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Abstract

Green hydrogen will play a crucial role in the future of emission reduction in air traffic in
the long-term, as it will completely eliminate CO, emissions and significantly reduce other
pollutants such as contrails and nitrogen oxides. Hydrogen offers a promising alternative
to kerosene for short- and medium-haul flights, particularly through direct combustion
and hydrogen fuel cell technology in new aircraft concepts. Against the background of the
immense capital-intensive infrastructure adjustments that are required at airports for this
purpose and the simultaneously high future hydrogen demand for the shipping industry,
this paper analyses the emission savings potential in Europe if airports near seaports would
switch to hydrogen-powered flight connections.

Keywords: hydrogen aircraft; market potential analysis; seaports; hydrogen infrastructure;
transport geography; GIS analysis; emission reduction

1. Introduction

The aviation sector faces immense challenges in significantly reducing its CO; emis-
sions in the future. In 2024, global aviation (domestic and international flights) emitted
915 MT CO; in total, which corresponds to a share of 2.5 percent of global emissions,
while its overall contribution to climate change is considerably greater when accounting
for non-CO, effects [1]. Without extensive mitigation measures, the CO, emissions from
the aviation sector could significantly increase to around 1600 Mt CO, in 2050 [2]. Hydro-
gen can play a crucial role in reducing aviation-related emissions, as it has the potential
to fundamentally transform aviation and enable emission-free air travel. However, the
integration of hydrogen in aviation is associated with considerable technical, economical,
and infrastructural challenges. For example, the use of hydrogen as direct combustion
requires completely new aircraft concepts and adaptations of the fuselage structure, as
liquid hydrogen can only be stored using new cryotanks. In addition to a new aircraft
design, the development of a hydrogen infrastructure at airports is considered complex and
cost intensive, as new storage capacities, liquefaction plants, refueling systems, and safety
concepts must be developed. Finally, the production and supply of sufficient green hydro-
gen represents an immense challenge. On the one hand, the energy-intensive production of
hydrogen requires significant further expansion of renewable energies in order to be able to
produce sufficient quantities in the future. On the other hand, the transport of hydrogen is
considered technically demanding and cost intensive. Accordingly, the economic viability
of hydrogen use in aviation must be improved in the future through political framework
conditions, economies of scale, and technological innovations. The recent postponement
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of Airbus’ planned market launch for a hydrogen aircraft from 2035 to the late 2030s [3]
highlights the immense challenges for the implementation of hydrogen-powered aviation.

Since a large portion of the green hydrogen required in Europe will have to be im-
ported from regions with better and cheaper hydrogen production conditions, seaports
in particular play a significant role as hydrogen import hubs. At the same time, in addi-
tion to air transport, the shipping industry will also require enormous quantities of green
hydrogen in the future. Thus, 40-54 MT of hydrogen will be required in Europe in 2050,
of which 4-6 MT (approx. 10%) will be used for air transport alone and another 4-6 MT
(approx. 10%) for shipping [4,5]. Another source estimates that in 2050—depending on the
progress in expanding local renewable energy production—between 25 percent and 70 per-
cent of hydrogen consumption in Europe will be imported through European seaports [6].
Seaports will therefore serve as important hubs for the import, distribution, and storage of
hydrogen in Europe in the future.

Accordingly, airports located in close proximity to seaports could benefit when
hydrogen-powered air transport connections in Europe become operational. The main
advantage of these airports, especially as far as efficient logistics are concerned, is the short
transport routes from the seaport to the airport, which minimizes transport costs and energy
losses. In addition, the existing infrastructure and logistics of the seaports (storage capacity,
transshipment facilities, liquefaction plants, etc.) can be shared, significantly reducing
the airport’s investment costs and enabling synergies and economies of scale. Increased
security of supply with green hydrogen through the direct connection to a hydrogen hub at
the seaport is also a major advantage.

This paper therefore examines the potential of hydrogen-powered air transport connec-
tions in the year 2050 between European airports located in close proximity to seaports and
analyses the impact of varying vehicle-specific (range) and infrastructure-specific (distance
to the seaport) assumptions on the market potential and emission reduction potential of
hydrogen aircraft in Europe.

