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It is critical to ensure the safe disposal of organic residues, especially because the accumulation of organic
wastes contributes to environmental contamination; spread of diseases, unpleasant odors; and the
release of ammonia and other dangerous gases in the environment. Consequently, researchers are consid-
ering various direct organic waste applications, including biotechnological applications with ecological
and economical benefits such as the limitation of fossil fuel usage, lowering harmful emissions, boosting
the synthesis of cost-effective raw materials, and establishing a suitable platform for a diversity of
microorganisms. Biotechnology has produced sustainable bioenergy (biogas, biodiesel, bioethanol, and
biobutanol), which is an appealing solution for the disposal of organic materials. Carbohydrates are the
main component of the organic fraction, and the bulk of these polymers are easily degradable by microor-
ganisms. Taking random samples from soils exposed to organic wastes, purifying the microbial isolates,
and evaluating the microbes’ capabilities to identify the most useful strain are all part of the isolation pro-
cess. As a result, this current review focuses on isolated strains of various microorganisms that may use
one or more types of organic wastes as the sole carbon source, and to manufacture biofuel as a product
from various residues.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to the global rise in energy consumption and the recent
increase in global oil prices, biofuel sectors are garnering renewed
interest. Crude oil is currently the primary source of energy, which
is deemed unsustainable and global energy consumption is
expected to increase by 57% by 2030 (U.S. Energy Information
Administration, 2010; Schiffer et al., 2018).

There has been an increase in the environmental impact of pet-
roleum (crude oil) as the sole source of energy, in addition to the
concerns about sustainability and economics. Crude oil combus-
tion leads to an increase in the amount of harmful greenhouse
gas (GHG) emissions in the atmosphere, adding to air pollution
(Intergovernmental Panel on Climate Change, 2007). As a result,
environmental concerns and the rising price of crude oil have
fueled research into alternative energy sources. Bioenergy tech-
nologies, which include the use of biomass by microorganisms,
are one solution. However, much work needs to be conducted to
achieve the aim of changing the current economic paradigm into
a bio-based economy. The utilization of microorganisms to manu-
facture various types of biofuels (i.e., alcohols, hydrogen, biodiesel,
and biogas) from diverse crude materials, such as carbohydrates,
oil crops, agricultural, and animal leftovers, and lignocellulosic bio-
mass is currently being explored (Intergovernmental Panel on
Climate Change, 2007).

A biofuel is a form of fuel that acquires its energy from biolog-
ical carbon dioxide (CO2) fixation (Demirbas, 2008; Basso et al.,
2018). Biofuels are fuels that are produced from live plants, ani-
mals, or by-products that are < 20 years old. Biofuels are renewable
and create solar energy that has been stored. Plants are generally
referred to as renewable energy sources since they may be grown
again. Green fuels (biofuels), unlike petroleum-based products, are
both biodegradable and environmentally friendly (Abid et al.,
y from
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2016; Weldekidan et al., 2018). While fossil fuels have a long his-
tory of carbon fixation, they are not considered biofuels since they
include carbon that is no longer in the carbon cycle. Biofuels can be
biomass conversion products, solid biomass, liquid fuels, or bio-
gases, among others. Agrofuels, as they are also known, are fuels
derived from agricultural products (Weldekidan et al., 2018;
Arroyo and Miguel, 2020). Substrates and sources for biofuel pro-
duction are illustrated in Fig. 1.

Biomass and biowastes are both potential alternatives. Strong
biomass biofuels are the most extensively utilized biofuels
(Owusu et al., 2016; Boonchuay et al., 2018; Arroyo and Miguel,
2020). As a result, biobutanol, bioethanol, and biodiesel businesses
(together with other established biofuels) are projected to rely on
procedures with low CO2 emissions and the use of organic wastes
other than those typically linked with the food supply chain, in the
future. Dr James Hansen of the National Aeronautics and Space
Administration was the first to convey the concept of global warm-
ing to the public’s notice when he spoke before the United States
(US) Senate on the subject in July 1988 (McCarthy, 2012; Ali and
Erenstein, 2017).

Fuel production accounts for a major share of the total output.
Because they are geared at creating fuels appropriate for trans-
portation and energy production, these are the most crucial fuels
to target in attempts to minimize carbon emissions (Hertel et al.,
2009, Huang et al., 2015). A surge of interest in renewable energy
sources, such as microbiologically generated biofuels, bioalcohols,
methane, and hydrogen, has made this possible (Bolzonella et al.,
2018; Boock et al., 2019; Adegboye et al., 2021; Malode et al.,
2021), for example, stone, charcoal, sawdust, dry manure, and
dry grass. This is especially true in poor countries, wherein biofuels
are predominantly used to generate heat and account for 70%–90%
of the primary energy supply in Africa’s least developed nations
(United Nations Department of Economic and Social Affairs, 2007).

The microbial fermentation of starch and sugars produces
bioethanol, biobutanol, biomethanol, biodiesel, and other liquid
biofuels, whereas the transesterification of vegetable oils produces
biodiesel (Shereena and Thangaraj, 2009; Selaimia et al., 2015; Lu
et al., 2017). Before the discovery of a cheaper supply of fossil oil,
Fig. 1. Substrate and sources
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microbial fermentation was employed in a variety of ways, as sol-
vents, greases, cleansers, and important compounds, for the grow-
ing chemical industry. Bioethanol and biodiesel are the most
commonly used biofuels in transportation, whereas biogas has a
small number of large-scale applications in several European areas.
Due to features, such as high energy levels, low volatility, and
hygroscopicity, biobutanol has recently been regarded as a viable
liquid biofuel (Dürre, 2007).

At the same time, it can be used as straight or blended with
gasoline without requiring any engine modifications (Pfromm
et al., 2010). These types of fuels are classified as second- or
third-generation biofuels and defined by the conversion technol-
ogy that is currently being researched and improved as well as
are at pilot or demonstration phases (Balan et al., 2013). Stability,
protection, energy density, and predictable combustion are chem-
ical and physical attributes that are required for stable and efficient
engine applications. Biodiesel is a liquid biofuel that may be used
in diesel engines to replace petroleum diesel (Degfie et al., 2019;
Sarno and Iuliano, 2019; Wang et al., 2019).

Extracting oils from vegetable oil feedstock is the most preva-
lent method for generating biodiesel (Branduardi et al., 2013).
Fatty acid methyl esters and fatty acid ethyl esters are the end
products of this procedure (Ma and Hanna, 1999). Hydrogen,
methane, and CO2 are among the biogases produced by the anaer-
obic digestion or fermentation of biomass.

The current review explores the history of biofuels, the current
state of microbial fermentation for biofuel production, and some
interesting research areas for microbial biofuel production in the
future. Furthermore, it examines how the use of microorganism-
produced alternative fuels in the past has influenced contemporary
biofuel use as well as what the future holds for microbial biofuel
development and use.
2. Classification of biofuels

Biofuels are classified according to generations. Conventional
biofuels, frequently known as first-generation biofuels, are biofuels
for biofuel production.



Table 1
A comprehensive review of the potential of different substrates for biogas production.

Substrate Temperature
(�C)

Digestion
Time

References

Food Waste 37 225 Scano et al., 2014
Goat manure 35 55 Marañón et al., 2012
Rice straw 37 40 Zhang et al., 2013
Municipal solid 35 200 Song et al., 2014
Fruit wastes and

vegetable wastes
35 70 Cheng and Zhong,

2014
Fruit wastes and dairy

manure
36 160 Fernández-Rodríguez

et al., 2014
Corn straw 37 35 Nagao et al., 2012
Wheat straw 35 45 Gu et al., 2014
Poultry manure 55 20 Nagao et al., 2012
Waste activated

sludge
37 10 Zhang et al., 2013

Asparagus stem 35 60 Abouelenien et al.,
2010
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produced by microorganisms or their enzymes from sugar, starch,
or vegetable oil. Saccharomyces cerevisiae is the most widely used
organism (Arous et al., 2017; Phukan et al., 2019). The synthesis
of bioethanol or butanol from starch (wheat, corn, barley, and
potato) or sugar (sugarcane, sugar beet, etc.) has been criticized
for driving up global food prices (Al-Azzawi and Jassem, 2016;
Amoozegar et al., 2019; Corral-Gómez et al., 2021).

The increased pressure on arable land now used for food pro-
duction could result in severe food shortages, particularly in devel-
oping countries, wherein over 800 million individuals are already
hungry or malnourished (FAO, 2017). Furthermore, extensive land
use, including excessive fertilizer and pesticide applications and
water use will have serious environmental consequences (Schenk
et al., 2008). Second-generation biofuels are made from renewable
feedstock, such as lignocellulosic biomass (Al-Azzawi and Jassem,
2016; Zhu et al., 2020; Carmona-Cabello et al., 2021).

The availability of a feedstock, impact on GHG emissions, biodi-
versity, and land use are factors in evaluating the long-term viabil-
ity. Khandaker et al. (2020) produced bioethanol and biodiesel
using traditional methods, although with unique starch, oil, and
sugar crops, such as Jatropha curcas, cassava, or miscanthus (silver-
grass). Nonfood plants that do not compete with the production of
food lignocellulose (typically 40%–50% cellulose, 25%–35% hemi-
cellulose, and 15%–20% lignin) are the primary component of the
plant cell wall and are consequently highly resistant to degradation
in biomass (Gray et al., 2006; Schubert, 2006; Cabrol et al., 2017).

Second-generation biofuels are prohibitively expensive to be
manufactured in large quantities. Cellulosic ethanol, algal fuel, bio-
hydrogen (H2), biomethanol, Fischer–Tropsch diesel, H2 diesel,
mixed alcohols, wood diesel, J. curcas oil and biodiesel, and others
are among the second-generation biofuels being developed
(Trabelsi et al., 2018). Algae-based biofuels are the third generation
of biofuels. Biodiesel manufactured from microalgae, bioethanol
manufactured from microalgae and macroalgae (seaweeds), and
hydrogen manufactured from green microalgae and microorgan-
isms are just a few examples of algae-based biofuels (Dragone
et al., 2010).

Fourth-generation biofuels are made utilizing petroleum-type
hydro-refining, advanced biochemistry, or unique technologies,
such as Joule’s ‘‘solar-to-fuel” system, which does not fit into any
other biofuel category. Several of these procedures, however, are
either theoretical or limited to the laboratory (Demirbas, 2011;
Milledge and Heaven, 2013).
3. Production of biofuels

3.1. Substrate for biogas production

Biogas yield is influenced by a variety of parameters, including
substrate type and composition, temperature, moisture, bioreactor
design, and microbial composition. However, depending on the
type of substrate used, biogas can have a wide range of results. Bio-
gas has been produced using a variety of substrates, including
plant and animal wastes, and industrial wastes such as brewery
wastes and carbonated soft drink sludge (Suhartini et al., 2021).

Biogas can also be created from a range of sources, including
rice straw, municipal solid wastes, wastes dairy manure, chicken
wastes, and food wastes, according to several researchers (Khalid
et al., 2011; Marañón et al., 2012; Zhang et al., 2013; Fernández-
Rodríguez et al., 2014; Gu et al., 2014; Nualsri et al., 2016). Table 1
presents a complete overview of the biogas production capacity of
various substrates, indicating that biogas may be efficiently pro-
duced from a wide range of organic and waste resources. Overall,
the capacity of the anaerobic digestion process to produce biogas,
which can be used as a long-term source of heat and power, is
3

undisputed. However, further research is required to expand the
potential for biogas application and commercialization. Isolating
novel bacterial strains capable of producing methane in severe
environments could unlock even more potential. Field studies are
also required to optimize the factors impacting anaerobic digestion
to achieve maximal substrate conversion into biogas (Nualsri et al.,
2016).

