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Abstract 

Increasing fuel consumption has threatened energy supply stability, raising significant environmental and economic 
concerns for many countries. As global energy demand rises, reliance on fossil fuels poses serious challenges, including 
greenhouse gas emissions and resource depletion. In response, substantial efforts are made to develop and adopt clean 
renewable fuel alternatives. Replacing fossil fuels with biofuels can significantly reduce emissions of carbon monoxide 
(CO), sulfur dioxide (SO2), nitrogen oxides (NOx), particulate matter (PM), and tropospheric ozone (O3). Recent 
advances in the development of biofuels via genetic engineering have larger prospects for commercial-scale production. 
However, large-scale production remains challenging; therefore, to address this issue, it is vital to convert biomass into 
biofuels by developing revolutionary technology to improve biofuel production to meet present and future energy 
demands. The study aims to analyze alternative renewable energy sources and recent trends in the production of biofuel 
that are required to meet the demands of the global energy sector and economy while also considering future demand 
and utilization. 
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1. Introduction

The recent exponential expansion in industrialization and population has resulted in a worldwide energy crisis and 
concerns about reliance on non-renewable energy sources [1]. Fossil fuels, including coal, oil, petrol, diesel, natural gas, 
and mineral fuels partially derived from biological sources like bitumen and tar sand, account for 84% of the global 
primary energy consumption [2]. However, at current consumption rates, it is estimated that the worldwide supplies of 
petrol and oil will run out in about 50 years [3]. The movement of goods and people via air, sea, train, and road accounts 
for an estimated 58% of fossil fuel consumption [4]. Reducing dependence on fossil fuels and switching to renewable 
energy sources that are more ecologically friendly could help stabilize the climate, lower greenhouse gas emissions, and 
increase energy security. According to Yildiz [5] traditional biomass, primarily firewood and charcoal, supplies energy 
to 40% of the global population and makes up 11.5% of the world's primary energy source. While biomass is utilized 
for various applications, including the production of power, fuel additives, and agricultural applications, the domestic 
sector accounts for most of its use (75%), mostly for cooking and heating [6]. 

The remains of plants and animals that have been fossilized over millions of years due to heat and pressure in the earth's 
crust make fossil fuels. Commonly used fossil fuel derivatives include propane, kerosene, and gasoline [7]. Energy from 
fossil fuels is used for practically all human activities, including transportation, industrial processes, farming, building, 
and cooking. In addition to being used to create chemicals, fossil fuels (coal, oil, and gas) are also utilized to make 
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plastics, fertilizers, medications, and various other products. These processes' usage of fossil fuels has resulted in major 
side effects that are reason for concern worldwide. Pollutants such as carbon monoxide, carbon dioxide, nitrogen oxide, 
particulate matter, and sulphur oxide are released into the atmosphere. The main greenhouse gas that causes climate 
change is carbon dioxide. Additionally, acid rain has been formed due to the emission of sulphur and nitrogen oxides 
emissions from coal-fired power plants into the atmosphere, impacting both marine and terrestrial habitats. Ozone 
pollution is also caused by nitrogen oxide. Additionally, mercury, a heavy element that is beginning to pose a severe 
health risk, is released by coal-fired power plants [8]. Due to their long geological formation time and rapid depletion 
relative to production, fossil fuels are categorized as energy sources that are not renewable. 

Jat et al. [9] estimate that with recent technology and continued consumption at current rates, the total amount of oil, 
natural gas, and coal that can be recovered globally is approximately 100 years, 30 years, and 18 years, respectively. 
The exponential increase in the population, combined with urban and industrial growth, implies that fossil fuels will 
likely run out very quickly. The steady reduction of fossil fuels and their non-biodegradable nature have prompted the 
search for alternate energy sources for potential future applications [10]. Due to the anticipated need for sustainable 
energy, biomass's contribution as a source of renewable energy supply attracted significant attention worldwide [11]. 
In contrast to fossil fuels, renewable sources can remain viable for prolonged periods and emit significantly fewer 
pollutants because they do not depend on burning to produce energy. Global CO2, NOx, and SO2 emissions were reduced 
by 38%, 13%, and 70% in 2012 as a result of the integration of renewable energies [12]. As renewable energy 
technologies (RETs) advance and releases of greenhouse gases are controlled, the use of renewable energy solutions 
(RESs) is increasing. According to projections, RESs might provide 30–80% of the global energy demand by 2100 [13]. 
Air pollution from renewable energy sources is 3 to 10 times less harmful than that of fossil fuels [14]. 