2. Literature Review

As mentioned in the previous introductory section, the use of hydrogen as an energy
carrier in aviation is considered one of the most promising options for paving the way
to long-term sustainable aviation. However, the scientific discussion on this topic is
characterized by a multitude of issues, ranging from technological and infrastructural
challenges to questions of market integration and demand.

Against the background of the research focus of this paper, publications identified in
this literature review are grouped into two central topic areas according to their thematic
focus. On the one hand, “Infrastructure and Challenges”, which includes publications
that deal with the technical, logistical, and regulatory requirements for the development
of a hydrogen infrastructure in aviation. On the other hand, “Market and demand”,
which summarizes publications examining the potential market penetration of hydrogen
technologies in aviation, emission saving potentials, and demand potentials. This thematic
structuring enables a systematic presentation of current research results and provides
an overview of the most important findings in the context of the potential of hydrogen
in aviation.

2.1. Infrastructure and Challenges

Gu et al. (2023) emphasize in their review of airport infrastructure requirements that
there is a global lack of planning, available space, and necessary resources for hydrogen de-
ployment at airports. They highlighted the need for a structured roadmap to support airport
planners in adapting infrastructure for the aviation energy transition [7]. Braun and Classen
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(2023) emphasize the need for qualitative risk management for future hydrogen-capable
airports. They identified risks, particularly in the areas of ground handling, refueling, and
the integration of emission-free ground services [8]. Scheelhaase et al. (2024) showed that
the introduction of hydrogen technology at medium-sized European airports is a complex
project that requires considerable investment by the industry and clear political support.
Modeling using the example of Hamburg Airport shows that up to 60% of departures could
be carried out with hydrogen aircraft in 2050, which corresponds to a CO; reduction of
0.5 million tons or 38%. However, implementation depends largely on long-term political
framework conditions and targeted funding measures [9]. Hoelzen et al. (2022) highlighted
that the economic viability of hydrogen aircraft depends heavily on the availability of cost-
effective green hydrogen infrastructure. In scenarios with high costs of green hydrogen,
operating costs could increase by up to 102 percent [10]. Another publication by Hoelzen
et al. from 2022 analyzed the technological design and economic viability of hydrogen
refueling systems at airports. It was shown that the integration of a hydrogen infrastructure
is technically feasible, but significant investment and supply chain planning are necessary
to realize economical and sustainable hydrogen-based aviation [11]. Van Dijk et al. (2024)
used Rotterdam Airport as an example to analyze how airports can establish a liquid hydro-
gen infrastructure. It was shown that local factors such as proximity to hydrogen hubs and
the availability of renewable energy are crucial for the design of a hydrogen value chain.
Instead of investing in resource-intensive local production facilities, the airport benefits
from synergies with Rotterdam’s strategic hydrogen hub, which includes both the existing
and planned import and liquefaction capacity [12]. The Japanese—Australian demonstra-
tion project HySTRA successfully proved the end-to-end feasibility of long-distance LH,
transport via maritime routes. This included the establishment of a complete supply chain
with import and export terminals equipped with cryogenic LH; storage tanks and auto-
mated loading arm systems with cryopumps (Takaoka et al., 2023) [13]. Building on this
practical implementation, Zhang et al. (2023) reviewed the current state of technological
development across the hydrogen supply chain and emphasizes that for transport distances
exceeding 2000 km, shipping liquid hydrogen may offer cost advantages compared to
alternative hydrogen transmission methods such as pipelines or synthetic carriers [14].
The paper by Degirmenci et al. (2023) provides a comprehensive historical overview of
hydrogen-based aviation and analyses in particular the challenges and prospects of hy-
drogen use in aviation as well as the importance of an efficient hydrogen supply network
at airports. It emphasized that hydrogen has great potential for the decarbonization of
aviation but also highlighted that the development of a reliable infrastructure is a key
challenge for successful implementation [15]. Jaffary and Wiedemann (2025) examined
the safety requirements and challenges of refueling aircraft with hydrogen at airports in
the context of climate-neutral aviation. The authors showed that safe hydrogen refueling
requires special infrastructures, clear regulations, and comprehensive staff training. They
emphasized that the development and implementation of appropriate safety standards is
crucial for the successful introduction of hydrogen as an aviation fuel [16]. Gronau et al.
(2025) pointed out the need to take a macroeconomic view of the entire hydrogen supply
chain and examined the effects of integrating hydrogen-powered aviation in Germany.
The authors showed that the expansion of a hydrogen infrastructure for aviation can set
significant economic impulses but also brings new challenges for energy supply and value
chains [17].

