. 253-277.

[20] EPA. Economics of Biofuels. 2021; Available from:
https://www.epa.gov/environmental-economics/eco
nomics-biofuels.

[21] Flach B, Lieberz, S, Bolla, S. Biofuels annual—European
Union. Annual report E42020-0032. Global agricultural
information network. Washington (DC): US Department
of Agriculture Foreign Agricultural Service; 2020.

[22] Kim G, China - Peoples Republic of Biofuels Annual China
Will Miss E10 by 2020 Goal by Wide Margin. 2019.

[23] Chandra A. Biofuels Annual. New Delhi: United States
Department of Agriculture; 2021.

[24] Tracker S Sustainable Development Goals/Affordable
and Clean Energy. Available from: https://sdg-tracker.
org/energy.

[25] IEA, 1., UNSD, World Bank, WHO, Tracking SDG7 the
Energy Progress Report 2021. 2021, IEA, IRENA,
UNSD, World Bank, WHO.

[26] IEA. Transport Biofuels. 2021; Available from: https://
www.iea.org/reports/transport-biofuels.

[27] Nazari MT, Mazutti J, Basso LG, et al. Biofuels and their
connections with the sustainable development goals: a
bibliometric and systematic review. Environment. Dev
Sustainability. 2021;23(8):11139-11156. DOI:10.1007/
s10668-020-01110-4

[28] Singh S, et al. Bioethanol Production Scenario in India:
potential and Policy Perspective. In: Chandel AK
Sukumaran RKeditors. Sustainable Biofuels Development
in India. Cham: Springer International Publishing; 2017.
pp. 21-37.


https://doi.org/10.1126/science.1137016
https://doi.org/10.1016/j.jece.2021.105798
https://doi.org/10.1007/s12155-013-9313-8
https://doi.org/10.1016/j.ijhydene.2012.11.031
https://doi.org/10.1016/j.ijhydene.2012.11.031
https://doi.org/10.1016/j.jece.2021.105435
https://www.eia.gov/todayinenergy/detail.php?id=32912
https://www.eia.gov/todayinenergy/detail.php?id=32912
https://www.wri.org/insights/cop26-key-outcomes-un-climate-talks-glasgow
https://www.wri.org/insights/cop26-key-outcomes-un-climate-talks-glasgow
https://www.iea.org/reports/renewables-2020/transport-biofuels
https://www.iea.org/reports/renewables-2020/transport-biofuels
https://www.iea.org/reports/renewables-2020/transport-biofuels
https://ethanolrfa.org/markets-and-statistics/annual-ethanol-production
https://ethanolrfa.org/markets-and-statistics/annual-ethanol-production
http://www.ethanolproducer.com/articles/15673/eia-predicts-growth-in-global-ethanol-production-through-2023
http://www.ethanolproducer.com/articles/15673/eia-predicts-growth-in-global-ethanol-production-through-2023
http://www.ethanolproducer.com/articles/15673/eia-predicts-growth-in-global-ethanol-production-through-2023
http://www.ethanolproducer.com/articles/18312/eia-increases-2021-2022-forecasts-for-ethanol-blending
http://www.ethanolproducer.com/articles/18312/eia-increases-2021-2022-forecasts-for-ethanol-blending
http://www.ethanolproducer.com/articles/18312/eia-increases-2021-2022-forecasts-for-ethanol-blending
https://www.epa.gov/environmental-economics/economics-biofuels
https://www.epa.gov/environmental-economics/economics-biofuels
https://sdg-tracker.org/energy
https://sdg-tracker.org/energy
https://www.iea.org/reports/transport-biofuels
https://www.iea.org/reports/transport-biofuels
https://doi.org/10.1007/s10668-020-01110-4
https://doi.org/10.1007/s10668-020-01110-4

[29] Tracker S Sustainable Development Goals/Responsible
Consumption and Production. Available from: https://
sdg-tracker.org/sustainable-consumption-production.

[30] Tracker S Sustainable Development Goals/Decent Work
and Economic Growth. Available from: https://sdg-
tracker.org/economic-growth.

[31] Mat Aron NS, Khoo KS, Chew KW, et al. Sustainability
of the four generations of biofuels-a review. Int ]
Energy Res. 2020;44(12):9266-9282. DOI:10.1002/
er.5557

[32] Alalwan HA, Alminshid AH, Aljaafari HA. Promising
evolution of biofuel generations. Subject review. Renew
Energy Focus. 2019;28:127-139.

[33] Robak K, Balcerek M. Review of Second Generation
Bioethanol Production from Residual Biomass. Food
Technol Biotechnol. 2018;56(2):174-187.

[34] Cheah WY, Sankaran R, Show PL, et al. Pretreatment
methods for lignocellulosic biofuels production: cur-
rent advances, challenges and future prospects.
Biofuel Res J. 2020;7(1):1115. DOI:10.18331/
BRJ2020.7.1.4

[35] Panahi Y, Yari Khosroushahi A, Sahebkar A, et al.
Impact of Cultivation Condition and Media Content
onChlorella vulgaris Composition. Adv Pharm Bull
2019;9(2):182-194. DOI:10.15171/apb.2019.022

[36] Vonshak A. Micro-algae: laboratory growth techniques
and outdoor biomass production. In: Coombs J, Hall
DO, Long SP, Scurlock JMO, editors. Techniques in
bioproductivity and photosynthesis, 2nd ed. Vol. 1.
Oxford, United Kingdom: Pergamon; 1985. p. 188-200.

[37] Leong W-H, Lim J-W, Lam M-K, et al. Third genera-
tion biofuels: a nutritional perspective in enhancing
microbial lipid production. Renew Sust Energ Rev.
2018;91:950-961.

[38] Moravvej Z, Makarem MA, Rahimpour MR. Chapter
20 - the fourth generation of biofuel. In: Basile A
Dalena F, editors. Second and Third Generation of
Feedstocks. 2019. pp. 557-597.

[39] Ale S, Femeena PV, Mehan S, Cibin R. Bioenergy with
carbon capture and storage. In: José Carlos Magalhies
Pires JCM, Gongalves ALDC, Editors. Environmental
impacts of bioenergy crop production and benefits of
multifunctional bioenergy systems, Vol. 1 London,
United Kingdom: Academic Press; 2019. p. 195-217.

[40] Pazhany AS, Henry R]. Genetic Modification of
Biomass to Alter Lignin Content and Structure. Ind
Eng Chem Res. 2019;58(35):16190-16203.

[41] Abdullah B, Syed Muhammad SAF, Shokravi Z, et al.
Fourth generation biofuel: a review on risks and mitiga-
tion strategies. Renew Sust Energ Rev. 2019;107:37-50.

[42] Bhuyar P, Trejo, M, Mishra, P et al. Advancements of
fermentable sugar yield by pretreatment and steam
explosion during enzymatic saccharification of
Amorphophallus sp. starchy tuber for bioethanol pro-
duction. Fuel. 2022;323:124406.

[43] Berlowska ], Pielech-Przybylska K, Balcerek M, et al.
Integrated ~ Bioethanol Fermentation/Anaerobic

BIOENGINEERED 105

Digestion for Valorization of Sugar Beet Pulp.
Energies. 2017;10(9):1255. DOI:10.3390/en10091255

[44] Liu Z-H, Chen H-Z. Simultaneous saccharification and
co-fermentation for improving the xylose utilization of
steam exploded corn stover at high solid loading.
Biores Technol. 2016;201:15-26.

