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1. Dansk resume (Danish summary)
Denne rapport præsenterer en afgrænset analyse om brugen af flydende metan som brændstof til fly.
Rapporten analyserer dette koncept ud fra en teknisk vinkel og sigter på at skitsere de overordnede
rammer, potentialer og muligheder. Der gennemgås karakteristika for nuværende brændstofsystemer, analyseres potentialer for at anvende flydende metan og evalueres, hvorledes implementering kan ske i praksis.
I dag anvendes der kerosen (jetfuel/petroleum) som flybrændstof, og dette udvindes fra fossil råolie.
I Danmark anvendes der i størrelsesordenen 40-50 PJ/år. Kerosen er karakteriseret ved at have et
kogepunkt ved ~200 °C, udlede relativt få partikler ved forbrænding og have en relativt høj volumetrisk energidensitet på ~35 MJ/L – dertil eksisterer der en lang række tekniske og regulatoriske
krav. I forbindelse med den bæredygtige omstilling skal der findes alternativer til den nuværende
model for flybrændstof. I dag anvendes mindre mængder kerosen-lignende brændstof til iblanding i
fossilt kerosen.
Flydende metan har en række karakteristika, der ikke er radikalt anderledes end for kerosen. Der er
dog også markante forskelle, bl.a. at den volumetriske energidensitet er 21 MJ/L, og at brændstoffet
skal lagres ved -162 °C. Dette skaber en række udfordringer, herunder at tanksystemer, motorer og
flyenes design skal modificeres eller erstattes. Samfyring af metan og kerosen er formentlig muligt.
Et helt centralt fokuspunkt for flysektoren er emissionerne og deres effekt ift. global opvarmning.
Dette er et komplekst videnskabeligt felt, der fortsat arbejdes på at få en større grad af afklaring på,
og der kan i dette studie kun estimeres en mulig effekt. Centralt er det, at CO2-emissionerne fra
flymotorer muligvis ikke er den primære kilde til deres effekt på den globale opvarmning, men at
påvirkningen af skydækket via bl.a. partikler muligvis har en større effekt. Altså er det ikke
tilstrækkeligt primært at fokusere på kulstof-neutralitet for at minimere klimaeffekten, og det er
nødvendigt at evaluere brændstoffer i en holistisk emissionsanalyse. Da metan typisk udleder færre
partikler, CO2 mv. end kerosen, kan effekten på klimaet være markant, og der kan således,
muligvis, opnås store forbedringer.
Overordnet set er brugen af flydende metan til fly umiddelbart en teknisk mulig løsning. Dette kan
ses ud fra en række studier, der har analyseret dette i forskellige kontekster fra tanksystemer til
jetmotorer til flydesign. Dertil er der fundet rapportering for enkelte konkrete anvendelser og
eksperimentelle analyser. Mest overbevisende er de mere end 100 kommercielle flyvninger i slut80’erne af det russiske TU-155-fly, der anvendte flydende metan som brændstof. Flere af studierne
peger på, at der, rent teknisk, kun er udfordringer, som kan løses.
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2. Introduction
Aviation is an integral part of our global and national infrastructure, and the global demand is
increasing with forecasts predicting significant growth towards 2030-2050. Aircraft utilize jet fuel
today based on fossil oil and responsible for a significant share of the global greenhouse gas (GHG)
emissions. In the EU-28, aviation is now responsible for 3.6 % of the total anthropogenic emissions
[1]. In Denmark, the current use of jet fuel in 2014 was 45 PJ, which is expected to increase to 53
PJ in 2030 [2]. In 2050, the Nordic countries are expected to demand 215 PJ of jet fuel, which will
most likely be predominantly sustainable and liquid fuels [2].
Currently, the aviation sector is decreasing its GHG emissions via several mechanisms, where the
use of alternative energy sources is at its core. Currently, the only significant use of alternative fuels
is via direct substitution, where drop-in fuels are blended with fossil jet fuel. This is an attractive
first step since no modifications are required to the existing designs and the change in infrastructure
is reduced. It has been allowed for a decade to blend fossil jet fuel with alternative biofuels at 50 %
- this is true for certain types, while others are only allowed below 10 %. These drop-in fuels are,
however, not competitive with fossil-based jet fuel and their use is driven by policies, and the
quantity is minimal compared to the total jet fuel consumption. The EU production of bio-jet fuels
corresponds to 4 % of the EU jet fuel demand and is projected to grow by 50 % from 2017 to 2025
[1].
Towards 2050, the aim for the Danish (and several other nations' and entities’) energy system is to
be 100 % net sustainable. This will require a massive change in the use of jet fuel via a switch from
fossil to sustainable sources, whilst maintaining core functions and feasibility of the aircraft and
infrastructure. This can either be achieved by:


Completely substituting fossil jet fuel with similar bio-jet fuel without design modifications,
such as it is most widely projected. This will probably be the most feasible solution in the
short term and possibly also towards the medium and long term.



