
Alternative Aviation Fuels/Pathways | Encyclopedia.pub

https://encyclopedia.pub/entry/41818 1/13

Alternative Aviation Fuels/Pathways
Subjects: Engineering, Aerospace

Contributor: Nikolaos Detsios , Stella Theodoraki , Leda Maragoudaki , Konstantinos Atsonios , Panagiotis

Grammelis , Nikolaos G. Orfanoudakis

The Paris Agreement’s objectives related to climate change put aviation under great pressure and environmental

inspection. In particular, the aviation industry is committed to achieving a 50% reduction in CO  emissions by 2050

compared to 2005 levels. A shift to alternative aviation fuels seems imperative. The International Air Transport

Association (IATA) has identified the production of drop-in sustainable liquid fuels (SAFs) as the most promising

strategy, at least short term, to reduce the environmental impact of the sector.

SAFs  HEFA  FT synthesis  AtJ  e-fuels

1. Introduction

The global aviation industry has been a constantly and rapidly expanding sector in recent years. The International

Air Transport Association (IATA) claims that the request for air connectivity will continue to grow. Indicatively,

according to the IATA annual review of 2019, the number of over 4 billion passengers in 2018 is the biggest in

history, while the transport of 64 million tons of cargo to markets around the world, for the same year, represents a

3.4% increase compared to the already extraordinary high number of cargo transfers for 2017. The huge decline

(~66%) in global revenue passenger kilometers observed in 2020 cannot be considered indicative, since the

COVID-19 pandemic delivered the largest shock to air travel and the aviation industry since the Second World War

.

The increasing demands of air traffic has led to increasing demand for aviation fuel (jet fuel). Approximately 80

billion gallons of jet fuel, classified as kerosene-type and naphtha-type, are produced annually worldwide. The

extensive use of petroleum-derived jet fuel has resulted in a remarkable decline in petroleum reserves.

Furthermore, the large consumption of jet fuel generates notable amounts of greenhouse gases (GHG), making the

airline sector responsible for 3% of the total current GHG emissions . The Paris Agreement’s objectives related to

climate change put aviation, along with other sectors, under great pressure and environmental inspection. In

Europe, the pressure is particularly intense and is expected to keep growing. The aviation industry is committed to

achieving a 50% reduction in CO  emissions by 2050 compared to 2005 levels. While it is important to have a

holistic view on climate metrics and to target the parallel reduction of both CO  and NO  emissions via modern

aircraft design and improved engine operational measures, the priority for the aviation sector in order to meet its

environmental targets is the decarbonization of liquid fuels that are fully compatible with the current infrastructure

(drop-in fuels). The slow incremental changes in already-mature engine technology and the long lifetime (>25

years) of existing fleets validate this priority as a much faster and probably cost-efficient way to reduce emissions
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. Therefore, the research focuses on the ongoing efforts for the development of low-carbon liquid fuels of the

same quality as existing ones without underestimating in any way the importance of parallel advances on aircraft

engine operation (i.e., fuel efficiency improvements, engine-out emissions) .

At present, aviation fuels mainly comprise kerosene fuels (i.e., Jet A or Jet A-1), but as petroleum residues are

diminishing and, therefore, their prices are increasing, it is being understood that a shift to sustainable aviation

fuels (SAFs) is auspicious and imperative. The IATA has identified the production of drop-in sustainable liquid fuels

as the most promising strategy to reduce the environmental impact of the sector, since on the one hand,

conventional fuel efficiency improvements are not sufficient to meet the targets for decarbonizing the industry and

on the other hand, electrification along with the modern design of aircrafts or hydrogen involvement require

extended infrastructure restructuring of the whole industry . Investments are in place to expand SAF annual

production from the current 125 million liters to 5 billion by 2025. With effective government incentives, production

could reach 30 billion liters by 2030, which would be a tipping point for SAF production and utilization . Relative

market-oriented studies seem to confirm the projected SAF rapid evolution within the next several years by

claiming that the SAF market is expected to increase from USD 216 million to more than USD 14 billion by 2030 .

