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Abstract: Aviation is the backbone of our modern society. In 2019, around 4.5 billion passengers
travelled through the air. However, at the same time, aviation was also responsible for around 5% of
anthropogenic causes of global warming. The impact of the COVID-19 pandemic on the aviation
sector in the short term is clearly very high, but the long-term effects are still unknown. However,
with the increase in global GDP, the number of travelers is expected to increase between three- to
four-fold by the middle of this century. While other sectors of transportation are making steady
progress in decarbonizing, aviation is falling behind. This paper explores some of the various options
for energy carriers in aviation and particularly highlights the possibilities and challenges of using
cryogenic fuels/energy carriers such as liquid hydrogen (LH;) and liquefied natural gas (LNG).

Keywords: aviation; cryogenic fuels; energy transition; hybrid aircraft; liquid hydrogen; liquefied
natural gas; sustainable aviation

1. Introduction

Aviation is the backbone of our modern society. In 2019, around 4.5 billion passengers travelled
through the air. However, at the same time, aviation was also responsible for around 5% of anthropogenic
causes of global warming [1,2]. Even though the number of people travelling by aircraft has reduced
drastically in 2020 due to the outbreak of COVID-19, the aviation sector is expected to recover after the
invention of a reliable vaccine [3,4]. From then on, air traffic in terms of passenger kilometers is expected
to continue to grow at a rate of approximately between 4-5% per year for the next couple of decades [5],
implying a doubling in the number of passenger-kilometers every 15-18 years.

Figure 1 shows the observed growth in passenger transport for different modalities over the
past decades and the expected trend in the future. This indicates the ever-increasing number of
passenger-kilometers by air travel (in yellow color-coding) [6]. It should be noted that these predictions
are lower than the predictions of some of the commercial aircraft manufacturers, but are in line with
the predictions of DLR carried out within the WeCare project [7].

As a result, the environmental impact of aviation will continue to increase significantly unless we
act now. Moreover, whereas modes of surface transportation systems can reduce CO, and emissions
significantly by means of technological solutions, which are available or in reach (e.g., use of electric/hybrid
vehicles), the aviation sector is facing severe technological challenges regarding the energy source,
for instance, dictated by the stringent mass and volume constraints. This implies that the contribution to
global warming originating from aviation will not only grow in absolute but also in relative terms.

Figure 2 shows the worldwide consumption of aviation fuel since 1990. Of course, this is
proportional to the increasing amount of aviation-related CO, emission, which in 2019 amounted to
around 2.5% of the total global anthropogenic CO; emission. In developed countries, the share of
aviation in their total anthropogenic CO, footprint can vary substantially from the global average.
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For instance, Figure 3 depicts the percentage of aviation CO, in the Netherlands. It can be seen that
aviation was responsible for almost 8% of CO, emission in the Netherlands (based on the amount of
jet fuel used on all Dutch commercial airports) before the COVID-19 crisis [8,9].
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Figure 1. Historical values and future prediction of transport volumes in passenger-kilometers [6].

Annual fuel usage in aviation
400

350
300
250
200

150

2014 |

PIGER —

2016 |

2017 s
20l
PAREI e ———————

Billion L
1990 EEEEE
1991 mmmmx
1992 mmmEE
1993 EEEEK
1994
1995 ST
1996 EEEEE——
1997 EE——
1998 mEEm—T
1999 mEEm———
2000 EEEE—
2001
2002 S
2003
2004 I
2005
2006 I
2007 EEE—
2008
2009 T
2010 I
2011
2012 e
2013 I

Figure 2. Annual fuel usage of Jet-A fuel (sources: Statistica, (IATA), DoE).
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Figure 3. Annual CO; emission from aviation as a percentage of the total CO, emission from the
Netherlands (source: CBS, RHK).
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Even though the total kerosene consumption in aviation has increased, the aviation industry has
done aremarkablejob in improving its efficiency by using a combination of technological and operational
measures. As depicted in Figure 4, the system-wide fuel consumption per revenue passenger-kilometer
(RPK) has been reduced by more than 50% in the last 30 years. However, this is outpaced by the
increase in RPK by around 440%. To shape the aviation industry’s future, the Advisory Council
for Aeronautical Research and innovation in Europe (ACARE) has set challenging goals to reduce
aviation’s environmental impact and to make aviation sustainable in the future. The ACARE flight path
2050 sets targets for the year 2050 of a 75% reduction of CO, emissions per passenger-kilometer and a
90% reduction in NOy emissions. These targets are relative to the capabilities of typical new aircraft
in 2000 [10]. Whereas the goals set by some of the other organizations (comprising Airports Council
International (ACI), Civil Air Navigation Services Organization (CANSO), International Air Transport
Association (IATA), International Coordinating Council of Aerospace Industries Associations (ICCAIA),
and International Business Aviation Council IBAC) [11] state that from 2020 onwards, the net carbon
emissions from aviation will be capped through carbon-neutral growth. The goal set by Air Transport
Action Group (ATAG) is to reduce the net aviation carbon emissions in 2050 to half of what they were
in 2005 [12]. In order to achieve the latter goal, the reduction of CO, emission per passenger-kilometer
should decrease by more than 90%. In 2016 the International Civil Aviation Organization (ICAO)
assembly decided that a global market-based measure should be put in place to offset CO, emissions
from international aviation. The scheme has been named CORSIA (Carbon Offsetting and Reduction
Scheme for International Aviation) and aims at limiting the CO, emissions from aviation to the levels of
2019 with the help of offsetting schemes. There are two phases of this scheme, the first one is voluntary
until 2027 and the second phase is mandatory after 2027. There are several emission unit programs
approved by the ICAO Council. The emissions can be offset by an airline by purchasing emission
units equivalent to its offsetting requirements in other sectors such as wind energy, clean cook stoves,
methane capture, afforestation and reforestation, carbon capture and storage (CCS), etc. It should be
noted that CORSIA is applicable to only international flights, which account for around 60% of all
flights (https://www.icao.int/environmental-protection/pages/a39_corsia_faq2.aspx).
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Figure 4. Increase in global revenue passengers-km (RPK) and fuel consumption for civil aviation
(sources: Statistica, International Civil Aviation Organization (ICAO), IATA).