Using alternative fuels with some design modifications, modifying gas turbine engines to
operate on one or more fuels, which can be attractive given the significance of the
modification and fuel feasibility. This might be more feasible in the medium to long term if
there are clear incentives to implement them compared to the existing systems.



Using alternative propulsion systems with new designs, which can be attractive if major
technological developments take place – an example would be electric propulsion using
batteries or fuel cells. This might be the most feasible solution in the long term.

This paper will address the second point above. With the motivation to optimise the energy system
as a whole and further develop the environmental and economic feasibility of aviation towards 2030
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and beyond, this study will present a brief investigation of the use of liquified methane – either as
liquified natural gas (LNG) or liquified biogas (LBG) – for fuelling aircraft.
The LNG solution has been proposed and tested several times since the oil crisis in the 1970s.
While it has been generally deemed technically feasible, it has not received much attention even
though its economic and environmental profile could be attractive. In the last 5-10 years there has
been an increased focus on decreasing the impact of global warming, and tightening of
environmental regulations, and thus a significant increase in LNG infrastructure and transport
applications. The increasing use of LNG has been primarily driven by international trade and
emission policies.
In parallel, the availability of upgraded biogas in the gas grids has been increasing and could
provide a sustainable, plentiful and globally available source of energy for the aviation sector.
This analysis will cover fundamental aspects of jet fuels now and going forward; compare kerosene
with liquid methane; present previous work within the field incl. technical feasibility and
modifications needed for retrofitting; and state recommendations for progressing the idea further in
a Danish context.

DGC report

7/22

3. Current jet fuel characteristics
The primary propulsion technology for aircraft is gas turbines. As opposed to internal combustion
engines, the fuel combustion in turbines must be sustained continuously in an open chamber, and
this puts restrictions on the fuel's characteristics. The combustion is also limited by the turbine that
is exposed to the combustion products, which requires a low level of particles and precursors to
deposits. Jet fuels are also required to achieve excellent combustion performance due to risk
management, as engine failure or instability will have consequences much more severe than the
ones in e.g. road and maritime transport.
Because of this, jet fuels are primarily defined by their properties rather than by their chemical
composition. Energy content and combustion quality are essential for jet fuels. A central parameter
is the gravimetric energy content [3]. Volumetric density is desired, especially in compact systems
for e.g. military use, but is not critical for e.g. commercial aircraft where the tank volume is not
strictly limited – the incentive here is primarily rooted in economics rather than in technical
properties. Viscosity and density can be an issue for heavier hydrocarbons because of limits to
vaporisation and fuel supply (pressure loss). Smoke point and particle formation are important to
limit engine tear and corrosion, and to avoid the formation of black smoke.
The jet fuel that fulfils all the above criteria and is economically feasible, is kerosene. It is a light
distillate oil extracted from refining of crude oil at boiling temperatures of mostly 190-230 °C [3].
Kerosene is not a specifically defined chemical component, but rather a mixture of various species
that is defined through its performance characteristics. The hydrocarbons are mostly with carbon
numbers between 8-16 atoms. Kerosene is also used widely for cooking purposes in rural countries,
because of its clean combustion that reduces harmful emissions towards the user. Kerosene-type jet
fuels are mainly classified as Jet A or Jet A-1 but are also further divided into lower classifications.
There are several alternatives to kerosene that share the required fuel traits. The main green
alternatives to kerosene are mainly:


HEFA (hydroprocessed fatty acid esters and free fatty acid), which is the most
commercialized and feasible of the fuels [1] – several billion litres are produced every year.
It is based on lipids, such as organic oils incl. cooking oils and palm oil, that are
hydrogenated into biodiesel-like fuel. The scaling is limited, since the feedstocks needed are
limited. HEFA is currently priced 58-69 % higher than conventional fossil jet fuel [1].