1.1. Impacts of Fossil Fuel on the Environment 

Climate change and global warming are two major environmental problems caused by GHG emissions, especially CO2 
emitted by fossil fuel power plant. Increases in extreme weather, changes in disease patterns, and harm to agriculture 
are all caused by climate change. According to estimates, about 150,000 deaths globally are attributed to climate change 
each year [15]. In addition, other pollutants released by conventional energy sources include carbon monoxide (CO), 
sulphur dioxide (SO2), nitrogen oxides (NOx), particulate matter (PM), tropospheric ozone (O3), and heavy metals 
(HMs). Oil and gas exploration generate a significant quantity of contaminants while processing and refining, which 
contributes to pollution in the air, water, and soil. Oil thermal power plants release a variety of pollutants into the 
environment, the most common is carbon dioxide which is 700–800 g CO2/kWh on average and other pollutants 
comprise sulphur oxides (SOx), nitrogen oxides (NOx), and particulate matter (PM) [10]. 

When crude oil is refined into petroleum, volatile organic compounds (VOCs) (such as 2.5 g of benzene, toluene, and 
xylene per tonne of crude) are produced. The amount of pollution produced by this compound is largely determined by 
the final product. VOCs aid in the formation of smog in addition to being health hazards [16]. Coal is the most common 
and high-carbon fossil fuel. During the mining, processing, burning, and disposal of coal, pollutants, and greenhouse 
gases are emitted into the atmosphere. Carbon monoxide (CO), particle matter (PM), and hazardous organic compounds 
are among the hazardous indoor air pollutants that are released or produced when heating or cooking with polluting 
fuels like coal or biomass in open flames or conventional stoves [17]. Oil can introduce hydrocarbons, heavy metals, 
salts, and radioactive materials into the soil. These contaminants are discharged into the soil during the drilling, 
hydraulic fracturing, or transport processes, frequently as a result of equipment, casing, or pipeline failures [18]. Drilling 
for oil has the potential to contaminate groundwater and surface water when poisons and oil leak into aquifers via holes 
and cracks in the rock [19]. 

1.2. Biobutanol 

Anaerobic bacteria are used in the butanol production process to produce acetone, butanol, and ethanol (ABE) in a ratio 
of 3:6:1. In the early years of the twenty-first century, biobutanol which is made from plant materials like starch and 
lignocellulose became more significant as a sustainable biofuel, leading to an increase in its use in the transportation 
and aviation sectors [20]. The selectivity of ABE fermentation, which uses a high product concentration and dilution 
rate to reduce the harmful effects of the solvent produced during fermentation, is a significant technological difficulty 
in the synthesis of butanol. The method becomes highly energy-intensive since the production of other products like 
acetone and ethanol limits the creation of butanol [21]. In 1862, Louis Pasteur became the first scientist to publish about 
the microbial production of biobutanol [22]. In the biphasic system of acetone-butanol-ethanol fermentation, butyric 
and acetic acids are produced through the acidogenesis phase. Following the generation of acids, these acids are 
reassimilated, generating solvents such as acetone, butanol, and ethanol. Nevertheless, other solvents are synthesized 
concurrently with the butanol production process, which lowers the target product's selectivity rate [23]. It has been 
reported that scientists used C. saccharoperbutylacetonicum to produce biobutanol by using algal biomass that was 
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removed from effluent including enzymes like cellulases and xylanases. Green seaweed has also been used to metabolize 
xylose and glucose as well as produce biobutanol with the strains of C. acetobutylicum and C. beijerinckii. Marine 
macroalgae, such as Ceylon moss, have been demonstrated to be a viable option for the synthesis of butanol. To extract 
biobutanol from these macroalgae, clostridial strains were utilized as feedstock [24] 

1.3. Biohydrogen 

The microorganisms produce biohydrogen as a by-product of a wide variety of metabolic reactions. Biohydrogen is a 
highly efficient sustainable energy source that has a short half-life [25]. It can alleviate the strain that comes from a 
limited supply of alternative resources. The biophotolysis of water with microalgae and anaerobic fermentation of 
biomass high in carbohydrates is a potential approach to produce biohydrogen [26]. The transformation of polymeric 
sugars into monomers is thought to be a restricting phase of the manufacturing procedure since monomers are widely 
used in the synthesis of biohydrogen. Polymeric sugars are de-polymerized via a variety of pre-treatments, which are 
used in combination to maximize hydrogen production from algae. The dark fermentation process leaves a difference 
between the energy required to make biohydrogen and the energy that is generated as hydrogen with a negative net 
energy balance. To make this entire process economically feasible, it is imperative to combine the algal dark 
fermentation process with a biorefinery approach in which the outputs are converted into useful proteins [27]. 

1.4. Bio-oil 

The potential of algal biomass to produce bio-oil is quite promising because of its sustainable and clean nature [28]. Bio 
oil is a liquid fuel that is produced through thermal degradation (such liquefaction or pyrolysis) of biomass. In addition 
to being processed further to create biodiesel or other biofuels, it can be utilized straight as a fuel for heating. Bio-oil 
functions as a source for high-value chemical compounds, such as aromatic compounds, because of its rich content of 
compounds produced by the decomposition of cellulosic, hemicellulosic, or lignin biomass [29]. 

