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Abstract

Finding solutions to decarbonize aviation is one of the most pressing issues scientists
currently face. Ammonia (NH;) has the potential to be a powerful tool towards solving this, given
its lack of CO, emissions when used in place of conventional jet fuel. This paper evaluates the
effectiveness of ammonia with an additional assessment of Sustainable Aviation Fuels,
hydrogen fuel, and all-electric battery systems based on emissions, ease of integration, and
technological limitations. Evaluation of the three other fuels serves to provide a baseline of
comparison, as these three are some of the most well-studied options and ammonia is less
well-studied. Data was analyzed from both experimental and theoretical research across
multiple disciplines to synthesize our findings. We find that pure ammonia is not ideal for direct
combustion due to extremely low flame speed and high ignition delay time, and using ammonia
as a hydrogen carrier either through cracking or two-stage combustion is undesirable due to
high costs of implementation. Ultimately, we recommend further experimental study on the use
of ammonia as an additive to fuel blends containing kerosene and hydrogen, as this is the most
promising solution under the parameters previously established.

l. Introduction

Climate change has become one of the largest threats currently facing humanity. As
such, much time and effort has been devoted to discovering novel ways to decarbonize our
modern society, including aviation [1]. We increasingly rely on aviation to connect with the world,
and thus finding a solution to make aviation more sustainable is necessary to meet global
climate goals [1]. Fortunately, many strides have already been made in terms of decreasing the
energy intensity per passenger-mile of air travel through various improvements in technology,
leading to the energy intensity of air travel decreasing by 77% per passenger in two decades [1].
This great improvement cannot fully account for the increasing demand for air travel that we
have especially seen in the past decade, as overall emissions from air travel still increased by
30% from 2013 to 2019 alone [1]. This indicates a troubling trend in the commercial aviation
industry. While commercial air travel only accounted for 2.5% of global emissions in 2022, this is
expected to rise to 11% in the next two decades if significant advances in technology are not
made to account for rising demand [2]. It is important to understand that “emissions”
encompasses not only the classic CO,, but also other carbon emissions like CO, and nitrous
oxides (NO,). NO, emissions can decrease crop yields, cause diseases in humans, and
exacerbate the Greenhouse Gas effect by creating ozone, thus perpetuating climate change [3,
4]. Thus, to prevent the environmental and economic disadvantages of rising emissions, it is
clear that we must invest more into the discovery and development of novel sustainable aviation
technologies.

To support this goal, the International Air Transport Association (IATA), which is a trade
association representing a large portion of air travel, has set a goal for aviation emissions to
reach 50% of their 2005 level by 2050 [5]. To achieve this, large investments into every sector of
aviation will be required, but one of the most crucial is the fuel being used. While many
alternatives such as Sustainable Aviation Fuels (SAFs) and hydrogen (H,) have been
considered and extensively studied, some recent research has begun to focus on ammonia
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(NH;) as a possible fuel option due to its potentially low emissions [6]. While SAFs and
hydrogen have received substantial attention, ammonia is increasingly discussed due to its
potential for carbon-free combustion and simpler storage needs than hydrogen. This paper is a
systematic review synthesizing data from papers published from 2017 to 2025 to provide a
comparative analysis of alternative aviation fuels and evaluates ammonia’s technical viability.
The primary limitation of this paper is that no experimental research facilities were accessible,
so all findings are based on the experimental work of other researchers.

Il. Methodology

For this research paper, a systematic literature review was conducted to gain a holistic
view of the most current work being done in the field of sustainable jet fuels. Search engines like
Google Scholar and JSTOR were used to find papers, first using keywords like “sustainable
aviation fuels”, “hydrogen as jet fuel”’, and“alternative jet fuels” to build a comprehensive view of
existing literature in the field. Then, keywords such as “ammonia as jet fuel” and “ammonia
combustion properties” were used to gain a thorough understanding of the ammonia niche.
Paper relevancy was assessed first by publishing date, as all papers older than 2023 were
prioritized due to being the most up to date information, but some older sources were used
when no more recent papers were available or when appropriate for the subject. Then, papers
were thoroughly reviewed to ensure their findings were relevant to the topic of this paper and
source credibility was assessed by verifying publication integrity, with peer-reviewed academic
journals being preferred above all else whenever possible. Finally, research design of the paper
was considered, as experimental research was prioritized, but non-experimental papers were
not always excluded. Numerical findings from research papers were extracted through thorough
analysis of the papers and digital note-taking, making special note of papers that contained
experimental findings about combustion properties. Ultimately, 27 sources were determined to
meet these requirements, most of which were research papers published in academic journals.
Main takeaways were synthesized and numerical findings were compared from differing sources
to provide a basis for this paper’s discussion. All data used for graphs was acquired by first
attempting to contact the author(s) and then, if unable to acquire raw data, was collected using
PlotDigitizer software. Since the general trends in data were more important than specific
numbers for this paper, this method was deemed acceptable.