Fischer-Tropsch synthetic paraffinic kerosene (FT-SPK) is based on syngas (CO and H2)
that is catalytically converted into a synthetic crude oil and afterwards distilled into kerosene
and other products. Because syngas can be derived from biomass via anaerobic digestion or
thermal gasification or via CO2-capture and hydrogen, the production flexibility and scaling
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potential is practically unlimited. The conversion technology has been used with natural gas
and coal for a century and is fully commercial and scalable. Because of this, it is viewed by
many, incl. the Danish Energy Agency [4], as the main path to a sustainable transition. The
price forecasts for sustainable Fischer-Tropsch-derived jet fuel point towards economic
infeasibility in the short term [5], but might in 2030 be in the range of current HEFA
premium [4] and market competitive [6].


Other alternatives are hydroprocessed fermented sugars (HFS-SIP) and alcohol-to-jet (ATJ),
which convert biologically derived sugars and sugar-based alcohols (ethanol) into synthetic
kerosene. These are not covered here since they have many of the same background
characteristics as HEFA and are not used to the same extent.

One of the pivotal issues with alternative jet fuels is their sustainability. This paper will not go into
detail, but there is generally focus on the extent to which these fuels reduce climate change. As an
example, HEFA can reduce GHG emissions by either 29 % or 85 %, dependent on whether the
feedstock (and its conditions) is palm oil or used cooking oil, respectively [1]. The alternative fuels,
however, can generally reduce GHG emissions by 70-90 % under the right conditions.
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4. Liquid methane for aviation
4.1.

Combustion properties

Replacing kerosene with liquid methane will require changes to both current propulsion, handling
and infrastructure systems since the two fuels are significantly different – but not fundamentally.
The most pronounced differences are that kerosene is mainly based on carbon numbers between 816, while the carbon number of methane is 1, and that kerosene is stored at the surrounding
conditions of the plane, while LNG is stored at -162 °C in an insulated tank, and in turn has to be
converted to gaseous form upon entering the nozzle in the turbine. The difference in volumetric
densities is also markedly different – and if additional LNG-storage system volume is taken into
consideration, the needed volume (and weight) will be even larger – as seen in Table 1. The fuels
do, however, share several traits being hydrocarbons and having similar gravimetric energy
densities.
The combustion properties of kerosene and methane are not radically different. The flame
characteristics for LNG and kerosene are similar [7]. This is also seen in the fact that jet engine gas
turbines designed for kerosene have relatively easily been converted into stationary power plants
using natural gas. This is also seen in a deep and detailed combustion study by Goldmann et al. [8]
where several alternative fuels are compared to kerosene. The study finds that LNG is the least
different fuel to kerosene compared with methanol, ammonia and hydrogen.
Table 1

Combustion properties of conventional kerosene and liquefied natural gas (LNG) with
selected data from [8].
Kerosene

LNG

Energy density [MJ/L]

35

21

Energy density [MJ/kg]

43

49

Density [kg/L]

0.8

0.4

Freezing point [°C]

-47

-182

Auto-ignition [°C]

210

595

0.6 - 6.5

5.0 - 15

Lower-upper explosive limit [v%]

4.2.

Emissions

The emission profiles from kerosene and LNG are markedly different. This is due to the difference
in chemical composition, but also due to the different combustion properties. The emission species
will also have individual effects on the atmosphere, which can result in markedly different climate
effects. The scientific area of characterizing and quantifying the direct and indirect climate effects
of emissions from aviation is still in development – as evident of e.g. the uncertainties stated in the
IPCC report from 2007 [9], in a study by Lee et al. in 2009 [10], in a study by Lee et al. in 2010
[11] and in a review by Kärcher in 2018 [12]. Discussions about contrails, cirrus clouds and
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atmospheric effects are especially important and very complex, and will likely be at the centre of
the total climate impact [9][12]. Because of these elements and, acknowledging that this area is
outside his area of expertise, this author will not provide a high-resolution analysis of the impact of
emissions. Instead, a more general overview will be provided based directly on references.
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Table 2 shows the relative climate effect, or radiative forcing, of each emission component from
aircraft excluding cirrus cloud enhancement1 – the data is adapted from IPCC [9] and is in line with
Lee et al. [10]. From the table it can be seen that CO2 only makes up about a quarter of the climate
effect, meaning that replacing kerosene with biokerosene in fact will potentially only reduce a
minor part of the total impact. This is a key argument for considering alternative fuels to kerosene,
since sustainable kerosene hence only will reduce a fraction of the total emissions. It is also seen
that NOx plays a significant role, contributing roughly half of the climate impact of CO2 when
summing up positive and negative effects. Water vapour is an interesting parameter for this project,
since there will be a significant change in water emissions between methane and kerosene, due to
the inherent hydrogen content of the fuels. Withers et al. [13] state that the impact from additional
water vapor emissions is thought to be limited.
Contrails and cirrus are produced when the hot and humid exhaust gases from the jet engine
interacts with the atmosphere below a certain critical temperature. These are formed at high
elevation and are cloud structures in the ice supersaturated regions of the atmosphere that are
composed of ice crystals [12]. Cirrus also forms naturally. In a context of a lot of uncertainties,
contrails and cirrus clouds are probably formed in several stages, where aerosol particles react with
water to form droplets and subsequently ice crystals [12]. Hence, the essential components for
cirrus formation are particles to initiate nucleation of droplets, water and ice supersaturated
conditions – the first two of which are found in jet engine exhaust, but also in the general
atmosphere. Contrails and cirrus might be connected, but it is seen that cirrus clouds are at the
centre of the climate impact, contributing significantly to the total climate impact. As noted in the
caption for