[45] Pooja NS, Sajeev MS, Jeeva ML, et al. Bioethanol pro-
duction from microwave-assisted acid or alkali-pre-
treated agricultural residues of cassava using separate
hydrolysis and fermentation (SHF). 3 Biotech. 2018;8
(1):69. DOI:10.1007/s13205-018-1095-4

[46] Laltha M, Sewsynker-Sukai Y, Eb GK. Development of
microwave-assisted alkaline pretreatment methods for
enhanced sugar recovery from bamboo and corn cobs:
process optimization, chemical recyclability and
kinetics of bioethanol production. Ind Crops Prod.
2021;174:114166.

[47] Joy SP, Krishnan C. Modified organosolv pretreatment
for improved cellulosic ethanol production from sor-
ghum biomass. Ind Crops Prod. 2022;177:114409.

[48] Chohan NA, Aruwajoye GS, Sewsynker-Sukai Y, et al.
Valorisation of potato peel wastes for bioethanol pro-
duction using simultaneous saccharification and fer-
mentation: ~ process  optimization and  kinetic
assessment. Renewable Energy. 2020;146:1031-1040.

[49] Smachetti MES, Coronel, CD, Salerno, GL et al.
Sucrose-to-ethanol microalgae-based platform using
seawater. Algal Res. 2020;451:101733.

[50] Alfonsin V, Maceiras R, Gutiérrez C. Bioethanol pro-
duction from industrial algae waste. Waste Manage.
2019;87:791-797.

[51] Osman MEH, Abo-Shady AM, Elshobary ME, et al.
Screening of seaweeds for sustainable biofuel recovery
through sequential biodiesel and bioethanol produc-
tion. Environ Sci Pollut Res. 2020;27(26):32481-
32493. DOI:10.1007/511356-020-09534-1

[52] Mohapatra S, Ray RC, Ramachandran S. Bioethanol from
biorenewable feedstocks: technology, economics, and
challenges. In: Ray RC, Ramachandran S, Editors.
Bioethanol production from food crops. Vol. 1. London,
United Kingdom: Academic Press; 2019. p. 3-27.

[53] Sindhu R, Gnansounou E, Binod P, et al
Bioconversion of sugarcane crop residue for value
added products - an overview. Renewable Energy.
2016;98:203-215.

[54] Soam S, Kumar R, Gupta RP, et al. Life cycle assess-
ment of fuel ethanol from sugarcane molasses in north-
ern and western India and its impact on Indian biofuel
programme. Energy. 2015;83:307-315.

[55] Carioca ], Leal M, Ethanol production from sugar-based
feedstocks. 2017.

[56] Marx S, Brandling ], Van Der Gryp P. Ethanol produc-
tion from tropical sugar beet juice. Afr J Biotechnol.
2012;11(54):11709-11720.

[57] Paroha S, Singh S, Gupta A. Sugar beet-the potential
feedstocks for alcohol production. Int J Agric Sci.
2020;12(8):9776-9778.


https://sdg-tracker.org/sustainable-consumption-production
https://sdg-tracker.org/sustainable-consumption-production
https://sdg-tracker.org/economic-growth
https://sdg-tracker.org/economic-growth
https://doi.org/10.1002/er.5557
https://doi.org/10.1002/er.5557
https://doi.org/10.18331/BRJ2020.7.1.4
https://doi.org/10.18331/BRJ2020.7.1.4
https://doi.org/10.15171/apb.2019.022
https://doi.org/10.3390/en10091255
https://doi.org/10.1007/s13205-018-1095-4
https://doi.org/10.1007/s11356-020-09534-1

106 A. DEVI ET AL.

[58] Sandesh Suresh K, Suresh PV, Kudre TG. 4 -
Prospective ecofuel feedstocks for sustainable produc-
tion. In: Azad K, editor. Advances in Eco-Fuels for a

Sustainable ~ Environment. = Cambridge, = United
Kingdom: Woodhead Publishing; 2019. Vol. 1. pp.
89-117.

[59] Mathur S, Umakanth AV, Tonapi VA, et al. Sweet
sorghum as biofuel feedstock: recent advances and
available resources. Biotechnol Biofuels. 2017;10(1):1-
19. DOI:10.1186/s13068-017-0834-9

[60] Umakanth AV, Bhargavi HA, Keerthi L, et al. Sweet
Sorghum as First-Generation Biofuel Feedstock and Its
Commercialization. In: Tonapi VA, Talwar HS, Are AK,
et al, editors. Sorghum in the 21st Century: food -
Fodder - Feed - Fuel for a Rapidly Changing World.
Springer SingaporeSpringer Singapore; 2020. Vol. 1. pp.
705-721. DOI:10.1007/978-981-15-8249-3_28

[61] Erdurmus C, et al. Bioethanol and sugar yields of
sweet sorghum. The Int ] of Eng and Sci(ijes).
2018;7(11):21-26.

[62] Busi¢ A, Mardetko N, Kundas S, et al. Bioethanol
production from renewable raw materials and its
separation and purification: a review. Food Technol
Biotechnol. 2018;56(3):289-311. DOI:10.17113/
ftb.56.03.18.5546

[63] Kim S, Dale BE. Global potential bioethanol produc-
tion from wasted crops and crop residues. Biomass
Bioenergy. 2004;26(4):361-375.

[64] Zabed H, Sahu JN, Suely A, et al. Bioethanol produc-
tion from renewable sources: current perspectives and
technological progress. Renew Sust Energ Rev. 2017;71
(C):475-501.

[65] Hoang T-D, Nghiem N. Recent Developments and
Current Status of Commercial Production of Fuel
Ethanol. Fermentation. 2021;7(4):314.

[66] Chen S, Xu Z, Li X, et al. Integrated bioethanol pro-
duction from mixtures of corn and corn stover.
Bioresour Technol. 2018;258:18-25.

[67] Statista. Global wheat production from 2011/2012 to
2021/2022. 2022; Available from: https://www.statista.
com/statistics/267268/production-of-wheat-world
wide-since-1990/.

[68] Statista. Leading wheat producers worldwide from 2016/
2017 to 2021/22. 2022; Available from: https://www.
statista.com/statistics/237908/global-top-wheat-produ
cing-countries/.

[69] Belboom S, Bodson B, Léonard A. Does the production
of Belgian bioethanol fit with European requirements
on GHG emissions? Case of wheat. Biomass Bioenergy.
2015;74:58-65.

[70] Mohanty SK, Swain MR. Bioethanol production from
corn and wheat: food, fuel, and future. In: Ray RC,
Ramachandran S, editors. Bioethanol production from
food crops. London, United Kingdom: Academic Press;
2019. Vol. 1. pp. 45-59.

[71] Mikulski D, Klosowski G. Microwave-assisted dilute
acid pretreatment in bioethanol production from

wheat and rye Biomass
2020;136:105528.

[72] Krajang M, Malairuang K, Sukna J, et al. Single-step
ethanol production from raw cassava starch using a
combination of raw starch hydrolysis and fermenta-
tion, scale-up from 5-L laboratory and 200-L pilot
plant to 3000-L industrial fermenters. Biotechnol
Biofuels. 2021;14(1):1-15. DOI:10.1186/s13068-021-
01903-3

[73] Pradyawong S, Juneja A, Sadiq M, et al. Comparison of
Cassava Starch with Corn as a Feedstock for Bioethanol
Production. Energies. 2018;11(12):3476. DOI:10.3390/
enl1123476

[74] Niju S, Swathika M, Balajii M. Pretreatment of ligno-
cellulosic sugarcane leaves and tops for bioethanol
production. In: Pirozzi D, Sannino F, editors. Second
and Third Generation of Q9  Feedstocks.
Lignocellulosic biomass to liquid biofuels. Academic
Press: London, United Kingdom; 2020. pp. 301-324.

