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Abstract

The aviation industry heavily relies on fossil fuels to power its flights. The significant
environmental challenges it creates, along with its unsustainability, intensify global pressure for
decarbonization. This paper examines two primary alternatives with the potential to replace Jet
A and Jet A-1. The two leading fuel alternatives are biofuels and hydrogen. Biofuels are a quick
solution due to their compatibility with existing aircraft infrastructure. Evidenced by their ability to
reduce carbon emissions and their highly tested performance in commercial flights. However,
high production costs still remain as a major barrier. Hydrogen, on the other hand, whether
combusted directly or used in fuel cells, provides a long-term, near zero-carbon option with
exceptional energy density by weight. Though poor volumetric density, storage requirements,
and infrastructure limitations still hinder large-scale adoption. By comparing the properties,
benefits, and limitations of both fuels, this review highlights that while biofuels are the most
practical short-term pathway, hydrogen holds the greatest long-term potential for achieving a
sustainable and clean aviation future.

Introduction

The use of fossil fuels has become a popular topic in our society, said to be the cause of
our environmental problems, yet, at the same time, the solution to energy. When non-renewable
resources like fossil fuels are mentioned, people are reminded of the economic power they hold,
in contrast with the ecological damage they create. Current operations in combating the issue of
climate change by fossil fuels are through the advancement of technology. However, our current
advancements in technology are still unable to account for all climate problems. Huwe and
others suggest that “while state support of green industries may accelerate the deployment of
green energy and technologies, what ultimately matters for climate stabilization is the timely
phase-out of fossil fuels” (Huwe et al., 2024).

The inability to replace fossil fuels completely through technological innovations has
caused people to lose hope in going green. This unsettled outrage at the involvement of fossil
fuels has led people to strive for new ways to go green, one of these ways being
environmentally positive political protests. Embracing the idea of anti-globalization, “The most
recent wave of these, since late 2018, has been the school strikes inspired by Greta Thunberg,
and Extinction Rebellion” (Paterson, 2020). The topic of fossil fuels not only pollutes our
environment but also our societal relationships, bringing urgency in finding the true solution to
this complex issue. Fossil fuels are neither sustainable nor great for the environment, so the
solution would be to discover new fuel sources that mimic oil in terms of energy density but are
sustainable and clean.

To eliminate the issue of fossil fuel usage, we must find a solution that undermines it
completely. This would mean that continuous usage of fossil fuels would be deemed as illogical
in terms of not only the climate, but the economy as well. Starting small, we can seek new fuel
sources that work as efficiently as fossil fuels in select industries. Among the select industries
where fossil fuels may be replaced, the aviation industry is a prominent contributor to CO2
emissions globally. In 2023, planes generated about 882 million tons of carbon dioxide
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(Quantifying Aviation's Climate Impact 2025). This rapid increase in carbon emissions is linked
to development in urban civilizations and the extended use of planes that require fossil fuels for
energy (Burkhardt, 2020).

One way we can improve engine efficiency while not changing infrastructure as much is
by simply increasing the pressure ratios within the engine. Even so, this leads to the combustor
temperatures increasing to a point beyond our current materials' thermocapability, and emitting
other pollutants like NOx along with soot (Lee et al., 2009). To add on, improving engine
efficiency would not eliminate the use of fossil fuels either, with the potential to still run out in the
future.

Seeing as fossil fuels are still a finite resource, simply improving engine efficiency is not
much of a viable option. Discovering new, clean, yet energy-dense fuel sources would be a
much more viable solution. Before touching on the alternative fuels, we need a clear
understanding of our commonly used fuel sources in commercial planes: Jet A and Jet A-1. Jet
A and Jet A-1 are both very similar, being refined versions of pure kerosene. Though both these
jet fuels differ from kerosene as they have a lower freezing point than kerosene, making them
suitable for any weather circumstances.

Even though the differences between the specific Jet fuels, Jet A and Jet A-1, are
minimal, they still exist. Jet A-1 has a slightly lower freezing point of =53 °F (-47 °C) while Jet A
freezes at —40 °F (40 °C), making it more suitable for higher altitude, colder international flights
(Jet fuel, 2025). Additionally, Jet A-1 contains an anti-static agent to avoid static electricity
build-up during flight. Static build-up can occur when fuel is constantly rubbing against internal
pipes and hoses; if this continues, it may generate a spark. A spark in the wrong sector of the
engine is threatening because it would ignite the fuel, disrupting the flow of the engine, which
may cause the engine to malfunction or even explode.