3.2. Production methods

Methods of production of biofuel are illustrated in Fig. 2.

3.2.1. Direct combustion
This is the most common and oldest type of conversion,

wherein organic matter is burned in an oxygen-rich environment
only for the purpose of producing heat. Some of its applications
include cooking and heating biomass, such as wood, dung, and
agricultural wastes in houses, and the burning of wood for fuel in
chemical plants (Asadi et al., 2020).

3.2.2. Thermochemical conversion
In contrast to direct combustion, this method produces ‘‘syn-

thesis gas” by combining heat and pressure in an oxygen-
deficient environment. Synthesis gas is mostly composed of carbon
monoxide and hydrogen, and it can be used to generate heat or
converted into other fuels, such as ethanol and hydrogen
(Williams et al., 2018; Lee et al., 2019; Zhang and Zhang, 2019).

3.2.3. Liquefaction and pyrolysis
Liquefaction and pyrolysis of biomass are two methods for con-

verting products into biomass. The thermal chemical liquefaction
process occurs at a low temperature and high pressure in the pres-
ence of hydrogen. Hydrothermal liquefaction (HTL) uses subcritical
water (SCW) at temperatures ranging from 250 �C to 370 �C and
pressures ranging from 40 to 220 bar. Decomposition and polymer-
ization processes that dissolved aqueous chemicals, solid sedi-
ments, and gas are all included in HTL. Pressure keeps water in a
liquid state, whereas high pressure combined with heat lowers
the dielectric constant and density, allowing hydrocarbons to dis-
solve in water (Dimitriadis and Bezergianni, 2017). The HTL is used
for high-water-content biomass and the wood-waste-algae-based
biomass as an example is suitable for bio-oil production.

Approximately 700 million dry tons of feedstock and other bio-
mass are produced annually in the USA for biofuel production.
According to Langholtz et al. (2016) forest leftovers account for
50% of the feedstock used each year. Residues are appropriate for
the synthesis of bio-oil. Wood is the starting material for the HTL



Fig. 2. Methods of production of biofuel.
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process, since it includes 50% cellulose, 35% hemicellulose, and 35%
lignin. Cellulose dissolves in water at a high temperature and has a
high degree of polymerization as well as strong intermolecular
interactions and hydrogen bonds (Kumar and Gupta, 2008).

Hemicellulose has fewer hydrogen bonds than cellulose, mak-
ing it more easily degraded. The amount of oil produced from
woody resources using HTL varies depending on the solvent used
and the manner of operation, ranging from 17% to 68%
(Dimitriadis and Bezergianni, 2017). Deep eutectic solvents are
employed as a catalyst in HTL for deoiled J. curcas cake by
Alhassan et al. (2016). These solvents are simple to make along
with low in toxicity, cost, and temperature, with a 41%–54% oil
yield.

Sewage sludge is a mixture of lipids, proteins, fibers, nonfibrous
carbohydrates, and ash that results from wastewater treatment.
The widespread availability of sludge is an excellent starting point
for HTL. It was discovered that moist sludge consumes 30% less
energy than dry sludge. Several methods are used to lower the
moisture content of the sludge, such as utilizing dry straw, flush-
ing, or hexane to remove bound water, methanol to extract the
polymer, and pretreatment SCW to break up the sludge cells,
resulting in water disposal (Li et al., 2015; Qian et al., 2017; Wu
et al., 2017; Biller et al., 2018; Sun et al., 2018).

It was reported that a considerable volume of bound water is
released, resulting in a 48% increase in bio-oil production (Yu
et al., 2011). The surface tension of the fatty alcohol poly-
oxymethylene ether AEO9 - SCW was consequently reduced,
thereby boosting the hydrocarbon content of the bio-oil and
increasing its calorific value by 15%. Not all feedstock are converted
to bio-oil in the HTL process; however, there is a nutrient-rich
organic matter left in the liquid after plant wastewater (PWW)
(Yu et al., 2011). The remaining carbon in PWW is in the form of
sugars and organic acids, and technology must be developed to
recover the remaining carbon to increase the energy of the resul-
tant oil to 70% (Barreiro et al., 2015; Lu et al., 2017; Li et al.,
2019). In the HTL process, wet algae was employed to remove
4

moisture from sludge and convert lipids, carbohydrates, and pro-
teins into a bio-oil liquid (Wang et al., 2021).
3.2.4. Biochemical conversion
Biochemical conversion, in contrast to direct combustion and

thermochemical conversion, occurs at lower temperatures and
has slower reaction rates. Fermentation is a natural biochemical
conversion process that uses bacteria, yeasts, and other microor-
ganisms to convert sugars and starch from crops, such as sugar-
cane, corn, wheat, and other grains, into ethanol (Deeba et al.,
2017; Hossain, 2019). The method is frequently followed by acid
or enzymatic hydrolysis of the cellulosic feedstock to liberate addi-
tional sugars from the lignocellulosic biomass (Dhyani and
Bhaskar, 2018).

Anaerobic digestion is a biological process that creates biogas in
the absence of oxygen through the bacterial degradation of
biodegradable organic matter. The chemical transesterification of
vegetable oils and animal fats is the most frequent method for pro-
ducing biodiesel. In various parts of the world, waste cooking oil
and fats constitute a major source of pollution. By correctly utiliz-
ing and controlling waste cooking oil as a raw material for biodie-
sel synthesis, this environmental concern could be alleviated.
Direct use and mixing, microemulsions, thermal cracking (pyroly-
sis), and transesterification are the four basic methods for produc-
ing biodiesel (Shalaby, 2011; Bridgwater, 2012; Jahirul et al., 2012).
Methods of production of biodiesel from glycerol are illustrated in
Fig. 3.

The development of microbial fermentation techniques for bio-
diesel synthesis is gaining favor, since it will allow for the use of a
wider range of rawmaterials. Sugarcane, corn, and biomass are just
a few examples. Direct biodiesel production from redesigned cell
factories can be divided into two categories: 1) indirect biodiesel
production from oleaginous microorganisms via in vitro transester-
ification and 2) direct biodiesel production from redesigned cell
factories (Fatima et al., 2016).
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3.2.5. First-generation biofuels
The price of crude oil has recently fluctuated, prompting several

studies towards alternative and supportive energy sources. Biofu-
els can compete with the rising price of oil to at least offer vehicle
fuel. This has resulted in a surge in biofuel research worldwide. The
following are the four categories of biofuels: biodiesel (the first
commercially available biofuel), ethanol, biogas, and, more
recently, biobutanol. These products have been mass-produced in
vast quantities and have become an integral part of the manufac-
turing processes of several countries.

The transesterification of animal fats, plants, and other leftover
oils produces biodiesel. This has led to simple engine modifications
that allow them to run on biodiesel. However, a complete alterna-
tive for ethanol and gasoline may be used in a variety of cars, and it
may also be utilized as a raw material to make three-butyl ethyl
ether, which is easy to blend with gasoline. Three-ethyl butyl ether
is now made from bioethanol. With certain changes, biogas and
biomethane are also used in gasoline as a biofuel for cars. They
are produced through biological processing, which includes the liq-
uid manure and other harvested raw material methods (Woertz
et al., 2009).

The potential to manufacture bioethanol, biodiesel, and biogas
from crops that are also used for human nourishment was recently
discovered. When it comes to biofuel production, however, crops
developed to produce edible oils confront several challenges. There
are a variety of multipurpose oily crops (i.e., seeds) that can be
used in the industrial biofuel manufacturing process (Woertz
et al., 2009). However, in India, the manufacture of biodiesel from
J. curcas, a perennial shrub or small tree that grows to a height of
up to 6 m and produces a sort of vegetable oil blended with bio-
fuel, has received considerable attention. J. curcas oil is a low-
cost, environmentally friendly substrate that could be used to gen-
erate energy from nonedible plant resources. Other solid wastes,
such as lignocellulosic wastes, can also be utilized to produce bio-
materials, including lignocellulosic waste, which can be used in the
second-generation biofuel sector (Woertz et al., 2009).

3.2.6. Manufacturing industry for producing first-generation biofuels
3.2.6.1. Transesterification. Transesterification is a chemical reac-
tion that converts vegetable oils into fatty acid methyl or ethyl
5

esters, which are then used to make biodiesel. To date, it is the
most prevalent method of producing biodiesel. Biodiesel can be
used as a substitute in diesel engines because it is physically and
chemically comparable to petro–diesel (Demirbas, 2008; Chew
et al., 2018).

The esterification of fatty acids and vegetable oils is required to
produce economically viable biodiesel, one of the most essential
biofuels that are also environmentally friendly. Biodiesel is a
renewable energy source made from a variety of natural sources
by biochemical reactions using alcohol and a homogeneous or
heterogeneous catalyst. As a result of the reaction, a mixture of
methyl esters is formed; with a high biodiesel and glycerin content
(Kulkarni et al., 2006).
3.2.6.2. Homogeneous catalysis. As illustrated in Fig. 2, homogenous
catalysis is a preferable processing method during the slower reac-
tion of its transesterification (base or acid) counterpart. This is
accomplished by mixing the reactants and replacing the alcohol
from the ester with another alcohol using the same procedure as
hydrolysis, except instead of water, alcohol is utilized (Kulkarni
et al., 2006).
3.2.6.3. Heterogeneous catalysis. Owing to the interactions of
saponification, turning the high oil content of free fatty acids
into methyl ester is challenging. It is consequently more effi-
cient to use acidic solid catalysts, which play a significant
part in triglyceride transesterification reactions while also
converting free fatty acids into methyl ester utilizing Lewis’s
acid.

On the surface of the catalysts, the esterification of free fatty
acids (RCOOH) and methanol (CH3OH) occurs, whereas the
esterification of triglycerides (RCOOR) and methanol is absorbed
in the acidic sites (+L). A water molecule can remove tetrahe-
dral during the esterification process, resulting in one mole of
ester RCOOCH3. For bilateral and trilateral triglycerides, it can
also be utilized as an esterification process. Esterification is a
well-known progressive sequential event, wherein triglycerides
are converted to mono-triglycerides and glycerol (Kulkarni
et al., 2006).
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4. The history of microbial biofuels

Before the industrial revolution, several manufacturing activi-
ties were small scale, and the transportation of goods and people
was limited. Due to their ability to absorb or trap some of the
energy radiated back into space from the heat of the Earth’s surface
during the industrial revolution in the 19th century, manufactur-
ing processes powered by coal combustion resulted in the produc-
tion and accumulation of gases collectively known as GHGs,
thereby increasing atmospheric temperatures (Kheshgi et al.,
2004; Boden et al., 2017).

Even though these gases were present in the atmosphere prior
to industrialization, the burning of fossil fuels, such as oil, natural
gas, and coal, has increased CO2, methane, and nitrous oxide con-
centrations by approximately 30%, more than doubled, and
approximately 15%, respectively (Martínez et al., 2005). Smoke
and smog (a mixture of smoke and fog) became common in London
and other industrial centers. This forced the search for alternative
energy sources. S. Casey received the first USA patent for using
alcohol as a light fuel in 1834.