1.5. Biodiesel  

Biodiesel constitutes an oxygenated fuel that generates a complete combustion and has less negative environmental 
effects with great emission control. A wide range of feedstocks, including used cooking oils, animal fat, and oilseeds like 
canola and oil palm, can be used to make biodiesel [30]. Transesterification is the most often utilized procedure for 
producing biodiesel. During this process, long-chain fatty acids in triglycerides from vegetable and animal fats are 
converted into molecular molecules. Triglycerides, also known as fatty acids, are formed when three fatty acids are 
linked together by the carbon-carbon bonds. When these carbon bonds are broken, as illustrated in Figure 1, each 
triglyceride molecule is transformed into fatty acid ester molecules and glycerol, which can be processed to produce 
biodiesel[31]. 
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Figure 1 Process of transesterification of triglycerides to produce biodiesel. 

1.6. Bioethanol 

The ecological benefits of bioethanol have drawn significant attention to it in the modern world. Algal, lignocellulosic, 
and plant biomass can all be used as feedstocks for the production of bioethanol [32]. When producing bioethanol from 
algal biomass, the algae are collected and subsequently dried to eliminate nearly its water content, allowing for the easy 
handling and production of a solid material. The harvested algae are subjected to an appropriate dehydration procedure 
to remove the water content prior to the fuel extraction[33]. 

The most common method of converting the starch and sugars in algal biomass into bioethanol is fermentation, which 
produces bioethanol from the biomass. It involves breaking down the biomass and converting the starch into sugars, 
which are then mixed with water and yeast in bioreactors called fermenters [34]. Yeast is utilized because it converts 
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sugar to bioethanol. The concentrated ethanol is subsequently drained and converted into a fluid state by distillation, 
which is employed as a purification technique to eliminate water and other impurities from the diluted alcohol [35]. 
Utilizing microalgae in the production of bioethanol can help address environmental issues in situations where the 
conventional feedstock used in bioethanol production is found to emit more greenhouse gases during the process of 
manufacture and application than fossil fuels [36]. The generation of bioethanol from waste sugar beetroot pulp is 
modeled by [37] to use it to assess novel technologies and goods that utilize lignocellulosic raw materials. A bioethanol 
production plant that processes approximately 17,000 tonnes of waste sugar beetroot pulp annually can have its capital 
and operating expenses calculated using the established model. Additionally, it is capable of projecting the 
biotechnological process and economic indicators, calculating the contribution of key components to the cost of 
producing bioethanol, and contrasting several model scenarios for co-product processing [38] 

2. Classification of Biofuels 

Biofuels are classified as conventional or advanced fuels based on the materials utilized to create them, their constraints 
as a renewable source, and technological advancement [39]. Advanced biofuels are second, third, and fourth-generation 
fuels, whereas traditional biofuels are commonly referred to as fuel from first-generation [40]. 

 

Figure 2 Biofuel types, sources, and generation. 

2.1. First Generation 

First-generation biofuels are made from biomass, which comprises vegetable lipids and oils, sugar, and starch. These 
fuels are derived straight from food sources [41]. The initial generation of biofuels has extremely complicated 
production technologies [42]. In particular, biorefinery facilities employ maize grain as a feedstock to produce biofuel 
or bioethanol. A hammer milling device is used in biorefineries to process maize, allowing for further chemical reactions 
and fermentation to produce biofuel. The GHG emissions for first-generation biodiesel vary significantly between life 
cycle assessment (LCA) studies, with global warming potential (GWP) ranging from 3 to 111 g CO2 eq. MJ−. However, 
when all feedstocks are taken into account, the average GWP of biodiesel is lower than that of fossil diesel. Nonetheless, 
only palm oil-based biodiesel meets the renewable energy guidelines RED criteria for a 65% reduction in GWP relative 
to diesel [43]. 

2.2. Second Generation 

These are based on techniques that convert agricultural lignocellulosic biomass into fuels through biochemical or 
thermochemical [44]. Wastes (such as municipal solid wastes ), by-products ( such as cereal straw and forest residues), 
and dedicated feedstocks ( such as vegetative grasses and other energy crops), are lignocellulosic feedstocks that can 
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be used to produce second-generation biofuels [45]. Plants and agricultural non-food materials are frequently used to 
extract these sugars. In contrast to grains, cellulose, lignin, and polyose are among the several chemical compositions 
that make up cellulosic biomass [46]. 