Amongst the various possibilities for reducing aviation’s environmental footprint, the aviation
industry is looking at alternative fuels as one of the cornerstones in making aviation sustainable.
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Fuel selection is affected by several factors, including fuel price, fuel reserve/availability, and emissions
characteristics, as summarized in Figure 5. In 2019, aviation consumed around 1 billion liters of jet fuel
every day (corresponding to 300 Mton/year). It is anticipated that this would increase by 3% every
year despite the improvements in aircraft and engine efficiency. Decreasing oil reserves and increasing
extraction costs, over time, will lead to an increase in the fuel cost. This increase in fuel cost has already
increased the fuel share in airlines’ total operating costs to around 30% [13]. Furthermore, the urgency
of tackling the climate issue forces us to look for alternative sustainable fuels long before the scarcity
of fossil fuels becomes the driving factor. Sole dependence on kerosene also implies that there are
significant fluctuations in the price of the fuel, discussed later in Figure 10.
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Figure 5. Motivation of alternative fuels for aviation.
2. Alternative Energy Carriers

Before we dwell on the details of different energy carriers for aviation, it is good to know the
total energy required for various passenger transport modes. Figure 6 displays the energy carried
on-board of some commonly used passenger vehicles. It shows that the energy carried on-board
of a vehicle typically increases with the total amount of passenger-km. From a passenger-km point
of view, an e-bicycle, small electric car, and a passenger bus are more efficient than other vehicles
(as they are below the thin 45° line). An A320 on a long-range mission (e.g., 6000 km) reaches a million
passenger-km, more than twice the distance between earth and moon if translated to one passenger.
It is also clear from the figure that a small-medium range aircraft (e.g., 1000 km range) carries more
than 100 GJ of energy, about three orders of magnitude more than a small electric car.
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Figure 6. Typical values of the total energy carried on-board for different types of passenger vehicles.
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Figure 6, therefore, provides us an insight that the total energy on-board increases linearly with
the passenger-km. For aircraft, the range is largely dictated by the amount of fuel and therefore the
energy density of fuels/energy carriers becomes vital as it significantly influences the vehicle’s total
weight. The weight breakdown of a short-to-medium range single aisle aircraft is shown in Figure 7.
If we increase the weight of the energy source/carrier, it will reduce the total number of passengers
carried onboard significantly, thereby reducing the passenger-km (shifting the aircraft to the left of the
dotted line on the graph), and hence significantly reducing its efficiency.
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Figure 7. Typical weight breakdown of a short-to-medium range aircraft (data source [14]).

Figure 8 depicts some essential criteria to select fuel for aviation. Please note that these criteria are
by no means exhaustive. They are used here to provide the reader with an overview and highlight
some of the considerations that should be taken into account when discussing options for alternative
energy carriers. The following subsections will elaborate on the most representative criteria.
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Figure 8. Some of the important considerations during the selection of alternative fuel/energy carriers

in aviation.
2.1. Specific and Volumetric Energy Density

As already highlighted, one of the main criteria is the energy density, as reducing weight and
volume is of paramount importance for aviation. Both specific energy density (SED, amount of energy
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per unit mass of the fuel) and volumetric energy density (VED, amount of energy per unit volume)
are important in this regard. Figure 9 shows several fuels/energy sources in terms of their SED and
VED [15]. It is noticeable that Jet-A/kerosene has good SED and VED, and therefore is suitable for
aviation. While biofuels and synthetic kerosene also have a similar energy density and therefore
are ideal from an energy carrier point of view, their availability and costs are the main constraints,
highlighted in subsequent subsections.
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Figure 9. Comparison of various energy sources for aviation with respect to Jet-A [15]. LHy—cryogenic
hydrogen; LNG—liquefied natural gas.

Furthermore, cryogenic hydrogen (LH;) has high SED but a poor VED, implying that we would
require a large volume (about four times larger than for kerosene, not taking into account insulated
tanks) to carry any reasonable amount of LH; In contrast, the LH, fuel weight would be only 1/3rd of
kerosene for the same energy content. Figure 9 also shows that liquefied natural gas (LNG) lies halfway
between kerosene and LHj, in terms of VED, while its SED is slightly better than that of kerosene.

2.2. Cost of the Energy Source

Kerosene derived from the distillation of crude oil is a cheap fuel, as aviation fuel used on
international flights are usually not taxed. This is primarily due to the ICAO Chicago convention
article 24 (which bans taxing fuel and other fluids already onboard an international flight for its usage)
and its subsequent revision in 1993 in which member countries are encouraged not to levy taxes
on fuel for international flights [16]. This is one of the reasons why air travel, in general, is cheap.
However, it should be noted that kerosene’s price is subject to crude oil prices and therefore fluctuates
significantly. Figure 10 shows the variation in kerosene’s price over the last several decades; we can
observe that the price is volatile and can vary significantly depending on the economic and geopolitical
situation. Such variation is a significant risk for airlines, and therefore some airlines hedge on the price
of kerosene in order to reduce the effect of the volatility in fuel price on their economics of operations.

Although biofuels and synthetic kerosene are similar to kerosene in their chemical and physical
properties (except for their low aromatic contents), their cost is currently significantly higher. Figure 11
gives an overview of various fuels in terms of their costs and their greenhouse gas reduction
potential [17]. As can be seen from the figure, most of the biofuels and synthetic fuels are significantly
more expensive than kerosene, which reduces their likelihood of being used as an energy source in
aviation unless enforced by governments through stringent regulations.
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Figure 10. Variation in the price of kerosene over the last few decades (US Energy Information
Administration, U.S. Gulf Coast Kerosene-Type Jet Fuel Spot Price FOB, USD per gallon).
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Figure 11. Comparison of cost estimates of various possible fuel/energy sources for aviation [17].

At present LH; production is expensive and not yet environmentally friendly; however, as we
move towards a hydrogen-based economy by utilizing renewable energy sources, the price of LH;
is expected to reduce substantially while meeting sustainability targets at the same time. The future
energy scenario from Shell (Sky Energy Scenario [18]) lays out a roadmap for using H; in various
sectors to meet the Paris climate goals [19]. Hydrogen can be produced from renewable energy and
serves as a long-term fuel for aviation [20].