In 1857, Louis Pasteur discovered lactic acid fermentation and
in 1862, Pasteur discovered that certain bacteria may produce
butanol, paving the path for the application of microbial fermenta-
tion in the production of biofuels. In the 1860s, Nikolaus August
Otto was credited as being the first person to use bioethanol in
transportation (Antoni et al., 2007; Gottumukkala et al., 2013).
Between the 1900s and 1930s, the most significant industrial fer-
mentation in the world was the development of the fuels, ethanol
and butanol. Albert Fitz, Martinus Beijerinck, and Sergei Winograd-
sky discovered related species termed ‘‘Granulobacter saccharobu-
tyricum,” ‘‘Amylobacter butylicus,” and ‘‘Bacillus orthobutylicus” in
their studies on butanol fermentation (Dürre and Bahl, 1996).
Nearly four decades after Otto’s discovery, Dr. Rudolf Diesel
patented a proposal for a compression ignition engine that used
peanut oil as fuel.

This vegetable oil fuel supplanted steam engines for a period
until the 1920s when diesel engine makers switched to the consid-
erably less viscous petro–diesel, which was both abundant and
inexpensive. In 1898, James Dewar succeeded in liquefying chem-
ically produced hydrogen. One-third of Deutz Gas Engine Works’
big locomotives were converted to run on pure ethanol in 1902.
Owing to the escalating production costs, ethanol was first intro-
duced to gasoline as an anti-knocking addition in 1925. By the
1940s, the price of gasoline had dropped to the point that ethanol
had become comparably very expensive, and it had been phased
out (Gottumukkala et al., 2013). Increasingly sophisticated fuel
injection systems were developed to run these fossil fuel-derived
oils (Lan et al., 2013).

The use of fossil fuels has increased over time, resulting in sev-
eral air pollution disasters, such as the great smog of London in
1952, which killed tens of thousands of people (Pandey et al.,
2019). This underlined the significance of altering one’s fuel con-
sumption habits. The oil embargo imposed by the Organization
of Arab petroleum exporting companies and the Iranian revolution
in the 1970s caused the global price of crude oil to skyrocket. As a
result, microbial biofuel development has resurfaced in some parts
of the world, such as Brazil, wherein a substantial bioethanol sector
has emerged based on S. cerevisiae fermentation of sugarcane. With
13.7 billion liters produced by 1997 (Basso et al., 2008), Brazil
became the world’s largest producer of bioethanol (Mabee et al.,
2004).

Hydrogen technology was also advanced; in 1988, the first
hydrogen-powered aircraft was developed in the USA. The Ameri-
can Clean Air Act of 1956 and 1968 was revised to incorporate
more stringent car emission limitations, spurring interest in clea-
ner and safer fuels. Furthermore, since the late 1990s, crude oil
6

prices have considerably risen; by 2006, the USA has quickly over-
took Brazil’s bioethanol production capacity, with an annual capac-
ity of 18.4 billion liters. In the same year, Nigeria launched a
prototype phase of its ethanol project, which focused on the fer-
mentation of sugarcane grown on 10,000 ha in the north. The ini-
tiative, however, came to a halt (Ben-Iwo et al., 2016).

David Ramey successfully traveled the USA in a car exclusively
driven by butanol in 2005, demonstrating considerable reductions
in CO2, hydrocarbon, and nitrogen oxide emissions (Dürre, 2007).
The following year, BP and DuPont began producing fermentative
biobutanol from sugar beet. For several years, the anaerobic diges-
tion of organic molecules in industrial wastewater has been used
to generate methane, and it is now widely used all over the world
(Dev et al., 2019). Several bacteria, including fermentative organ-
isms (acidogens), hydrogen-generating organisms, and acetate-
forming organisms, convert polymeric components, such as lipids,
carbohydrates, and proteins, to methane and CO2 in anaerobic con-
ditions (Chubukov et al., 2016).

Acidogens (fermentative microorganisms), acetogens
(hydrogen-generating, acetate-forming microorganisms), and
methanogens (methane-producing microorganisms) all convert
polymeric materials, including lipids, carbohydrates, and proteins,
to methane and CO2 in anaerobic environments (Dornau et al.,
2020).
5. Microbial biofuels

The rise in the prices of fossil fuels became considerably steeper
early in the third millennium, and biofuels began to acquire popu-
larity as a result of the growing worldwide awareness of pollution
and global warming as well as the desire for self-sufficiency
(Hwang et al., 2016). In 2011, bioethanol output reached a new
high, with the USA leading the pack. Biofuels have gained wide-
spread government support, particularly in industrialized coun-
tries, such as the USA and the European Union (EU) (Kot et al.,
2016). This has provided the businesses of these countries the eco-
nomic security they require to invest in various biofuels.

In 2011, South Africa established legislation requiring a mixture
of 2% v/v bioethanol with gasoline and 5% v/v biodiesel with diesel,
providing the necessary push for biofuel investment and research
in the region (OECD-FAO, 2011). In 2010, the global bioethanol
consumption was 100 billion liters, whereas the biodiesel con-
sumption was 20 billion liters (OECD-FAO, 2011), and both of these
amounts are predicted to continue to steadily rise over the next
10 years. H2 gas is a less widely used biofuel that is a renewable
fuel with a high energy content per unit weight (122 KJ g�1) and
produces no particles or greenhouse emissions when burned.
Water electrolysis mediated by nuclear or fossil fuels, coal gasifica-
tion, and natural gas steam reformation as well as biological pro-
cesses, can all produce hydrogen. Fermentative biological
processes for H2 production are perhaps the most intriguing of
these strategies because they consume less energy and can poten-
tially employ trash or agricultural waste streams as raw material.
Hydrogenases are hydrogen-evolving enzymes that are required
for biological H2 production (OECD-FAO, 2011).

The reversible oxidation of hydrogen gas is catalyzed by these
enzymes (Das and Veziroǧlu, 2001; Lynd et al., 2009; Chaubey
et al., 2013). According to Collet et al. (2004), lactose fermentation
by Clostridium thermolacticum provides a low-cost alternative to
polluting waste-based H2 generation. If correctly harnessed, hydro-
genases and/or hydrogenase-containing organisms could offer
cheap and sustainable H2 for use as a biofuel or in hydrogen fuel
cells to generate power. The current output is limited by the cost
of photochemical synthesis reactors as well as low yields (Collet
et al., 2014).
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6. Microbial lipids

Bacteria, yeasts, moulds, and microalgae have all been
employed as sources of lipids and enzymes in the past few decades.
They were first used to manufacture laundry-grade lipases in the
1960s, which were used in conjunction with detergents and other
cleaning agents. The introduction of microbial oil as a food supple-
ment (i.e., as a source of gamma-linolenic acid) in the 1980s was
followed by a flurry of other notable breakthroughs. Microorgan-
isms are increasingly providing long-chain polyunsaturated fatty
acids utilized as high-grade nutraceuticals for human (particularly
newborn) and animal nutrition (Ezeji et al., 2007).

Over the last decade, microbial lipids have emerged as a poten-
tial resource for the long-term production of biofuels and value-
added bioproducts as an alternative (and replacement) for harmful
petro-based chemicals. Several bacteria (also known as oleaginous
microorganisms) have the potential to accumulate enormous
amounts of lipids when given the right conditions. Oleaginous
are microorganisms that have > 25% lipids in their cell biomass
(Ezeji et al., 2007). Several microorganisms contain sufficient oil
content to be used for oil production (oil content, % dry weight),
including (1) microalgae (Botryococcus braunii, 25%–75%; Neochlo-
ris oleoabundans, 35%–54%; Chlorella sp., 28%–32%; and Schizochy-
trium sp., 50%–77%); (2) bacteria (Arthrobacter sp., > 40%;
Acinetobacter calcoaceticus, 27%–38%; and Rhodococcus opacus,
24%–25%); (3) yeasts (Cylindrotheca sp., 16%–37%; and Rhodotorula
glutinis, 72%); and (4) moulds including Aspergillus oryzae, 57%;
Mortierella isabellina, 86%; Humicola lanuginose, 75%; and Mortier-
ella vinacea, 66% (Ratledge, 2004).

Bacteria begin to produce lipids when the carbon supply is
abundant and other nutrients (mainly nitrogen) are depleted in
the culture media. The culture medium must have a high carbon-
to-nitrogen ratio to enable favorable lipid accumulation. Excess
carbon in the cell is converted to triacylglycerol, which is a type
of lipid. With the presence of excess nitrogen and other nutrients,
Wu et al. (2010) demonstrated lipid biosynthesis in the oleaginous
yeast R. glutinis using wastewater as a raw material, suggesting
that phosphate and sulphate limitation can also drive lipid accu-
mulation in R. glutinis. With lipids ranging from 4% to 68%, a range
of low-cost materials (such as cheese whey, wheat bran, and sew-
age sludge) are presently being researched in an attempt to mini-
mize the cost of lipid synthesis (Zeng et al., 2013).

Limited lipid yields, minimal mass transfer, and the production
of stable emulsions are all important challenges when extracting
lipids from microbial biomass. Several approaches have been
examined, and co-solvent approaches have shown to be effective
for total lipid accessibility at the experimental level. However,
more research is needed to determine how they may be used in
industrial biofuel production. Solvents with the qualities capable
of evaluating lipid recovery from microbial biomass are required
in the future in commercial biofuel industry (Zeng et al., 2013).
7. The benefits and prospects of microbial biofuel

Biofuels are a renewable energy source. If carbon imprisoned in
fossil fuels is reintroduced into the carbon cycle today, the gener-
ation of GHGs, which traps heat in the atmosphere, is expected to
produce detrimental consequences on the climate. GHGs are
created in a variety of ways, including the burning of plant
and fossil fuels for power production and transportation
(Intergovernmental Panel on Climate Change, 2007), which pro-
duces anthropogenic CO2; animal husbandry, which creates
methane; and deforestation, which reduces the available natural
carbon sinks (Intergovernmental Panel on Climate Change, 2001).
Since the transportation industry expands at a 3% annual pace
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(U.S. Energy Information Administration, 2010) and emits the
greatest amount of GHGs, this might be mitigated by employing
renewable energy sources, such as biofuels.

Microorganisms may ferment a wide range of carbohydrates to
produce several different fuel molecules, including those utilized in
transportation and power generation. Microbial biofuels have the
added benefit of being both renewable and environmentally bene-
ficial (Gientka et al., 2017). By utilizing the ability of diverse
microorganisms to exploit and break down agro-industrial wastes,
such as bagasse, molasses, stover, grain husks, and seed cakes (J.
curcas seed cake) (Kumar and Kumar, 2017; Kumar et al., 2018;
Madakka et al., 2021), microbial biofuel production technologies
reduce environmental waste while lowering GHG emissions.

Microorganisms are everywhere, and they may be controlled in
a variety of ways to improve specific features. Several countries are
considering biofuels as a replacement for fossil fuels to lessen their
dependency on oil imports (Madakka et al., 2021).

Most of these fuels were alcohols derived from starch or sugar
fermentation or essential oils (Antoni et al., 2007). Microorganisms
can convert nearly any type of biomass into compounds that can be
utilized as transportation biofuels. Despite the fact that ethanol,
methane, butanol, and other biofuels can be produced almost as
efficiently as crude oil refining products, this method is not only
to blame for global warming, but also hazardous to the environ-
ment (Kumar and Kumar, 2017).
8. Ethanol production processes

A variety of sugars can be used as a raw material for bioethanol
production in industrial fermentation. These materials are divided
into three categories, sugar yield i.e., cane, wheat, beetroot, fruits,
and palm juice; starchy yield (e.g., grain) obtained from root plants
(e.g., potato and cassava) and crops, such as wheat, barley, rice,
sweet sorghum, and corn; and cellulosic biomass, which includes
wood and wood debris, cedar, pine, and agricultural leftovers and
fibers (Kumar and Kumar, 2017; Konur, 2021).