2.3. Third generation 

Third-generation biofuel has several advantages over first and second-generation biofuels, including improved and 
modern production techniques and a low return on investment. Photosynthetic organisms including diatoms, 
cyanobacteria, and Euglena are the source of third-generation biofuels. They can grow easily in freshwater, saltwater, 
and industrial waste [47]. The raw material increases at a rate more than 20-30 times quicker than previous generations 
of biofuels. Jeswani, et al. [48] report that the quantity of oil from algae is thirty times higher than the basic components 
of other biofuel crops. 

2.4. Fourth generation 

Biofuels classified as fourth-generation are those that are created by the genetic engineering of algae [49]. Macroscopic 
and microalgal biomass, as well as cyanobacteria, are the main sources of feedstock for fourth-generation biofuels. In 
contrast to microalgae and macroalgae, which belong to the kingdom Protista and have a nucleus surrounded by a 
membrane, cyanobacteria are prokaryotes (having membrane-bound organelles and being members of the kingdom 
Bacteria). Blue-green algae, Bacillariophyceae, Eustigmatophyceae, and Chlorophyceae are the microalgae employed in 
the manufacture of algal biofuel [50]. 

3. Biomass to Biofuel 

Biomass is a diverse energy supply for biofuels; this has been obtained from various sources, Fig. 3, nonetheless, its 
biochemical structure and composition have a significant impact on biofuel productivity, therefore understanding its 
primary chemical structure is critical. The plant cell wall is made mostly of lignin, cellulose, and hemicellulose, with 
trace amounts of inorganic materials [51]. The use of biomass has continued to be a significant source of energy and 
influences the environment and society locally, regionally, and worldwide [52]. Utilizing cutting-edge biofuel production 
methods to recover energy from biomass has significant promise for enhancing global energy security and reducing 
trade deficits [53]. Many attempts are being made globally for the utilization of biomass as a fuel in both traditional and 
modern times. According to extensive source data provided by the Renewable Energy Statistics (2020), the overall 
renewable energy generation and capacity in 2019 was 2533 GW [54].  

 

Figure 3 Sources of biomass for biofuel production. 
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The advance of innovative biomass systems that aid the efficient production, conversion, and utilization of biobased 
products in close harmony with the natural world is a daunting task that must be undertaken to maximize the utilization 
of biomass [55]. Any lignocellulose that is to be converted to biofuel must undergo an additional pre-treatment 
procedure in order to liberate the fermentable sugars. To prepare the cellulose surface for enzymatic hydrolysis, a 
sophisticated pre-treatment procedure is used to fractionate various components of the cell wall found in the biomass, 
such as hemicellulose and lignin [56]. The pre-treatment is impacted by several aspects such as feedstock type, biomass 
structure, enzyme strain, chemical components of the biomass, and generation of inhibitory compounds [57]. Recently, 
biomasses are utilized to generate a range of liquid and gaseous biofuels, such as bio-oil, ethanol, methanol, and 
biodiesel [58] Figure 4. These biofuels have shown a significant potential for establishing sustainable energy security 
and providing energy in the future [59].  

 

Figure 4 Biomass conversion to biofuels. 

3.1. Production Processes of Biofuel 

Two primary methods can be effectively employed to transform biomass into biofuels. These include biochemical and 
thermochemical processes [60]. In a biochemical process, enzymes and other microorganisms are used to modify the 
cellulose and hemicellulose components of the feedstock into sugars, which, after fermentation, yield ethanol. Anaerobic 
digestion, fermentation, and transesterification are the three main biochemical processes that convert biomass to 
biofuel. Yeast, fungus, and bacteria are all involved in biochemical conversion. In this case, the microorganisms' 
generated enzymes are crucial in dissolving the biomass structure biopolymers into liquid or gaseous biofuels, like 
hydrogen, ethanol, and biogas [61]. Microbes or enzymes can be used in a biochemical process to convert biomass, 
allowing it to be broken down into fuels. Biochemical conversions often happen more slowly and need less energy than 
thermochemical conversion techniques, Table 1 [62].  

Table 1 Biochemical conversion process. 

Technology  Feedstock  Operation 
condition 

Product  Advantages  Disadvantages  References  

Transesterification  Microalgal 
biomass, 
waste oil, 
animal fat 

Temperature 
50-70°C, 
Acidic, basic, 
or enzymatic 
catalysts 

Liquid 
fuel, 
biodiesel  

Low process 
temperature, 
environment
ally friendly, 
and high yield 

Requires 
further 
processing 

[63] 
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(commonly 
NaOH, KOH, 
or lipase 
enzymes) 

Fermentation  Microalgal 
biomass, 
Corn, wheat, 
cassava  

Usually 
carried out in 
the absence of 
oxygen 

Alcohol(
ethanol) 
and CO2 

Energy 
efficient, 
environment
ally friendly 

Slow reaction, 
microbial 
inhibition 

[64] 

Anaerobic 
digestion 

Food waste, 
agricultural 
residues, 
manure. 