2.2. Market and Demand

The market potential for hydrogen-powered aviation is examined in several studies.
Oesingmann et al. (2024) examined the development of demand, price dynamics, and CO,
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reduction potential and showed that there is considerable market potential, particularly
in the short- and medium-haul sector, assuming that the infrastructure is provided. They
analyzed that the global demand for liquid hydrogen in aviation could rise to approximately
17 million tons in 2050. This could lead to a 9% reduction in CO2 emissions [18]. Grimme
and Braun (2022) estimated the global hydrogen demand potential and CO, savings in
passenger air traffic in 2050. They emphasized that technological and infrastructural
challenges still exist that hinder the widespread introduction of hydrogen aircraft and that
the market entry of hydrogen aircraft, in particular, has the highest sensitivity regarding
future hydrogen demand [19]. Schenke et al. (2023) quantified the resources required for
the global introduction of hydrogen-powered aviation and made it clear that the expansion
of renewable energies and the provision of large quantities of green hydrogen are key
prerequisites. It was found out that the choice of supply route has significant impacts on the
economic viability and energy efficiency of hydrogen use in aviation [20]. Adler and Martins
(2023) and Yusaf et al. (2025) provided an overview of the technological fundamentals,
environmental impacts, and economic framework conditions for hydrogen aircraft. They
emphasized that, in addition to technological breakthroughs, economic incentives and
political framework conditions are also crucial for market penetration [21,22]. Akbiyik
et al. (2025) conducted an economic analysis of current applications and showed that the
costs of hydrogen aircraft are currently still significantly higher than those of conventional
aircraft but could decrease with economies of scale and technological progress [23]. A
holistic comparison of hydrogen-powered aviation with alternative net-zero pathways
(Hoelzen 2024) revealed that, when considering both fuel supply and aircraft-related costs,
operating hydrogen aircraft could be approximately 3% less expensive than flying with
synthetic kerosene [24]. Bridgelall (2025) analyzed patent data in the field of hydrogen-
powered aviation and identified key technological trends and innovation priorities. The
analysis made it clear that the development of hydrogen technologies for aviation is gaining
momentum worldwide and holds great potential for innovation [25]. Rau et al. (2024)
modeled the effects of the introduction of hydrogen-powered narrowbody aircraft on the
European passenger air transport network. The results showed that the use of these aircraft
leads to changes in the route structure and network utilization, with shorter routes and
larger airports benefiting in particular [26].

2.3. Research Gap

Despite the significant number of research publications in the field of hydrogen
potential in aviation, there have been no comprehensive studies or publications on the
specific potential of hydrogen-powered aircraft connections between European airports in
close proximity to seaports. The combination of airport and seaport infrastructure could
offer synergies in hydrogen logistics, particularly with regard to the maritime import of
liquid hydrogen (LH,). Shared use of import terminals, storage facilities, and distribution
systems may enhance overall efficiency. This has not yet been sufficiently analyzed on
a European level, although it could be of great importance for the efficient scaling of
hydrogen in aviation. This paper therefore addresses a relevant research gap and positions
itself in the current research field of hydrogen-based aviation by analyzing the potential of
hydrogen flight connections between European airports in the proximity of seaports.