1

The reader should know that the effect of cirrus clouds and other emissions from aviation still is a point of debate in
the scientific community. Therefore, the table is listed here without this effect.
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Table 2, it should be emphasized that the IPCC lists the impact of cirrus clouds in a rather wide
span of 10-80 mW/m2 due to limited clarity on the impact.
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Table 2 – Radiative forcing of various emission species from conventional jet fuel combustion
relative to the total effect. Data values from IPCC [9]. AThe value for cirrus clouds is
taken as an average of the estimated effect that has a range of 10-80 mW/m2 – the value
that is in range of estimates in [11] (23 mW/m2) and [12] (40 mW/m2). Positive values
mean that the component has a warming effect, and negative ones a cooling effect. BThe
origin and effect of cirrus is, as stated, not clear and this statement is based on analysis
done in [12][14][15][16].
Effect relative to total effect
[%]

Origination of effect
[emission]

CO2

27

CO2

O3

24

NOx

CH4 reduction

-11

NOx

H2O

2

H2O

Sulphate particles

-4

Sulphur emissions

Soot

3

Soot

Contrails/vapour trails

11

Not clear, but soot and other particles
are expected to be main
contributorsB

Cirrus clouds

48A

Not clear, but soot and other particles
are expected to be main
contributorsB

Total

100

The emission differences between kerosene and methane are related to both composition and
combustion properties. A direct comparison can be difficult since LNG is not routinely deployed as
a jet fuel and hence the data material is limited. Findings in an R&D project [14] that retrofitted a
jet engine to use LNG show that the approximate change in emissions relative to kerosene was 25 % CO2, -80 % NOx and -100 % particles and soot. The values are in range of the ones stated in
[7]. An extensive review by Kärcher [12] stated that LNG jet engines have zero soot emissions. In a
study on the application of LNG as an aviation fuel, NASA concluded that significant emission
reductions can be achieved [17]. While combustion of methane has been generally shown to reduce
particle emissions, a complete reduction of particles should not be expected.
A central aspect of using methane is to reduce emissions of it to a minimum. Since methane is a
potent greenhouse gas, the environmental profile of applying the fuel must be based around
minimal leakage.
Assuming, very roughly, that fossil methane can reduce: -25 % CO2, -80 % NOx, -100 % of the
direct soot effect, no CH4 leakage and -50 % of the contrail and cirrus effect, whilst neglecting the
effect of water and sulphur, an extremely crude estimate of the climate benefits would thus be 49 %
climate impact reduction based on emissions from the aircraft engine. The -50 % reduction in
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contrail and cirrus effect is extrapolated from Grewe et al [15] who in their analysis of a complex
aircraft design assume a “conservative” -40 % effect from -80 % soot emissions from a jet fuel
consisting of 70 % LNG and 30 % biokerosene. Since this study considers 100 % LNG as fuel and
assumes a 100 % soot reduction, as stated in several references [7][12][14], a -50 % reduction is
chosen for this rough estimate. If bio-methane is applied, meaning that the effect from CO2 is
neglected, whilst the other parameters are kept constant compared to fossil methane, a 70 % climate
impact reduction can be crudely approximated. For the sake of comparison, the reduction in climate
impact from sustainable kerosene might be estimated by neglecting the impact of CO2 – then a
reduction of 27 % will be achieved. However, sustainable kerosene-like jet fuels will have a
different chemical composition than fossil kerosene, which will impact the emission profile, but
these effects are not included in this estimate. These very crude approximations are shown in Table
3.
Table 3 - Very crude comparison of climate impact based on aviation engine emissions from
different fuels. The first column for fossil kerosene is taken from