[75] Sharma D, Saini A. Cellulosic Ethanol Feedstock:
diversity and Potential. In: Sharma D, Saini A, editors.
Lignocellulosic Ethanol Production from a Biorefinery
Perspective: sustainable Valorization of Waste.
Singapore: Springer Singapore; 2020. Vol. 1. pp. 23-
63. DOI:10.1007/978-981-15-4573-3_2

[76] Belgacem MN, Gandini A. Production, Chemistry and
Properties of Cellulose-Based Materials. In: Plackett D,
editor. Biopolymers - New Materials for Sustainable
Films and Coatings. Wiley, Hoboken, New Jersey, U.S.;
2011. Vol. 1. pp. 151-178.

[77] Brodeur G, Yau E, Badal K, et al. Chemical and phy-
sicochemical pretreatment of lignocellulosic biomass: a
review. Enzyme Res. 2011;2011:1-17.

[78] Yousuf A, Pirozzi D, Sannino F. Chapter 1 -
Fundamentals of lignocellulosic biomass. In: Pirozzi
D, and Sannino F, editors. Lignocellulosic Biomass to
Liquid Biofuels. London, United Kingdom: Academic
Press; 2020. Vol. 1. pp. 1-15.

[79] Ponnusamy VK, Nguyen DD, Dharmaraja J, et al. A
review on lignin structure, pretreatments, fermentation
reactions and biorefinery potential. Biores Technol.
2019;271:462-472.

[80] Swain MR, Singh A, Sharma AK, et al. Chapter 11 -
Bioethanol Production from Rice- and Wheat Straw:
an Overview. In: Ray RC, Ramachandran S, editors.
Bioethanol Production from Food Crops. London,
United Kingdom: Academic Press; 2019. Vol. 1. pp.
213-231.

[81] Ziaei-Rad Z, Fooladi J, Pazouki M, et al. Lignocellulosic
biomass pre-treatment using low-cost ionic liquid for
bioethanol production: an economically viable method
for wheat straw fractionation. Biomass Bioenergy.
2021;151:106140.

[82] Yuan Z, Wen Y, Li G. Production of bioethanol and
value added compounds from wheat straw through
combined alkaline/alkaline-peroxide pretreatment.
Biores Technol. 2018;259:228-236.

stillages. Bioenergy.


https://doi.org/10.1186/s13068-017-0834-9
https://doi.org/10.1007/978-981-15-8249-3_28
https://doi.org/10.17113/ftb.56.03.18.5546
https://doi.org/10.17113/ftb.56.03.18.5546
https://www.statista.com/statistics/267268/production-of-wheat-worldwide-since-1990/
https://www.statista.com/statistics/267268/production-of-wheat-worldwide-since-1990/
https://www.statista.com/statistics/267268/production-of-wheat-worldwide-since-1990/
https://www.statista.com/statistics/237908/global-top-wheat-producing-countries/
https://www.statista.com/statistics/237908/global-top-wheat-producing-countries/
https://www.statista.com/statistics/237908/global-top-wheat-producing-countries/
https://doi.org/10.1186/s13068-021-01903-3
https://doi.org/10.1186/s13068-021-01903-3
https://doi.org/10.3390/en11123476
https://doi.org/10.3390/en11123476
https://doi.org/10.1007/978-981-15-4573-3_2

[83] Abraham A, Mathew AK, Sindhu R, et al. Potential of
rice straw for bio-refining: an overview. Bioresour
Technol. 2016;215:29-36.

[84] Takano M, Hoshino K. Bioethanol production from
rice straw by simultaneous saccharification and fer-
mentation with statistical optimized cellulase cocktail
and fermenting fungus. Bioresources Bioprocess.
2018;5(1):16.

[85] Anu A, Kumar A, et al. Process optimization for che-
mical pretreatment of rice straw for bioethanol produc-
tion. Renewable Energy. 2020;156:1233-1243.

[86] Jin X, Song J, Liu G-Q. Bioethanol production from
rice straw through an enzymatic route mediated by
enzymes developed in-house from Aspergillus fumiga-
tus. Energy. 2020;190:116395.

[87] Canilha L, Chandel AK, Suzane dos Santos Milessi T,
et al. Bioconversion of sugarcane biomass into ethanol:
an overview about composition, pretreatment methods,
detoxification of hydrolysates, enzymatic saccharifica-
tion, and ethanol fermentation. ] Biomed Biotechnol.
2012;2012:1-15.

[88] Furlan FF, Filho RT, Pinto FH, et al. Bioelectricity
versus bioethanol from sugarcane bagasse: is it worth
being flexible? Biotechnol Biofuels. 2013;6(1):1-12.
DOI:10.1186/1754-6834-6-142

[89] Khattab SM, Watanabe T. Bioethanol from sugarcane
bagasse: status and perspectives. In: Bioethanol produc-
tion from food crops. Elsevier; 2019. pp. 187-212.

[90] Jugwanth Y, Sewsynker-Sukai Y, Gueguim Kana EB.
Valorization of sugarcane bagasse for bioethanol pro-
duction through simultaneous saccharification and fer-
mentation: optimization and kinetic studies. Fuel
2020;262:116552.

[91] Lask J, Wagner M, Trindade LM, et al. Life cycle assess-
ment of ethanol production from miscanthus: a compar-
ison of production pathways at two European sites. GCB
Bioenergy. 2019;11(1):269-288. DOI1:10.1111/gcbb.12551

[92] Nicolas B, Dufour A, Meng X, et al. Miscanthus: a fast-
growing crop for biofuels and chemicals production.
Biofuel  Bioprod  Biorefin. 2012;6(5):580-598.
DOI:10.1002/bbb.1353

[93] Kang KE, Jeong J-S, Kim Y, et al. Development and
economic analysis of bioethanol production facilities
using lignocellulosic biomass. ] Biosci Bioeng.
2019;128(4):475-479. DOI:10.1016/j.jbiosc.2019.04.004

[94] Zhang X, Fu J, Lin G, et al. Switchgrass-Based
Bioethanol Productivity and Potential Environmental
Impact from Marginal Lands in China. Energies.
2017;10(2):260. DOI:10.3390/en10020260

[95] Schmer MR, Vogel, KP, Mitchell, RB, et al. Net energy
of cellulosic ethanol from switchgrass. Proc. Natl.
Acad. Sci. U.S.A. 2008;105(2):464-469.

[96] Dien BS, Mitchell RB, Bowman M]J, et al
Bioconversion of Pelletized Big Bluestem, Switchgrass,
and Low-Diversity Grass Mixtures into Sugars and
Bioethanol. Front Energy Res. 2018;6. DOI:10.3389/
fenrg.2018.00129.

BIOENGINEERED 107

[97] Sudhakar K, Mamat R, Samykano M, et al. An over-
view of marine macroalgae as bioresource. Renew Sust
Energ Rev. 2018;91:165-179.

[98] de Farias Silva CE, Bertucco A. Bioethanol from micro-
algae and cyanobacteria: a review and technological
outlook. Process Biochem. 2016;51(11):1833-1842.

[99] Vassilev SV, Vassileva CG. Composition, properties
and challenges of algae biomass for biofuel application:
an overview. Vol. 181. Fuel; 2016. pp. 1-33.

[100] Chen H, Zhou D, Luo G, et al. Macroalgae for biofuels
production: progress and perspectives. Renew Sust
Energ Rev. 2015;47:427-437.

[101] Sirajunnisa AR, Surendhiran D. Algae — a quintessen-
tial and positive resource of bioethanol production: a
comprehensive Energ Rev.
2016;66:248-267.

[102] Qari H, Rehan M, Nizami A-S. Key Issues in
Microalgae Biofuels: a Short Review. Energy Procedia.
2017;142:898-903.