Carbon emissions by aviation from 2000-2019

1250

— 1000

w

c

L

5

= 750

E

£

8 500

E

@

5

a 250

(1]

o
0
P N DL O PP A PO O N LD LD L0 A DO
FOHEPTFPFT PO LSOO N
R i N S O S S SN R SR S A

Figure 1. Global aviation CO: emissions from 2000-2019 (Ritchie, 2024).
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Fuel Type Freezing Point Energy Density Additives
(°C) (MJ/kg)
Jet A -40 ~43 None
Jet A-1 -47 ~43 Anti-static

Figure 2. Table comparison between Jet A and Jet A-1 (Jet fuel, 2025).

With an understanding of the properties of our current Jet fuels, we seek new fuel
sources that meet the same broad requirements of low freezing point and high energy density.
These new fuel sources include biofuels and liquid Hydrogen. Both these fuel sources are much
cleaner than kerosene, with their unique ways of limiting carbon emission: Biofuels limit carbon
by using an agricultural process in manufacturing, taking carbon away from our atmosphere
(Cabrera & de Sousa, 2022), Liquid Hydrogen limits carbon due to its chemical compounds
involved being only H2 and O2 (Ponater, 2006).

Biofuels

Sustainable Aviation Fuels (SAF), specifically biofuels, are the most researched and
studied fossil fuel replacement in the aircraft industry. Biofuel is a direct drop-in substitute or
even complete replacement for kerosene, being derived by processing feedstocks (Cabrera &
de Sousa, 2022). In order to reduce carbon emissions, biofuels are made from feedstocks
coming from a variety of bases, oilseed plants, agricultural/forestry residue, fats/oils from
cooking waste, and even algae (Overton, 2022). One method that can limit carbon from our
atmosphere is by growing crops such as corn for the sole purpose of biofuel production. This
method ensures a closed cycle: when we use the biofuels, they release carbon into the
atmosphere, but then we can reduce that carbon by growing these feedstocks, relying on their
photosynthesis to absorb it. The main limitation with growing feedstocks for biofuels would be
high production costs. To battle this, another method of producing biofuels would be to reuse
green waste for production. Specifically, waste such as lignocellulosic biomass, corn grain,
sawdust, forest residue, wood residue, sugarcane bagasse, straw, and agricultural wastes
(Zahid, 2024). Although this second method is more economically viable than the first, it
removes the purpose of limiting carbon emissions. As evidenced, there are still limitations in the
biofuel industry. In the following sections discuss the positives and negatives of the use of
sustainable aviation fuel.

Viability of Biofuels

Biofuels are known as the “drop-in” fuel due to their great compatibility in our current
airport infrastructure; without any need for modifications, we can implement this change instantly
(Wandelt et al., 2025). This similarity also means that it can be mixed into our current Jet-A fuel.
This is also the reason it's among the most researched and tested alternative fuels, with
currently over 350,000 flights flown using this specialized biofuel (Sustainable aviation fuel).
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Figure 3. Simplified carbon lifecycle of sustainable aviation biofuels (Conceptual model
based on Cabrera & de Sousa, 2022; Overton, 2022).

If we were to switch over to biofuels and replace jet fuel completely, we could lower
carbon emissions in the aviation sector by 94% (Teoh et al., 2022). Besides the diminished
production of carbon due to the closed cycle of regrowing feedstocks, another result in this
cleaner production process is that biofuels, as a fuel, contain fewer pollutants when burned.
Production of compounds like sulfur oxides, carbon monoxide, and unburned hydrocarbons is
decreased in the combustion of biofuels as compared to crude oil-derived jet fuel. Due to this
reduction in particulate production, another surprising benefit occurs: plane contrail formation
can be lowered. Excessive Plane contrails are an issue because these contrails can form huge
cirrus clouds that trap heat, resulting in an even greater global warming effect than that of
carbon (Overton, 2022). These are some reasons why sustainable aviation fuel production
doubled from 300 million liters in 2022 to 600 million liters in 2023 (Developing Sustainable
Aviation Fuel (SAF)).