Bioethanol and biomass ethanol are both alcohols produced via
a biochemical process from lignocellulosic biomass (such as rice
straw and wheat straw residue). Traditional processing is impossi-
ble to ferment starch or amylum containing a large number of glu-
cose polymers due to their chemical composition (Kumar and
Kumar, 2017). It can be hydrolyzed to the simplest glucose chains
by combining 15%–20% starch with water and heating the mixture
to a high temperature, followed by treatment with hydrolyzing
enzymes. Amylase is a well-known enzyme that breaks down
hydrolyzed starch molecules into simple glucose chains during
the liquefaction process. After cooling to approximately 30 �C,
microorganisms are added to ensure fermentation (Konur, 2021).

The enzymatic hydrolysis of various carbohydrates, such as
maize and wheat, produces ethanol. The following are the reasons
why dry and wet mill procedures are used in the maize ethanol
sector: (i) ethanol dry mills have a lower capacity and are primarily
designed for the manufacturing of ethanol as well as ethanol and
animal feeds and (ii) the new wet mill unit can generate 1 gallon
of ethanol using 35150 British thermal unit (Btu) and 2134 kW
per hour (KWh) of electricity as well as a variety of other useful
products, such as organic acids, and solvents (Minteer, 2016;
Konur, 2021).
9. The fermentation industry

The fermentation process is the metabolic pathway of organic
compounds by bacteria, which involves chemical changes caused
by enzyme activity. According to the presence of oxygen, fermen-
tation processing can be divided into two categories: aerobic and
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anaerobic (Khandaker et al., 2020). Several microorganisms found
in nature have the ability to undergo fermentative modifications
and, some of them, such as yeasts, bacteria, and moulds, are cap-
able of producing ethanol using a variety of carbohydrate poly-
mers. In general, microorganisms break down distinct
carbohydrate molecules in aerobic and anaerobic environments
during the fermentation process, culminating in the generation of
ethanol (Khandaker et al., 2020).

A fermentation efficiency of 46% converts approximately 40%–
48% of fermented glucose to ethanol, implying that 1000 kg of
sugar in the fermentation industry can produce 583 L of pure etha-
nol (Siqueira et al., 2020).
10. Anaerobic digestion

The anaerobic digestion of biomass has received substantial
attention as a potential alternative approach for producing fuel
and biofertilizer throughorganic farming. By breakingdownorganic
substrates and creatingmethane andCO2 gases at a ratio of 60%–70%
methane and 30% CO2, the same procedure as for biogas production
is used in this application (Sikora et al., 2017). Consequently, the
anaerobic digestion of biological waste is seen as a promising pro-
cessing method for biofuel generation (Sikora et al., 2017).

Anaerobic digestion can be utilized to produce methane from
municipal solid waste as a first step. These molecules can be com-
bined with nitrogen from the atmosphere, CO2 from the environ-
ment, and remnants of organic substrate, also known as landfill
gas. Each pound of biodegradable organic waste can produce 10–
12 standard cubic feet of biogas (Siqueira et al., 2020). Methane,
on the other hand, has the same low quality as natural gas due
to the need to remove volatile organic contaminants and CO2 in
order to make a high-quality commercial product (Siqueira et al.,
2020).

Extremely efficient separation equipment is required to manu-
facture natural gas from landfill gases. Internal combustion engi-
nes, turbines, microturbines, direct use in boilers, dryers,
furnaces, and home ovens all have significant potential for gener-
ating energy from gas-producing facilities. Due to the high expense
of manufacturing and purification, there has recently been a
renewed focus on investigating the use of gas contained in the
ground as a fuel-generating liquid rather than gaseous fuel pro-
duced by anaerobic fermentation (Siqueira et al., 2020). Some of
the benefits of liquid methanol production includes a low sulphur
concentration, low ash content, and can be commercially utilized.
Liquid fuel is easier to carry and store than gaseous fuel. Lignocel-
lulosic biomass is used in liquid fuels and agricultural biofertilizers
owing to the anaerobic fermentation process (Siqueira et al., 2020).
11. Whole crop biorefinery

Seeds are utilized as raw materials and intermediates in biore-
fineries to obtain useful products from oil crop biorefinery pro-
cesses. As a result, the oilseed plant, J. curcas has been used as a
nucleus, holding the seeds of J. curcas oil at 35%–40%, with a poten-
tial yield of 1–1.5 tons of oil per hectare (Setyobudi et al., 2017).

To convert biomass into energy, the valuable parts of the bio-
mass can be divided into several components, which can then be
independently treated. Following biomass separation, the oil yield
is used as the primary (or basic) feedstock for biodiesel synthesis,
or it can be chemically processed to produce a variety of oleochem-
ical products. Solid materials, on the other hand, is employed in the
creation of primary crude materials for chemical structure compo-
sition or biological gas composition. Lignocellulosic feedstock
obtained from refineries can be used as a starting substrate for
biorefineries to boost gas output (Naik et al., 2010).
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12. Frequently used microorganisms in biofuel production

S. cerevisiae, generally known as baker’s yeast, is the most
extensively utilized microorganism in the fermentative processing
of biofuels. A wide variety of species are employed in the produc-
tion of biofuels. Several of these species have been bioengineered
to produce more biofuel than they are capable of producing natu-
rally (Khandaker et al., 2020).
13. Limitations to the production and use of microbial biofuels

The most significant barrier to the application of microbial bio-
fuels is the ethical considerations. Biofuel programmers are con-
cerned that they have increased global food costs and will
continue to do so as firms and governments divert agricultural sup-
plies to supply electricity and transportation fuels. On the other
side, a greater concentration on secondary biofuel production is
helping to minimize this (Siqueira et al., 2020). While there are
several other barriers to the development of secondary biofuels,
the change from food to biomass-based feedstock for bioenergy
production might significantly reduce the food versus fuel
dilemma. Biomass feedstock are being used to produce livestock
feed (Srivastava et al., 2018).

Grass and certain crop wastes can be used as cattle fodder (such
as corn stover). Cattle pasture is typically provided in less produc-
tive, prone to erosion, or arid conditions; the same landscapes are
being examined for biofuel feedstock production (Rodionova et al.,
2017). As a result, biofuel producers may face competition for
herbaceous feedstock from animal farms (grasses and crop resi-
dues). Expensive pretreatment techniques have hampered the
growth of second-generation biofuels by raising the costs of pro-
duction. Using Trichoderma reesei cellulases to hydrolyze cellulose
costs were approximately 2.5–5 cents for every liter of ethanol
produced (Boboescu et al., 2016; Rodionova et al., 2017;
Srivastava et al., 2018).

Biodiesel production has a low land yield and competes with
agricultural land that may be used to grow food. Consequently,
the high cost of biodiesel is a major barrier to its adoption. The
oil is inedible due to its anti-nutrient components, and its use
in non-biodiesel manufacturing does not compete with food.
This is the most essential benefit of J. curcas oil (Ma et al.,
2018). University of Ilorin, the largest research plantation in
Nigeria, has set aside hectares of land for the research and pro-
duction of J. curcas oil-based biodiesel. Adapting the continuous
transesterification process and recovering high-quality glycerol
from glycerol wastes are two significant ways being investi-
gated now to reduce biodiesel costs and pave the way for sus-
tainable local biodiesel production (Christophe et al., 2012;
Ambat et al., 2018; Ma et al., 2018). In addition to the high cost
and energy requirements of the transesterification process and
the subsequent separation of biodiesel from glycerol, there is
a scarcity of low-cost vegetable oil feedstock (Ambat et al.,
2018).

Several studies have focused on enzymatic transesterification
using lipase and whole-cell biocatalysts technology for biodiesel
synthesis from microalgae to overcome these limitations (Connor
and Liao, 2009). Additionally, not every automobile owner is eager
to utilize ethanol in their vehicle; as a result, ethanol in gasoline/
ethanol mixes has been met with skepticism and criticism in some
parts of the world (Sakuragi et al., 2011). Drivers in Germany, for
example, defied a government-imposed speed limit by blocking a
government-mandated ethanol mix attempt with a large-scale
active boycott, putting the German government’s ambitious
biofuel program on hold. As a transportation fuel, bioethanol is
not as efficient as gasoline. Excessive alcohol in alcohol fuel blends
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is reported to damage the aluminum fuel system components
(Sakuragi et al., 2011).

The use of biobutanol, which is less corrosive than ethanol and
does not involve the modification of existing equipment, such as
pumps, tanks, and pipes, mitigates these shortcomings (Sakuragi
et al., 2011). Biobutanol is a better fuel molecule than ethanol since
it can completely replace gasoline or be blended with it at any
quantity, whereas ethanol can only be blended up to 85% (Amaro
et al., 2011).

The EU, which is also the largest biodiesel consumer, produces
82% of all biofuels. Attempts to produce oil-bearing crops for the
production of biodiesel for the EU market have been made in
Africa. Some have proved disastrous, such as the ambitious J. curcas
biodiesel project by Sun Biofuels in the Kisarawe District, Tanzania,
which was allocated an estimated 8000 ha of land. The people were
left penniless, jobless, and without ancestral land to live because
the project never transpired. Growing demand for biofuels in the
United Kingdom and the EU has encouraged British enterprises
to take the lead in Africa. Eleven British firms were linked to half
of the 3.2 million hectares of biofuel land identified (Shanmugam
et al., 2020).

Up to 6 million hectares have been gained across Africa, accord-
ing to ActionAid. However, there is considerable potential for
abuse because most landowners are uneducated and unaware of
their rights (Shanmugam et al., 2020). Similar challenges exist in
other countries, such as Nigeria, wherein naive farmers are tricked
into producing and providing the EU with ‘‘special” varieties of J.
curcas (Amaro et al., 2011; Shanmugam et al., 2020).
14. Future trends in microbial biofuel production

The primary focus of biofuel science will be the genetic engi-
neering of microorganisms to attain increased product specificity
and production. Higher-level biofuels will become more important
as the fight over food versus fuel heats up. The issue of lignocellu-
lose degradation will take the front stage. The following develop-
ments are expected to have a positive impact on microbial
biofuel production, affordability, and productivity in the near
future (Ventorino et al., 2015).
15. The sustainable use of renewable energy

Search for alternative aviation fuels is a collaboration led by the
Cranfield University in the United Kingdom, which comprises Air-
bus and British Airways, among others, intending to discover alter-
native aviation fuels. The project was designed to develop
microalgae quicker than any other attempt while also trapping
CO2 from the atmosphere and ocean (Akhundi et al., 2019).

The most important advantage of this project is that it will not
interfere with agricultural land, will not require freshwater, will
not result in deforestation, and will not impact the ecosystem
(Akhundi et al., 2019). KLM Airlines’ SkyNRG is another of such
consortium (Akhundi et al., 2019). DISCO, an EU-funded initiative,
is looking for microorganisms that can break down lignocellulosic
materials. It consists of research institutes, universities, and corpo-
rate partners (USDA, 2009).

The ultimate goal of the biofuel research is to develop a cocktail
of microorganism-derived enzymes that can break down compli-
cated lignocellulose into simple sugars while also permitting yeast
co-fermentation to produce bioethanol (Ventorino et al., 2015).
Through the government-owned industrial development corpora-
tion and the central energy fund, the South African government
intends to boost microbial biofuel production (USDA, 2009).