[103] Khan MI, Shin JH, Kim JD. The promising future of
microalgae: current status, challenges, and optimiza-
tion of a sustainable and renewable industry for bio-
fuels, feed, and other products. Microb Cell Fact.
2018;17(1):1-21.

[104] Sulfahri S, Mushlihah S, et al. Fungal pretreatment as a
sustainable and low cost option for bioethanol produc-
tion from marine algae. ] Clean Prod. 2020;265:121763.

[105] Phwan CK, Chew KW, Sebayang AH, et al. Effects of
acids pre-treatment on the microbial fermentation pro-
cess for bioethanol production from microalgae.
Biotechnol Biofuels. 2019;12(1):191. DOI:10.1186/
s13068-019-1533-5

[106] Niphadkar S, Bagade P, Ahmed S. Bioethanol produc-
tion: insight into past, present and future perspectives.
Biofuels. 2018;9(2):229-238.

[107] Fu C, Mielenz, JR, Xiao, X, et al. Genetic manipulation
of lignin reduces recalcitrance and improves ethanol
production from switchgrass. Proc. Natl. Acad. Sci. U.
S.A. 2011;108(9):3803-3808.

[108] Brunecky R, Selig MJ, Vinzant TB, et al. In planta expres-
sion of A. cellulolyticus Cel5A endocellulase reduces cell
wall recalcitrance in tobacco and maize. Biotechnol
Biofuels. 2011;4(1):1. DOIL:10.1186/1754-6834-4-1

[109] Savakis P, Hellingwerf KJ. Engineering cyanobacteria
for direct biofuel production from CO2. Curr Opin
Biotechnol. 2015;33:8-14.

[110] Fasahati P, Liu JJ, Ohlrogge JB, et al. Process design
and economics for production of advanced biofuels
from genetically modified lipid-producing sorghum.
Appl Energy. 2019;239:1459-1470.

[111] Ayodele BV, Alsaffar MA, Mustapa SI. An overview of
integration opportunities for sustainable bioethanol
production from first-and second-generation sugar-
based feedstocks. ] Clean Prod. 2020;245:118857.

[112] Szambelan K, Nowak J, Szwengiel A, et al. Separate hydro-
lysis and fermentation and simultaneous saccharification
and fermentation methods in bioethanol production and

review. Renew Sust


https://doi.org/10.1186/1754-6834-6-142
https://doi.org/10.1111/gcbb.12551
https://doi.org/10.1002/bbb.1353
https://doi.org/10.1016/j.jbiosc.2019.04.004
https://doi.org/10.3390/en10020260
https://doi.org/10.3389/fenrg.2018.00129
https://doi.org/10.3389/fenrg.2018.00129
https://doi.org/10.1186/s13068-019-1533-5
https://doi.org/10.1186/s13068-019-1533-5
https://doi.org/10.1186/1754-6834-4-1

108 A. DEVI ET AL.

formation of volatile by-products from selected corn culti-
vars. Ind Crops Prod. 2018;118:355-361.

[113] Bertrand E, Vandenberghe, L.P., Soccol, C.R., et al,
Chapter 8. First Generation bioethanol Bioethanol de
premiére génération, in Green Fuels Technology. 2016,
Springer: Cham.

[114] Naqvi M, Yan J. First-generation biofuels. Handbook
of Clean Energy Systems. 2015;1-18.

[115] Bergmann JC, Trichez, D., Sallet, LP. et al
Technological advancements in 1G ethanol production
and recovery of by-products based on the biorefinery
concept. In: Chandel AK, Silveira MHL, editors.
Advances in sugarcane Dbiorefinery. Netherland:
Elsevier, 2018. Vol. 1. pp. 73-95.

[116] Kumar B, Bhardwaj, N., Agrawal, K. et al. Current
perspective on pretreatment technologies using ligno-
cellulosic biomass: an emerging biorefinery concept.
Vol. 199. Fuel Processing Technology; 2020. p. 106244.

[117] Ani FN. Utilization of bioresources as fuels and energy
generation. In: Rashi MH, editor. Electric Renewable
Energy Systems. Netherland: Elsevier Inc; 2016. Vol. 1.
pp. 140-155.

[118] Bajpai P. Production of bioethanol. In: Bajpai P, editor.
Developments in Bioethanol. Singapore: Springer;
2021. Vol. 1. pp. 41-110. DOI:10.1007/978-981-15-
8779-5_10

[119] Singh A, Bajar S, Devi A, et al. An overview on the
recent developments in fungal cellulase production and
their industrial applications. Bioresour Technol Rep.
2021;14:100652.

[120] Sanchez OJ, Montoya S. Production of Bioethanol from
Biomass: an Overview. In: Gupta VK Tuohy MG, edi-
tors. Biofuel Technologies: recent Developments.
Berlin, Heidelberg: Springer Berlin Heidelberg; 2013.
pp. 397-441.

[121] Kennes D, Abubackar HN, Diaz M, et al. Bioethanol
production from biomass: carbohydrate vs syngas fer-
mentation. ] Chem Technol Biotechnol. 2016;91
(2):304-317. DOI:10.1002/jctb.4842

[122] Coyne JM, Gupta, V.K., Donovon, A.O. et al. The role
of fungal enzymes in global biofuel production tech-
nologies. In: Gupta VK, Tuohy MG, editors. Biofuel
Technologies: ~ Recent  Developments.  Berlin
Heidelberg: Springer-Verlag, 2013. Vol. 1. pp. 121-143.

[123] Paulova L, Patakova P, Branska B, et al. Lignocellulosic
ethanol: technology design and its impact on process
efficiency. Biotechnol Adv. 2015;33(6):1091-1107.
DOI:10.1016/j.biotechadv.2014.12.002

[124] de Souza Vandenberghe LP, Bittencourt GA,
Valladares-Diestra KK, et al. Application of enzymes
in microbial fermentation of biomass wastes for bio-
fuels and biochemicals production. In: Tong YW,
Zhang L, Zhang J, et al., editors. Biomass, biofuels,

biochemicals. Elsevier: Amsterdam, Netherlands.
2022. Vol. 1, pp. 283-316.

[125] Branco RH, Serafim LS, Xavier AM. Second generation
bioethanol production: on the use of pulp and paper
industry wastes as feedstock. Fermentation. 2018;5(1):4.

[126] Tiwari A, Kiran T, Pandey A. Chapter 14 - Algal
cultivation for biofuel production. In: Basile A, and
Dalena F, editors. Second and Third Generation of
Feedstocks. Elsevier; 2019. Vol. 1. pp. 383-403.

[127] Proksch G Growing Sustainability-Integrating Algae
Cultivation into the Built Environment. 2014.

[128] Zahira Y, Kamrul KF, Renganathan R, et al. The
Current Methods for the Biomass Production of the
Microalgae from Wastewaters: an Overview. World
Appl Sci J. 2014;31(10):1744-1758.

[129] Saad MG, Dosoky NS, Zoromba MS, et al. Algal
Biofuels: current Status and Key Challenges. Energies.
2019;12(10):1920. DOI:10.3390/en12101920

[130] Roselet F, Vandamme D, Muylaert K, et al. Harvesting
of Microalgae for Biomass Production. In: Wand Z,
and Alam M, editors. Microalgae Biotechnology for
Development of Biofuel and Wastewater Treatment.
Singapore: Springer; 2019;1:211-243. DOI:10.1007/
978-981-13-2264-8_10

[131] Bibi R, Ahmad Z, Imran M, et al. Algal bioethanol pro-
duction technology: a trend towards sustainable develop-
ment. Renew Sust Energ Rev. 2017;71(C):976-985.

