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Abstract- Transitioning from fossil fuels to innovative alternative fuels is essential to combat climate change and
guarantee energy sustainability. This article endeavors to explore the topic by examining the production techniques,
technological readiness, market prospects, and policy structures of advanced alternative fuels such as green
hydrogen, biofuels, and electrofuels. The study highlights the environmental advantages of these fuels in reducing
carbon emissions in the transportation and energy sectors, along with the challenges in their production and
obstacles to commercialization. The analysis is a study grounded in an extensive examination of the latest trends in
the EU and global markets to identify future opportunities and suggest ways to speed up adoption.
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I. INTRODUCTION analysis is based on a thorough analysis of new
developments in global markets and the future
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: rate of roughly 105 million in 2100 barrels daily
and Their Renewable Sources (Mbpd), and drop to By 2400, 40 Mbpd (Trendlines,
2012).
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Figure: 1 Overview of Advanced Alternative Fuels

These fuels are examined as a means to decarbonize
the transportation and energy sectors and their
environmental benefits, production challenges and
commercialization barriers are highlighted. The

The most significant potential need for humanity
today is energy, and as a result of rising energy use,
the depletion of fossil fuels, and environmental

© 2025 Er. Rajdeep Saharawat, This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided
the original work is properly credited.




Er. Rajdeep Saharawat, International Journal of Science, Engineering and Technology,

2025, 13:2

deterioration, our needs have been drastically
growing [1]. Similarly, fuels have the potential to be
significant since they can be burned to generate
energy [2]. Some of the most significant issues we
have encountered are global warming, fuel efficiency
standards, oil price volatility, energy security, and
future needs [3]. Around 90% of the world's energy
needs are currently satisfied by fossil fuels, but by
2040, it is anticipated that 50% of energy would
come from renewable sources [4,5].

Il. PRODUCTION METHODS AND
TECHNOLOGIES

Green Hydrogen

The energy transition is based on green hydrogen,
obtained from the electrolysis of renewable
electricity. Key production methods include:

Alkaline Electrolysis:Alkaline water electrolysis is a
reliable method for generating hydrogen by dividing
water into hydrogen and oxygen through the use of
electricity, resulting in a high-purity output. The
method employs an alkaline electrolyte, usually
potassium hydroxide, and consists of two half-cell
reactions: the hydrogen evolution reaction (HER) at
the cathode and the oxygen evolution reaction (OER)
at the anode. This technology is deemed well-
developed and commonly utilized, especially in the
chlor-alkali sector.

Solid-Oxide  Electrolysis (SOEC): Solid oxide
electrolysis (SOEC) is a high-temperature electrolysis
method that employs a solid oxide electrolyte to
generate hydrogen and oxygen from water or
carbon dioxide. It functions at high temperatures
(usually 600-850°C) and employs both electrical and
thermal energy to effectively separate water.

PEM Electrolysis: Proton Exchange Membrane (PEM)
electrolysis is a method that employs a solid polymer
membrane to enable the separation of water into
hydrogen and oxygen through the use of electricity.
It's an essential technique for generating high-purity
hydrogen and is becoming increasingly important in
the shift towards renewable energy sources.

Challenges include high production costs (~$4-6/kg)
and the need for scalable infrastructure (JRC, 2019).

An overview of advanced alternative fuels
and their renewable sources
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Figure: 2 Major Electrolysis Methods Used in Green
Hydrogen Production.

Types of Biofuels

The International Energy Agency [31] states that
biofuels are generally categorized into two types:
conventional (first generation) and advanced
biofuels (second and third generation).

The types of biofuel production mainly depend on
the types of feedstocks and their conversion process

1. First-Generation Biofuels

These biofuels are generated via established
methods, namely cold pressing, extraction, trans-
esterification, hydrolysis, saccharification,
fermentation, and chemical synthesis, and are
refined for commercial production .These biofuels
have primarily been sourced from starch, sugar,
grains, animal fats, and vegetable oils. These types of
biofuels (biodiesel, vegetable oil, bioethanol, and
biogas) are already familiar in the fuel markets and
are typically derived from fuel crops . The process of
producing the first generation of biofuels involves
different conversion technologies based on the kind
of feedstock and products The bioethanol
production process encompasses both upstream
and downstream stages, specifically including
hydrolysis, liquefaction, saccharification,
fermentation, and product recovery.

Technologies for converting materials into 2G
biofuel for commercial or large-scale production are
still under development. The 2G biofuels are created
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using more sophisticated technologies, including
pre-treatment, hydrolysis, saccharification,
fermentation, gasification, and chemical synthesis.

2. Second-Generation (2G) Biofuels

The possible feedstocks for producing 2G biofuels
encompass lignin-cellulosic biomass, woody plants,
agricultural by-products, municipal and industrial
waste, processed waste, and sources of organic
waste . Biodiesel, bioethanol, synthetic fuels, and
biohydrogen are primarily regarded as second-
generation biofuels . Second generation biofuels are
utilized in  multiple bioconversion/production
methods designed to prevent the "fuel versus food"
dilemma. Nonetheless, they might face competition
with agricultural land utilized for the cultivation of
food crops . Since lignocellulosic biomass exhibits
diverse physicochemical properties and
compositions, it must undergo pretreatment prior to
being converted into biofuel.

3. Third Generations of Biofuels

The third generation of biofuels primarily sourced
from algae, referred to as "algae-to-biofuels"
technology, also known as oilgae (which
encompasses biodiesel and bioethanol production),
and biohydrogen generated from lignocellulosic
biomass that does not necessitate land for
cultivation In bioethanol production, various
catalysts are employed to transform sugar, starch,
and lignin-cellulosic into simple short-chain
carbohydrates . Algae is a highly efficient source of
feedstock for photosynthesis compared to other
energy crops; it transforms solar energy into
chemical energy, storing it as oils, carbohydrates,
and proteins Biodiesel derived from algae
represents a viable and economical biofuel
alternative.