2. Summary of Alternative Aviation Fuels and Current Status

The current tendencies for a more sustainable aviation industry include the so-called ‘drop-in’ alternative aviation

fuels, hydrogen, and the potential aviation electrification (i.e., hybrid or full-electric aircrafts) (Figure 1). The ‘drop-

in’ alternative aviation fuels or sustainable aviation fuels (SAFs) refer to completely interchangeable substitutes for

conventional petroleum-derived jet fuel (i.e., Jet A or Jet A-1) that are produced from sustainable resources (e.g.,

biogenic feedstock, renewable hydrogen + CO ). The fact that no adaptations are required for the existing fuel

systems (i.e., engines, fuel distribution network) establishes SAFs as dominant alternatives towards the

decarbonization of the aviation field. Hydrogen is a long-term sustainable fuel option, but requires extended

modifications in current fuel infrastructure and overall aircraft design. Finally, aircraft propulsion via electrification in

pure or hybrid mode could be an emerging option; nevertheless, energy storage limitations remain a major

concern, especially for long-distance applications.
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Figure 1. Alternatives towards decarbonization of the aviation field.

2.1. Sustainable Aviation Fuels (SAFs)

SAFs have recently started to attract great interest and have been identified by IATA as the most promising

strategy to reduce CO  emissions in the aviation sector. Jet fuels, produced from renewable or recyclable

feedstock, can deliver up to an 80% reduction in carbon emissions over the complete life cycle of the fuel, while the

International Energy Agency (IEA) claims that by 2050, biofuels could provide 27% of the total amount of transport

fuel, mainly replacing diesel, kerosene, and jet fuel . Currently, most SAF technologies are still being tested or

are at a prototype level, but they are making good progress, with some (e.g., HEFA) already being used in

commercial flights as blending components . However, one of the challenges faced in the production of SAFs is

creating fuel from renewable sources, such as biomass, at an affordable price. Moreover, the feedstock used for

producing the SAFs must not raise the question of food vs. fuel or cause deforestation, or any other

environmental/societal harm. Another major concern is producing a fuel that matches the energy density of

conventional fuels and their qualities such as a low freezing point and good cold flow properties. The ASTM D7566

specification has been developed over many years following a strict testing regime and approval process dedicated

to SAF safety compliance towards their implementation in commercial aviation. The expected scale-up of SAF

production in the coming years requires the parallel intensification of quality control in order to ensure that the new

fuel technologies introduced are safe .

2.1.1. Biofuels

Hydroprocessed Esters and Fatty Acids (HEFA)
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Hydroprocessed renewable jet fuels (HRJs or HEFA) are produced by the hydrogenation of vegetable oils, used

cooking oils (UCOs), animal fats, waste grease, algal oil, or bio-oil. They are high-energy biofuels that can be used

in conventional aircraft engines without further engine modification. Some of their weaknesses (such as low

lubricity) are overcome by blending HRJs with other conventional fuels. Using HEFA as an aviation fuel has already

been tested by many airline companies in passenger flights. However, it should be mentioned that the feedstock for

HEFA is usually costly, often raises the question of food vs. fuel, and its cultivation can cause severe land-use

change. Biodiesel is also produced from fatty acids via esterification, but it is considered insufficient as an aviation

fuel as its energy density is very low compared to conventional fuels, and its freezing point is very high .

Fischer–Tropsch Fuels (FT Fuels)

FT fuels are liquid hydrocarbons that are produced by the catalytic conversion of syngas (mixture of CO and H ),

which in turn can be generated from a variety of biogenic feedstock via gasification. They are non-toxic, typically

sulfur-free, and contain very few aromatics compared to diesel and gasoline, which results in lower emissions

when used in jet engines. Fischer–Tropsch-synthesized kerosene with aromatics (FT-SPK/A) is a variation of the

FT process in which a synthetic alternative aviation fuel containing aromatics is produced. The products in the FT

process range from methane to long-chain hydrocarbons. The FT process is highly exothermic, meaning that the

heat of reaction has to be quickly removed in order to avoid overheating and methane emissions. Like HEFA, FT

fuels have low lubricity due to the absence of sulfur .