[132] Scholz M]J, Weiss TL, Jinkerson RE, et al
Ultrastructure and Composition of  the
Nannochloropsis gaditana Cell Wall. Eukaryotic Cell.
2014;13(11):1450-1464. DOI:10.1128/EC.00183-14

[133] Huang J, Wei M, Ren R, et al. Morphological changes
of blocklets during the gelatinization process of tapioca
starch. Carbohydr Polym. 2017;163:324-329.

[134] Velazquez-Lucio J, Rodriguez-Jasso RM, Colla LM, et
al. Microalgal biomass pretreatment for bioethanol
production: a review. Biofuel Res J. 2018;5(1):780-791.

[135] Abomohra AE-F, Elshobary M. Biodiesel, bioethanol,
and biobutanol production from microalgae. In: Alam,
M., Wang, Z. (eds), Microalgae Biotechnol Dev Biofuel
Wastewater Treat. 2019;293-321. DOI:10.1007/978-
981-13-2264-8_13

[136] Paul V, Rai S, Tripathi AD, et al. Impact of
Fermentation Types on Enzymes Used for Biofuels
Production. In: Srivastava M, Srivastava N, Mishra P,
and Gupta VK, editors. Bioprocessing for Biofuel
Production: Strategies to Improve Process Parameters.
Springer-Verlag Berlin Heidelberg; 2013;1:1-27.

[137] Zabed H, Faruq G, Sahu JN, et al. Bioethanol
Production from Fermentable Sugar Juice. Sci World
J. 2014;2014:957102.

[138] Md F, Abdul Quay M, Morshed Ah M, et al. Analysis of
Key Factors Affecting Ethanol Production by


https://doi.org/10.1007/978-981-15-8779-5_10
https://doi.org/10.1007/978-981-15-8779-5_10
https://doi.org/10.1002/jctb.4842
https://doi.org/10.1016/j.biotechadv.2014.12.002
https://doi.org/10.3390/en12101920
https://doi.org/10.1007/978-981-13-2264-8_10
https://doi.org/10.1007/978-981-13-2264-8_10
https://doi.org/10.1128/EC.00183-14
https://doi.org/10.1007/978-981-13-2264-8_13
https://doi.org/10.1007/978-981-13-2264-8_13

Saccharomyces cerevisiae IFST-072011. Biotechnology.
2012;11(4):248-252. DOI:10.3923/biotech.2012.248.252

[139] Bakhtawar ], Sadia, S., Irfan, M. et al. Effect of biopro-
cess parameters on biofuel production. In:
Bioprocessing for Biofuel Production: Strategies to
Improve Process Parameters. Springer, 2021;1:95-126.

[140] Onsoy T, Thanonkeo P, Thanonkeo S, et al. Ethanol
production from Jerusalem artichoke by
Zymomonasmobilis in batch fermentation. Current
Appl Sci Technol. 2007;7(1-1):55-60.

[141] Lin Y, Zhang W, Li C, et al. Factors affecting ethanol
fermentation using Saccharomyces cerevisiae BY4742.
Biomass Bioenergy. 2012;47:395-401.

[142] Bernardi AV, Gerolamo LE, Uyemura SA, et al. A
thermophilic, pH-tolerant, and highly active GH10
xylanase from Aspergillus fumigatus boosted pre-trea-
ted sugarcane bagasse saccharification by cellulases.
Ind Crops Prod. 2021;170:113697.

[143] Azhar SHM, Abdulla R, Jambo SA, et al. Yeasts in
sustainable bioethanol production: a review. Biochem
Biophys Rep. 2017;10:52-61.

[144] Raven S, Srivastava C, Kaushik H, et al. Fungal
Cellulases: new Avenues in Biofuel Production. In:
Srivastava N, Srivastava M, Ramteke P, and Mishra P,
editors. Approaches to Enhance Industrial Production
of Fungal Cellulases. Cham: Fungal Biology. Springer;
2019. DOI:10.1007/978-3-030-14726-6_1

[145] Zohri AA, Ramadan AM, El-Tabakh MM, et al. Microbial
analysis and alcoholic fermentation studies for Delta beet
molasses. Egyptian Sugar Journal. 2013;6:35-56.

[146] Lemuz CR, Dien BS, Singh V, et al. Development of an
ethanol yield procedure for dry-grind corn processing.
Cereal Chem. 2009;86(3):355-360. DOI:10.1094/
CCHEM-86-3-0355

[147] Deesuth O, Laopaiboon P, Jaisil P, et al. Optimization
of nitrogen and metal ions supplementation for very
high gravity bioethanol fermentation from sweet sor-
ghum juice using an orthogonal array design. Energies.
2012;5(9):3178-3197. DOI:10.3390/en5093178

[148] Xu E, Wu Z, Jiao A, et al. Effect of exogenous metal ions
and mechanical stress on rice processed in thermal-solid
enzymatic reaction system related to further alcoholic fer-
mentation efficiency. Food Chem. 2018;240:965-973.

[149] Ghazanfar M, Irfan M, Nadeem M, et al. Bioethanol
Production Optimization from KOH-Pretreated
Bombax ceiba Using Saccharomyces cerevisiae through
Response Surface Methodology. Fermentation. 2022;8
(4):148. DOI:10.3390/fermentation8040148

[150] Babu BK. Effect of the reducing agent dithiothreitol on
ethanol and acetic acid production by clostridium
strain p11. Oklahoma State University; 2010.

[151] Chang Y-H, Chang K-S, Chen C-Y, et al. Enhancement of
the efficiency of bioethanol production by Saccharomyces
cerevisiae via gradually batch-wise and fed-batch increas-
ing the glucose concentration. Fermentation. 2018;4(2):45.
DOI:10.3390/fermentation4020045

BIOENGINEERED 109

[152] Fiedurek J, Skowronek M, Gromada A. Selection and
adaptation of Saccharomyces cerevisiae to increased
ethanol tolerance and production. Pol ] Microbiol.
2011;60(1):51-58.

[153] Bai FW, Anderson WA, Moo-Young M. Ethanol fer-
mentation technologies from sugar and starch feed-
stocks. Biotechnol Adv. 2008;26(1):89-105.

[154] Sharma D, Saini A. Saccharification Fermentation and
Process Integration. In: Lignocellulosic Ethanol
Production from a Biorefinery Perspective: sustainable
Valorization of Waste. Singapore: Springer; 2020. pp.
111-158.

[155] Hahn-Hiégerdal B, Galbe M, Gorwa-Grauslund MF, et
al. Bio-ethanol-the fuel of tomorrow from the residues
of today. Trends Biotechnol. 2006;24(12):549-556.
DOI:10.1016/j.tibtech.2006.10.004

[156] Mehmood N, Alayoubi R, Husson E, et al
Kluyveromyces marxianus, an attractive yeast for etha-
nolic fermentation in the presence of imidazolium
ionic liquids. Int J Mol Sci. 2018;19(3):887.
DOI:10.3390/ijms19030887

[157] Ferndndez-Sandoval MT, Galindez-Mayer ], Bolivar F,
et al. Xylose-glucose co-fermentation to ethanol by
Escherichia coli strain MS04 using single- and two-
stage continuous cultures under micro-aerated condi-
tions. Microb Cell Fact. 2019;18(1):1-11. DOI:10.1186/
$12934-019-1191-0

[158] Tran D-T, Lin C-W, Lai C-Y, et al. Ethanol Production
from Lignocelluloses by Native Strain Klebsiella oxy-
toca THLCO0409. Waste Biomass Valorization. 2011;2
(4):389. DOI:10.1007/s12649-011-9082-6

[159] Singh N, Mathur AS, Gupta RP, et al. Enhanced cellu-
losic ethanol production via consolidated bioproces-
sing by Clostridium thermocellum ATCC 31924.
Biores Technol. 2018;250:860-867.