Optimal pH is 
around 6.5 to 
7.5 in an 
anaerobic 
condition 

Biometh
ane, CO2, 
digestat
e 

Safe disposal 
of digestate 
and nutrient 
recovery 

Long retention 
time, complex 
system design 

[65] 

 

Thermochemical also referred to as biomass-to-liquids is an emerging technique for transforming biomass into fuel. 
The  process uses pyrolysis, gasification, and liquefaction to produce synthesis gas (CO + H2) Table 2, which is then used 
to reform a variety of long carbon chain biofuels, including ethanol and synthetic diesel [66]. Lignocellulosic biomasses 
can be converted by a variety of thermo-chemical processes to produce energy and other products like heat, syngas, 
liquid biofuels and solid charcoal, that depend on temperature, pressure, and heating [67]. 

Table 2. Thermochemical conversion processes.  

Technology  Feedstock  Operating 
condition  

Product  Advantages  Disadvantages  References  

Pyrolysis  Lignocellulosic 
biomass 

Temperature 
400-6000C 
and N2 flow 
rate and 
50C/min 
residence 
time 

Syngas, 
biochar, and 
bio-oil 

 

Versatility, and 
efficiency 

 

High operating 
and investment 
costs 

 

[68] 

Gasification  Municipal 
plastic waste 
(MPW), algae-
based biomass  

Fluidize bed 
gasifier, 
temperature 
800-11000C 

syngas Flexible and 
high emission 
control 

Complex 
multistage 
processing and 
formation of 
tars and chars 

[69] 

Liquefaction  Algal biomass 
(microalgae) 

Temperature 
range 300-
3500C 

Crude bio-oil High yield and 
quality bio-oil, 
feedstock 
versatility 

High energy 
consumption 
process with 
longer 
residence time 

[70] 

Ficher–
Tropsch 
synthesis 

 

Municipal 
sewage waste, 
agricultural 
residue, algal 
biomass 

Temperature 
range 200-
350 0C, and 
pressure 
range 10-40 
bar 

Diesel and 
hydrocarbons 
such as 
alkane, 
alkene, and 
paraffin 

Environmentally 
friendly, low 
sulphur content 

Energy 
intensive, GHG 
emission 

[71] 

 

3.2. Global Biofuel Production  

Global biofuel production has reached approximately 190 billion liters annually and is predicted to rise significantly. 
The production of biofuel evolved globally between 2007 and 2017 at an annual rate of 11.4% [73]. According to the 
IEA, the generation of biofuel rinsed by 10 billion liters globally in 2018 to reach 154 billion liters. By 2024, this amount 
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is estimated to have increased by 25%, with a projected annual growth rate of 3%. Notwithstanding, the bioenergy 
industry encounters noteworthy difficulties, such as unpredictability surrounding crude oil prices, political hazards, 
fiscal impediments, and surpassing projected scientific barriers for the commercialization of advanced biofuels [74]. 
Despite these obstacles, the biofuel sector is expanding and taking up a larger portion of the global energy consumption; 
this has resulted in the creation of almost 2.8 million employment and shows how important the sector is to job growth. 
In 2023, the United States emerged as the primary producer of biofuel, with a production volume of 1,795 petajoules. 
Brazil and Indonesia were second and third, with approximately 1,016 and 433 petajoules, respectively. In contrast, 
Germany was the main producer of biofuel in Europe, with its production amounting to almost 160 petajoules that year, 
ranking it among the top five nations in the world [75]. 

 

Figure 5 Global biofuel production by country in 2023 [75]. 

The European Union's council and parliament came to a tentative agreement in March 2023 over the update of the 
Renewable Energy Directive (RED III) (Reis, 2023). Strengthening sustainability standards for biomass energy usage by 
implementing the cascading principle and taking into account national priorities is part of the agreement. In September 
2022, the EU established the biomethane industrial partnership with the aim of assisting in the achievement of its 2022 
target of 35 billion cubic meters of annual biomethane generation by 2030 (as opposed to the current 3.5 billion cubic 
meters) (Adsul, 2020).  The Inflation Reduction Act (IRA), which was launched in 2022, provides funding for a number 
of steps in the bioenergy value chain. These include increasing the utilization of waste materials and sustainable biomass 
in the US to generate sustainable aviation fuels, chemicals, and biomaterials, such as advanced fertilizers, and to 
promote innovation in these fields, including conversion technologies. India's biomass program was extended in 2022 
to facilitate the production and use of household solid and gaseous biogas through 2026 [74].  

The output of biofuels worldwide attained 960 thousand barrels of oil equivalent per day in 2023, a significant rise from 
the 12 thousand barrels of oil equivalent per day generated in 2000. Policies that promote the use and production of 
biofuels have been a major factor in growth because of the belief that they can reduce GHG emission in relevant sectors 
and offer energy security [76] 
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Figure 6 Biofuel production worldwide from 2000 to 2023 [76]. 