In discussing the viability of using biofuels, examining their limitations and practicality is
crucial. To start off with the first limitation, biofuels may differ slightly from conventional Jet-A fuel
due to their varied feedstock and production methods; characteristics like density, viscosity, and
volatility may change as a result. This hinders their full compatibility with our current jet engines,
requiring small engine modifications still yet to be made (Mane, 2025). Another troublesome
limitation would be the cost. The process of manufacturing biofuels is extremely extensive, with
steps that require an absurd amount of money: growing the feedstock, sacrificing money for
both land and resources, then harvesting and processing, which requires a lot of energy. On top
of this, due to feedstocks having slightly differing properties, a higher production cost will be
required to maintain consistent quality. In summary, production cost is by far the limiting factor
that discourages airlines from switching over to biofuels. The production cost of biofuel is 3-5
times more expensive compared to standard Jet fuel (Hundt & Antonenko, 2024). According to
King & Spalding, in order for us to combat production costs for the long term, “these costs will
need to be passed through to customers or benefit from other cost recovery mechanisms.” Cost
recovery mechanisms, such as subsidies. Signifying that discovering new and efficient
production techniques will be the breakthrough to this financial obstacle.
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Hydrogen (Combustion and Fuel Cells)

By weight, combusting hydrogen produces more energy than any other fuel, which is the
reason that it's one of the main fuels used in rockets today. Hydrogen’s characteristics, such as
its high energy capacity and light weight, make it a viable fuel for commercial airplanes.
Hydrogen can be used in two ways: either directly combusted (similar to our current engine
infrastructure), or the hydrogen can be fed into a fuel cell, producing electrical energy instead.
Both methods of energy production are extremely clean, with no carbon dioxide and limited NOx
emissions (Gopalasingam et al., 2025).

How direct hydrogen combustion works is in its name; we would inject liquid hydrogen
into the engine, then directly combust the hydrogen like we would for standard Jet A fuel.
Though major engine modifications will need to be made since hydrogen diffuses much quicker
and is much more flammable, bringing safety precautions into play (Gopalasingam et al., 2025).
Direct combustion of hydrogen has been tested by numerous companies; for example,
Lockheed’s 1956 liquid hydrogen aircraft by Pratt Whitney, built to run on liquid hydrogen for
direct combustion (Brewer, 2017). Even though hydrogen combustion engines are not
commercialized yet, major aircraft engine manufacturers such as Rolls-Royce, Safran, GE, and
P&W are working to bring future hydrogen-powered turbine engines into the long-range aviation
market (Gopalasingam et al., 2025).

Direct hydrogen combustion may be great in terms of its dense energy capacity;
however, another valid competing method, the hydrogen fuel cell, is feasible as well. Hydrogen
fuel cells are highly energy efficient. A hydrogen fuel cell is made up of an anode, a cathode,
and an electrolyte membrane. These three components work in a constant cycle to produce
energy through the electrochemical process of splitting the hydrogen, passing the lone electron
through the electrolyte membrane, towards the cathode, then sending it back to the anode,
repeating the process (Felseghi et al., 2019). The use of hydrogen fuel cells produces three
times more energy with the same amount of hydrogen used compared to direct combustion. To
put into perspective, standard diesel has an energy efficiency of 35%, direct hydrogen
combustion has an efficiency of 25%, while hydrogen fuel cells have an energy efficiency of
60% (Bloom Energy, 2025). Hydrogen fuel cells may seem like the ideal aircraft fuel, but they’re
riddled with flaws. Hydrogen fuel cells are extremely heavy, and their odd shapes require a new
plane design that's much broader than our traditional planes, both factors which hinder their
energy efficiency during flight. Due to the nature of these flaws, hydrogen fuel cells are more
likely to be only viable in small aircraft, while with the focus of this paper being on huge
international commercial planes, direct hydrogen combustion is a more ideal long-term solution.

Viability of Hydrogen Combustion

Since known, hydrogen is extremely energy dense by weight. By weight, kerosene has
an energy density of 40 MJ/KG, whereas hydrogen is at 120 MJ/KG. Weight is a key component
when it comes to the balance of a plane. If we were to switch to hydrogen as the fuel, 1kg of
hydrogen produces the same amount of energy as 2.8kg of kerosene (Felseghi et al., 2019).
Besides the energy density of hydrogen, burning hydrogen is extremely clean compared to Jet
fuel as well. Hydrogen is a clean fuel that does not release any carbon dioxide, therefore
lowering CO2 emissions (Yilmaz & Tastan, 2018). Additionally, hazardous chemicals are not
produced from combusting hydrogen; this is the reason why multiple studies have been done on
using hydrogen as fuel in vehicles in the last 30 years (Shadidi et al., 2021).
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Hydrogen is truly energy dense in terms of weight, but by volume, hydrogen’s density is
undoubtedly small. Standard Jet fuel has an energy density by volume of roughly 32 MJ/L,
whereas liquified hydrogen has an energy density of only 8 MJ/L (Hydrogen factsheet). This
means that in terms of size, a hydrogen plane’s fuel tank would be more than three times larger
in size compared to our current fuel tanks while generating the same amount of energy. This
lack of density by volume will require the use of bigger fuel tank sizes that will not fit in our
current plane designs, meaning a completely new design solution will be required.