[160] Warnick TA, Methé BA, Leschine SB. Clostridium
phytofermentans sp. nov., a cellulolytic mesophile
from forest soil. Int J Syst Evol Microbiol. 2002;52(Pt
4):1155-1160.

[161] Babu BK, Atiyeh HK, Wilkins MR, et al. Effect of the
reducing agent dithiothreitol on ethanol and acetic acid
production by Clostridium strain P11 using simulated
biomass-based syngas. Biol. Eng. Trans. 2010;3(1):19-35.

[162] Hermansyah H, Novia N, Wiraningsih M. Bioethanol
production from cellulose by Candida tropicalis, as an
alternative microbial agent to produce ethanol from
lignocellulosic biomass. Sriwijaya ] Environ. 2016;1
(1):10-13.

[163] Jamai L, Ettayebi K, Yamani J, et al. Production of
ethanol from starch by free and immobilized
Candida tropicalis in the presence of a-amylase.
Bioresour Technol. 2007;98(14):2765-2770.
DOI:10.1016/j.biortech.2006.09.057

[164] Diaz-Blanco DI, de La Cruz JR, Lépez-Linares JC, et al.
Optimization of dilute acid pretreatment of Agave
lechuguilla and ethanol production by co-fermentation


https://doi.org/10.3923/biotech.2012.248.252
https://doi.org/10.1007/978-3-030-14726-6_1
https://doi.org/10.1094/CCHEM-86-3-0355
https://doi.org/10.1094/CCHEM-86-3-0355
https://doi.org/10.3390/en5093178
https://doi.org/10.3390/fermentation8040148
https://doi.org/10.3390/fermentation4020045
https://doi.org/10.1016/j.tibtech.2006.10.004
https://doi.org/10.3390/ijms19030887
https://doi.org/10.1186/s12934-019-1191-0
https://doi.org/10.1186/s12934-019-1191-0
https://doi.org/10.1007/s12649-011-9082-6
https://doi.org/10.1016/j.biortech.2006.09.057

110 A. DEVI ET AL.

with Escherichia coli MM160. Ind Crops Prod.
2018;114:154-163.

[165] Pedraza L, Flores A, Toribio H, et al. Sequential
Thermochemical Hydrolysis of Corncobs and
Enzymatic Saccharification of the Whole Slurry
Followed by Fermentation of Solubilized Sugars to
Ethanol with the Ethanologenic Strain Escherichia
coli MS04. BioEnergy Res. 2016;9(4):1046-1052.
DOI:10.1007/s12155-016-9756-9

[166] Saha BC, Qureshi N, Kennedy GJ, et al. Enhancement
of xylose utilization from corn stover by a recombinant
Escherichia coli strain for ethanol production.
Bioresour Technol. 2015;190:182-188.

[167] Kim S, Park JM, Kim CH. Ethanol production using
whole plant biomass of Jerusalem artichoke by
Kluyveromyces marxianus CBS1555. Appl Biochem
Biotechnol. 2013;169(5):1531-1545.

[168] Garcia-Aparicio M, Oliva JM, Manzanares P, et al.
Second-generation ethanol production from steam
exploded barley straw by Kluyveromyces marxianus
CECT 10875. Fuel. 2011;90(4):1624-1630.
DOI:10.1016/j.fuel.2010.10.052

[169] Choi G-W, Kang H-W, Kim Y-R, et al. Ethanol pro-
duction by Zymomonas mobilis CHZ2501 from indus-
trial starch feedstocks. Biotechnol Bioprocess Eng.
2008;13(6):765-771. DOI:10.1007/s12257-008-0184-3

[170] Zhang K, Feng H. Fermentation potentials of
Zymomonasmobilis and its application in ethanol pro-
duction from low-cost raw sweet potato. Afr ]
Biotechnol. 2010;9(37):6122-6128.

[171] Singh A, Bishnoi NR. Optimization of ethanol produc-
tion from microwave alkali pretreated rice straw using
statistical experimental designs by Saccharomyces cer-
evisiae. Ind Crops Prod. 2012;37(1):334-341.

[172] Izmirlioglu G, Demirci A. Ethanol production in bio-
film reactors from potato waste hydrolysate and opti-
mization of growth parameters for Saccharomyces
cerevisiae. Fuel. 2016;181:643-651.

[173] Oberoi HS, Vadlani PV, Brijwani K, et al. Enhanced
ethanol production via fermentation of rice straw with
hydrolysate-adapted Candida tropicalis ATCC 13803.
Process Biochem. 2010;45(8):1299-1306. DOI:10.1016/
j.procbio.2010.04.017

[174] Martin JFG, Cuevas M, Bravo V, et al. Ethanol production
from olive prunings by autohydrolysis and fermentation
with Candida tropicalis. Renewable Energy. 2010;35
(7):1602-1608. DOI:10.1016/j.renene.2009.12.015

[175] Canilha L, Carvalho W, de Almeida Felipe MDG, et al.
Ethanol production from sugarcane bagasse hydroly-
sate using Pichia stipitis. Appl Biochem Biotechnol.
2010;161(1-8):84-92. DOI:10.1007/s12010-009-8792-8

[176] Bellido C, Bolado S, Coca M, et al. Effect of inhibitors
formed during wheat straw pretreatment on ethanol
fermentation by Pichia stipitis. Biores Technol
2011;102(23):10868-10874. DOI:10.1016/j.
biortech.2011.08.128

[177] Wang Y, Liu P, Zhang G, et al. Cascading of engi-
neered bioenergy plants and fungi sustainable for
low-cost bioethanol and high-value biomaterials
under green-like biomass processing. Renew Sust
Energ Rev. 2021;137:110586.

[178] Rocha-Meneses L, Ferreira JA, Mushtaq M, et al.
Genetic modification of cereal plants: a strategy to
enhance bioethanol yields from agricultural waste.
Ind Crops Prod. 2020;150:112408.

[179] Akram F, Haq IU, Imran W, et al. Insight perspectives
of thermostable endoglucanases for bioethanol produc-
tion: a review. Renewable Energy. 2018;122:225-238.

[180] Song H-T, Liu S-H, Gao Y, et al. Simultaneous sacchar-
ification and fermentation of corncobs with genetically
modified Saccharomyces cerevisiae and characteriza-
tion of their microstructure during hydrolysis.
Bioengineered.  2016;7(3):198-204.  DOI:10.1080/
21655979.2016.1178424

[181] Tomas-Pejé EO, M J, Ballesteros M. Realistic approach
for full-scale bioethanol production from lignocellu-
lose: a review. J Sci Ind Res. 2008;67(11):874-884.

[182] Wang Z, Chen M, Xu Y, et al. An ethanol-tolerant
recombinant Escherichia coli expressing Zymomonas
mobilis pdc and adhB genes for enhanced ethanol
production from xylose. Biotechnol Lett. 2008;30
(4):657-663. DOI1:10.1007/s10529-007-9597-x

[183] Chou H-H, Su H-Y, Chow T-], et al. Engineering
cyanobacteria with enhanced growth in simulated flue
gases for high-yield bioethanol production. Biochem
Eng J. 2021;165:107823.

[184] Zingaro KA, Terry Papoutsakis E. GroESL overexpres-
sion imparts Escherichia coli tolerance to i-, n-, and 2-
butanol, 1,2,4-butanetriol and ethanol with complex and
unpredictable patterns. Metab Eng. 2013;15:196-205.