Alcohol-to-Jet (AtJ)

The AtJ process turns alcohols into jet fuel through the following reactions: dehydration, oligomerization,

hydrogenation, isomerization, and distillation. The involved alcohols can be produced through conventional

processes involving the fermentation of sugars deriving from sugar- and starch-rich crops such as sugarcane, corn,

and wheat, or through advanced routes from lignocellulosic feedstock (e.g., hydrolysis). Alcohols can also be

generated via gas fermentation by utilizing the carbon and hydrogen content of gases such as industrial off-gases.

AtJ routes are attractive as they can convert various types of alcohols (so far, ethanol and isobutanol have been

approved) from a wide range of sources into jet fuel as well as other hydrocarbons .

Direct Sugars to Hydrocarbons/Synthesized Iso-Paraffins (DSHC/SIP)

Genetically modified microorganisms (such as algae, bacteria, or yeast) can be used to convert sugar into

hydrocarbons or lipids. Currently, biological routes almost exclusively use conventional sugar feedstock, although

cellulosic sugars are being tested as well. The complexity and low efficiency of converting lignocellulosic sugars

into fuels through DSHC translates into high feedstock cost and high energy consumption, which makes DSHC the

most expensive alternative fuel route .

Others
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The latest additions among the approved technologies (pathways) for SAF production are catalytic

hydrothermolysis jet (CHJ) and hydroprocessed hydrocarbons (HC-HEFA). In the CHJ process (also called

hydrothermal liquefaction), clean free fatty acid (FFA) oil from the processing of waste/energy oils is combined with

the preheated feed water and then passed to the hydrothermal reactor. There, under high temperature and

pressure conditions, a single phase is formed consisting of FFA and supercritical water wherein the FFAs are

cracked, isomerized, and cyclized into paraffin, isoparaffin, cycloparaffin, and aromatic compounds. The HC-HEFA

pathway refers to the hydroprocessing of bio-derived hydrocarbons (unlike the fatty acids or fatty acid esters found

in HEFA production) that come from oils found in a specific alga (i.e., Botryococcus braunii). Other also possible

pathways for bio-jet fuel production are under various stages of the ASTM evaluation process. A typical example is

synthetic kerosene via aqueous phase reforming (APR-SK) .

So far, only biofuels have secured ASTM certification for commercial use (via blending). SAFs are met as blending

components in mixtures with conventional aviation fuels rather than 100% bio-based compounds. Because the

penetration of SAFs in the market is still limited and actually HEFA-driven, SAF can be blended at up to 50% with

traditional jet fuel and all quality tests are completed as per a traditional jet fuel. However, along with the timely

scale-up for the other certified jet fuel pathways, the safety research should be extended to evaluate the miscibility

of fuels containing different synthetic compounds as well. The availability of a larger number of alternative certified

blends would make possible their simultaneous presence in a fuel tank or aircraft, and in that case, even the

slightest alteration in fuel quality should have been anticipated .

The SAF technology certification timeline is illustrated in Figure 2.

Figure 2. SAF technology certification timeline.

2.1.2. Electrofuels (e-Fuels)

Electrofuels or e-fuels are an emerging class of carbon-neutral drop-in replacement fuels that are made by storing

electrical energy from renewable sources in the chemical bonds of liquid or gas fuels. E-fuels result from the

combination of ‘green or e-hydrogen’, produced by electrolysis of water with renewable electricity, and CO , which

can be obtained from various sources including biomass combustion, industrial processes (e.g., flue gases from

fossil oil combustion), biogenic CO , and CO  captured directly from the air. E-fuel production routes consist of e-

hydrogen reacting with captured CO , followed by different conversion routes according to the final desired e-fuel

such as the methanization route for e-methane; methanol synthesis for e-methanol, e-DME, e-OME; or the reverse

water–gas shift (RWGS) reaction to produce syngas + Fischer–Tropsch synthesis to produce e-liquid
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hydrocarbons, such as e-gasoline, e-diesel, or e-jet. E-jet production usually refers to the methanol route (e-

methanol upgrade to jet) or the FT route (RWGS + Fischer–Tropsch) .