LNG, on the other hand, is currently one of the cheapest fuels available. The gas reserves in the
world are enormous thus implying that LNG prices would be stable. However, when we have to move
away from fossil fuels and start producing methane either synthetically using renewable energy or
using biomass, the price development in this scenario will be different.
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2.3. Awailability of Energy Source

As already mentioned, currently aviation consumes around a billion liters of jet fuel every day
(about 300 Mton/year), which would increase by approximately 3% each year, despite the increase
in aircraft efficiency. A clear alternative to fossil fuel is biofuel, which is produced from fatty acids
and triglycerides obtained from plants or animal processing. Several biofuels have already been
certified to be blended up to 50% along with kerosene [21]. The aviation sector has committed to
developing bio-jet fuel through voluntary initiatives, and various stakeholders are actively involved.
However, biofuels (as well as synthetic kerosene) projections so far have shown to be too optimistic,
as their current usage remains very low. Currently, only a tiny fraction of the total fuel consumption
comprises of biofuels [22]. There are several challenges in scaling up biofuel production, such as limited
availability, ethical issues regarding the sourcing of feedstock, complicated logistics, certification costs,
competition from other sectors, low price of kerosene, etc. Therefore, biofuel can be a part of the
solution but not the solution itself.

Regarding LNG (mainly consisting of methane, CHy), the world’s gas reserves are enormous.
LNG is a traded global fuel and has a well-established logistic and industrial network to support
scaling of operations if required. Obviously, at present LNG is still a fossil energy source, which,
when being used, contributes to global warming, even though the CO, emission is approximately 20%
lower for the same energy content. During the last decade, a lot of progress has been made regarding
the production of methane from green hydrogen (produced using sustainable electricity) and CO,
(either captured from flue gasses or the air) [23]. In other words, for LNG/methane, a sustainable route
can be a feasible option, where issues regarding the scalability of production plants and costs have to
be considered.

Regarding Hj, around 70 Mton Hy/yr is used today in pure form, mostly for oil refining and
ammonia manufacture for fertilizers; a further 45 Mton Hj is used in the industry without prior
separation from other gases [24]. Thus, the amount of H, produced today in terms of the energy
content is similar to the total amount of jet fuel used in civil aviation (mass energy density of Hj is
nearly three times higher than that of jet fuel). However, currently, most of this H; is grey Hy and
therefore still has a large CO, footprint.

There has been an enormous surge in the research related to H,. It is seen as a valuable contributor
to a low carbon society and can support energy security in several ways. With the increase in the
deployment of renewable energy sources like wind turbines and PV cells, the electricity grid faces
many fluctuations. H; is seen as a buffer, as electricity can be converted to H, and back or further
converted to other fuels, making end-users less dependent on specific energy resources and increasing
the resilience of energy supplies. Hy, produced from fossil fuels with CCUS (carbon capture and
usage) or from biomass, can also increase the diversity of energy sources, especially in a low-carbon
economy [24].

2.4. Infrastructure

The infrastructure for production, storage, and distribution of biofuels and LNG is well established
and has reached good technical maturity. Although Hj; is used in several industrial processes,
the infrastructure for storing and transporting LHj is not as mature as for LNG, partly because LH,
has to be stored at very low temperatures, LH; at 20 K and LNG at 111 K.

The current infrastructure of airports is not suited for cryogenic fuels (both LH, and LNG),
especially at big airports. Smaller airports typically supply fuel to the aircraft with tankers, and that can
be changed to accommodate LH,/LNG tankers, but still requires substantial changes to the refueling
protocols and requires investments.

Allin all, using cryogenic fuels in aviation has several significant challenges, including the need
for cryogenic storage where LH; by its nature requires a larger volume than kerosene, and boil-off
losses come into play. Other aspects, such as safety, logistics, passenger perception, etc., as investigated
in the Cryoplane Project [17], will be discussed in Section 4.
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2.5. Sustainability

The combustion of conventional kerosene emits species like CO,, NOy, water vapour, and particulate
matters. The interaction of these species with atmosphere cause air pollutants or global warming
(directly or indirectly). The actual effects depend on where and when they are emitted. Figure 12 is
a recent study by Lee et al. [1] showing aviation’s climate impact from different sources up to 2018.
Contrails formed behind the engine exhaust play the biggest role followed by CO, emissions. The total
non-CO, effects are more than 60% of the overall aviation’s climate impact. NOx emissions in the upper
troposphere and lower stratosphere cause formation of ozone and depletion of methane. The total effects
of NOy are warming. Water vapour itself is a greenhouse gas. Aerosols have direct or indirect effects.
The direct effects of soot are warming and from sulphur are cooling. The number of soot particles can
affect the microphysics of contrails and hence the contrails” actual climate impact. Burning alternative
fuels will affect the aviation’s emissions, and thereby its environmental impact.
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Figure 12. An overview of aviation’s climate impact from global aviation from 1940 to 2008 [1]. The bars
and whiskers show the best estimates and the 5-95% confidence intervals. Red bars indicate warming
terms and blue bars indicate cooling terms.