lll. Background

In order to fully understand ammonia as an alternative fuel, it is first important to
understand other alternative fuel solutions that have been proposed. The aim of this section is to
provide an overview of three of the main areas of research other than ammonia (Sustainable
Aviation Fuels, hydrogen, and electric) and evaluate their advantages and disadvantages in
relation to the metrics previously described. Since this paper deals with the field of combustion,
the following key properties are considered to compare combustion properties: 1) Flame speed,
or the speed at which a flame propagates through a fluid. 2) Ignition Delay Time (IDT), or the
time interval between the start of fuel injection and combustion. Both of these properties heavily
influence engine design, particularly the fuel injection systems and combustor geometry.
However, an important distinction between them is that while IDT decreases with temperature,
flame speed increases [7, 8]. Figure 1 shows that IDT increases logarithmically with the inverse
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of temperature, which was determined by testing ammonia at an average pressure of 2 atm (P =
2 atm) and at an equivalence ratio of 1.0 (® = 1.0). While this may not be the exact same
conditions as otherwise described in this paper, it still demonstrates the general trend [7]. Figure
2 shows that laminar flame speed increases roughly linearly with temperature, which was
determined by testing natural gas at P = 1 atm and ® = 1.0, and the general trends shown here
also apply to most other gases at most other conditions [8].
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Fig. 1 IDT vs. Temperature of Ammonia at ® =1.0 and P = 2 atm [7]
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Fig. 2 Laminar Flame Speed vs. Temperature for Natural Gas at ® = 1.0 and P =1 atm [8]

A. Sustainable Aviation Fuels (SAFs)

Sustainable Aviation Fuels encompass a wide range of fuels that are united by their
production methods: they are typically made using waste products or other biological products
such as leftover cooking oil or animal fats [9, 10]. This pivot away from using petroleum-based
fuels leaves ample room for life-cycle carbon emission savings despite similar combustion to
conventional jet fuel, with some finding an up to 90% reduction in overall emissions [9].
However, some other cradle to grave analyses, which includes all emissions involved in the
transportation, production, and combustion of SAFs, have found emission reductions as low as
27% [11]. Nonetheless, some non-trivial emission reduction is essentially guaranteed for aircraft
operating on SAFs. It is also crucial to note that SAFs are entirely drop-in compatible, since they
are chemically engineered to have similar combustion properties (including flame speed and
IDT) to conventional jet fuels [9]. This is a substantial advantage, as it means that essentially no
engine redesigns are required to begin utilizing SAFs, minimizing downtime of aircraft and costs
associated with creating new engines. Thus, SAFs work remarkably well within our current
technological limitations.

However, the primary roadblock to widespread SAF adoption currently is high price, as
SAFs can cost between 120-700% more than conventional jet fuels [11]. This would make a
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transition to utilizing SAFs incredibly taxing on commercial airlines financially, and the effect is
only worsened by the lack of producer incentives currently in place [11]. Currently, SAF
production is operating at only 3.5% of its total potential capacity, largely due to policies around
the world not incentivizing growth within the market [11]. The European Union (EU) has taken
notable steps toward reversing this trend, though, as they have passed legislation to require a
70% sustainable aviation fuel (SAF) share in all EU airports from 2050 [12]. However, this goal
is very far in the future, and much work will be required to make it feasible. Thus, although SAFs
offer substantial savings on emissions and work within our technological limitations, the financial
cost of integrating them today is simply too high for airlines to cover, and substantial policy
reform is needed to encourage growth to meet potentially rising demand.