2.2. Hydrogen

The use of hydrogen in aviation, both as a source of propulsion power and as onboard power, has the potential to

diminish noise pollution and GHG emissions and improve efficiency, as long as hydrogen is produced from

renewable energy sources. Following thermal and biochemical methods, biohydrogen can be produced from a

variety of biomass resources. It can be used either as liquid fuel for turboengines, or in fuel cells (FCs). In the first

case, because of hydrogen’s low volumetric energy density, major aircraft changes are required in order to

accommodate the cryogenic tanks to store liquid hydrogen (LH ). In addition, storing liquid hydrogen entails risks,

as it burns in low concentrations upon mixing with air, and it needs a constant low temperature in order to be kept

in the liquid phase. The additional weight of these tanks means extra energy consumption in comparison to

kerosene aircrafts. As for the FCs, they can be used to power onboard electrical equipment or an electric

propulsion system. They could be used in parallel with or in place of auxiliary power units (APUs), which consist of

a small gas turbine supplying power when the aircraft is stationary or while cruising (as backup) .

2.3. Electrification (Hybrid or Full-Electric Aircrafts)

Many auxiliary aviation systems are being gradually electrified, because of the relatively lightweight and improved

efficiency compared to mechanical systems. In addition, electric propulsion is being investigated given that it can

come up with many benefits, such as noise reduction and emission savings. Electric aircrafts are divided into

hybrid and full electric. Hybrid aircrafts have an electric motor with a battery and a turbofan (in series or parallel),

thereby allowing for the downsizing of jet engines and increased fuel economy. Full-electric aircrafts could lead to

zero onboard emissions and noise reduction. However, electric aircrafts face two severe challenges: the low

energy density of batteries and the limitations on the distance traveled. Even the most promising batteries have an

energy density far short of kerosene, while issues such as battery charging and infrastructure need a considerable

amount of consideration .

2.4. Market Overview and Technology Readiness Level (TRL)

An overview of the current alternative fuel routes for the aviation sector, as described above, is presented in Figure

3.
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Figure 3. Overview of alternative fuel routes for the aviation sector.

Concerning the technological maturity of the current tendencies in aviation, each route has seen different growth.

Starting with SAFs, while HEFA is the only alternative fuel in commercial use, the FT and AtJ market developments

are also particularly intense.

The HEFA technology is currently the most mature, with HEFA fuels being the only alternative already used

commercially (TRL 9) . HEFA-jet is produced on a batch basis by several commercial-scale facilities worldwide

. It can be blended up to 50% with conventional fuel, but flight trials have recently been performed with 100%

HEFA. In particular, aviation leaders such as Airbus, Rolls Royce, and the German Aerospace Center (DLR)

launched the first 100% SAF commercial passenger jet flight with the HEFA-fuel provided by Neste .

Neste reaches an annual capacity of 100 kt SAF and production will increase to 1.5 million tons annually by the

end of 2023. Neste’s SAF is available at many major airports, including San Francisco International Airport (SFO),

Heathrow Airport (LHR), and Frankfurt Airport (FRA) and is currently being used by many leading commercial

airlines including KLM, Lufthansa, Delta, and American Airlines . There are also synergies with leading fuel

distributors that provide Neste’s SAF to the market .

As for the Fischer–Tropsch fuels, the bio-based gasification with FT synthesis is now just approaching

commercialization (TRL 7-8), while the jet fuel produced through the FT route has been certified and can be

blended up to 50% with fossil kerosene. The collaboration between British Airways and Velocys  aims to

establish the first commercial Fischer–Tropsch BtL plant in the UK. Other notable commercial plants that are based

on FT liquid production using sustainable feedstock are found in the USA (i.e., Red Rock Biofuels, Sierra Biofuels)

.