Rainbow Nation Renewable Fuels Limited has announced the
construction of an R1.5 billion ($0.18 billion) biofuel processing
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plant in Eastern Cape, South Africa. The business will process
1.36 million tons of soybeans per year and produce 288 million
liters of biodiesel, making it the largest soybean processor in Africa
(USDA, 2009). Several scientists now agree that commercial biofuel
production may be reconciled with feeding humankind while also
conserving the environment, if we put in the time and effort
required to make the necessary improvements (Strauss, 2019).

Engineered host fermentations incorporating heterologous
genes in Escherichia coli and S. cerevisiae have also been demon-
strated to be involved in biodiesel fatty acid ethyl ester production.
In addition, researchers have isolated R. opacus from soil polluted
with petroleum waste products, a bacterium with a flexible appe-
tite capable of consuming a variety of sugars and toxic compounds
and converting them to tryacylglycerols, which can then be used to
produce biodiesel (Yuan et al., 2020).

McCarthy (2012) reported that scientist’s isolated genes needed
to metabolize alginate by the marine bacterium, Vibrio splendidus,
and spliced them into E. coli, resulting in a new strain of E. coli cap-
able of metabolizing alginate, the major sugar in seaweed
(macroalgae). This novel strain turns 28% of the seaweed’s dry
weight into ethanol, resulting in an ethanol output of 80% of the
theoretical potential output. This is a significant improvement
because natural seaweed species grow at 10 times the rate of con-
ventional plants and are abundant in sugars. This most recent
development holds a great deal of potential for the future (Doi
et al., 2017).

Hydrogen gas is considered a potential energy source because it
is renewable, produces only water as a byproduct, and does not
emit CO2. During burning, it releases a substantial amount of
energy per unit weight and is easily converted to electricity by fuel
cells. Hydrogen can be produced by fermentative bacteria, photo-
synthetic bacteria, and algae (Lee et al., 2019).

Isobutanol is also being looked into as a possible new biofuel. It
is a branched C4 and C5 alcohol that could be utilized as a gasoline
replacement. Isobutanol is identical to n-butanol; however, isobu-
tanol has a higher octane number and is slightly less expensive
than gasoline (Hosseini and Wahid, 2016; Lee et al., 2019).

Conversion systems must be improved when scaling systems
for scattered processing to increase yield and reduce costs.
Researchers are investigating pretreatment technologies as well
as microorganisms and enzymes that deconstruct carbohydrate
polymers and produce long-chain hydrocarbons or alcohols to
strengthen the biochemical platform (Stephen and Periyasamy,
2018). The goal of thermochemical research is to develop inte-
grated thermo-catalytic processes that can shift between different
feedstock. Future conversion systems must maximize the value of
items generated, reduce energy and water use, scale to distributed
processing networks (to address feedstock logistics concerns), and
generate as little waste as possible (Stephen and Periyasamy,
2018).

Companies, such as Solazyme, are developing microorganisms
(native or genetically modified) that can ferment glucose into a
variety of infrastructure-friendly, energy-dense, fourth-
generation biofuels, such as longer chain alcohols, alkanes, and
alkenes. Xylose fractions are more challenging to work with
because fewer bacteria have the necessary metabolic machinery
(Saha and Cotta, 2007).

H2– and algae-derived oil will almost certainly spark further
research. Microalgae, which have the highest yield per acre of all
the sources, have the potential to become the most important
energy source in the future. Microalgae are being advertised as a
potential third-generation biofuel feedstock due to their rapid
growth rate, ability to fix CO2, and high lipid production capability.
Moreover, they can be farmed on nonarable lands and do not com-
pete with food or feed crops. Microalgae have a considerable
bioenergy potential since they can produce biodiesel and
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bioethanol, which are liquid transportation and heating fuels
(Parvez et al., 2020).

The Biotechnology and Biological Sciences Research Council
financed a study at the University of Cambridge that discovered
and analyzed the genes for two enzymes that toughen wood, straw,
and stalks, making it harder to extract sugars for ethanol biofuel
manufacture. The researchers examined the Arabidopsis plants that
were missing two of the enzymes required to make xylan from lig-
nocellulose (Eckert and Trinh, 2016). When extracting biofuel from
these plants, the researchers discovered that converting 100% of
the xylan into sugar needed less effort. New bioenergy crop vari-
eties with these characteristics, such as willow and miscanthus
grass, are being developed (U.S. Department of Energy. 2016).

A company called Algenol is working on new technology for
producing bioethanol from algae. Rather than producing algae
and then harvesting and fermenting it, sunlight is used to immedi-
ately produce ethanol, which is then removed without harming the
algae. The approach can yield 56,000 L of bioethanol per hectare
per year, according to the business, compared to 400 (3750 l/ha)
for maize production (U.S. Department of Energy. 2016).

16. Conclusion

The production of biofuels from microorganisms has greatly
advanced since Louis Pasteur discovered butanol synthesis by bac-
teria in 1862. The variable nature of petroleum pricing as a result of
political unrest and foreign policy as well as the detrimental
impacts of GHGs generated by the burning of petroleum products
has reignited interest in finding a long-term solution. Biofuels pro-
duced by microorganisms are continually being developed or mod-
ified to minimize dependency on finite fossil fuel supplies, create
jobs, and contribute to a healthier planet. Various species have
been genetically modified. Clostridium acetobutylicum, R. opacus,
S. cerevisiae, and E. coli were examined to increase product speci-
ficity and production. More research is being performed to help
limit the creation of undesired by-products, increase the price
and performance of biofuels in comparison to fossil fuels, and les-
sen the impact of biofuel production on food costs. The possibilities
for microbial biofuel generation are infinite, and hydrogen and
other fuels can probably be extended as aviation fuels. This has
the potential to not only attenuate, but even reverse the harmful
consequences of climate change in the long run.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

This current review was supported by the Deanship of Scientific
Research (DSR) at King Abdulaziz University, Jeddah, Kingdom of
Saudi Arabia. The authors, therefor, acknowledge with thanks
DSR for technical and financial support. Khaled A. El-Tarabily also
would like to thank the library at Murdoch University, Australia,
for the valuable online resources and comprehensive databases.

References

Abid, M., Schneider, U.A., Scheffran, J., 2016. Adaptation to climate change and its
impacts on food productivity and crop income: perspectives of farmers in rural
Pakistan. J. Rural Stud. 47, 254–266. https://doi.org/10.1016/j.
jrurstud.2016.08.005.

Abouelenien, F., Fujiwara, W., Namba, Y., Kosseva, M., Nishio, N., Nakashimada, Y.,
2010. Improved methane fermentation of chicken manure via ammonia
10
removal by biogas recycle. Bioresour. Technol. 101, 6368–6373. https://doi.
org/10.1016/j.biortech.2010.03.071.

Adegboye, M.F., Ojuederie, O.B., Talia, P.M., Babalola, O.O., 2021. Bioprospecting of
microbial strains for biofuel production: metabolic engineering, applications,
and challenges. Biotechnol. Biofuel. 14, 1–21. https://doi.org/10.1186/s13068-
020-01853-2.

Akhundi, A., Habibi-Yangjeh, A., Abitorabi, M., Rahim Pouran, S., 2019. Review on
photocatalytic conversion of carbon dioxide to value-added compounds and
renewable fuels by graphitic carbon nitride-based photocatalysts. Catal. Rev. 61,
595–628. https://doi.org/10.1080/01614940.2019.1654224.

Al-Azzawi, A.M., Jassem, E.K., 2016. Synthesis and characterization of several new
succinimides linked to phenyl azo benzothiazole or thiazole moieties with
expected biological activity. Iraq. J. Sci. 57, 534–544.

Alhassan, Y., Kumar, N., Bugaje, I.M., 2016. Hydrothermal liquefaction of de-oiled
Jatropha curcas cake using deep eutectic solvents (DESs) as catalysts and co-
solvents. Bioresour. Technol. 199, 375–381. https://doi.org/10.1016/j.
biortech.2015.07.116.

Ali, A., Erenstein, O., 2017. Assessing farmer use of climate change adaptation
practices and impacts on food security and poverty in Pakistan. Clim. Risk
Manage. 16, 183–194. https://doi.org/10.1016/j.crm.2016.12.001.

Amaro, H.M., Guedes, A.C., Malcata, F.X., 2011. Advances and perspectives in using
microalgae to produce biodiesel. Appl. Energy 88, 3402–3410. https://doi.org/
10.1016/j.apenergy.2010.12.014.

Ambat, I., Srivastava, V., Sillanpää, M., 2018. Recent advancement in biodiesel
production methodologies using various feedstock: a review. Renew. Sustain.
Energy Rev. 90, 356–369. https://doi.org/10.1016/j.rser.2018.03.069.

Amoozegar, M.A., Safarpour, A., Noghabi, K.A., Bakhtiary, T., Ventosa, A., 2019.
Halophiles and their vast potential in biofuel production. Front. Microbiol. 10,
1895. https://doi.org/10.3389/fmicb.2019.01895.

Antoni, D., Zverlov, V.V., Schwarz, W.H., 2007. Biofuels from microbes. Appl.
Microbiol. Biotechnol. 77, 23–35. https://doi.org/10.1007/s00253-007-1163-x.

Arous, F., Azabou, S., Triantaphyllidou, I.-E., Aggelis, G., Jaouani, A., Nasri, M.,
Mechichi, T., 2017. Newly isolated yeasts from Tunisian microhabitats: lipid
accumulation and fatty acid composition. Eng. Life Sci. 17, 226–236. https://doi.
org/10.1002/elsc.201500156.

Arroyo, M.F.R., Miguel, L.J., 2020. The role of renewable energies for the
sustainable energy governance and environmental policies for the mitigation
of climate change in Ecuador. Energies 13, 3883. https://doi.org/10.3390/
en13153883.

Asadi, A., Kadijani, O.N., Doranehgard, M.H., Bozorg, M.V., Xiong, Q., Shadloo, M.S., Li,
L.K., 2020. Numerical study on the application of biodiesel and bioethanol in a
multiple injection diesel engine. Renew. Energy 150, 1019–1029. https://doi.
org/10.1016/j.renene.2019.11.088.

Balan, V., Chiaramonti, D., Kumar, S., 2013. Review of US and EU initiatives toward
development, demonstration, and commercialization of lignocellulosic biofuels.
Biofuel Bioprod. Biorefin. 7, 732–759. https://doi.org/10.1002/bbb.1436.

Barreiro, D.L., Riede, S., Hornung, U., Kruse, A., Prins, W., 2015. Hydrothermal
liquefaction of microalgae: effect on the product yields of the addition of an
organic solvent to separate the aqueous phase and the biocrude oil. Algal Res.
12, 206–212. https://doi.org/10.1016/j.algal.2015.08.025.

Basso, B., Dumont, B., Maestrini, B., Shcherbak, I., Robertson, G.P., Porter, J.R., Smith,
P., Paustian, K., Grace, P.R., Asseng, S., Bassu, S., Biernath, C., Boote, K.J.,
Cammarano, D., De Sanctis, G., Durand, J.-L., Ewert, F., Gayler, S., Hyndman, D.
W., Kent, J., Martre, P., Nendel, C., Priesack, E., Ripoche, D., Ruane, A.C., Sharp, J.,
Thorburn, P.J., Hatfield, J.L., Jones, J.W., Rosenzweig, C., 2018. Soil organic carbon
and nitrogen feedbacks on crop yields under climate change. Agric. Environ.
Lett. 3, 180026. https://doi.org/10.2134/ael2018.05.0026.