Fuel Type Energy Density (MJ/Kg) Energy Density (MJ/L)
Jet Fuel 40 32
Hydrogen 120 8

Figure 4. Energy density comparison of Jet fuel and hydrogen by weight and volume,
highlighting hydrogen’s high energy per kilogram but low energy per liter (Data from Felseghi et
al., 2019; Hydrogen Factsheet, 2025).

Besides its poor energy density by volume, another limitation of using hydrogen is its
accessibility and the weight of storage. Currently, liquified hydrogen is not an easy source to get
since we do not mass-produce it like Jet fuel. The process of liquifying hydrogen requires
extreme temperatures down to 423°F at standard atmospheric pressure (Felseghi et al., 2019).
On top of that, storing liquified hydrogen requires massive cryogenic tanks that not only hinder
plane size but also weight as well. Despite these limiting factors, an Aerospace company,
Airbus, has been working on a hydrogen combustion aircraft that is capable of flying for four
hours, aiming to reach markets by 2035 (Airbus, 2021).

Summary of Key Findings

Fuel Type Adoption Aircraft Advantages Limitations
Timeframe Compatibility
Biofuel -short to -Fully - Drop-in fuel, | - Production
medium term compatible compatible 3-5% more
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-No major to 94% affect fuel
aircraft or consistency
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Figure 5. Summarized evaluation between sustainable aviation biofuels and Direct Hydrogen
Combustion compared to conventional Jet fuel (Data from Wandelt et al., 2025; Teoh et al.,
2022; Hundt & Antonenko, 2024; Overton, 2022; Felseghi et al., 2019; Yilmaz & Tastan, 2018;
Hydrogen factsheet).

Discussions

These findings suggest that we should focus on a short-term adoption of biofuels while
advancing in the development of long-term hydrogen use. This transition can be supported by
governments through targeted tax credits and subsidies based on each fuel's ability to reduce
CO2 emissions. Both Biofuels and hydrogen combustion limit carbon emissions, with hydrogen
specifically presenting near-zero carbon results. As evidenced by subsidies provided for electric
vehicles, the government's efforts to go green are clear. In 2021, the Sustainable Aviation Fuel
Grand Challenge, led by the U.S. Department of Energy (DOE), the U.S. Department of
Transportation (DOT), and the U.S. The Department of Agriculture (USDA), was created in
hopes of reducing the cost, enhancing energy security, and expanding the production of SAF
(Sustainable aviation fuel). Even with minor government support for financing the production
and use of Sustainable aviation fuels is available, the high cost of biofuel production still
outweighs this support. This suggests that a greater amount of subsidies is possible and should
be placed, further encouraging the adoption of biofuels. Similar to biofuels, hydrogen’s clean
nature should allow it to qualify for subsidies as well. Hydrogen has the potential to become a
long-term sustainable energy for the future; what we require now, is the funding to keep
researching and developing new implementations for hydrogen.
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Conclusion

This review looked into potential alternative fuel sources for commercial planes
specifically. Evaluating the pros and cons of biofuels, hydrogen Combustion, and the brief
mention of hydrogen fuel cells. Among the fuels mentioned, each has the possibility of replacing
or supplementing Jet A fuel in the future. In terms of a short-term quick solution, biofuels would
be the answer, with their similar properties, minor modifications required, and heavily tested
statistics, it seems like it's the best replacement for our current Jet A fuel. Though a quick
replacement, the cost of these biofuels is a major hindering factor that worries companies.
Biofuels are 5 times more expensive than Jet fuel, and fuel costs account for 30% of a plane
ticket. Meaning an airline company that adopted biofuels would have to sell its tickets at 2.2
times that of its competitors. Contrastingly, with biofuel being a quick replacement, in search of
long-term options, hydrogen would be the fuel to look into. Hydrogen currently has its flaws,
such as its inefficient storage size and lack of infrastructure for production, but these
characteristics can be altered through innovation. Hydrogen's selling point would be its
abundance and sustainability, allowing us to mass-produce it and build a civilization run on
hydrogen. While both fuels have their own challenges, the continued development of biofuels
and hydrogen shows that a sustainable, low-carbon future for aviation is not only possible, but
already underway.
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