Alcohol-to-jet fuels have been certified by ASTM (i.e., from ethanol and isobutanol) and can be blended up to 50%.

This is another route that is approaching commercialization (TRL 7-8) . In 2018, Virgin Atlantic completed the
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first commercial flight with AtJ fuel produced by Lanzatech . Lanzatech is also the technology provider of the

project FLITE that targets the installation of Europe’s first of its kind AtJ production plant at pre-commercial scale.

In 2012 and 2014, both the US Air Force and the US Navy used bio-jet fuel produced by the AtJ pathway to

conduct the first tests .

Lanzatech, via a spin-off called LanzaJet, aims to be amongst the leaders in the emerging SAF market. LanzaJet

AtJ technology can process any source of sustainable ethanol, including ethanol produced from municipal solid

waste, agricultural residues, industrial off-gases, and biomass. British Airways will purchase SAF from LanzaJet’s

US plant in Georgia to power a number of the airline’s flights from late 2022. The deal also involves LanzaJet

conducting early-stage planning for a potential large-scale commercial SAF biorefinery in the UK . Another key

player in the AtJ pathway is the Colorado renewable fuels producer Gevo. The Oneworld Alliance members will use

Gevo’s SAF for operations in California including San Diego, San Francisco, San Jose, and Los Angeles

International airports. Delivery of the fuel is expected to commence in 2027 for a five-year term .

Regarding SIP, there are two different production routes. The first, using conventional sugar feedstock, is at the

pre-commercial level (TRL 7), while the second, based on cellulosic feedstock, is still at the prototype level (TRL 5).

The certified route includes sugar fermentation to farnesene, which, after hydroprocessing to farnesane, can be

blended up to 10% with fossil kerosene . Lufthansa performed a commercial flight with a 10% farnesane blend

from Amyris/Total in 2014 . However, at present, potential SIP developers tend to target the chemical,

pharmaceutical, food, and feed markets .

The technological maturity of e-fuels, or power-to-liquid (PtL) routes as they are also called, depends mostly on the

maturity of the single components and the design configuration chosen. For example, routes where the CO  comes

from concentrated sources, such as CO  waste streams from industrial processes, biogas upgrading, or beer

brewing, are available for commercial use, while others such as CO  captured directly from the air remain at an

earlier level (TRL 5–7) . In general, PtL can be characterized by a relatively high technological maturity, since

the majority of the individual process steps for kerosene synthesis via PtL are proven technologies with high TRLs.

E-fuel routes are already being implemented in over 40 pilot and demonstration projects in Europe . The barriers

towards full commercialization are the amount of capital-intensive equipment to deploy the technology, the need for

a substantial increase in renewable electricity production, and the rather low energy efficiency due to the inherent

thermodynamic conversion losses that occur during e-fuel production. Technologies at the lowest level of

development include electrolytic or electro-photocatalytic CO  conversion.

There are also commercial applications, such as Carbon Recycling International, which has produced over 4 kt of

methanol per year since 2012 and aspires to commission the world’s first 110 kt/year recycled carbon methanol

production plant after 2021 . Energy supplier Uniper, Siemens Energy, and aircraft manufacturer Airbus are

teaming up with chemical and energy company Sasol ecoFT to realize a commercial project to produce SAF for

Germany named ‘Green Fuels Hamburg’. From 2026, the production facility in its initial configuration is projected to

produce at least 10,000 tn of PtL-SAF annually .
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Table 1 summarizes the current technology status of SAFs and the latest highlights of each route.

Table 1. Current technology status of SAFs.

* considering methanol upgrade to SAF.