Basso, L.C., De Amorim, H.V., De Oliveira, A.J., Lopes, M.L., 2008. Yeast selection for
fuel ethanol production in Brazil. FEMS Yeast Res. 8, 1155–1163. https://doi.
org/10.1111/j.1567-1364.2008.00428.x.

Ben-Iwo, J., Manovic, V., Longhurst, P., 2016. Biomass resources and biofuels
potential for the production of transportation fuels in Nigeria. Renew. Sustain.
Energy Rev. 63, 172–192. https://doi.org/10.1016/j.rser.2016.05.050.

Biller, P., Johannsen, I., Dos Passos, J.S., Ottosen, L.D.M., 2018. Primary sewage sludge
filtration using biomass filter aids and subsequent hydrothermal co-
liquefaction. Water Res. 130, 58–68. https://doi.org/10.1016/j.
watres.2017.11.048.

Boboescu, I.Z., Gherman, V.D., Lakatos, G., Pap, B., Bíró, T., Maróti, G., 2016.
Surpassing the current limitations of biohydrogen production systems: The case
for a novel hybrid approach. Bioresour. Technol. 204, 192–201. https://doi.org/
10.1016/j.biortech.2015.12.083.

Boden, T.A., Marland, G., Andres, R.J., 2017. Global, Regional, and National Fossil-
Fuel CO2 Emissions (1751 - 2014) (V. 2017). United States. doi:10.3334/cdiac/
00001_v2017.

Bolzonella, D., Battista, F., Cavinato, C., Gottardo, M., Micolucci, F., Lyberatos, G.,
Pavan, P., 2018. Recent developments in biohythane production from household
food wastes: a review. Bioresour. Technol. 257, 311–319. https://doi.org/
10.1016/j.biortech.2018.02.092.

Boock, J.T., Freedman, A.J., Tompsett, G.A., Muse, S.K., Allen, A.J., Jackson, L.A., Castro-
Dominguez, B., Timko, M.T., Prather, K.L., Thompson, J.R., 2019. Engineered
microbial biofuel production and recovery under supercritical carbon dioxide.
Nat. Commun. 10, 587. https://doi.org/10.1038/s41467-019-08486-6.

Boonchuay, P., Techapun, C., Leksawasdi, N., Seesuriyachan, P., Hanmoungjai, P.,
Watanabe, M., Takenaka, S., Chaiyaso, T., 2018. An integrated process for
xylooligosaccharide and bioethanol production from corncob. Bioresour.
Technol. 256, 399–407. https://doi.org/10.1016/j.biortech.2018.02.004.

https://doi.org/10.1016/j.jrurstud.2016.08.005
https://doi.org/10.1016/j.jrurstud.2016.08.005
https://doi.org/10.1016/j.biortech.2010.03.071
https://doi.org/10.1016/j.biortech.2010.03.071
https://doi.org/10.1186/s13068-020-01853-2
https://doi.org/10.1186/s13068-020-01853-2
https://doi.org/10.1080/01614940.2019.1654224
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0025
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0025
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0025
https://doi.org/10.1016/j.biortech.2015.07.116
https://doi.org/10.1016/j.biortech.2015.07.116
https://doi.org/10.1016/j.crm.2016.12.001
https://doi.org/10.1016/j.apenergy.2010.12.014
https://doi.org/10.1016/j.apenergy.2010.12.014
https://doi.org/10.1016/j.rser.2018.03.069
https://doi.org/10.3389/fmicb.2019.01895
https://doi.org/10.1007/s00253-007-1163-x
https://doi.org/10.1002/elsc.201500156
https://doi.org/10.1002/elsc.201500156
https://doi.org/10.3390/en13153883
https://doi.org/10.3390/en13153883
https://doi.org/10.1016/j.renene.2019.11.088
https://doi.org/10.1016/j.renene.2019.11.088
https://doi.org/10.1002/bbb.1436
https://doi.org/10.1016/j.algal.2015.08.025
https://doi.org/10.2134/ael2018.05.0026
https://doi.org/10.1111/j.1567-1364.2008.00428.x
https://doi.org/10.1111/j.1567-1364.2008.00428.x
https://doi.org/10.1016/j.rser.2016.05.050
https://doi.org/10.1016/j.watres.2017.11.048
https://doi.org/10.1016/j.watres.2017.11.048
https://doi.org/10.1016/j.biortech.2015.12.083
https://doi.org/10.1016/j.biortech.2015.12.083
https://doi.org/10.1016/j.biortech.2018.02.092
https://doi.org/10.1016/j.biortech.2018.02.092
https://doi.org/10.1038/s41467-019-08486-6
https://doi.org/10.1016/j.biortech.2018.02.004


N.M. Zabermawi, Faten A.S. Alsulaimany, M.T. El-Saadony et al. Saudi Journal of Biological Sciences xxx (xxxx) xxx
Branduardi, P., Longo, V., Berterame, N.M., Rossi, G., Porro, D., 2013. A novel
pathway to produce butanol and isobutanol in Saccharomyces cerevisiae.
Biotechnol. Biofuels 6, 68. https://doi.org/10.1186/1754-6834-6-68.

Bridgwater, A.V., 2012. Review of fast pyrolysis of biomass and product upgrading.
Biomass Bioenergy 38, 68–94. https://doi.org/10.1016/j.biombioe.2011.01.048.

Cabrol, L., Marone, A., Tapia-Venegas, E., Steyer, J.P., Ruiz-Filippi, G., Trably, E., 2017.
Microbial ecology of fermentative hydrogen producing bioprocesses: useful
insights for driving the ecosystem function. FEMS Microbiol. Rev. 41, 158–181.
https://doi.org/10.1093/femsre/fuw043.

Carmona-Cabello, M., García, I.L., Papadaki, A., Tsouko, E., Koutinas, A., Dorado, M.P.,
2021. Biodiesel production using microbial lipids derived from food waste
discarded by catering services. Bioresour. Technol. 323, 124597. https://doi.org/
10.1016/j.biortech.2020.124597.

Chaubey, R., Sahu, S., James, O.O., Maity, S., 2013. A review on development of
industrial processes and emerging techniques for production of hydrogen from
renewable and sustainable sources. Renew. Sustain. Energy Rev. 23, 443–462.
https://doi.org/10.1016/j.rser.2013.02.019.

Cheng, X.-Y., Zhong, C., 2014. Effects of feed to inoculum ratio, co-digestion, and
pretreatment on biogas production from anaerobic digestion of cotton stalk.
Energ. Fuel 28, 3157–3166. https://doi.org/10.1021/ef402562z.

Chew, K.W., Chia, S.R., Show, P.L., Ling, T.C., Chang, J.S., 2018. Biofuels from
microbial lipids. In: Liao, Q., Chang, J., Herrmann, C., Xia, A. (Eds.), Bioreactors
for Microbial Biomass and Energy Conversion. Springer, Singapore, pp. 359–
388. https://doi.org/10.1007/978-981-10-7677-0_9.

Christophe, G., Kumar, V., Nouaille, R., Gaudet, G., Fontanille, P., Pandey, A., Soccol, C.
R., Larroche, C., 2012. Recent developments in microbial oils production: a
possible alternative to vegetable oils for biodiesel without competition with
human food? Braz. Arch. Biol. Technol. 55, 29–46. https://doi.org/10.1590/
S1516-89132012000100004.

Chubukov, V., Mukhopadhyay, A., Petzold, C.J., Keasling, J.D., Martín, H.G., 2016.
Synthetic and systems biology for microbial production of commodity
chemicals. NPJ Syst. Biol. Appl. 2, 16009. https://doi.org/10.1038/npjsba.2016.9.

Collet, C., Adler, N., Schwitzguébel, J.P., Péringer, P., 2004. Hydrogen production by
Clostridium thermolacticum during continuous fermentation of lactose. Int. J.
Hydrog. Energy 29, 1479–1485. https://doi.org/10.1016/j.ijhydene.2004.02.009.

Collet, P., Lardon, L., Hélias, A., Bricout, S., Lombaert-Valot, I., Perrier, B., Lepine, O.,
Steyer, J.P., Bernard, O., 2014. Biodiesel from microalgae–life cycle assessment
and recommendations for potential improvements. Renew. Energy 71, 525–
533. https://doi.org/10.1016/j.renene.2014.06.009.

Connor, M.R., Liao, J.C., 2009. Microbial production of advanced transportation fuels
in non-natural hosts. Curr. Opin. Biotechnol. 20, 307–315. https://doi.org/
10.1016/j.copbio.2009.04.002.

Corral-Gómez, L., Rubio-Gómez, G., Rodriguez-Rosa, D., Martín-Parra, A., de la Rosa-
Urbalejo, D., Martínez-Martínez, S., 2021. A comparative analysis of knock
severity in a cooperative fuel research engine using binary gasoline–alcohol
blends. Int. J. Engine Res. 22, 1997–2009.

Das, D., Veziroǧlu, T.N., 2001. Hydrogen production by biological processes: a survey
of literature. Int. J. Hydrog. Energy 26, 13–28. https://doi.org/10.1016/s0360-
3199(00)00058-6.

Deeba, F., Raza, I., Muhammad, N., Rahman, H., ur Rehman, Z., Azizullah, A., Khattak,
B., Ullah, F., Daud, M.K., 2017. Chlorpyrifos and lambda cyhalothrin-induced
oxidative stress in human erythrocytes: In vitro studies. Toxicol. Ind. Health 33,
297–307. https://doi.org/10.1177/0748233716635003.

Degfie, T.A., Mamo, T.T., Mekonnen, Y.S., 2019. Optimized biodiesel production from
waste cooking oil (WCO) using calcium oxide (CaO) nano-catalyst. Sci. Rep. 9,
1–8. https://doi.org/10.1038/s41598-019-55403-4.

Demirbas, A., 2008. Comparison of transesterification methods for production of
biodiesel from vegetable oils and fats. Energy Convers. Manage. 49, 125–130.
https://doi.org/10.1016/j.enconman.2007.05.002.

Demirbas, M.F., 2011. Biofuels from algae for sustainable development. Appl.
Energy 88, 3473–3480. https://doi.org/10.1016/j.apenergy.2011.01.059.

Dev, S., Saha, S., Kurade, M.B., Salama, E.S., El-Dalatony, M.M., Ha, G.S., Chang, S.W.,
Jeon, B.H., 2019. Perspective on anaerobic digestion for biomethanation in cold
environments. Renew. Sustain. Energy Rev. 103, 85–95. https://doi.org/
10.1016/j.rser.2018.12.034.

Dhyani, V., Bhaskar, T., 2018. A comprehensive review on the pyrolysis of
lignocellulosic biomass. Renew. Energy 129, 695–716. https://doi.org/10.1016/
j.renene.2017.04.035.

Dimitriadis, A., Bezergianni, S., 2017. Hydrothermal liquefaction of various
biomass and waste feedstocks for biocrude production: a state of the art
review. Renew. Sustain. Energy Rev. 68, 113–125. https://doi.org/10.1016/j.
rser.2016.09.120.

Doi, H., Tokura, Y., Mori, Y., Mori, K., Asakura, Y., Usuda, Y., Fukuda, H., Chinen, A.,
2017. Identification of enzymes responsible for extracellular alginate
depolymerization and alginate metabolism in Vibrio algivorus. Appl. Microbiol.
Biotechnol. 101, 1581–1592. https://doi.org/10.1007/s00253-016-8021-7.