3. Hydrogen in Aviation and Seaports as Hydrogen Hubs

To achieve emission reductions, hydrogen (Hjy), next to battery-electric propulsion sys-
tems and Sustainable Aviation Fuels (SAF), is increasingly gaining attention as a potential
energy carrier for aviation. Hydrogen can be produced renewably through electrolysis and
is therefore not dependent on fossil fuels. This makes hydrogen a promising candidate
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for the use in aviation, as the use of hydrogen propulsion can not only contribute to the
avoidance of CO, emissions but also eliminates soot emissions, which contribute to contrail
formation [27,28]. Furthermore, the gravimetric energy density of Hj is almost three times
higher than that of kerosene. This makes it particularly attractive for applications where
weight plays a crucial role, such as aircraft. The high density of liquid hydrogen (LH5)
compared to gaseous hydrogen opens up advantageous applications for aviation, as signifi-
cantly larger quantities can be stored at low pressure. On the other hand, a heavy, complex
tank system will be necessary for storing LHLH; on the aircraft. Hydrogen can be used in
aviation in a variety of ways, with the use of fuel cells or direct combustion being the most
frequently discussed methods. Although the direct combustion of hydrogen in an aircraft
engine does not generate soot emissions like kerosene, the formation of contrails can still
occur, albeit significantly reduced. Furthermore, nitrogen oxides (NOXx) are still emitted
due to the high combustion temperature [29]. An alternative to combustion is the use of
hydrogen in fuel cells, which in turn generate electrical power for the electric powertrain.
This approach enables nearly emission-free flight operations but is limited in terms of the
aircraft’s range due to the heavy weight of the fuel cells and the large tank volume [30].
The development of lighter and more efficient fuel cells is therefore a key research area to
expand the application of this technology in aviation. An analysis of emissions by range
segment shows that over two-thirds of aviation emissions come from medium-haul flights
with ranges of less than 4000 km [30]. Of these, short-haul flights with ranges of less than
1500 km alone account for half of the CO, emissions [30]. Hydrogen technology, therefore,
has enormous potential to reduce emissions in aviation, despite the comparatively short
range in the short- and medium-haul segments. In contrast, long-haul flights are more
difficult to optimize technologically. Although they account for a smaller share of aviation
CO;, emissions, they pose a greater challenge in the development of new technologies.

Despite the many advantages of hydrogen as an energy carrier, its use in aviation
presents significant challenges. The low density of hydrogen compared to kerosene results
in a larger tank volume, which negatively impacts aerodynamics and flight efficiency.
In addition, storing liquid hydrogen at cryogenic temperatures requires special tanks to
minimize heat input and control evaporation. These characteristics impact not only aircraft
design but also supply chains, infrastructure requirements, operational procedures, and
airport handling processes.

Since the delivery of LHLH, is only possible to a limited extent using conventional
truck trailers due to its low volumetric density, the construction of hydrogen liquefaction
plants in combination with gaseous delivery via a pipeline requires significant intervention
in airport infrastructure, resulting in very high investment costs for airports.

The transport of liquid hydrogen by pipeline also presents enormous technical chal-
lenges. Unlike for gaseous hydrogen, cryogenic LHLH, pipelines currently exist only in
special cases over relatively short distances. Examples include LHLH, pipelines within
industrial facilities for refueling rockets or from seagoing vessels to port terminals [31].
A long-distance pipeline for liquid hydrogen has not yet been realized, as heat losses
and evaporation drastically reduce efficiency over long distances. However, pipelines for
liquefied natural gas (LNG) exist worldwide, which present similar technical challenges to
pipelines for liquid hydrogen and are therefore comparable to a certain extent. However,
a possible future innovative solution for the transport of liquid hydrogen in pipelines
could be achieved through the use of innovative “hybrid pipelines.” These utilize the cold
temperature level of liquid hydrogen to simultaneously cool a superconductor. This allows
liquid hydrogen and electricity to be transported highly efficiently to regions with high
demand via a single pipeline. Initial considerations and calculations for hybrid pipelines
for distances between 10 and 20 km have already been carried out, and the assessment of



Aerospace 2025, 12, 661

60f18

their future potential is part of current research, for example, by KIT in the context of the
TransHyDE project AppLHy! [31-33].

Against this background, airports located close to seaports have significant locational
advantages with regard to a future cost-effective and sustainable hydrogen supply for the
use of hydrogen in aviation.

One key advantage is the possibility of efficiently utilizing a shared hydrogen infras-
tructure and pooling infrastructure investments. The shared use of hydrogen facilities
leads to synergies and economies of scale, making areas such as distribution, liquefaction,
transshipment, and storage more cost-effective because larger volumes can be handled.
Geographical proximity also facilitates collaboration between players in the aviation, ship-
ping, and energy sectors. This accelerates innovation and facilitates joint pilot projects and
demonstration flights, such as those already planned in Hamburg and Rotterdam [34].