[185] Velmurugan R, Incharoensakdi A. Heterologous
Expression of Ethanol Synthesis Pathway in Glycogen
Deficient Synechococcus elongatus PCC 7942 Resulted in
Enhanced Production of Ethanol and Exopolysaccharides.
Front Plant Sci. 2020;11. DOI:10.3389/fpls.2020.00074

[186] Chow T-J, Su H-Y, Tsai T-Y, et al. Using recombinant
cyanobacterium  (Synechococcus elongatus) with
increased carbohydrate productivity as feedstock for
bioethanol production via separate hydrolysis and fer-
mentation process. Biores Technol. 2015;184:33-41.

[187] Thapa LP, Lee SJ, Yang X. Improved bioethanol pro-
duction from metabolic engineering of Enterobacter
aerogenes ATCC 29007. Process Biochem. 2015;50
(12):2051-2060.

[188] Qiu Z, Jiang R. Improving Saccharomyces cerevisiae
ethanol production and tolerance via RNA polymerase
II subunit Rpb7. Biotechnol Biofuels. 2017;10(1):125.

[189] Wang M, Luan G, Lu X. Engineering ethanol produc-
tion in a marine cyanobacterium Synechococcus sp.
PCC7002 through simultaneously removing glycogen
synthesis genes and introducing ethanolgenic cassettes.
] Biotechnol. 2020;317:1-4.


https://doi.org/10.1007/s12155-016-9756-9
https://doi.org/10.1016/j.fuel.2010.10.052
https://doi.org/10.1007/s12257-008-0184-3
https://doi.org/10.1016/j.procbio.2010.04.017
https://doi.org/10.1016/j.procbio.2010.04.017
https://doi.org/10.1016/j.renene.2009.12.015
https://doi.org/10.1007/s12010-009-8792-8
https://doi.org/10.1016/j.biortech.2011.08.128
https://doi.org/10.1016/j.biortech.2011.08.128
https://doi.org/10.1080/21655979.2016.1178424
https://doi.org/10.1080/21655979.2016.1178424
https://doi.org/10.1007/s10529-007-9597-x
https://doi.org/10.3389/fpls.2020.00074

[190] Yang P, Zhang H, Jiang S. Construction of recombi-
nant sestc Saccharomyces cerevisiae for consolidated
bioprocessing, cellulase characterization, and ethanol
production by in situ fermentation. 3 Biotech. 2016;6
(2):192-192. DOI:10.1007/s13205-016-0512-9

[191] Yang P, Wu Y, Zheng Z, et al. CRISPR-Cas9 Approach
Constructing Cellulase sestc-Engineered
Saccharomyces cerevisiae for the Production of
Orange Peel Ethanol. Front Microbiol. 2018;9.
DOI:10.3389/fmicb.2018.02436.

[192] McBride J, Zietsman JJ, Van Zyl WH, et al. Utilization
of cellobiose by recombinant B-glucosidase-expressing
strains of Saccharomyces cerevisiae: characterization
and evaluation of the sufficiency of expression.
Enzyme  Microb Technol. 2005;37(1):93-101.
DOI:10.1016/j.enzmictec.2005.01.034

[193] Divate NR, Chen G-H, Divate RD, et al. Metabolic
engineering of Saccharomyces cerevisiae for improve-
ment in stresses tolerance. Bioengineered. 2017;8
(5):524-535. DOI:10.1080/21655979.2016.1257449

[194] Zazulya A, Semkiv M, Dmytruk K, et al. Adaptive
Evolution for the Improvement of Ethanol
Production During Alcoholic Fermentation with the
Industrial Strains of Yeast Saccharomyces Cerevisiae.
Cytol  Genet.  2020;54(5):398-407. DOI:10.3103/
50095452720050059

[195] Zhang Q, Jin Y-L, Fang Y, et al. Adaptive evolution and
selection of stress-resistant Saccharomyces cerevisiae
for very high-gravity bioethanol fermentation.
Electron ] Biotechnol. 2019;41:88-94.

[196] Novelli Poisson GF, Juarez AB, Noseda DG, et al.
Adaptive evolution strategy to enhance the perfor-
mance of scheffersomyces stipitis for industrial cellu-
losic ethanol production. Ind Biotechnol. 2020;16
(5):281-289. DOI:10.1089/ind.2020.0008

[197] Yan Z, Zhang ], Bao J. Increasing cellulosic ethanol
production by enhancing phenolic tolerance of
Zymomonas mobilis in adaptive evolution. Biores
Technol. 2021;329:124926.

[198] Shui Z-X, Qin H, Wu B, et al. Adaptive laboratory
evolution of ethanologenic Zymomonas mobilis strain
tolerant to furfural and acetic acid inhibitors. Appl
Microbiol Biotechnol. 2015;99(13):5739-5748.
DOI:10.1007/s00253-015-6616-z

[199] Wang Y, Manow R, Finan C, et al. Adaptive evolution
of nontransgenic Escherichia coli KCO1 for improved
ethanol tolerance and homoethanol fermentation from
xylose. J Ind Microbiol Biotechnol. 2011;38(9):1371-
1377. DOI:10.1007/510295-010-0920-5

[200] Wallace-Salinas V, Gorwa-Grauslund MF. Adaptive
evolution of an industrial strain of Saccharomyces cer-
evisiae for combined tolerance to inhibitors and tem-
perature. Biotechnol Biofuels. 2013;6(1):151.

[201] Sarkar P, Mukherjee M, Goswami G, et al. Adaptive
laboratory evolution induced novel mutations in
Zymomonas mobilis ATCC ZW658: a potential plat-
form for co-utilization of glucose and xylose. J Ind

BIOENGINEERED m

Microbiol Biotechnol.
DOI:10.1007/5s10295-020-02270-y

[202] Shen Y, Chen X, Peng B, et al. An efficient xylose-ferment-
ing recombinant Saccharomyces cerevisiae strain obtained
through adaptive evolution and its global transcription
profile. Appl Microbiol Biotechnol. 2012;96(4):1079-
1091. DOI:10.1007/500253-012-4418-0

[203] Jilani SB, Venigalla SSK, Mattam AJ, et al
Improvement in ethanol productivity of engineered E.
coli strain SSY13 in defined medium via adaptive evo-
lution. J Ind Microbiol Biotechnol. 2017;44(9):1375-
1384. DOI:10.1007/510295-017-1966-4

[204] Tian L, Papanek B, Olson DG, et al. Simultaneous
achievement of high ethanol yield and titer in
Clostridium  thermocellum. Biotechnol Biofuels.
2016;9(1):116. DOI:10.1186/s13068-016-0528-8

[205] Narayanan V, Sanchez i Nogué V, van Niel EW], et al.
Adaptation to low pH and lignocellulosic inhibitors
resulting in ethanolic fermentation and growth of
Saccharomyces cerevisiae. AMB Express. 2016;6(1):1-
13. DOI:10.1186/s13568-016-0234-8

[206] Devi A, Bajar, S., Kour, H. et al. Lignocellulosic
Biomass Valorization for Bioethanol Production: a
Circular Bioeconomy Approach. BioEnergy Res.
2022;15:1820-1841. DOI:10.1007/s12155-022-10401-9

[207] Patel A, Shah AR. Integrated lignocellulosic biorefin-
ery: gateway for production of second generation etha-
nol and value added products. ] Bioresour Bioprod.
2021;6(2):108-128.

[208] Raj T, Chandrasekhar K, Naresh Kumar A, et al. Recent
advances in commercial biorefineries for lignocellulosic
ethanol production: current status, challenges and future
perspectives. Biores Technol. 2022;344:126292.