Dornau, A., Robson, J.F., Thomas, G.H., McQueen-Mason, S.J., 2020. Robust
microorganisms for biofuel and chemical production from municipal solid
waste. Microb. Cell Fact. 19, 1–18. https://doi.org/10.1186/s12934-020-01325-
0.

Dragone, G., Fernandes, B.D., Vicente, A.A., Teixeira, J.A., 2010. Third generation
biofuels from microalgae. In: Méndez-Vilas, A. (Ed.), Current Research.
Technology and Education Topics in Applied Microbiology and Microbial
Biotechnology, Spain Formatex Research Center, pp. 1355–1366.

Dürre, P., 2007. Biobutanol: an attractive biofuel. Biotechnol. J. 2, 1525–1534.
https://doi.org/10.1002/biot.200700168.
11
Dürre, P., Bahl, H., 1996. In: Biotechnology. Wiley-VCH Verlag GmbH, Weinheim,
Germany, pp. 229–268.

Eckert, C.A., Trinh, C.T., 2016. In: Biotechnology for Biofuel Production and
Optimization. Elsevier, Amsterdam, p. 552. https://doi.org/10.1016/C2013-0-
16084-9.

Ezeji, T., Qureshi, N., Blaschek, H.P., 2007. Butanol production from agricultural
residues: Impact of degradation products on Clostridium beijerinckii growth and
butanol fermentation. Biotechnol. Bioeng. 97, 1460–1469. https://doi.org/
10.1002/bit.21373.

FAO. 2017. The future of food and agriculture–trends and challenges. Annual
Report. http://www.fao.org/3/i6583e/i6583e.pdf (Accessed 27 January 2022).

Fatima, N., Mahmood, M.S., Hussain, I., Siddique, F., Hafeez, S., 2016.
Transesterification of oil extracted from freshwater algae for biodiesel
production. Energ. Source Part A. 38, 2306–2311. https://doi.org/10.1080/
15567036.2015.1048387.

Fernández-Rodríguez, J., Pérez, M., Romero, L.I., 2014. Dry thermophilic anaerobic
digestion of the organic fraction of municipal solid wastes: solid retention time
optimization. Chem. Eng. J. 251, 435–440. https://doi.org/10.1016/j.
cej.2014.04.067.

Gientka, I., Kieliszek, M., Jermacz, K., Bła _zejak, S., 2017. Identification and
characterization of oleaginous yeast isolated from kefir and its ability to
accumulate intracellular fats in deproteinated potato wastewater with different
carbon sources. Biomed Res. Int. 2017, 1–19. https://doi.org/10.1155/2017/
6061042.

Gottumukkala, L.D., Parameswaran, B., Valappil, S.K., Mathiyazhakan, K., Pandey, A.,
Sukumaran, R.K., 2013. Biobutanol production from rice straw by a non-acetone
producing Clostridium sporogenes BE01. Bioresour. Technol. 145, 182–187.
https://doi.org/10.1016/j.biortech.2013.01.046.

Gray, K.A., Zhao, L., Emptage, M., 2006. Bioethanol. Curr. Opin. Chem. Biol. 10, 141–
146. https://doi.org/10.1016/j.cbpa.2006.02.035.

Gu, Y., Chen, X., Liu, Z., Zhou, X., Zhang, Y., 2014. Effect of inoculum sources on the
anaerobic digestion of rice straw. Bioresour. Technol. 158, 149–155. https://doi.
org/10.1016/j.biortech.2014.02.011.

Hertel, T., Golub, A., Jones, A., O’Hare, M., Plevin, R., Kammen, D., 2009. Global land
use and greenhouse gas emissions impacts of U.S. Maize ethanol: the role of
market-mediated responses. BioScience 60, 223–231. https://doi.org/10.1525/
bio.2010.60.3.8.

Hossain, S.M.Z., 2019. Biochemical conversion of microalgae biomass into biofuel.
Chem. Eng. Technol. 42, 2594–2607. https://doi.org/10.1002/ceat.201800605.

Hosseini, S.E., Wahid, M.A., 2016. Hydrogen production from renewable and
sustainable energy resources: promising green energy carrier for clean
development. Renew. Sustain. Energy Rev. 57, 850–866. https://doi.org/
10.1016/j.rser.2015.12.112.

Huang, K., Fu, J.S., Prikhodko, V.Y., Storey, J.M., Romanov, A., Hodson, E.L., Cresko, J.,
Morozova, I., Ignatieva, Y., Cabaniss, J., 2015. Russian anthropogenic black
carbon: emission reconstruction and arctic black carbon simulation. J. Geophys.
Res. Atmos. 120, 11,306–11,333. https://doi.org/10.1002/2015JD023358.

Hwang, J.-H., Church, J., Lee, S.-J., Park, J., Lee, W.H., 2016. Use of microalgae for
advanced wastewater treatment and sustainable bioenergy generation.
Environ. Eng. Sci. 33, 882–897. https://doi.org/10.1089/ees.2016.0132.

Intergovernmental Panel on Climate Change (IPCC), 2001. Climate change 2001: the
scientific basis. Contribution ofWorking Group I to the Third Assessment Report
of the Intergovernmental Panel on Climate Change. https://www.ipcc.ch/site/
assets/uploads/2018/07/WG1_TAR_FM.pdf (Accessed 27 January 2022).

Intergovernmental Panel on Climate Change (IPCC), 2007. Climate change 2007 -
The Physical Science Basis, Cambridge University Press, New York. https://
www.ipcc.ch/site/assets/uploads/2018/02/ar4-wg1-frontmatter-1.pdf
(Accessed 27 January 2022).

Jahirul, M., Rasul, M., Chowdhury, A., Ashwath, N., 2012. Biofuels production
through biomass pyrolysis —a technological review. Energies 5, 4952–5001.
https://doi.org/10.3390/en5124952.

Khalid, A., Arshad, M., Anjum, M., Mahmood, T., Dawson, L., 2011. The anaerobic
digestion of solid organic waste. Waste Manag. 31, 1737–1744. https://doi.org/
10.1016/j.wasman.2011.03.021.

Khandaker, M.M., Abdullahi, U.A., Abdulrahman, M.D., Badaluddin, N.A., Mohd, K.S.,
2020. Bioethanol production from fruit and vegetable waste by using
Saccharomyces cerevisiae, in: Inambao, F. (Ed.), Bioethanol Technologies.
IntechOpen Publishing. doi: 10.5772/intechopen.94358.

Kheshgi, H., Akhurst, M., Christensen, D., Cox, R., Greco, R., Kempsell, S., Kramer, G.,
Organ, R., Stileman, T., 2004. Transportation and Climate Change:
Opportunities, Challenges and Long-Term Strategies. Summary Brochure of
the International Petroleum Industry. Environment Conservation Association,
Baltimore.

Konur, O., 2021. Biodiesel Fuels: Science, Technology, Health, and Environment.
CRC Press, Boca Raton, Florida, pp. 448.

Kot, A.M., Bła _zejak, S., Kurcz, A., Gientka, I., Kieliszek, M., 2016. Rhodotorula glutinis—
potential source of lipids, carotenoids, and enzymes for use in industries. Appl.
Microbiol. Biotechnol. 100, 6103–6117. https://doi.org/10.1007/s00253-016-
7611-8.

Kulkarni, M.G., Gopinath, R., Meher, L.C., Dalai, A.K., 2006. Solid acid catalyzed
biodiesel production by simultaneous esterification and transesterification.
Green Chem. 8, 1056–1062. https://doi.org/10.1039/b605713f.

Kumar, M., Sundaram, S., Gnansounou, E., Larroche, C., Thakur, I.S., 2018. Carbon
dioxide capture, storage and production of biofuel and biomaterials by bacteria:
a review. Bioresour. Technol. 247, 1059–1068. https://doi.org/10.1016/j.
biortech.2017.09.050.

https://doi.org/10.1186/1754-6834-6-68
https://doi.org/10.1016/j.biombioe.2011.01.048
https://doi.org/10.1093/femsre/fuw043
https://doi.org/10.1016/j.biortech.2020.124597
https://doi.org/10.1016/j.biortech.2020.124597
https://doi.org/10.1016/j.rser.2013.02.019
https://doi.org/10.1021/ef402562z
https://doi.org/10.1007/978-981-10-7677-0_9
https://doi.org/10.1590/S1516-89132012000100004
https://doi.org/10.1590/S1516-89132012000100004
https://doi.org/10.1038/npjsba.2016.9
https://doi.org/10.1016/j.ijhydene.2004.02.009
https://doi.org/10.1016/j.renene.2014.06.009
https://doi.org/10.1016/j.copbio.2009.04.002
https://doi.org/10.1016/j.copbio.2009.04.002
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0190
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0190
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0190
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0190
https://doi.org/10.1016/s0360-3199(00)00058-6
https://doi.org/10.1016/s0360-3199(00)00058-6
https://doi.org/10.1177/0748233716635003
https://doi.org/10.1038/s41598-019-55403-4
https://doi.org/10.1016/j.enconman.2007.05.002
https://doi.org/10.1016/j.apenergy.2011.01.059
https://doi.org/10.1016/j.rser.2018.12.034
https://doi.org/10.1016/j.rser.2018.12.034
https://doi.org/10.1016/j.renene.2017.04.035
https://doi.org/10.1016/j.renene.2017.04.035
https://doi.org/10.1016/j.rser.2016.09.120
https://doi.org/10.1016/j.rser.2016.09.120
https://doi.org/10.1007/s00253-016-8021-7
https://doi.org/10.1186/s12934-020-01325-0
https://doi.org/10.1186/s12934-020-01325-0
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0245
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0245
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0245
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0245
https://doi.org/10.1002/biot.200700168
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0255
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0255
https://doi.org/10.1016/C2013-0-16084-9
https://doi.org/10.1016/C2013-0-16084-9
https://doi.org/10.1002/bit.21373
https://doi.org/10.1002/bit.21373
https://doi.org/10.1080/15567036.2015.1048387
https://doi.org/10.1080/15567036.2015.1048387
https://doi.org/10.1016/j.cej.2014.04.067
https://doi.org/10.1016/j.cej.2014.04.067
https://doi.org/10.1155/2017/6061042
https://doi.org/10.1155/2017/6061042
https://doi.org/10.1016/j.biortech.2013.01.046
https://doi.org/10.1016/j.cbpa.2006.02.035
https://doi.org/10.1016/j.biortech.2014.02.011
https://doi.org/10.1016/j.biortech.2014.02.011
https://doi.org/10.1525/bio.2010.60.3.8
https://doi.org/10.1525/bio.2010.60.3.8
https://doi.org/10.1002/ceat.201800605
https://doi.org/10.1016/j.rser.2015.12.112
https://doi.org/10.1016/j.rser.2015.12.112
https://doi.org/10.1002/2015JD023358
https://doi.org/10.1089/ees.2016.0132
https://doi.org/10.3390/en5124952
https://doi.org/10.1016/j.wasman.2011.03.021
https://doi.org/10.1016/j.wasman.2011.03.021
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0355
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0355
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0355
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0355
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0355
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0360
http://refhub.elsevier.com/S1319-562X(22)00100-0/h0360
https://doi.org/10.1007/s00253-016-7611-8
https://doi.org/10.1007/s00253-016-7611-8
https://doi.org/10.1039/b605713f
https://doi.org/10.1016/j.biortech.2017.09.050
https://doi.org/10.1016/j.biortech.2017.09.050


N.M. Zabermawi, Faten A.S. Alsulaimany, M.T. El-Saadony et al. Saudi Journal of Biological Sciences xxx (xxxx) xxx
Kumar, R., Kumar, P., 2017. Future microbial applications for bioenergy production:
a perspective. Front. Microbiol. 8, 450. https://doi.org/10.3389/
fmicb.2017.00450.