B. Hydrogen Fuel (H,)

Hydrogen is widely renowned for having nearly zero emissions of any kind in combustion
(CO, or NO,) and can even be utilized as a fuel cell, entirely bypassing combustion [13]. It is
also roughly 3x as gravimetrically energy dense as conventional jet fuel, meaning that every 1
kg of hydrogen has 3x the energy as 1 kg of jet fuel [13]. Although direct life-cycle evaluations of
hydrogen as a jet fuel are lacking, an analysis on the potential saving of hydrogen in
automobiles found a potential 15-45% decrease in lifetime emissions [14]. This is not a direct
parallel to emission savings that could be seen if implemented in aviation, as automobiles and
aircraft operate under very different conditions, but it nonetheless indicates a relatively
substantial decrease in emissions that would likely apply to aviation as well.

The fact that hydrogen does not guarantee a 100% decrease in emissions is in large part
due to its production process. Although hydrogen can be produced sustainably through water
electrolysis, a process in which electricity is used to split water into hydrogen (H,) and oxygen
(O,), only 0.1% of hydrogen is currently produced in this manner due to prohibitively high costs,
and it relies on availability of green energy on the grid to be fully carbon neutral [15]. Carbon
capture technology, which substantially reduces the emissions of production processes, are only
being used in 0.6% of hydrogen production [15]. The other 99.3% of hydrogen being produced
utilizes either oil or natural gases to fuel methane (CH,) reforming, which also releases methane
as a waste product with up to 120x the heating power of CO, [4, 15]. This has led to the
production of hydrogen being responsible for roughly 2% of current annual CO, emissions [15].

Furthermore, hydrogen poses many challenges in terms of storage and usage on aircraft,
since it is only 25% as volumetrically energy dense as conventional jet fuel and requires
incredibly cold, high pressure storage tanks [13]. This means that space would have to be made
on the aircraft for tanks that are much larger and require much more pressurization and cooling
than the tanks currently in use, necessitating a fundamental redesign of the aircraft.
Unfortunately, this redesign will also have to reach the engines, as hydrogen has nearly eight
times the flame speed of and much lower IDT than conventional jet fuel, meaning that it is not
drop-in compatible [16, 17]. Much research has been dedicated to solving for these differences,
though, and there are some prototype designs that could theoretically utilize hydrogen [13].

In sum, in terms of emissions, unsustainable hydrogen production makes hydrogen
undesirable. In terms of ease of integration, more work is needed in terms of redesigning all
aircraft fundamentally and getting hydrogen to every airport, making hydrogen undesirable.
Finally, in terms of technological limitations, the challenges posed by hydrogen storage currently
make widespread usage unlikely.
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C. Electric

The field of electrically propelled aircraft encompasses not only aircraft relying entirely on
electricity for propulsion (all-electric), but also hybrid aircraft that rely both on conventional jet
fuel and batteries [18]. This section primarily focuses on all-electric aircraft, since these present
the most exciting change in comparison to today’s aircraft. Such an aircraft would have very
minimal if any emissions when implemented in the aircraft, with the only life-cycle emissions
coming from battery production-related emissions. These emissions are still relatively low,
though, as one analysis found that business carriers could see a 93% reduction in emissions if
they were made all-electric [18]. This is the most dramatic emission reduction discussed thus
far, but unfortunately, all-electric aircraft fall short in other ways.

All-electric aircraft would rely on batteries storing huge amounts of energy to maintain
power during the flight, but current battery technology is simply not advanced enough to
accommodate this. Even the most efficient batteries today would have to be prohibitively large
and heavy in order to store enough energy for a single flight, with weight increasing with the
length of the flight [19]. This would cause all-electric aircraft to have slower flight times and
shorter ranges than today’s aircraft, hugely hampering their potential to be a full solution as not
all routes could be served [2, 18, 19]. One analysis found that even in an optimistic case where
it would be possible to produce all-electric aircraft capable of traveling up to 500 km per flight,
this would only affect 5% of all commercial aircraft energy usage [19]. Thus, 95% of the energy
used by commercial aviation would still be contributing to climate change, and the previously
stated emission reductions are severely hampered in scale. Furthermore, the colossal size of
batteries needed to support commercial aviation would also cause 92% of commercially used
aircraft to be unable to take off due to excessive battery weight [20]. All-electric propulsion is
also entirely not drop-in compatible, as it would require a fundamental redesign of the aircraft to
accommodate the new batteries [19]. This means that no currently used aircraft could continue
to be used without substantial modification, incurring extra downtime of aircraft and costs related
to heavily modifying and redesigning aircraft.