Microalgae have been identified as a promising
source for biodiesel due to their superior
productivity compared to traditional energy crops.
These algae are microscopic (either colonial or
unicellular), sizable, and photosynthetic, comprising
avaried collection of eukaryotic microorganisms that
generate carbohydrates, proteins, and lipids.
Consequently, microalgae can serve as raw material
for a third-generation energy source.

4. Fourth Generations of Biofuels

Biofuels are generated from macro and microalgae,
while  engineered  crops, feedstock, and
microorganisms are utilized for the production of
bioethanol, biodiesel, and biohydrogen.

Recently, the idea has been presented as "fourth
generation algal biofuels" or "photosynthetic
biofuels." The biofuels derived from algae would
originate from the metabolic and genetically
modified photosynthetic microorganisms utilized in
fourth generation biofuel [63]. This generation of
biofuels relies on feedstocks/raw materials that are
fundamentally scarce, costly, and hard to obtain.

Fourth generation technologies integrate genetically
altered/optimized feedstocks primarily intended for
sequestering large quantities of carbon, employing
genomically modified microorganisms that can
effectively generate biofuels [64]. The essential
procedure is necessary for the capture and storage
of CO2, making fourth generation biofuels a carbon
negative resource.

Comparative Generations
of Biofuels
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Figure: 3 Classification and Feedstock Sources of
Biofuels
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Electrofuels (Power-to-X)

Electrofuels, commonly referred to as e-fuels, are
man-made fuels created from renewable energy
sources such as solar or wind energy. They are
created by merging captured carbon dioxide (CO2)
or carbon monoxide with hydrogen derived from
water electrolysis, utilizing renewable energy. These
fuels can be utilized in current internal combustion
engines without alterations, presenting them as a
possible substitute for conventional fossil fuels.

e Power-to-Methane (PtCH,): Hydrogen and CO,
methanation (TRL 9) (Thema et al., 2019).

e Power-to-Methanol (PtCH3;OH): Production of
methanol for fuels and chemicals (TRL 6-9).

e Power-to-Liquid (PtL): Fischer-Tropsch process
for producing diesel and jet fuel (TRL 6) (Sunfire,
2014).
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Figure: 4 Production Pathways of Electrofuels Using
Renewable Energy Inputs

I1l. MARKET READINESS AND
COMMERCIALIZATION

Technology Readiness Levels (TRL)

Fuel Type TRL Market Key
Readiness | Barriers

Green 6-9 Moderate | High

Hydrogen production
costs

2nd-Gen 7-9 High Feedstock

Biofuels logistics

Electrofuels | 2-9 Low Electricity
costs

EU Market Leadership

The EU has set a goal of at least 10% renewable
energy in the transport sector by 2020, promoting
the use of biofuels.

.Houses 88% of worldwide electrofuel initiatives
(LBST, 2019).

Installed capacity 7 MW PtCH4, 800 kW PtCH3OH,
150 kW PtL (JRC, 2019).

IV. POLICY FRAMEWORKS

Key Policy Frameworks:

¢ Blending Mandates:

Numerous nations, such as India, have implemented
blending mandates that necessitate a specific
percentage of biofuels to be combined with
traditional fuels like gasoline and diesel. This
generates a need for biofuels, encouraging
production and investment.

¢ Renewable Fuel Standards:

These standards require that a specified percentage
of the fuel supply for transportation is derived from
renewable sources, such as biofuels, promoting the
expansion of the biofuel sector.

¢ Public Financing:

Funding from the government for research and
development, infrastructure initiatives, and biofuel
manufacturing can hasten the advancement and
implementation of biofuel technologies.
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e Sustainability Standards:

In response to worries regarding land utilization and
greenhouse gas emissions, numerous nations have
established sustainability criteria for biofuels,
guaranteeing they are created in a manner that
reduces environmental harm.

¢ Foreign Direct Investment (FDI):

Certain policies, such as India's National Policy on

Biofuels, allow FDI in the biofuel industry, promoting

domestic production and export.

e EU RED IlI: Requires 14% of transport energy to
be renewable by 2030 (EU, 2018).

e U.S. RFS: Emphasizes biofuels, overlooking
electrofuels (EPA, 2020).

Recommendations

Introduce carbon pricing for fossil fuels.

Boost funding for research and development of DAC
technologies. Harmonize global fuel certifications.

Regions with active biofuel mandates
and FDI-friendly policies

Figure: 5 Global Policy Landscape Supporting
Alternative Fuels.

V. CONCLUSION

Innovative alternative fuels can cut transportation
emissions by 50-90%, but necessitate collaborative
policy efforts and financial support. The EU's
technological dominance should be utilized through
international collaborations to meet climate
objectives. At present, India is among the rapidly
expanding nations, experiencing a rise in the need
for fuel and energy.

Considering the exhaustion of fossil fuels, soaring oil
prices, a large population, and restricted energy
resources, the country is exploring alternative
renewable energy sources that are clean, non-toxic,
and environmentally friendly. In this regard, biofuel
production holds a significant position in both the
environmental and energy fields. Currently, biofuels
serve an essential function as an energy source,
potentially tackling various issues, including
environmental degradation, climate change, global
warming, energy security, rural development, and
business and employment opportunities.Numerous
domains exist where the utilization of cutting-edge

technologies, like biotechnology and
nanotechnology, can greatly influence the
economics of biofuel manufacturing. These

advanced technologies could significantly contribute
to making biofuel production more sustainable and
environmentally friendly, representing a hopeful
renewable source of energy and gases.

Biofuels require further enhancement as they are
presently being created.
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