Spillmann et al. suggest that a distance of 20 km between a hydrogen hub and a
customer site is required for the economic use of a shared hydrogen infrastructure in order
to realize synergies and cost advantages [35]. Another study also assumes a distance of
20 km as the maximum distance for the economical supply of hydrogen to companies via
truck trailers [36]. For specific applications such as hydrogen refueling stations, another
study also considers a distance of up to 50 km between the hydrogen hub and the customer
site [37]. In general, it can be concluded that the closer an airport is to a hydrogen hub, the
more economically advantageous the hydrogen supply becomes, primarily due to reduced
transport and infrastructure costs.

4. Methods and Assumptions

This section explains the methodological approach and the assumptions used for the
potential analysis. In order to conduct a corresponding potential analysis for Europe, a tool
was created in which various assumptions, in particular the maximum distance between
airports and seaports and the range of a hydrogen aircraft, can be varied and their influence
on the results can be analyzed.

The DLR Air Transport Forecast [38] was used as the central data basis for the projected
air traffic connections and air passenger numbers in Europe for the year 2050. This forecast
provides projected passenger numbers at the airport-pair level for all air traffic routes
worldwide. The IMF Port Watch port database, which contains 1648 seaports and covers
99 percent of maritime trade [39], was used as source for geocoordinates for all seaports
worldwide. The major seaports used in this study are listed in Table 1. A primary reason
for selecting this source was that its geocoordinates provide better or, rather, more central
coverage of a seaport’s area than other available free databases. Furthermore, this database
provides additional information on the cargo handling of the respective seaports.

After filtering the air connections, airports, and seaports to only include European
ones, the nearest seaport had to be determined for each airport. For this purpose, a spatial
distance analysis was performed using GIS resulting in a list of all European airports and
the nearest seaport, along with the air distance in kilometers. For this step, the “Distance to
Nearest Hub” algorithm of QGIS (Version 3.38) was used. All input datasets (coordinates of
airports and seaports) were screened before the distance analysis to ensure spatial accuracy
and completeness.

Using this data, a tool was finally developed that allows the parameters “maximum
airport-seaport distance” and “range of hydrogen-powered aircraft” to be varied, result-
ing in the output of corresponding European air connections that match the respective
parameters. This allows for in-depth analysis of the corresponding market potential and
sensitivities. With the aim of also being able to make statements regarding emission reduc-
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tions, hydrogen demand, and feasibility, the following assumptions were made, which are
embedded in the tool.

Table 1. Major seaports in Europe ranked by average total vessel count per year with information
about the share of the country’s maritime import and export share. Based on IMF Port Database [39].

Seaport Vessel Count per  Share of Country’s Share of Country’s

Year Maritime Import Maritime Export
Rotterdam 23,374 74% 64%
Antwerp 13,942 68% 82%
Hamburg 6992 35% 32%
Immingham 6368 14% 9%
Algeciras 5796 15% 19%
Piraeus 5504 42% 45%
Bremerhaven 5043 14% 29%
Zeebrugge 4676 11% 12%
Barcelona 4634 9% 11%
Lefmede
Amsterdam 4596 9% 15%
Terneuzen 4172 4% 8%
Valencia 3938 8% 15%
Le Havre 3761 26% 24%
Klaipeda 3701 64% 99%
London Gateway 3580 8% 6%
Gothenburg 3557 15% 32%
Genova 3497 9% 15%
Constanta 3435 87% 92%
Gravesend 3126 5% 1%

To determine the potential emission savings, CO, emissions of 90 g per passenger-
kilometer (pkm) were assumed [40]. The average consumption of a modern aircraft is
approximately 3.52 L of JET-A1 per 100 passenger kilometers [41]. This corresponds to
approximately 2.82 kg of kerosene or an energy of approximately 31.3 kWh per 100 pkm.