The assessment in Figure 12 is performed using both effective radiative forcing (ERF) (change in
net downward radiative flux at the trapopause after allowing for stratospheric temperatures to readjust
to radiative equilibrium, while holding surface and tropospheric temperatures and state variables fixed
at the unperturbed values [25]) and radiative forcing (RF) (change in net downward radiative flux
at the top of the atmosphere after allowing for atmospheric temperatures, water vapour, clouds and
land albedo to adjust, but with global mean surface temperature or ocean and sea ice conditions
unchanged [25]). The ERF allows the rapid adjustments of components of the atmosphere and surface,
which are assumed to be constant in RF, therefore, the ERF is considered as a better indicator of the
final temperature change, especially associated to short-lived climate forcers, e.g., contrails. We can
observe from Figure 12 that the ERF of contrail cirrus is nearly half of the RE. However, the contrail
cirrus ERF is still the largest. The contrails cirrus ERF/RF ratio of 0.42 indicates that contrail cirrus is
less effective in surface warming than other effects.
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Biofuels have similar characteristics to kerosene and are therefore exchangeable with kerosene.
The CO, emissions of biofuels depend on the source of the biomass, the type of biomass, the process
adopted for converting the biomass, the resources used to grow the biomass, etc. The Renewable
Energy Directive (RED) established by the European Commission (Directive (EU) 2018/2001 of
11 December 2018) is a good step in this direction as it lays down comprehensive methodology to calculate
the greenhouse gas emissions from biofuels (with road diesel used as proxy). Directive 2009/28/EC
introduced sustainability criteria including land usage with high biodiversity value and land with
high-carbon stock. For aviation jet fuels, chapter 6 of the CORSIA agreement gives an overview
of a set of criteria that have to be adhered to in claiming any biofuel as Corsia Eligible Fuels
(ENVReport2019_pg228-231.pdf (icao.int) (https://www.icao.int/environmental-protection/Documents/
EnvironmentalReports/2019/ENVReport2019_pg228-231.pdf). Apart from the CO, reduction, biofuels,
in general, contains substantially fewer aromatic contents than kerosene, which helps reduce the number
of soot particles. Currently, certified biofuels can be used up to 50% with kerosene.

Regarding LNG, from a combustion technique point of view, using natural gas as a fuel is not
a problem for the engine as natural gas is a clean fuel and can be burnt in a premixed or partially
premixed mode. This substantially reduces the NOy formation within the combustor when compared
to kerosene. However, an additional heat exchanger has to be used for evaporating the LNG to natural
gas. The CO, emission from LNG for the same energy content is around 25% lower than kerosene.

The main advantage of using LH; is that there is no CO, emission from the combustion of fuel.
The engine will emit water vapor and some amount of NOy as exhaust. The combustion properties
of Hj are quite different than other fuels as the laminar flame speed is almost an order of magnitude
more than that of CHy. Moreover, due to the high flammability limits, there is a huge risk of flashback
in combustors designed to operate on H,. The usage of H; also puts some severe limits on the metal
pipes and fuel injectors due to H, embrittlement. These considerations have to be taken into account
when designing turbofan engines using Hj.

The high water emission index of burning hydrogen/natural gas increases the chance of contrail
formation, according to the well-known Schmidt Appleman Criterion [26]. However, earlier research
suggests that hydrogen combustion produces no soot particles and methane combustion produces
significantly lower soot than kerosene. The decrease in soot number density is expected to reduce
initial ice crystal concentrations on average, the contrails” optical depth and contrails radiative forcing
as soot particles form the nucleation sites which initiate ice crystal formation [27].

2.6. Fuel Selection

Table 1 summarizes the essential properties of several representative fuels. We can see that the energy
density of LH; is only one-fourth of Jet A and the atmospheric boiling point is —253 °C. LNG has a slightly
lower energy density than Jet A, and the boiling temperature at the atmosphere condition is —162 °C.

Table 1. Fuel properties.

Vol. Energy Density  Specific Energy Density Boiling Point @1 Atm  Density @ 1 Atm

(MJ/L) (MJ/kg) O (kg/ms3)
Jet A 35.3 43.02 176 802
LNG 24 53.6 -162 450
LH, 8.5 120 —-253 70.8

Based on the criteria mentioned in Figure 8, Table 2 gives a simplistic comparison of different
energy sources. It can be seen that apart from emissions/climate, kerosene is favorable in most other
aspects, and that is why it is widely used. One can note that LNG has several advantages compared to
other fuels/energy sources (apart from kerosene).

This table can by no means be seen as a complete basis for a thorough trade-off between the
different options. It is a start and will require a follow-on study which considers issues like overall
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energy requirement for worldwide production, scarcity of materials, modifications to the propulsion
systems, logistics, life cycle analysis, etc.

Table 2. Simplistic comparison of different energy sources.

Parameter Kerosene Biofuel Syn-Kerosene Batteries LNG * LH; **
Energy + + + + + +
Density
Volume

R ++ ++ ++ - - +/- -
Density
Emissions - = + + ++ + +
Cost ++ - == + ++ -
Availability ++ -- - - —— + +/—
Infrastructure ++ - - - +/- + _
Safety + + + —— +/— =
Compatibility + + ++ ++ — +/— _
Policy — + + + +/— +
Climate
-— + + ++ + +
Impact
TRL 9 8 4 5 4 3

* refers to fossil-based LNG. ** refers to green LH,.

3. Hydrogen as an Energy Carrier for Aviation

If aviation has to maintain its sustainable growth, the aviation sector must solve energy source

problems in the first place. This section discusses the potential of hydrogen as an energy carrier for

future aviation.

3.1. Features of Liquid Hydrogen for Aviation

The advantages and disadvantages of using LH; as an energy carrier in aircraft are summarized

in this section:

As compared to the conventional kerosene, the benefits of using LH; are:

e  The high energy density (almost three times of kerosene).

e Lower fuel weight than kerosene (see Figure 8).

e No CO; emission during the flight.

e No secondary emissions such as soot, CO, unburnt hydrocarbon (UHC), and volatile
organic compounds.

e Large potential to reduce NOx emission from combustion [26,27].

e  Usage of the cryogenic heat sink can increase turbofan engine thermal efficiency substantially.

e Canalso be used in conjunction with fuel cells and electrical motors.

e  Wide combustion range and flammability limit [28].

e Less prone to combustion instabilities when compared to other fuels [29].

e It can be made by renewable energy sources.

Disadvantages of using LH; are:

e  The poor volumetric energy density (70.8 kg/m3 for LH, vs. 750 kg/m3 for kerosene), approximately
4 times lower than kerosene for the same energy content.

e Increased storage space compared to conventional jet fuels.

e  The fuel cannot be stored in the wings but only in the fuselage or in underwing pods.

e LH, storage requires cryogenic or pressurized tanks.

e LH; has an extremely low boiling temperature (20.3 K); therefore, it requires very effective
insulation to keep the fuel cool.

e  The fuel cost is higher than the conventional kerosene.

e  The production capacity for “green” hydrogen is still inadequate.

e  The airport logistics are quite difficult.
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e  The water emission increases substantially, water being a greenhouse gas at higher altitudes (>10 km).
e Hydrogen has a propensity to leak.

e Hydrogen has a tendency to flashback during the combustion process in a gas turbine.

e  Safety of operations and usage in an airport environment is challenging.

e  The energy efficiency for electrolysis and liquefaction is around 50%.