In all, while having the potential for incredible emission reductions, all-electric propulsion
fundamentally fails to make a significant impact due to its cumbersome implementation and
need for technology that simply does not exist yet. Until serious advances in battery efficiency
are achieved, further research in other fields or in hybrid-electric models is recommended.

IV. Discussion

While still requiring more complex storage than conventional fuel, one of the primary
advantages of ammonia is that it has much less stringent storage requirements than hydrogen.
Ammonia has a boiling temperature of -33 °C at 1 atm, compared to hydrogen’s -253 °C,
meaning that it would require less investment into cryogenic tanks [21]. This makes ammonia a
seemingly ideal substitute, as it significantly mitigates one of the primary design challenges
associated with use of hydrogen. It is still somewhat more complex to store than conventional jet
fuels, though, which are liquid at room temperature and typically have freezing temperatures
around -40 °C [22]. Thus, much recent research in the field of sustainable aviation has focused
on the utilization of ammonia as a jet fuel through several different methods. This section
discusses and evaluates the use of ammonia as jet fuel (pure ammonia use), using ammonia as
a hydrogen carrier (typically through cracking or complex combustion), and the use of ammonia
as an additive to other fuel types.
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A. Pure Ammonia Use

Using ammonia on its own may seem like the most simple solution, as it would ideally
serve as a direct replacement for jet fuel while circumventing the challenges associated with
hydrogen. Unfortunately, ammonia causes many new issues to arise that hydrogen does not
suffer from. While hydrogen has a relatively high flame speed and low IDT, ammonia has the
opposite problem of having a low flame speed and high IDT, as shown in Table 1 [16, 17, 23,
24]. Clees et al. attempted to validate some of the foremost models for predicting IDT through
shock tube experiments and OH* and OH measurements, as the presence of these indicate
ignition in the fuel, finding that most models are unable to accurately predict the IDT of ammonia
at all temperatures [23].

Table 1 Comparison of Flame Speeds at P =2 bar, T =600 K, and ® =1 [17]

Type of Fuel Flame Speed (m/s)
Ammonia 1.4

Hydrogen 7.7

Jet fuel (Jet-A2) 0.99

This essentially means that while hydrogen presents challenges due to being too readily
combustible, ammonia is instead too difficult to combust. The primary consequence of this is
that pure ammonia mixtures would be incompatible with current aviation engines, as the
combustor geometry is simply not suited for efficiently combusting fuels with these properties
due to combustion possibly occurring too late [7]. Furthermore, analyses have even found
potential for ammonia in current engines not fully combusting before leaving the engine due to
these differences in combustion properties, thereby releasing more unburnt ammonia, NO,, and
other harmful emissions into the environment [24]. Therefore, due to the massive engine
redesign that would be required and potential for harmful emissions, using pure ammonia on its
own as a fuel is not recommended.

B. Alternative Ammonia Combustion

The potential of ammonia due to its previously discussed advantages over hydrogen has
spurred further research into novel uses of ammonia. Specifically, some research groups have
examined the possibility of using ammonia as a hydrogen carrier in order to avoid the
downsides of ammonia while still enjoying its benefits. One such approach is called ammonia
cracking, which involves the splitting of ammonia into nitrogen (N,) and hydrogen prior to
reaching the combustor [25, 26]. This approach has the added benefit of utilizing waste heat
from the engine to fuel the cracking process, thereby increasing overall system efficiency [25].
Furthermore, due to the increased presence of stable nitrogen and hydrogen, which are much
less likely to form NO, emissions than ammonia on its own, NO, emissions have been predicted
to decrease in planes using this approach [26]. Implementation of this design would require the
addition of a cracking chamber to each engine, as well as redesigns to accommodate the
combustion of hydrogen, but hypothetical models have been made that fit these requirements
[9]. The largest barriers this approach faces are the inherent inconvenience of having to entirely
redesign all existing engines, the added weight of cracking systems, and the novelty of this idea,
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as it has never been implemented on a commercial scale before. Thus, significant investment
into experimental research is recommended before implementation of this approach.

A second approach being considered is the splitting of ammonia into hydrogen and
nitrogen through two-stage combustion. This means that there will first be a fuel rich zone, with
high concentration of ammonia to begin conversion to hydrogen, followed by a fuel lean zone,
with a high concentration of air to complete conversion, as seen in Figure 3 [25].