Kumar, S., Gupta, R.B., 2008. Hydrolysis of microcrystalline cellulose in subcritical
and supercritical water in a continuous flow reactor. Ind. Eng. Chem. Res. 47,
9321–9329. https://doi.org/10.1021/ie801102j.

Lan, E.I., Dekishima, Y., Chuang, D.S., Liao, J.C., 2013. Metabolic engineering of 2-
pentanone synthesis in Escherichia coli. AICHE J. 59, 3167–3175. https://doi.org/
10.1002/aic.14086.

Lee, S.Y., Sankaran, R., Chew, K.W., Tan, C.H., Krishnamoorthy, R., Chu, D.T., Show, P.
L., 2019. Waste to bioenergy: A review on the recent conversion technologies.
BMC Energy 1, 1–22. https://doi.org/10.1186/s42500-019-0004-7.

Li, R., Li, B., Yang, T., Kai, X., Wang, W., Jie, Y., Zhang, Y., Chen, G., 2015. Sub-
supercritical liquefaction of rice stalk for the production of bio-oil: effect of
solvents. Bioresour. Technol. 198, 94–100. https://doi.org/10.1016/j.
biortech.2015.08.088.

Li, R., Liu, D., Zhang, Y., Zhou, J., Tsang, Y.F., Liu, Z., Duan, N., Zhang, Y., 2019.
Improved methane production and energy recovery of post-hydrothermal
liquefaction waste water via integration of zeolite adsorption and anaerobic
digestion. Sci. Total Environ. 651, 61–69. https://doi.org/10.1016/j.
scitotenv.2018.09.175.

Lu, J., Zhang, J., Zhu, Z., Zhang, Y., Zhao, Y., Li, R., Watson, J., Li, B., Liu, Z., 2017.
Simultaneous production of biocrude oil and recovery of nutrients and metals
from human feces via hydrothermal liquefaction. Energy Convers. Manag. 134,
340–346. https://doi.org/10.1016/j.enconman.2016.12.052.

Lynd, L.R., Larson, E., Greene, N., Laser, M., Sheehan, J., Dale, B.E., McLaughlin, S.,
Wang, M., 2009. The role of biomass in America’s energy future: Framing the
analysis. Biofuels Bioprod. Biorefin. 3, 113–123. https://doi.org/10.1002/
bbb.134.

Ma, F., Hanna, M.A., 1999. Biodiesel production: a review. Bioresour. Technol. 70, 1–
15. https://doi.org/10.1016/S0960-8524(99)00025-5.

Ma, Y., Gao, Z., Wang, Q., Liu, Y., 2018. Biodiesels from microbial oils: opportunity
and challenges. Bioresour. Technol. 263, 631–641. https://doi.org/10.1016/j.
biortech.2018.05.028.

Mabee, W.E., Gregg, D.J., Saddler, J.N., 2004. In: Proceedings of the Twenty-Fifth
Symposium on Biotechnology for Fuels and Chemicals Held May 4–7, 2003, in
Breckenridge, CO. Humana Press, Totowa, NJ, pp. 1213–1214. https://doi.org/
10.1007/978-1-59259-837-3_98.

Madakka, M., Rajesh, N., Jayaraju, N., Lakshmanna, B., Kumaraswamy, H.H., Kashyap,
B.K., 2020. Eco-friendly microbial biofuel production fromwaste. In: Kashyap, B.
K., Solanki, M.K., Kamboj, D.V., Pandey, A.K. (Eds.), Waste to Energy: Prospects
and Applications. Springer Singapore, Singapore, pp. 83–98. https://doi.org/
10.1007/978-981-33-4347-4_4.

Malode, S.J., Prabhu, K.K., Mascarenhas, R.J., Shetti, N.P., Aminabhavi, T.M., 2021.
Recent advances and viability in biofuel production. Energy Convers. Manage.
10, 100070. https://doi.org/10.1016/j.ecmx.2020.100070.

Marañón, E., Castrillón, L., Quiroga, G., Fernández-Nava, Y., Gómez, L., García, M.M.,
2012. Co-digestion of cattle manure with food waste and sludge to increase
biogas production. Waste Manage. 32, 1821–1825. https://doi.org/10.1016/j.
wasman.2012.05.033.

Martínez, S.S., López Benítes, W., Álvarez Gallegos, A.A., Sebastián, P.J., 2005.
Recycling of aluminum to produce green energy. Sol. Energy Mater. Sol. Cells.
88, 237–243. https://doi.org/10.1016/j.solmat.2004.09.022.

McCarthy, M., 2012. Review of the environment in 2012: In the eye of the storm.
The Daily Independent. Available from: https://www.independent.co.
uk/climate-change/news/review-of-the-environment-in-2012-in-the-eye-of-
the-storm-8424653.html.

Milledge, J.J., Heaven, S., 2013. A review of the harvesting of microalgae for biofuel
production. Rev. Environ. Sci. Biotechnol. 12, 165–178. https://doi.org/10.1007/
s11157-012-9301-z.

Minteer, S., 2016. Alcoholic fuels. CRC Press, Boca Raton, Florida, pp. 296.
Nagao, N., Tajima, N., Kawai, M., Niwa, C., Kurosawa, N., Matsuyama, T., Yusoff, F.M.,

Toda, T., 2012. Maximum organic loading rate for the single-stage wet
anaerobic digestion of food waste. Bioresour. Technol. 118, 210–218. https://
doi.org/10.1016/j.biortech.2012.05.045.

Naik, S.N., Goud, V.V., Rout, P.K., Dalai, A.K., 2010. Production of first and second
generation biofuels: a comprehensive review. Renew. Sustain. Energy Rev. 14,
578–597. https://doi.org/10.1016/j.rser.2009.10.003.

Nualsri, C., Reungsang, A., Plangklang, P., 2016. Biochemical hydrogen and
methane potential of sugarcane syrup using a two-stage anaerobic
fermentation process. Ind. Crops Prod. 82, 88–99. https://doi.org/10.1016/j.
indcrop.2015.12.002.

OECD-FAO., 2011. OECD-FAO Agricultural Outlook 2011 (Summary in German),
OECD Publishing, Paris. https://www.oecd-ilibrary.org/docserver/agr_outlook-
2011-sum-de.pdf?expires=1643258219&id=
id&accname=guest&checksum=5AE95056CE101D4218EC32D23C222629
(Accessed 27 January 2022).

Owusu, P.A., Asumadu-Sarkodie, S., Ameyo, P., Dubey, S., 2016. A review of Ghana’s
water resource management and the future prospect. Cogent. Eng. 3, 1164275.
https://doi.org/10.1080/23311916.2016.1164275.

Pandey, A., Larroche, C., Gnansounou, E., Khanal, S.K., Dussap, C.G., Ricke, S., 2019.
Biofuels: Alternative feedstocks and conversion processes for the production of
liquid and gaseous biofuels. A Volume in Biomass, Biofuels, Biochemicals,.
Academic Press, London, pp. 886.

Parvez, A.M., Afzal, M.T., Jiang, P., Wu, T., 2020. Microwave-assisted biomass
pyrolysis polygeneration process using a scaled-up reactor: Product
12
characterization, thermodynamic assessment and bio-hydrogen production.
Biomass Bioenergy 139, 105651. https://doi.org/10.1016/j.
biombioe.2020.105651.

Pfromm, P.H., Amanor-Boadu, V., Nelson, R., Vadlani, P., Madl, R., 2010. Biobutanol
vs. bio-ethanol: A technical and economic assessment for corn and switchgrass
fermented by yeast or Clostridium acetobutylicum. Biomass Bioenergy 34, 515–
524. https://doi.org/10.1016/j.biombioe.2009.12.017.

Phukan, M.M., Bora, P., Gogoi, K., Konwar, B.K., 2019. Biodiesel from Saccharomyces
cerevisiae: Fuel property analysis and comparative economics. SN Appl. Sci. 153,
1–10. https://doi.org/10.1007/s42452-019-0159-3.

Qian, L., Wang, S., Savage, P.E., 2017. Hydrothermal liquefaction of sewage sludge
under isothermal and fast conditions. Bioresour. Technol. 232, 27–34. https://
doi.org/10.1016/j.biortech.2017.02.017.

Ratledge, C., 2004. Fatty acid biosynthesis in microorganisms being used for single
cell oil production. Biochimie 86, 807–815. https://doi.org/10.1016/j.
biochi.2004.09.017.

Rodionova, M.V., Poudyal, R.S., Tiwari, I., Voloshin, R.A., Zharmukhamedov, S.K.,
Nam, H.G., Zayadan, B.K., Bruce, B.D., Hou, H.J.M., Allakhverdiev, S.I., 2017.
Biofuel production: challenges and opportunities. Int. J. Hydrog. Energy 42,
8450–8461. https://doi.org/10.1016/j.ijhydene.2016.11.125.

Saha, B.C., Cotta, M.A., 2007. Enzymatic hydrolysis and fermentation of lime
pretreated wheat straw to ethanol. J. Chem. Technol. Biotechnol. 82, 913–919.
https://doi.org/10.1002/jctb.1760.

Sakuragi, H., Kuroda, K., Ueda, M., 2011. Molecular breeding of advanced
microorganisms for biofuel production. Biomed. Res. Int. 2011, 1–11. https://
doi.org/10.1155/2011/416931.

Sarno, M., Iuliano, M., 2019. Biodiesel production from waste cooking oil. Green
Process. Synth. 8, 828–836. https://doi.org/10.1515/gps-2019-0053.

Scano, E.A., Asquer, C., Pistis, A., Ortu, L., Demontis, V., Cocco, D., 2014. Biogas from
anaerobic digestion of fruit and vegetable wastes: experimental results on
pilot-scale and preliminary performance evaluation of a full-scale power plant.
Energy Convers. Manage. 77, 22–30. https://doi.org/10.1016/j.
enconman.2013.09.004.

Schenk, P.M., Thomas-Hall, S.R., Stephens, E., Marx, U.C., Mussgnug, J.H., Posten, C.,
Kruse, O., Hankamer, B., 2008. Second generation biofuels: High-efficiency
microalgae for biodiesel production. Bioenerg. Res. 1, 20–43. https://doi.org/
10.1007/s12155-008-9008-8.

Schiffer, H.-W., Kober, T., Panos, E., 2018. World energy council’s global energy
scenarios to 2060 Perspektiven der weltweiten Energieversorgung bis 2060 –
Die Szenarien des World Energy Councils. Zeitschrift für Energiewirtschaft. 42,
91–102. https://doi.org/10.1007/s12398-018-0225-3.

Schubert, C., 2006. Can biofuels finally take center stage? Nat. Biotechnol. 24, 777–
784. https://doi.org/10.1038/nbt0706-777.

Selaimia, R., Beghiel, A., Oumeddour, R., 2015. The synthesis of biodiesel from
vegetable oil. Procedia Soc. Behav. Sci. 195, 1633–1638. https://doi.org/
10.1016/j.sbspro.2015.06.221.

Setyobudi, R.H., Salafudin , Wahyudi, H., Vincēviča-Gaile, Z. 2017. Study of
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