3.2. Hydrogen Storage

Gaseous hydrogen suffers from a vastly inferior volumetric energy density when compared to
kerosene; 0.01 MJ/L for room temperature hydrogen versus 35 MJ/L for kerosene. Given the space
constraints on-board current airliners, matching the current performance and range of kerosene engines
is not easy. Liquid hydrogen boasts of a much higher volumetric density at 8.5 MJ/L. The National
Aeronautics and Space Administration (NASA) relies on LH; for its rockets and claims it “is the
signature fuel of the American Space Program”. Liquid hydrogen must be stored at —253 °C and
handled with extreme care. The tanks must be heavily insulated to prevent the LH, from evaporating
as it absorbs heat and expands rapidly; thus, venting is necessary to prevent the tank from exploding.
Metals exposed to the extreme cold become brittle. Moreover, hydrogen can leak through minute pores
in welded seams.

Figure 13 gives a schematic overview of some of the common options available for storing/carrying
hydrogen. They are normally classified as physical-based or material-based. For aviation, due to the
stringent mass and volume constraints, physically storing LH; in insulated tanks yields the highest
volumetric and specific energy density. Other physical means such as storing Hj at high pressure and
cryo-compressed Hj have a higher weight penalty, as shown in Figure 14 from Bauhaus Luftfahrt e.V.
What can be seen from the figure is that the weight of hydrogen with respect to the weight of the tank
improves when large quantities of Hj are stored. For small amounts of H, (like in drones), it is better
to store H; in compressed form rather than in liquid form, but for large quantities, it is better to store
Hj; in the form of cryogenic LH,. It also indicates that it is perhaps better to use larger tanks in the
fuselage than smaller tanks. However, the tank design and placement will become an integral part
of the aircraft design process as the cryogenic tank will change not only the weight and drag of the
aircraft but also stability, passenger evacuation, operations, etc.

Cryogenic LH; tanks are complex storage systems with several subsystems builtinto it. A schematic
of a cryogenic tank from Linde® is shown in Figure 15. The following factors are taken into account
while selecting the insulating material and type.

How is hydrogen stored?

Material-based
Compressed Cold/Cryo
Gas Compressed

Q § &8

Uquld Interstitial Complex Chemical

nycinide ydcce ycirogen

Ex. MOF-5 Ex. BN-methyl Ex. LaNigH, Ex. NaAlH, Ex. NH;BH;

cyclopentane ® PRSP
00N o {
‘!bI @ 5 2@ ? ®

O=H@=ADP=Na @=H @=N @=8

Physical-based

= H, accessible
surface

Figure 13. An overview of different hydrogen storage options (https://www.energy.gov/eere/fuelcells/
hydrogen-storage).
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Figure 14. Comparison of various physical hydrogen storage options (source: Bauhaus Luftfahrt e.V.
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Figure 15. Schematic of a cryogenic hydrogen tank (source: Linde®).

e  The insulation system must minimize boil-off while keeping additional mass to a minimum.

e  Theinsulation system must prevent atmospheric gasses from condensing and solidifying onto the tank.
e  The insulation system must not fail due to the cyclic loading of LH,.

e  The insulation system must have low thermal conductivity and low density.

Multilayer insulation (MLI) systems can achieve lower thermal conductivities compared to flexible
polymer foam or Aerogel [30]. MLI systems consist of a spacer and a reflector stacked upon each
other. The spacer is often made of thin fiberglass, polyester, silk, or plastic layer. On the other hand,
the reflector is made of Mylar or aluminum foil with a thickness of 6-7 um. Furthermore, MLI systems
perform best in high vacuum (HV) conditions but can also operate in a soft vacuum with higher
thermal conductivity [31].
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3.3. History of Aircraft Designs with Hydrogen

Even though Hj is not currently used in aviation, it is not a new fuel for aviation. There have been
several attempts in the past to use hydrogen. One of the first attempts was by Sir Han Ohain to use
hydrogen in his newly invented gas turbine back in 1937. During the Cold War, both the United States and
the Soviet Union (USSR) tried to use hydrogen in aircrafts, with limited success. The United States built
two aircrafts, one a reconnaissance aircraft called Suntan (shown in Figure 16a), and the other was in the
NACA-Lewis LH; flight test program using a modified B-57B Canberra military aircraft (Figure 16b).

TOGW.. . ... 69,955 LB.
2EROFW. , , , ., 48515 LB.
FUEL LOAD, , , . 21440 LB.
PAYLOAD . ., . . 1500LB. -
CREW ; o:¢'s s » 2
WING l_\REA + v+ 2400 SQ, FT.
ASPECT RATIO, , 25
304-2 ENGINES , , TWO

e

] e 30
_ -
S Co . |
160"
(a)

Air/Hydrogen
Heat Exchanger

(c)

Figure 16. Examples of hydrogen-powered aircraft. (a) The Lockheed-Martin Suntan, taken from the
symposium on hydrogen-fueled aircraft, NASA Langley Research Center, 15-16 May 1973 (b) B-57B
aircraft with one engine capable of running on hydrogen, image is taken from NACA RM E57D23
(c) Tu-155 aircraft with one engine capable of running on hydrogen, image is taken from Tupolev history
- http://www.tupolev.ru/en/about/#history_en.
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The Russians had an ambitious program to modify TU154 aircraft to run on hydrogen (Figure 16c).
The same aircraft was later used with LNG. Cryogenic fuels are stored in a fuel tank with a capacity of
17.5 m installed in a special compartment aft of the passenger cabin. On 5 April 1988, the aircraft
performed its maiden flight using LH,. Upon flight testing and development, TU-155 performed its
first flight on LNG in January 1989. Subsequently, some international flight demonstrations were
made. The test flights showed that H, propulsion was feasible and had various advantages, but not
enough to overcome its disadvantages, most prominently the logistics problem of needing LH; to
be available on all airports in addition to kerosene (Hydrogen Aircraft Technology, Brewer, 1991).
These trade-offs did not take environmental impact into account. However, recent analysis shows the
significant environmental benefits of using H, compared to kerosene and synthetic fuel generated
with sustainably generated energy.