DGC report

15/22

Table 2.
Relative radiative forcing
of emissions from

Reduction of emission

[%]

Fossil methane
[%]

Biomethane
[%]

Biokerosene
[%]

CO2

27

-25

-100

-100

NOx effects

13

-80

-80

-

H2O

2

-

-

-

Sulphate
particles

-4

-

-

-

Soot

3

-100

-100

-

Contrails/vapour
trails

11

-50

-50

-

Cirrus clouds

48

-50

-50

-

Total

100

-49

-70

-27

fossil kerosene

4.3.

Production of biokerosene and LBG

Towards 2050 it is expected that jet fuel will be primarily based on sustainable sources. This will
require implementation of global supply chains and large-scale production facilities in order to
secure availability and feasibility. From a system perspective it is also relevant to assess the overall
impact of this production on the energy system with regard to e.g. energy efficiency. Here, some
overall technical mechanisms in the production of Fischer-Tropsch-based biokerosene (FT-SPK)
are compared to LBG.
Biokerosene can be produced from syngas and is hence very flexible with regard to feedstock.
Going forward it is expected by e.g. the Danish Energy Agency [4] that the most feasible feedstock
will be gasified biomass. An alternative to producing biokerosene from gasified biomass, would be
to reform biogas/upgraded biogas into syngas. The efficiency of the reforming is expected to be in
the same range as for the gasification.
The Fischer-Tropsch process is complex, but overall, it converts syngas into a synthetic crude-oil
product. The oil product can be adjusted by applying suitable catalysts and process conditions.
Afterwards, the oil is distilled and potentially upgraded in a refinery – similar to current crude-oil
practices. The process will have a variety of products besides kerosene, incl. gasoline- and diesellike fuels as well as naphtha. The current energy efficiency from biomass or biogas to oil-product is
in the range of 50-65 %, and the efficiency from biomass or biogas to kerosene at 20-40 % [3][6].
Going towards 2050, the efficiency in kerosene production is expected to reach ~50 % [4].
Considering an approximated jet fuel demand of ~50 PJ in 2050 (same as the projected amount in
2030), this process pathway will demand 100 PJ of biomass/biogas, which is in the range of half of
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the Danish biomass potential. Alternatively, the process can be fuelled by captured CO2 and
electrolytic hydrogen, but this is believed to be more expensive.
Biomethane (LBG) is currently produced directly from biomass via anaerobic digestion in relatively
small biogas plants. Biogas is upgraded and injected into the natural gas infrastructure. Hence, this
represents a very efficient pathway since only minor losses will occur in the process. The Danish
biogas potential is estimated in the range of 49-94 PJ (dependent on whether straw is included as a
feedstock) [18], which is sufficient to cover the expected 2030 demand around 50 PJ.
Like biokerosene, biomethane can also be produced from syngas from gasification of biomass,
which will enable large-scale production. The efficiency from biomass to biomethane is currently in
the range of 60-65 % for state-of-the-art systems. Going forward this is projected to be 70 % [19],
which is significantly higher than that of biokerosene. Considering a jet fuel demand of ~50 PJ in
2050, this process pathway will demand 71 PJ of biomass, which is in the range of a third of the
Danish biomass potential. Alternatively, the process can be fuelled by captured CO2 and electrolytic
hydrogen.
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5. Practical application of liquid methane in aircraft systems
This section will assess the technical feasibility of applying liquid methane as a jet fuel.
Experiences with using LNG as an aircraft fuel will be presented, and the section will elaborate on
the differences to current aircraft engine systems.
5.1.