3.3. Global Biofuel Consumption Trends 

The National Biofuels Policy (NBP) has been created to capitalize on the several environmental, public, and commercial 
aids that result from large-scale biofuel output which comprises 64 countries, 27 from Europe, 13 from the United 
States, and 12 from Asia [77]. NBP had mandated that 20% of petrol and diesel be blended with biofuel to lower 
pollution without changing the engine by the close of 2017. However, the government was unable to meet these 
objectives due to a lack of biofuel availability. Based on current energy policy forecasts, India's energy consumption is 
projected to double over the subsequent 20 years, from 750 MT in 2011 to 1469 MT in 2030 [78]. From this angle, liquid 
biofuels are a viable fossil fuel substitute to meet the energy demand of the transportation sector. According to the most 
recent analysis, the demand for biofuel is predicted to climb sharply and consistently until 2045, reaching an estimated 
257 to 500 billion liters annually by the end of 2030. According to the global biofuel context, the overall demand for 
liquid biofuel in 2035 might range from 3280 to 4350 billion liters [79]. An evaluation of statistical significance of global 
energy consumption is anticipated to show increases in a few countries, mostly in the United States. When comparing 
the production and consumption of energy on a worldwide scale in 2019 and 2030, a sustainable method shows how it 
will be used. Factors impacting the worldwide demand for biofuels include the expansion of fleet vehicles, the need for 
transportation services, and the replacement of alternative fuel sources like electricity. According to a research 
conducted by the International Energy Agency (IEA), the demand for biofuel is anticipated to rise to 4600 billion liters 
yearly by 2045 [80]. The need for biofuels in the US and the EU is not expected to fulfil the 2030 Sustainable 
Development Scenario (SDS) requirement, despite the most recent technological advancements. This might be the result 
of variables like the low proportion blend, the use of high-efficiency vehicles, and the use of biofuels, which are expected 
to cause a decline in consumption. However, to meet the demand for SDS, biofuel production rates are expected to rise 
annually [81]. 
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Figure 7 Global biofuel consumption from 2000 to 2023 [82]. 

3.4. Evolution of Biofuels as an Energy Source 

Since 1900, biofuel has been used as a fossil fuel substitute [83]. The production of biofuels from various bioresources 
by using cutting-edge technology and biological processes is becoming progressively more widespread. Exploiting 
agricultural crop wastes and biomass waste to generate biofuels is anticipated to lower environmental impact and 
address a number of environmental concerns, such as trash management [84]. Early 20th-century bioethanol and 
biodiesel production involved the use of vegetable oils like sunflower, palm, and soybean oil along with cellulose or 
starch-based biomass such as wastes from the food sector, soybeans, and cereal grains [85]. Lignocellulose, starchy, and 
algal biomass are now well recognized as among the various sources used to produce bioethanol, biodiesel, and 
biobutanol. These sustainable feedstocks are abundant in nature and have an estimated annual production of 200 billion 
tonnes worldwide [86]. The first-generation feedstock has been demonstrated previously to be an effective substrate 
to produce biofuel when fermented with mechanical pre-treatment and thermal pre-processing. Nevertheless, the high 
rate of these feedstocks can have a direct influence on food supplies, and the distribution of agricultural land has 
contributed to the unethical and costly availability of these feedstocks [87]. According to Hassan et al. [88], edible food 
crop resources like sugarcane, potatoes, oilseeds, corn, barley, wheat, and soybeans were used to make the first 
generation biofuels, which included biodiesel and bioethanol. Accordingly, utilizing fungal mycelia as an enzyme during 
fermentation of ethanol was the initial chemical energy source created by biofuel from maize and sugarcane [89]. Dalena 
et al.,  [90] published the same finding, demonstrating that raw maize flour may be used to produce ethanol fermentation 
through the use of starch-digesting microorganisms such as Rhizopus sp. and Saccharomyces cerevisiae. Thus, using early 
enzymatic hydrolysis methods, a massive amount of bioethanol was produced on a big scale from starch in the first 
generation. The biofuels from second generation involves using readily accessible lignocellulosic materials and various 
organic waste products (such as wood, straw, switchgrass, and oilseed) to create the fuel.  Algae are used as a feedstock 
in third-generation biofuels, which provide a significant amount of lipids needed to make biodiesel and other biofuels. 
Nonetheless, the production of biofuels for the fourth generation relies on genetically engineered organisms, altered 
metabolic pathways, increased CO2 fixation capacity, and microalgae post-genome technologies [91]. 