Based on a hydrogen energy content of 33.3 kWh/kg, the corresponding hydrogen
consumption is 0.94 kg H, per 100 pkm, assuming the same energy demand. Although
hydrogen-electric propulsion systems, particularly when fuel cells are used in the power-
train, can achieve significantly higher efficiencies than today’s turbines [42], the following
analysis assumes identical energy requirements per pkm. The reason for this lies in several
structural limitations that relativize the efficiency potential of hydrogen-powered aircraft.
In particular, high-volume requirements of the LHLH, tanks lead to an increase in the
size of the aircraft fuselage and a reduction in available passenger capacity. Since liquid
hydrogen has a very low volumetric energy density, the tanks must usually be cylindrical
and located in the rear of the aircraft. Although the gravimetric energy content of LHLH,
is around three times that of kerosene, this advantage is partially reversed in the overall
system due to the factors mentioned above. Against this background, a conservative yet
realistic value of 1 kg of H, per 100 pkm (10 g per passenger-kilometer) is assumed for the
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hydrogen demand estimation. This value takes into account the potential efficiency gains
on the propulsion side as well as the mass- and volume-related disadvantages at the struc-
tural level and can be considered as a reasonable benchmark for hydrogen consumption in
future air transport. Furthermore, this value is also assumed in other studies for hydrogen
aircraft [43].

To determine the required number of hydrogen deliveries by truck, an estimated
transport capacity of 4 tons of liquid hydrogen per truck was assumed [31]. If an airport’s
hydrogen demand exceeds 50 tons per day, a switch from truck deliveries to a pipeline
was assumed, as above this daily volume, a pipeline is considered more economical in any
case [44], and the supply traffic to the airport, with 13 truck deliveries per day, does not
cause any major impacts or restrictions on road traffic and airport logistics.

Finally, a minimum demand of 7000 passengers per year was assumed for considering
a route in the potential analysis for hydrogen air connections. For a hydrogen aircraft with
150 seats, this would correspond to approximately one flight per week. Furthermore, it is
assumed that there is no limit to the maximum passenger demand per route. Accordingly,
it is assumed that any potential demand per route can be met by purely hydrogen-powered
aircraft, and that previously used (conventional, SAF-powered) aircraft are being moved to
other routes serving domestic airports or to routes that are only domestic. The geographical
scope of the analysis is limited to Europe (excluding Turkey and Russia).

In the baseline scenario, a maximum distance of 20 km was defined between an airport
and a seaport. This maximum distance offers significant potential for shared use of a
hydrogen infrastructure and is considered ideal for ensuring an efficient and economical
supply of hydrogen to the airport [35,36]. A value of 2250 km was assumed as the maximum
range of the hydrogen-powered aircraft in the baseline scenario. This value lies between
the range of Airbus’ planned short-/medium-haul concept aircraft (1850 km) and EXACT-
2’s (DLR design study) planned short-/medium-haul concept aircraft with a range of
2778 km [45,46].

In addition to the baseline scenario, the following section also analyses variations in
the key parameter assumptions (maximum airport-seaport distance and hydrogen aircraft
range) and examines their impact on the market potential and emission savings potential
through sensitivity analyses.

5. Results

In this section, the results will be described and discussed. Based on the assumptions
of the baseline scenario—a maximum airport-seaport distance of 20 km and maximum
range of the hydrogen-powered aircraft of 2250 km—a total of 625 routes in Europe can be
identified in 2050 on which hydrogen-powered aircraft would operate. Of these, 39 routes
are very highly frequented, with at least 1000 passengers per day in each direction, which
would mean more than six flights per day in each direction for a 150-seat hydrogen aircraft.
230 routes also have a significant flight frequency, with at least 150 passengers per day
in each direction, which would mean one flight per day in each direction for a 150-seat
hydrogen aircraft. The remaining 356 routes represent very low-frequency routes, ranging
from one to a maximum of seven flights per week in each direction. Exemplary routes are
shown in Table 2.

The identified potential route network of the baseline scenario includes a total of
129 airports across Europe from which hydrogen-powered flights are operated. As can
be seen in Figure 1, the airports in this network have a different importance. With over
50 connections each and more than 30,000 passengers per day, Amsterdam (AMS) and
Barcelona (BCN) are the largest airport hubs in the described hydrogen-powered air traffic
route network in Europe. Dublin (DUB), Copenhagen (CPN), Palma de Mallorca (PMI),
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Lisbon (LIS), Malaga (AGP), Helsinki (HEL), Edinburgh (ADI), Alicante (ALC), Bristol
(BRS), and Hamburg (HAM) also represent significant and important airport hubs in the
identified European route network, each with more than 7000 passengers per day and
19-45 connections.