Previous experiences using LNG as fuel

The idea of pursuing alternative aviation fuels was first proposed during the oil crisis in the 70s, and
LNG has been proposed as a candidate since the 1980s. Only few tests with LNG as an aviation fuel
have been found. The most prolific tests of LNG were during the late 1980s where the Russian
aircraft company Tupolev designed and produced an aircraft type, the TU-155, using liquid
methane or liquid hydrogen for propulsion. Both fuels were tested successfully, but LNG was
preferred due to higher economic feasibility. The aircraft was put into commercial operation during
1988-1989 and performed over 100 flights [7], proving the general technical feasibility of the
concept. The TU-155-programme was, however, terminated as the Soviet Union collapsed in the
early 1990s [7].
In NASA’s Sustainable Ultra Green Aircraft Research-project in 2012 [17], it is stated that LNG
has been used in experimental aircraft and helicopters [17]. The same study stated that LNG aircraft
could be technically developed and tested by 2020 and be a commercial product in 2025.
An R&D project in 2019 [14], based on a partnership within LNG for aviation since 2010, reported
the retrofit of a typical kerosene-jet engine to use LNG, tested it in a laboratory and found satisfying
performance. The project estimates that an aircraft can be retrofitted and tested within a few years.
5.2.

Liquid methane engine system application

Since the combustion characteristics of kerosene and methane are rather similar, they can be cofired in gas turbine systems [7]. In stationary gas turbines, it is typical to have dual-fuel systems
where several nozzles are applied for e.g. oil and gas. These industrial applications are expected to
be directly translatable to aircraft systems with kerosene and methane [17]. A dual-fuel concept is
shown in Figure 1, where the jet engine has two fuel lines with an injection nozzle each.
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Figure 1 LNG- and jet fuel-cofiring conceptual system. Inspired by [13].
As mentioned, existing kerosene-gas turbines can be retrofitted to use methane, and the adjustments
are expected to be minor incl. changing the fuel nozzle. It is expected that the engine efficiency will
be similar for kerosene and methane. As seen in Figure 1, the methane system will, however, be
significantly different upstream of the combustor. The fuel will be stored in a cryogenic tank that
will be relatively large compared to a kerosene tank, since tank insulation will be needed, and the
volumetric density is much lower. Liquid methane will suffer from boil-off as the environment
heats it up. This boil-off gas will have to be handled in parallel to the liquid fuel, and two lines
using a pump and compressor, respectively, will be needed [13]. In order to evaporate the liquid
fuel, heat will need to be applied continuously. The most convenient solution will probably be to
utilize either ambient air, hot engine oil and/or bleed air from the turbine [20]. More details on fuel
and engine systems for liquid methane in aircraft can be found in [13][20].
The application of a cryogenic system is not expected to be an issue. Such a system has been
developed, tested and integrated, and is being applied in various air and space applications, e.g.
liquid oxygen in military jets and spaceships [17]. An R&D project [14] successfully performed
hydrostatic, mechanical and cryogenic tests with fuel tanks on board a plane. The tests basically
qualified the system technically for aircraft operation. The study found no technical showstoppers.
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Aircraft design and efficiency

In order to apply liquid methane, the design of the aircraft will need to be modified to some extent.
If co-firing with kerosene is applied, the modifications might be minimal, e.g. integration of smaller
fuel tanks and systems in current aircraft designs.
The primary concern related to space management and design is the liquid methane fuel tanks. The
volumetric energy density for liquid methane is 60 % of kerosene, and, in addition, insulated
cryogenic tanks are needed. Fuel tanks will thus have to be rearranged compared to commercial
aircraft. Currently, kerosene is stored in fuel tanks designed for integration in the wing structure.
Liquid methane tanks are likely to be cylindrical or spherical in order to maximise volume to
surface ratio and minimise heat transfer. This geometry might not fit into the wing structure and
hence the tanks could be relocated to e.g. beneath the passenger/cargo floor [14] or on either side of
the passenger section [17].
In order to accommodate the additional volume, NASA [17] suggested based on design study that
the length of the aircraft could be stretched in the range of +12 %. Another study [20] estimated that
the additional need for volume will not be significant, since a lot of systems might be removed due
to the differences between LNG/LBG and kerosene, e.g. engine heat management will be much
more simple and require fewer components.
The same study [20] estimated based on systems optimisation that the weight of the aircraft might
be decreased when applying liquid methane. This is also due to the fact that it is estimated that the
fuel itself will weigh roughly 15 % less [7]. Yahyaoui et al. [21] suggested that an LNG jet engine
might be reduced, due to more efficient and faster combustion. Another study [17] did, however,
find that the total weight of a modified aircraft will probably be increased and that it will be a
pivotal challenge for the overall feasibility.
Considering all engine and design aspects, it is expected that the overall energy efficiency will be in
the same range as for a typical kerosene-fuelled aircraft. Some increase in weight and drag is
expected and hence a somewhat higher fuel use. NASA estimated that a methane-fuelled aircraft
would require 6 % more energy [17].
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6. Conclusions and recommendations
This paper presents a limited investigation of the application of liquid methane as an aviation fuel.
Several theoretical analyses on combustion, engine and fuel systems, and aircraft design are
accompanied by several demonstrations of the concept showing that it is technically viable. Several
of the studies agree that there are no major technical challenges associated with applying liquid
methane as a fuel. This is best shown by the more than 100 commercial flights performed by the
TU-155 using LNG in the late 1980s. However, very few documented and detailed demonstrations
have been found.
6.1.