Although hydrogen aviation is not a new concept, it will require significant research and development (R&D),

investments, and accompanying regulations to ensure safe, economic H  aircrafts and infrastructure mastering the

climate impact . Airbus has performed a study called ‘Cryoplane’ in order to examine the concept of hydrogen-

fueled turbo-engines, which led to the adoption of a minimal-change approach to the wing configuration and engine

design . However, the main research activities of hydrogen involvement in aviation are related to the

development of hydrogen fuel cell aircrafts, as it is a much lighter way to power the electric airplanes than

batteries. Fuel cell systems are tested as auxiliary power units in commercial aircrafts, even though they have not

been deployed in serial production. H  propulsion with fuel cell systems is also tested for urban air mobility

(unmanned air vehicles and ‘taxi’-drones) . One such project is the HY4, a four-seater hydrogen fuel cell aircraft,

developed by DLR, which completed its first flight in 2016 . Moreover, ZeroAvia USA has launched the HyFlyer

project, which aims to decarbonize medium-range, six-seater aircrafts by replacing the conventional propeller with

a fuel cell system . In general, the immediate priorities for hydrogen aviation R&D are the development of

lightweight tank systems, reliable fuel distribution components, H  propulsion turbines with low NO  emission and

long lifetimes, and high-power fuel cell systems .

SAFs Fuel
Technology

Readiness Level
(TRL)

Highlights

Biofuels

HEFA 9

Commercial passenger jet flight test with 100% HEFA fuel

Projection for annual production of 1.5 million tons by the
end of 2023 (Neste) 

FT-fuels 7–8
Establishment of the first commercial Fischer–Tropsch

BtL plant in the UK (Velocys) 

AtJ 7–8

First commercial flight with AtJ fuel 
British Airways will purchase SAF from LanzaJet’s US

plant from late 2022 
Oneworld Alliance members will utilize Gevo’s SAF for

operations in California from 2027, for a five year-term 

DSHC/SIP
5–7

(depending on the
sugar type)

Commercial flight with 10% farnesane blend from
Amyris/Total (2014) 

E-fuels
e-jet,

e-methanol
*

5–8
(depending on the CO

source)

World’s first 110 kt/year recycled carbon methanol
production plant 

‘Green Fuels Hamburg’ 
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Since the 1960s, many aviation auxiliary systems have gradually been electrified, while electric propulsion systems

have seen development as well. However, concerning the latter, they all remain at a demonstration level .

Regarding the development of hybrid electric aircrafts, Airbus, Rolls-Royce, and Siemens AG collaborated to

launch the flight demonstrator E-Fan X . In addition, Boeing and NASA have partnered up in order to develop a

hybrid electric aircraft, named ‘SUGAR Volt’, with twin engines designed to burn fuel when the power demand is

high (e.g., take-off) and to run on electricity while traveling . Other industries have experimented with building

full-electric aircrafts, mostly for civil non-commercial aviation and urban air-taxis, such as Kitty Hawk USA that

developed a two-seater to be used by Air New Zealand as an air-taxi . Moreover, Airbus has taken on an air-taxi

project called Vahana , while Lilium GmbH and Eviation Aircraft Ltd. have produced full-electric, five- and nine-

seater aircrafts, respectively, meant for regional commuting . In order for electric aircrafts to be more

commercially available, challenges such as the plane’s mass reduction or the expansion of the batteries’ energy

density must be faced. As already mentioned, there is a limitation in the envisaged travel distance and in order to

tackle this, electric aircrafts could be used for commercial regional flights or for pilot training. Such an aircraft is the

Pipistrel Alpha Electro, which is a two-seater, full-electric aircraft with a range of about 160 km on a single charge

. Concerning the endeavor to increase the energy density of batteries, OXIS Energy has made significant

progress in developing solid-state lithium–sulfur batteries, which have an increased density and can be used in

electric buses, electric trucks, aircraft, and marine trials .

In general, it can be observed that SAFs are technologically in a favorable position towards the decarbonization of

the aviation industry. Their compatibility with the extended current infrastructure is a great advantage that is able to

offer instant industrial compliance with the international policies and regulations. Hydrogen aviation or electrification

require deep and comprehensive changes in the industry and can only be considered as long-term alternatives.
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