3.4. Proposed Aircraft Designs with Liquid Hydrogen

There has been a resurgence in the interest of designing aircraft using LH, and several designs
utilizing LH; have been proposed. This section covers the prominent ones. The great challenge for
LH; aircraft is to have a suitable configuration to store cylindrical spherical insulated and pressurized
fuel tanks that occupy almost five times the volume compared to kerosene. Since the pressurized
vessels do not fit in the wings, the fuselage seems a suitable option. However, the challenge of storing
the fuel tanks in the fuselage is the enormous increase in the fuselage volume and the presence of the
passengers next to hydrogen fuel tanks. While the former will lead to an increase in fuselage drag and
a subsequent increase in aircraft fuel consumption, the latter poses some serious safety challenges.

Cryoplane: In the year 2004, the EC-sponsored CRYOPLANE project was completed. The project’s
main goal was to design aircraft using LHy, covering various subjects from Hj production methods to
environmental compatibility. In total, six categories of aircraft were designed in the project ranging
from a small regional aircraft, a business jet to a long-range passenger aircraft.

The baseline short-medium range (SMR) aircraft was designed to carry 185 passengers over
4000 nm (similar to the A321 but with more range) and a stretch version to carry 218 passengers
over 3300 nm. The initial and final configuration is shown in Figure 17. For the initial design,
the aerodynamic penalty due to the oversized inner wing turned out to be a 17.5% loss in L/D. The final
configuration was an adaptation of the baseline kerosene aircraft with a low-set wing with a giant
fuselage to accommodate the top and aft tank (Figure 17). This increased the trim drag. The horizontal
tail was decreased in size compared to the kerosene baseline due to the longer fuselage, but the
vertical tail needed more area due to the increase inside area caused by the overhead fuselage tanks.
The relatively higher maximum landing weight is required for a more sophisticated flap system.
The operating empty weight (OEW) increased by around 30% compared to their kerosene baselines,
and the maximum take-off weight (MTOW) decreased by about 3%.

S/M Range A/C First proposal Revised configuration

Figure 17. Schematic of the initial small-medium range (SMR) aircraft configuration and the revised
aircraft configuration with cryogenic tanks.

In a recent EU project called EnableH2, the aircraft designed (shown in Figure 18) looks similar to
the one designed in the Cryoplane project. However, the technical details of the aircraft have not been
published yet to make a thorough comparison with the Cryoplane aircraft.
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Figure 18. Artistic view of the aircraft designed in the EnableH2 project [32].

An interesting characteristic of aircraft designed with LH; is that their payload range diagram,
in general, is different from an equivalent kerosene aircraft, as shown below (Figure 20, from the
Cryoplane Project). The low fuel weight of LH; allows less payload to be traded for fuel, thereby making
hydrogen aircraft extremely sensitive to payload variations.

The ratio of operating empty weight (OEW) to MTOW for all designs was found to be 0.68,
i.e., independent of aircraft category or size. This is an interesting feature since, as for conventional
aircraft, this ratio decreases with increasing range and thus fuel fraction. Apparently, for LHj aircraft,
the increase in tank weight and the resulting OEW keeps pace with the lesser growth in MTOW due
to the relatively light fuel [33]. Figure 19 shows the variation of the OEW and the MTOW for various
aircraft categories with respect to the equivalent kerosene-fuelled aircraft. Overall, the OEW increases,
whereas the MTOW reduces in most cases except for the regional propeller aircraft. The largest reduction
of about 15% in the MTOW is observed for the long-range aircraft. Verstraete [34] also looked at the
design of three types of aircraft fuelled with LH, and compared them with the kerosene version of the
aircraft. He reported that the OEW/MTOW ratio for LH; aircraft is much higher than a corresponding
kerosene fuelled aircraft, however for LH, aircraft the ratio did decrease slightly when increasing the
aircraft design range, from around 0.75 for an SMR aircraft to 0.65 for a long-range aircraft.

The increase in the LH, powered aircraft’s energy consumption compared to a conventional aircraft
for different aircraft types is shown in Figure 21. It can be seen that, in general, LH, powered aircraft
consume around 10-30% more energy per passenger-km depending on the specific designs and mission
profile. Using LH, for business jets and very long-range aircraft is the most detrimental in energy increase.
This is mainly due to the slender fuselage in business jets and the requirement to store a huge amount of
LH, for a very long-range aircraft. Thus, the SMR aircraft is a good category to utilize LH,.

48,0%

45,0%

Od(OEW)/pax.nm
B d(MTOW)/pax.nm

35,0%

251% 25.2%
25,0%

22,1% i 22,0%
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16,0%

5,0% 4
52% 03% i 2,4% 2% -14.8% A,6%
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-15,0%

Figure 19. Changes in the operating empty weight and maximum take-off weight for an LH; powered
aircraft as compared to equivalent kerosene-fueled aircraft. [36].
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Figure 20. Comparison of the payload range diagram for a reference kerosene aircraft and a cryogenic
medium-range aircraft designed in the Cryoplane project [35]. (RK: reference kerosene; CMR1-200:
Cryogenic Medium Range aircraft).
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Figure 21. Change of energy consumption for Hj-fueled aircrafts as compared to equivalent
kerosene-fueled aircrafts [36].

Airbus Zero-e: Recently, Airbus unveiled its concepts for the future with the ZEROe aircraft
shown in Figure 22. All three aircrafts are based on LH; produced by renewable electricity as an
energy carrier and use gas turbines as a power source. Even though the aircraft’s technical details are
not published, their performance can be expected to be similar to the ones discussed earlier within
the Cryoplane project, except for the blended-wing body (BWB) aircraft, which has the advantage of
having extra volume for storage of cryogenic tanks.