Table 2. Exemplary routes with high and low flight frequency in the identified hydrogen-powered
flight network in Europe in 2050, with the number of daily passengers per route and the respective
flight distance between the airports.

Flight Frequency  Origin Airport Df::i;iiiton Pax/Day Dis tlgggel:tkm)
BCN AMS 3365 1241
High AMS CPH 2668 633
min. 1000 Pax/Day HEL OUL 2511 513
SVQ BCN 2127 809
VCE HAM 148 919
Low BGO KSU 143 342
max. 150 Pax/Day RIX BRE 140 1057
DUB BIO 137 1152

P % > 150 Pax/Day
mtwn GA\';N’;I\‘:-“O '3 Wi < 150 Pax/Day

£ °? b ad Dielfa XiHHo

Ko ®

Figure 1. Potential hydrogen-powered flight network in Europe in 2050 with number of daily
passengers per route; assumed maximum airport-seaport distance: 20 km; and assumed maximum
range of hydrogen-powered aircraft: 2250 km.
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In total, more than 135 million passengers would be transported by hydrogen-powered
aircraft on the identified routes in 2050, corresponding to approximately 11 percent of total
air transport passengers in Europe. The total amount of CO, emissions saved amounts
to 11.7 million tons, which in turn corresponds to approximately 10 percent of all air
transport emissions in 2050. The total hydrogen demand for this route network amounts to
1.3 million tons in 2050.

Figure 2 shows the hydrogen demand of the 40 airports with the highest hydrogen
demand in the identified route network and also provides an overview of the share of
emissions saved at airport level in relation to all intra-European traffic relations at the
respective airports. The aforementioned high-frequency hubs of the transport network are
also reflected in the hydrogen demand of the individual airports. Accordingly, the airports
in Amsterdam (just under 400 tons/day), Barcelona (approximately 300 tons/day), and
Dublin (just under 250 tons/day) have by far the highest hydrogen demand. These airports,
along with the corresponding hydrogen demand, number of passengers, and distance to
the nearest seaport, are summarized in Table 3.

ogen Demand per Day (in 1)

Hyd!
o
o

7]

PSS TNV LTILOTAETIFOR O RXRPDIY W
FEFEIFEIIP T IFEIIL VS P o »

Hydrogen Demand per Day (int) @ Share of saved Intra-European CO2 Emissions (in %)

Figure 2. Hydrogen demand per day (in t) and share of saved intra-European CO, emissions (in %)
at airport level; only top 40 airports ranked by hydrogen demand in the hydrogen-powered flight
network (see Figure 1) in Europe in 2050.

Table 3. Overview of the top 10 airports in the identified hydrogen-powered flight network in Europe
in 2050 ranked by hydrogen demand per day and with information about number of passengers per
day and distance (in km) to the nearest seaport.

Airport Code 0 im0 Tatfc Relations | Numberof PaxDay  PETETE raper
AMS 396 53 38,492 12
BCN 301 54 31,729 7
DUB 249 45 24,339 10
LIS 187 29 15,563 12
CPH 181 33 18,989
AGP 177 34 11,770
PMI 166 41 16,853
ALC 130 30 8862 8
HAM 101 28 7678 13
HEL 87 19 10,783 15
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A total of 19 airports has a hydrogen demand of more than 50 tons per day. For these
airports, a pipeline connection to the seaport would therefore certainly make economic
sense due to the high, continuous demand for hydrogen. At the remaining 110 airports,
the daily demand for hydrogen is less than 50 tons. For these airports, a delivery of liquid
hydrogen from the seaport by truck would make more sense or, rather, a pipeline connection
would not (yet) be worthwhile for every airport. The share of emissions saved at airport
level in relation to all intra-European traffic at the respective airport shows significant
savings potential. The average of emissions saved for all 129 airports is 39 percent. Figure 2
also shows a clear concentration of emission-saving potentials in the range of 20-50 percent
for the 40 airports shown there.