[209] Wu C, Jiang P, Guo Y, et al. Isolation and character-
ization of Ulva prolifera actinl gene and function ver-
ification of the 5’ flanking region as a strong promoter.
Bioengineered.  2018;9(1):124-133. DOI:10.1080/
21655979.2017.1325041

[210] Suryanarayan S, Nori, S.S., Kumar, S. et al. Process of
production of renewable chemicals and biofuels from
seaweeds. U.S. Patent 9,688,595. SEA6 ENERGY
PRIVATE Ltd.; 2017.

[211] Ghosh PK, Mondal D., Maiti P. Process for improved
seaweed biomass conversion for fuel intermediates,
agricultural nutrients and fresh water. U.S. Patent
9,452,993. Council of Scientific and Industrial
Research CSIR; 2016.

[212] Gao JA, Method for producing alcohol and feed by
utilizing seaweed chemical waste material. 2007.
Patent No: CN101024847.

[213] Mody KH, Ghosh, P.K., Sana, B. et al. Process for
integrated production of ethanol and seaweed sap
from kappaphycus alverezii. U.S. Patent 8,969,056;
2015.

[214] Copp EA, Glantz D. Environmentally-friendly kelp-
based energy saving lubricants, biofuels, and other
industrial products. U.S. Patent 8,167,959; 2012.

2020;47(3):329-341.


https://doi.org/10.1007/s13205-016-0512-9
https://doi.org/10.3389/fmicb.2018.02436
https://doi.org/10.1016/j.enzmictec.2005.01.034
https://doi.org/10.1080/21655979.2016.1257449
https://doi.org/10.3103/S0095452720050059
https://doi.org/10.3103/S0095452720050059
https://doi.org/10.1089/ind.2020.0008
https://doi.org/10.1007/s00253-015-6616-z
https://doi.org/10.1007/s10295-010-0920-5
https://doi.org/10.1007/s10295-020-02270-y
https://doi.org/10.1007/s00253-012-4418-0
https://doi.org/10.1007/s10295-017-1966-4
https://doi.org/10.1186/s13068-016-0528-8
https://doi.org/10.1186/s13568-016-0234-8
https://doi.org/10.1007/s12155-022-10401-9
https://doi.org/10.1080/21655979.2017.1325041
https://doi.org/10.1080/21655979.2017.1325041

112 (&) A.DEVIET AL

[215] Reddy CR, Baghel RS, Trivedi N, et al. Integrated
process to recover a spectrum of bioproducts from
fresh seaweeds. U.S. Patent No. 10,000,579; 2021.
Washington, DC: U.S. Patent and Trademark Office.

[216] Godvin Sharmila V, , Pugazhendi, A., Bajhaiya, A.K. et.
al. Biofuel production from Macroalgae: present sce-
nario and future scope. Bioengineered. 2021;12
(2):9216-9238. DOI:10.1080/21655979.2021.1996019

[217] Papong S, Rewlay-Ngoen C, Itsubo N, et al
Environmental life cycle assessment and social impacts
of bioethanol production in Thailand. J Clean Prod.
2017;157:254-266.

[218] Sydney EB, Letti LA]J, Karp SG, et al. Current analysis
and future perspective of reduction in worldwide
greenhouse gases emissions by using first and second
generation bioethanol in the transportation sector.
Bioresour Technol Rep. 2019;7:100234.

[219] Qin Z, Dunn JB, Kwon H, et al. Influence of spatially
dependent, modeled soil carbon emission factors on
life-cycle greenhouse gas emissions of corn and cellu-
losic ethanol. GCB Bioenergy. 2016;8(6):1136-1149.
DOI:10.1111/gcbb.12333

[220] Scully MJ, Norris GA, Alarcon Falconi TM, et al. Carbon
intensity of corn ethanol in the United States: state of the
science.  Environ Res  Lett.  2021;16(4):043001.
DOI:10.1088/1748-9326/abde08

[221] Bessou C, Lehuger S, Gabrielle B, et al. Using a crop
model to account for the effects of local factors on the
LCA of sugar beet ethanol in Picardy region, France.
Int ] Life Cycle Assess. 2013;18(1):24-36. DOI:10.1007/
s11367-012-0457-0

[222] Gallejones P, Pardo G, Aizpurua A, et al. Life cycle
assessment of first-generation biofuels using a

nitrogen crop model. Sci Total Environ.
2015;505:1191-1201.

[223] Morales M, Quintero J, Conejeros R, et al. Life cycle
assessment of lignocellulosic bioethanol: environmen-
tal impacts and energy balance. Renew Sust Energ Rev.
2015;42:1349-1361.

[224] Maga D, Thonemann N, Hiebel M, et al.
Comparative life cycle assessment of first- and sec-
ond-generation ethanol from sugarcane in Brazil.
Int J Life Cycle Assess. 2019;24(2):266-280.
DOI:10.1007/s11367-018-1505-1

[225] Shuai W, Chen N, Li B, et al. Life cycle assessment of
common reed (Phragmites australis (Cav) Trin. ex
Steud) cellulosic bioethanol in Jiangsu Province,
China. Biomass Bioenergy. 2016;92:40-47.

[226] Hassan MK, Chowdhury R, Ghosh S, et al. Energy
and environmental impact assessment of Indian rice
straw for the production of second-generation
bioethanol. Sustainable Energy Technol Assess.
2021;47:101546.

[227] Rathnayake M, Chaireongsirikul T, Svangariyaskul A,
et al. Process simulation based life cycle assessment
for bioethanol production from
molasses, and rice straw. ]
2018;190:24-35.

[228] Hossain N, Zaini J, Indra Mahlia TM. Life cycle assess-
ment, energy balance and sensitivity analysis of
bioethanol production from microalgae in a tropical
country. Renew Sust Energ Rev. 2019;115:109371.

[229] Baig KS, Wu J, Turcotte G. Future prospects of deligni-
fication pretreatments for the lignocellulosic materials
to produce second generation bioethanol. Int ] Energy
Res. 2019;43(4):1411-1427.

cassava, cane
Clean Prod.


https://doi.org/10.1080/21655979.2021.1996019
https://doi.org/10.1111/gcbb.12333
https://doi.org/10.1088/1748-9326/abde08
https://doi.org/10.1007/s11367-012-0457-0
https://doi.org/10.1007/s11367-012-0457-0
https://doi.org/10.1007/s11367-018-1505-1

	Abstract
	Abstract
	1.  Introduction
	2.  Present scenario of global bioethanol production
	3.  Bioethanol and sustainable development goals
	4.  Generation of biofuels
	4.1. First-generation biofuel
	4.2.  Second-generation biofuel
	4.3.  Third-generation biofuel
	4.4.  Fourth generation biofuel

	5.  Feedstock
	5.1.  First-generation feedstock
	5.1.1.  Sugar containing raw material
	5.1.2.  Starch-based feedstock

	5.2.  Second-generation feedstock
	5.3.  Third-generation feedstock
	5.4.  Fourth-generation feedstock

	6.  Bioethanol production processes
	6.1.  1st generation (1G) bioethanol production
	6.1.1.  Starch-based feedstock
	6.1.2.  Sugar-containing feedstocks

	6.2.  2nd generation (2G) bioethanol production
	6.3.  3rd generation (3G) bioethanol production

	7.  Factors affecting ethanol production
	7.1.  Physical parameters
	7.2.  Nutritional parameters

	8.  Ethanologenic microorganisms
	9.  Technologies to improve bioethanol production
	9.1.  Genetic engineering
	9.2.  Adaptive evolution

	10.  Bioethanol commercialization and scale-up
	11.  Life cycle analysis
	12.  Current challenges and prospects
	13.  Conclusions
	Disclosure statement
	Funding
	Ethics approval and consent to participate
	References