Fuel Lean Zone
(More Air)

Prevents formation

of NO_
Splits ammeonia
into hydrogen and
nitrogen

Ensures all
ammaonia splits so
combustion is
complete

Fig. 3 - Two-stage Ammonia Combustion Process [25]

Again, a main advantage of this approach is a significant decrease in NO, emissions due
to increased N, presence [25]. However, most previous examples of two-stage ammonia
emissions incorporate the use of a pilot or start-up fuel to compensate for ammonia’s
unfavorable combustion properties, such as methane [25, 27]. This once again reintroduces
carbon into the combustor, although generally additions of CH, have been shown to reduce
emissions on net because of increased combustion efficiency [27]. While this approach would
not require the addition of a whole new cracking chamber, it would still require significant
combustor redesign and fuel mixing techniques that have yet to be achieved on a practical level
in the aviation industry, and thus this approach is not yet feasible due to a lack of experimental
research.

C. Ammonia as an Additive

While both of the previous techniques are limited by their reliance on unproven engine
redesigns, the most promising line of ammonia research in terms of near-term feasibility
currently ongoing relies on assuming none of these major changes. Specifically, Alabas
suggests using ammonia as an additive, either to hydrogen, kerosene, or both [24]. The central
study pushing forward this alternative was conducted using simulations on a GTM-120 mini gas
turbine engine, which is a typical research tool for studying the behavior of airplane engines
[24]. Thus, all results are assuming no or minimal changes to current engine designs. Several
mixtures were tested with concentrations of ammonia ranging from 5% to 45%, kerosene limited
to 50%, and hydrogen making up the difference [24]. The ideal mixture the study recommends is
50% kerosene, 45% ammonia, and 5% hydrogen because of its lowered NO, emissions and
overall burn efficiency [24]. This increase in burn efficiency is reflected in a decrease in CO
emissions, which result as a byproduct of incomplete combustion, and the massive difference in
this can be seen in Table 2 [24].

Table 2 - Ammonia Mixture Emissions Comparison [24]
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Mixture NO, CO (ppm)
(Ppm)
High Ammonia (45% NH3/50% 14.26 0.0158

kerosene /5%H,)

Low Ammonia (5%NH1/50% kerosene | 344.5 0.74
145%H,)

While this is not an ideal solution due to the inclusion of kerosene, a hydrocarbon, this
still provides greatly lowered emissions compared to conventional jet fuel while still preserving
drop-in compatibility [24]. Thus, because of the significant technological and logistical barriers
that come with implementing all other proposed solutions, using ammonia as an additive is likely
the most technologically feasible solution at this time. While notable emissions reductions are
still achieved, the largest barrier to decarbonizing aviation is circumvented: difficulties within
implementation. However, this study did not take into consideration the storage of the fuel
mixture, which is a substantial oversight since (as previously discussed) storing both ammonia
and hydrogen comes with unique challenges that could potentially complicate implementation.
There is no explanation of how the blend will be kept at a temperature and/or pressure suitable
for all involved fuels, which is alarming due to the vastly different storage requirements they
have (see Section 3). There is also a notable lack of experimental confirmation of the
simulation’s findings. Thus, while this approach is by far the most promising discussed thus far,
experimental research is strongly recommended to further validate the authors’ claims.

V. Conclusions

As the commercial aviation industry continues to grow across the world, the need to
create low-carbon propulsion becomes increasingly apparent. While solutions such as
all-electric, hydrogen, pure SAFs, or even pure ammonia may not yet be feasible primarily due
to technological limitations, ammonia can still serve as a valuable stepping stone. The use of
ammonia as an additive to other fuels is an incredibly exciting idea, and while it may not be an
entirely carbon-free solution, it will still decrease emissions if implemented. This can be used as
a transition period from our current lack of adequate solutions for carbon-free fuels like
hydrogen. Thus, more research is strongly recommended within this area to experimentally
validate the findings of the study discussed and to continue pushing for more sustainable
aviation. It is also important to consider that all conclusions drawn and recommendations made
in this paper are based on a literature review which, while as thorough as possible, does not
preclude the existence of contradicting studies or information. The findings discussed above
should be interpreted as a preliminary step toward creating a more sustainable future for
aviation, whether or not ammonia is involved.
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