3.5. Environmental Benefits and Challenges of Biofuel 

Compared to fossil fuels, biofuels have several benefits. When creating standards for assessing the consequences of the 
biofuel industry, it is crucial to consider environmental challenges and associated difficulties such as biodiversity, soil 
and water resources, air pollution, GHG emissions, and sustainability [92]. These environmental implications are 
frequently assessed using LCA [93]. Presently, the majority of biofuel manufacturing companies evaluate the ecological 
impact by using LCA to make necessary process adjustments. These adjustments should primarily target lowering 
emissions during the production process. It is critical to seize chances and find long-term solutions to environmental 
problems to further socioeconomic growth [14]. Exploiting biofuels as a renewable energy source lowers the quantity 
of GHGs released into the atmosphere while burning. This minimizes pollution load and other environmental effects. 
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The generation and consumption of biofuels are potentially carbon-neutral since they are derived from biomass, which 
utilizes the majority of CO2 emitted into the environment [94]. 

The goal of sustainable biofuel production is to maximize its potential as a low-carbon substitute for traditional fossil 
fuels while minimizing adverse impacts on the natural environment and society [95]. Lessening GHG emissions, 
diversification of energy sources, waste administration, forest preservation, energy independence, and social 
sustainability are just a few of the major benefits of biofuel in a nation that embraces the sustainability paradigm [96]. 
Several studies on the sustainability of biofuel have been published to reduce energy scarcity and climate change. The 
effects of biofuel on the energy water food (EWF) connexion globally were examined by Chong et al. [97]. Their goal was 
to assess the sustainability of biofuel and find an understanding of the complex linkages that exist between the 
environment. The results provide useful information for governments creating environmental policy frameworks to 
support the use of biofuel technological innovation as a greener alternative to traditional fossil fuels. Industrial biofuel 
production from agricultural crops resulted in water scarcity, fast and irreversible soil degradation, excessive use of 
fertilizers and pesticides that contaminated the air and water, and a decline in both agricultural and wild biodiversity 
[98].  

In general, biofuel emits less PM, CO, hydrocarbons, and VOCs from exhaust than fossil fuel, but more NOx [99]. The 
disparities become more pronounced at higher percentages of biofuel, but they are minor at 5-to 20% blends and would 
have no detectable effects on air quality [100]. However, [101] contends that because biofuel exhaust has a larger 
percentage of ultra-fine particles (lower than 100 nm diameter) than fossil fuel exhaust, it may be more hazardous to 
human health even though its PM emissions are lower. This is because smaller particles can enter the lungs more deeply, 
stay in the air longer, and be easier to breathe in. Other evaluations of the possible health effects of biofuel, however, 
indicate that there aren't many differences in the effects when using biofuel fuel mixes instead of fossil diesel. Thus, the 
issue of how biofuels affect human health is still up for debate and needs more data and research [102]. Although 
producing ethanol from trash does not directly compete with farmland or biodiverse areas, it may affect ecosystem 
services and biodiversity. Agricultural and forestry waste extraction, for example, can have a detrimental influence on 
species that consume decomposing biomass, lower soil carbon stocks and fertility in cultivation regions, and indirectly 
increase deforestation as a result of rising biomass demand [103]. However, planting native perennials on low-
biodiversity or degraded lands could improve the provision of several ecosystem services, such as pollination and 
carbon storage, as well as lower fertilizer and pesticide use compared to conventional crops, permitting the persistence 
of species found in grasslands or shrublands, and lessen competition with food crops [104]. 

3.6. Economic Viability and Market Trends 

The economy, environment, and public health are all impacted by biofuels in different ways [105]. According to some 
studies, governments everywhere must carefully weigh these effects before making any new investments in or plans 
for the use of biofuels [106]. Expanding the biofuel industry can improve a country's economic security, particularly by 
creating jobs in rural and disadvantaged areas [107]. Furthermore, not all nations have enormous crude oil reserves, 
therefore shifting to biofuel production would allow governments to lower their dependence on fossil fuels and, as a 
result, their importation costs. Thus, it was anticipated that Brazil produced 17.4 billion liters of biofuel between 2005 
and 2014, saving 12.9 billion US dollars in fossil fuel importation expenditures [108]. When producing biodiesel, the 
utilization of locally available feedstock, such as food waste or palm oil can be encouraged by the sustainability 
paradigm. This might boost local farmers' incomes and create new investment prospects in the bioenergy industry. The 
biofuel sector is still growing and contributing more to the world's energy consumption despite all of these factors. The 
bioenergy sector generated almost 2.8 million employment, demonstrating its contribution to job creation [109]. The 
social and economic elements of biofuels are related to the demand for liquid fuels eventually, which is expected to 
boost incomes wealth, and as well socioeconomic advantages. Many countries diversify their energy mix to ensure the 
rural and regional services from indigenous biofuel production and its use [110].  