AHEAD multi-fuel concept: Aircraft designs based on an energy mix concept are promising
ways to resolve cryogenic fuels’ storage issues. The energy mix concept in this context refers to
aircraft that use two types of fuels simultaneously. An example is the multi-fuel blended-wing body
(MF-BWB) aircraft proposed in the AHEAD project [37] for a long-range mission of about 14,000 km.
The MF-BWB uses a cryogenic fuel (LH, or LNG) and a liquid fuel (biofuel/kerosene) as energy sources.
Figure 23 shows a schematic of the MF-BWB, where cryogenic fuel is stored in cylindrical insulated
tanks within the fuselage (grey color-coded area). The biofuel is stored in the wings (blue color-coded
area). The energy ratio between the two fuels is around 75%;/25%.

To power the MF-BWB, a multi-fuel hybrid engine (MFHE) which can simultaneously burn
two different types of fuels has been studied in the AHEAD project. Figure 24 presents a schematic of
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the MFHE, and Figure 25 illustrates the design details of the dual combustion chambers. Details of the
engine performance can be found in [37].

Introducing Airbus ZEROe

Turboprop m’i ’ /“ g ‘<1‘00 ’f 17000+|1n1

;

Blended-Wing Body /N_/
-, <200 Q) 2,000+nm

P
Turbofan

AIRBUS

Figure 22. The three aircraft concepts from Airbus using LH; as an energy carrier to reduce the
environmental footprint of aviation.

B Passenger Cabin
B Biofuel/Kerosene|
W LNG/LH2

Figure 23. The multi-fuel blended-wing body investigated in the AHEAD project [37].

Gear Box Main Combustor

Inter-stage Turbine Burner

—

E-“ Wan engine

Figure 24. Schematic of the multi-fuel hybrid engine investigated in the AHEAD project. Adapted from
Figure 3 of [37].

Figure 25. Cross-sectional view of the hybrid engine with two combustion chambers designed in the
AHEAD project [38].
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The main features of this engine are:

e  Multi-fuel capability: The MFHE comprises dual combustion chambers. The first combustion
chamber (located between the high-pressure compressor (HPC) and high-pressure turbine (HPT))
burns cryogenic fuel (e.g., LH, or LNG) in a vaporized state. In contrast, the second combustor is
an inter-stage turbine burner (ITB) and uses kerosene/biofuels [15,37].

e Low emissions: The combination of cryogenic fuels and biofuels reduces CO, emission.
The previous analysis shows that the LNG version of the MF-BWB aircraft can reduce CO,
emission by around 50% as compared to the baseline B777-200ER for the design mission [38].
The CO, emission would be much higher for LH; version of the MF-BWB. The flammability limit
for hydrogen/methane is wider than for kerosene. Therefore, combustion in the first combustion
chamber can take place at lean conditions, hence reducing NOy emissions. The vitiated combustion
products from the first combustor enable flameless combustion technology in the second combustion
chamber, reducing the NOy emission further [39]. A combustor capable of working on H, was
designed within the AHEAD project and was demonstrated at atmospheric conditions by the
group of Professor Paschereit [40,41]. A combustor capable of sustaining flameless combustion
was demonstrated by the group of Professor Y. Levy at atmospheric conditions [42].

e  Bleed cooling: The cryogenic fuel first cools the turbine bleed cooling air through a cryogenic heat
exchanger. The colder bleed air is then used to cool the high-pressure turbine blades. This process
reduces the amount of air required for turbine cooling air substantially and increases engine
performance. Meanwhile, LHy/LNG vaporizes into the gas phase for the combustion process. [37].

Grewe et al. [43] also performed a climate assessment for the ME-BWB aircraft using either LH,
(AHEAD-LH,;) or LNG (AHEAD-LNG) combined with biofuels. A FUT-B787 aircraft based on an
assumed futuristic B787 available in the year 2050 was used as a baseline to enable a fair comparison.
The B787-FUT burns kerosene but with improved fuel efficiency. The AHEAD-LH, uses 70% LH, and
30% kerosene and uses low NOx combustion techniques; therefore, the NOx effects (from O3 formation,
methane depletion) are less than the B787-FUT aircraft. As burning hydrogen produces more water
vapor, the water vapor effects of AHEAD-LH); fleet are larger than the B787-FUT. The AHEAD-LH,
contrail effects are slightly lower than the B787-FUT. The water vapor effects of AHEAD-LNG fleet are
between the B787-FUT and AHEAD-LH, and the NOy effects of AHEAD-LNG fleet are the lowest,
but the CO; effects of AHEAD-LNG are slightly higher. An overview of the analysis in Figure 26
confirmed that MF-BWB using LH; could reduce the climate impact by about 30% per passenger-km
compared to B787-FUT.

Mean 100y temperature change rel. to future reference [%]
—2|5 —2|0 —1IS —1|0 —|5 0 ? ’IIO
CQ, Cont HO

8 -8 -2 +10%| B777
3 0 1 +7% | B787
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-2 -6 +10
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Figure 26. Change in average temperature response from 2051 to 2150 (ATR100) for fleets of different
aircraft configurations relative to the reference configuration B787-FUT [43].

There are a few points that should be taken into consideration when extrapolating these results to
single-aisle aircraft. Firstly, the AHEAD BWB aircraft was designed for cruising at a higher altitude



Aerospace 2020, 7, 181 20 of 24

than conventional tube and wing aircraft due to its lower wing loading, and therefore the effects of
water vapor and contrails are amplified. Secondly, the aircraft uses 70% of its energy as LH; and 30%
as kerosene; a tube and wing aircraft on LH, will therefore not have any soot emission, which acts as
nucleation particles during ice crystal formation and therefore might have lower contrail formation.
However, there is still a lot of investigation needed in this area.

4. Liquefied Natural Gas as an Energy Source for Aviation

Apart from LH,, LNG is another potential fuel for future aviation. This section discusses the
features of LNG and example designs in using LNG as fuel.