Key opportunities for applying liquid methane as an aviation fuel



The emissions from the aviation sector are significant and complex. And while a direct
substitution with green jet fuels, such as Fischer-Tropsch-based kerosene, offers a practical
and mainly sustainable solution for neutralizing CO2 emissions, this emission component is
probably only responsible for ~25 % of the total climate impact. Emissions of e.g. NOx and
especially particulates are likely to be just as important – or even more important for the
latter. And these, along with CO2, can be reduced significantly by applying methane as a
fuel since it burns cleaner with regard to these components – one study [14] stated that NOx
and particulates could be reduced by around 80 % and 100 %, respectively. This also means
that significant emission reductions can be achieved by replacing fossil kerosene with
natural gas. An extremely crude estimate suggested that emissions might be reduced
considerably.



Towards 2050, jet fuel should be based on sustainable energy and in order to meet the global
demand, biokerosene based on biomass will probably be needed. In current projections, this
fuel can be produced from biomass at a 50 % energy efficiency at that point. In contrast,
biomethane can be directly produced in biogas plants with gas upgrading and the Danish
biogas potential can probably cover the expected demand. If biomethane is produced from
biomass gasification, the efficiency is expected to be 70 %. And while energy efficiency of
the aircraft is likely to be a few percentage points lower, methane represents a major
opportunity for achieving a high energy efficiency for the sector going forward.



Liquid methane can be applied relatively easily to existing aircraft systems and designs.
Only minor changes to existing aircraft engines can be expected, and there exist several
examples of how e.g. the fuel tanks and systems can be integrated. Liquid methane can be
integrated in parallel to kerosene in a co-firing design, or an existing system might be
retrofitted.



Denmark has a significant biogas potential and already a developed biogas sector that
integrates biomethane into the gas infrastructure via grid injection. Using LBG for aviation
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will thus also be taking advantage of an already existing platform. The potential for LBG in
aviation is likely to be in the range of 50 PJ by 2030.
This paper has focused on technical aspects. But in order to assess the feasibility of the concept, the
associated infrastructure, involved companies and economic drivers must be assessed. Some of
these are listed below under recommendations, since the volume of this project did not allow such
investigations. Another major aspect, which has not been discussed here and is not in the list below,
is the airports. There will be many aspects that need to be addressed including production and
storage of liquid methane on-site, handling and safety systems, and most of the entire fuel
infrastructure will probably have to be altered. This will be a major shift for an industry that
historically has relied mostly on one fuel type. And since aviation is fundamentally rooted in
international/global standards, the shift will also be a challenge in coordination between airports and
companies. NASA [17] thus concluded that the most significant barrier with regard to infrastructure
is the coordination and logistics of storage and fuelling aircraft.
6.2.

Recommendations for further work



Further characterise the impact of the emissions from aviation in order to further clarify
whether there is a clear climate incentive to pursue the idea of using methane. A central
aspect that requires special attention is the climate effect of particles and water emissions,
since the methane will emit much less particles, but significantly more water. A person with
expertise within this area will be needed to make a clear analysis.



Investigate the economic feasibility of the concept in order to identify key drivers,
incentives and barriers. The investigation could cover costs related to aircraft design, fuel
and airport infrastructure.



Since this concept is not widely known (to the best of the author's knowledge), stakeholders
should be informed of the possibility of this alternative pathway for aviation fuel. Via
dialogue, the stakeholders' key concerns and drivers for this concept could be identified.
Stakeholders could include aircraft companies, airports, LNG/LBG technology suppliers and
energy system analysts and agencies.



Develop strategic cases for implementing liquid methane as an aviation fuel. This could be
in smaller applications and include modification of smaller domestic aircraft or integration
of methane as a fuel for the aircraft auxiliary power units.
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