Biofuel production and consumption contribute to regional and national energy security, economic development and 
diversification, and import substitution, with direct and indirect effects on the trade balance, power supply, and 
diversification through the emergence of novel industries. The generation economy of biofuel through the fermentation 
process depends on the nature of feedstock and hence focus is switched towards forest waste and agro-waste being 
non-food crops with a high proportion of cellulose and have been researched extensively in recent years [111]. Statista 
(2020) estimates that 2,063,000 biofuel-related jobs have been generated worldwide in 2018. The maximum 
employment was generated in Brazil (832,000), followed by the United States (311,000), China (51,000), and India 
(35,000). The process's economy is determined by the type of waste, disposal alternatives, and any other potential uses, 
with any waste available at a low cost encompassing massive scale-up capacity. Therefore, the establishment of a large-
scale, workable, and effective feedstock impart chain is essential to the development of liquid biofuel [112]. 
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3.7. Technological Advancements and Innovations 

The optimization of recent biofuel-production technology for higher productivity and effectiveness of lignocellulosic 
biomass transformation, diversification of feedstocks to ensure the feasibility of biofuel production within current 
ecological and economic constraints (such as carbon fixation by photosynthesis and electrochemistry, as well as the 
value-added product development of biowaste), and the development of designer molecules that increase performance 
and fuel efficiency while lowering carbon emissions [113]. To offer long-term, reliable, and affordable production 
systems for the biofuel sector, significant efforts must be made to incorporate social, economic, and environmental 
considerations in addition to addressing technological constraints [114]. Globally, there is a rising trend in producing 
biofuels from various bioresources through the incorporation of innovative technology and biological methods [115]. 
Innovation in the creation of sophisticated biofuel products with enhanced compatibility and performance is also being 
fuelled by new technology. For example, manufacturing drop-in biofuels is becoming more popular. These fuels are 
chemically identical to conventional fuels and can be easily incorporated into engines and fuel infrastructure already in 
place [116]. Utilizing cutting-edge catalytic processes and refining techniques, advanced biofuel products such as 
renewable diesel, bio-based jet fuels, and biobased chemicals are being developed to provide a more sustainable and 
ecological option to conventional petroleum-derived fuels [117]. Advances in fermentation and enzymatic hydrolysis 
are two examples of recent technological developments in biofuel production that have led to more effective biofuel 
processing technologies. Enhancing feedstock properties and streamlining production methods are two ways that 
biotechnology and genetic engineering can transform the production of biofuels [118]. Through the use of genetic 
engineering, crop characteristics like as biomass yield, stress tolerance, and nutrient utilization can be modified. This 
process results in the development of feedstocks that are more resilient and energy-dense, making them ideal to 
produce biofuels [119]. The efficient transformation of complex biomass to biofuels is made possible by 
biotechnological developments like the use of genetically modified microbes and enzymes [120].  This makes it easier 
to design ecologically friendly and economically viable biofuel production processes. Moreover, biotechnology can help 
build customized microbial strains that can generate valuable biofuels and bioproducts from different feedstocks, such 
as waste streams and lignocellulosic materials [121]. Researchers and industry stakeholders can unleash the feasibility 
of biofuels as clean, renewable, and scalable energy solutions by utilizing genetic engineering and biotechnology to 
overcome the inherent limitations of traditional biofuel manufacturing processes, such as low transformation 
efficiencies and substrate specificity [122]. Unprecedented breakthroughs in feedstock cultivation, conversion 
technology, and product development are being driven by technological advancements and innovations in the biofuel 
business. The efficiency and sustainability of biofuel production are being improved by recent advancements in 
precision agriculture, biotechnology, and sophisticated processing methods, making biofuels a more attractive and 
competitive substitute for traditional fossil fuels [123]. The biofuel sector can keep developing and help the world move 
towards a more ecologically friendly and sustainable energy system by utilizing cutting-edge technologies and adopting 
a multidisciplinary strategy [124]. 

4. Conclusion  

In conclusion, the environment is harmed by the use of fossil fuels, and the need for energy is growing faster as a result 
of rising tendencies in industrialization, economic development, and population expansion. Enhancing the effectiveness 
and sustainability of biofuel production requires technological developments in biomass conversion and integration 
with other renewable energy sources. Biofuels provide a feasible path to a more sustainable and clean energy future. It 
could open up economic prospects for poor countries and countries that depend on oil imports. Therefore, by using 
agricultural resources, biofuels have the ability to increase economic growth, lessen dependency on petroleum oil 
imports, and limit the generation of greenhouse gases and pollutants. Increased development of these fuels will 
probably benefit the world economy and slow down climate change. To accurately assess whether these fuels are a 
sustainable substitute to fossil fuels, more research is needed to ascertain the impact of the fuels on global public health, 
develop standardized assessments of the environmental effects of the biofuel production systems, improve estimates 
of the feasibility and yield of potential production, and develop integrated assessments to comprehend the 
socioeconomic and ecological implications. 
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