4.1. Features of LNG for Aviation

The advantages and disadvantages of using LNG are summarized based on the previous
discussions on energy selection criteria and are listed below.
Compared to conventional kerosene, advantages of LNG are:

e LNG has a lower fuel weight and better combustion properties than conventional kerosene.

e  Burning LNG reduces CO; emissions by about 25%. NOy, and particulate emissions are reduced
substantially while eliminating sulphate emissions.

e LNG is a cryogenic fuel and is a good heat sink. It can be used beneficially for intercooling,
bleed cooling, air-conditioning, etc., to enhance the thermodynamic efficiency of the engine.
Using the LNG for cooling the bleed air used for turbine cooling was found to be most beneficial
with SFC reductions in the order of 5% [44].

e The world gas reserves are substantial and therefore LNG is substantially cheaper.

Disadvantages of LNG are:

e LNG storage requires pressurized tanks and good insulation to keep the fuel cool, resulting in
increased aircraft operating empty weight (OEW).

e LNG storage requires a larger space than conventional jet fuels.

e  Airport facilities and logistics for tanking LNG are required.

e  Methane slip during operations can lead to global warming as CH, has a higher greenhouse potential
than CO,, approximately 34 times compared to CO, over a 100-year period (Table 8.7 of [45]).

4.2. Proposed Aircraft Designs for LNG

The MF-BWB concept described in Section 3.3 also had an LNG version, which allows using
LNG mixed with kerosene/biofuels for a long-range mission. Figure 26 shows that the MF-BWB LNG
version (AHEAD-LNG) can reduce the climate impact by 40% compared to a contemporary B787-FUT
aircraft and the biggest reduction is from the reduced NOy and contrails effects.

Next to ME-BWB for long-range missions, a group of students at Delft University of Technology
(TU Delft) designed a multi-fuel A320 class of aircraft for short- and medium-range missions (shown in
Figure 27) [46]. Figure 28 shows the corresponding flight mission of multi-fuel A320. In this design,
LNG is used in the landing take-off (LTO) cycle and the climb and descent phase to reduce the
near-airport air pollution (soot, CO,, NOx, UHC, VOC, etc.). In the cruise phase, kerosene is used
to limit the emission of water vapor. Water vapor is a greenhouse gas with stronger effects at a
higher altitude due to longer residence time. Water vapor also forms contrails, as described earlier,
which generally enhances global warming.

Another advantage of using such a multi-fuel configuration is the flexibility to use the aircraft in
places where LNG is not available. The results showed the multi-fuel A320 aircraft reduced emissions
substantially when compared to a conventional A320 aircraft. The operating cost was 10% lower due
to lower emissions and cheaper fuel [46].
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Figure 27. A multi-fuel A320 class of aircraft with podded LNG tanks and open rotors designed by
students at Delft University of Technology (TU Delft).
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Figure 28. Mission and CO, emission reduction from the hybrid A320 class aircraft using LNG and
kerosene on a typical mission [46].

5. Conclusions

A transition away from fossil fuels demands some radical changes, which certainly is the case
in aviation, where severe weight and volume constraints play an important role. Liquid hydrogen,
when produced using renewable energy, is widely considered to be a viable candidate to pave the way
towards carbon-free aviation. Here we argue that also methane (the main constituent of natural gas),
when made sustainably, could be a favorable candidate for aviation.

The challenges of LH; storage (at —253 °C) and the associated logistical issues are significant,
which will increase the operating costs dramatically. The current aircraft design and architecture
will have to be changed significantly to accommodate cryogenic fuels. Both LH; and LNG will
require significant changes to the aircraft propulsion system. From previous studies, it seems that a
short-to-medium range aircraft will be a suitable candidate for carrying cryogenic fuels. However,
there is a lack of studies that have taken a detailed look at these designs.

Apart from the storage of cryogenic fuels, there are several important challenges, even beyond
current cost issues, which have to be overcome before they can be widely used as a sustainable energy
carrier for aircraft. The required ramp-up of sustainable production will require a massive worldwide
investment, not only in facilities but also in R&D. The final trade-off between different alternatives to
fossil aviation fuel (indicative preliminary start of such a trade-off is shown in Table 2) will have to be
performed taking into account the climate effects of non-CO, emissions and the limited availability of
renewable energy since aviation is by far not the only sector demanding sustainable energy carriers.
For this trade-off, it is also recommended to take a closer look into dual-fuel hybrid aircraft, combining
the advantages of both fuels while reducing the associated drawbacks and risks.

Furthermore, we need more thorough research on the climate effect from non-CO, emissions,
especially on contrail formation and persistence as LH, or LNG will increase the emission of water
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vapor during flight. As shown by several studies, the non-CO, effects can be more significant
than those of CO,. Therefore, looking into the future, carbon-neutral aviation is certainly possible,
but climate-neutral aviation is very difficult to achieve.
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Nomenclature

A/C Aircraft

ACARE Advisory Council for Aeronautical Research and innovation in Europe
ACI Airports Council International

AHEAD  Advanced Hybrid Engine for Aircraft Development
ATAG Air Transport Action Group

BWB blended-wing body

CBS Central Bureau of Statistics

CCs carbon capture and storage

CANSO Civil Air Navigation Services Organization

CcCcu carbon capture and usage

CORSIA  Carbon Offsetting and Reduction Scheme for International Aviation
CROR Contra Rotating Open Rotor

DoE Department of Energy

EC European Commission

ERF effective radiative forcing (mW/m?)

FOB Freight on Board

HPC High-pressure compressor

HPT High-pressure turbine

IATA International Air Transport Association

ICAO International Civil Aviation Organization

ICCAIA International Coordinating Council of Aerospace Industries Associations
ITB inter-stage turbine burner

L/D Lift to Drag Ratio [-]
LH; liquefied hydrogen
LNG liquefied natural gas
LTO landing take-off

MFBWB  multi-fuel blended-wing body
MFHE multi-fuel hybrid engine
MTOW maximum take-off weight (kg)

NACA National Advisory Committee for Aeronautics
NASA National Aeronautics and Space Administration
OEW operating empty weight (kg)

PV Photo Voltaic

RHK Royal Haskoning DHV

RF radiative forcing (mW/m?)

SED specific energy density (M]/kg)

SEC Specific Fuel Consumption (kN/gm/s)

SMR short-medium range

TRL Technology Readiness Level

UHC unburnt hydro-carbon

VED volumetric energy density (MJ/L)

vOC Volatile Organic Compounds
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