A change in the key input parameters—maximum seaport-airport distance and range
of a hydrogen aircraft—leads to a significant impact on the overall emission savings
potential, as illustrated by a sensitivity analysis in Table 4. Accordingly, the intra-European
emission savings potential would decrease from 10 percent (baseline scenario) to 3 percent
if the assumed maximum distance from seaports to airports was reduced from 20 km
to 10 km.

Table 4. Sensitivities of potential saved intra-European CO, emissions; * base case.

Saved Intra-European CO, Maximum Airport-Seaport Distance
Emissions (in %) 10km 20km 30km 40km 50 km
1000 km 1% 3% 4% 6% 8%
1800 km 2% 7% 8% 13% 18%
H; Aircraft Range  2250km 3% 10%*  11% 18% 24%
2800 km 4% 11% 12% 21% 29%
3700 km 4% 12% 14% 24% 32%

At the same time, the emission savings potential would increase to 24 percent as soon
as the assumed maximum distance between seaports and airports was increased to 50 km.
An increase in the range of the hydrogen aircraft would only result in minor increases in
potential emission savings compared to the baseline scenario.

Accordingly, the savings potential would increase from 10 percent (baseline scenario)
to only 11 percent (increase in range to 2800 km) or 12 percent (increase in range to 3700 km).
Reducing the assumed range to 1800 km or 1000 km, however, has a very strong impact on
the emission savings potential, with a reduction to 7 percent and 3 percent, respectively.
With very progressive assumptions (maximum seaport-airport distance of 50 km and range
of 3700 km), an intra-European emission savings potential of 32 percent would theoretically
be possible.

Figure 3 illustrates the sensitivities of the baseline scenario (range of 2250 km) with
changing assumptions regarding the maximum distance between seaports and airports only.
As the assumed maximum distance increases, the number of airports in Europe located
within this distance rises significantly from 129 (baseline scenario) to over 200 (maximum
distance of 50 km). At the same time, a sharp increase in the share of emissions saved from
intra-European air traffic can be observed.
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Figure 3. Sensitivity analysis for the base scenario; impact of changed maximum airport-seaport
distance on results (number of airports and share of saved CO; emissions).

Finally, Figure 4 can be used to conduct more detailed assessments of airports regard-
ing the general suitability of hydrogen-powered air connections. In addition to the actual
distance to the nearest seaport, the potential total absolute emission savings potential for
intra-European air connections—assuming a maximum distance of 50 km between the
seaport and airport—is shown for each airport. Accordingly, airports in the lower right
quarter have the greatest potential, as they are very close to the nearest seaport (some even
less than 10 km) and have many air connections (and, therefore, a high absolute emission
savings potential) to other European airports located near seaports. Thus, in addition to
the airports of Amsterdam (AMS) and Barcelona (BCN), the airports in Dublin (DUB),
Copenhagen (CPH), Malaga (AGP), Lisbon (LIS), Palma de Mallorca (PMI), and Alicante
(ALC) are the airports with the greatest emission reduction potential while being very close
to the nearest seaport.
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Figure 4. Emission reduction potential at airport level in a maximum 50 km airport-seaport distance
use case and overview of actual distance of airport to the next seaport.
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Other airports such as London Gatwick (LGW), London Heathrow (LHR), Oslo (OSL),
London Stansted (STN), Brussels (BRU), Stockholm (ARN), or Manchester (MAN) also
have very a high absolute emission savings potential but are relatively far away from the
nearest seaport, with over 35 km between them. Airports like Malta (MLA), Glasgow
(GLA), or Porto (OPO) are in turn very close to the next seaport but have only a comparable
moderate absolute emission savings potential.

6. Discussion

The results discussed in the previous section have shown that air transport connec-
tions for hydrogen aircraft in Europe between airports located close to seaports represent
significant potential for reducing emissions in the aviation sector. In particular, due to
their geographical proximity to seaports and corresponding future maritime hydrogen
hubs, these airports could benefit from the efficient use of a shared hydrogen infrastructure.
The supply of liquid hydrogen via maritime transport requires the construction of LH,
terminals for loading and unloading operations. Such a terminal typically consists of a
liquefied hydrogen storage tank, a loading arm system to transfer the hydrogen be-tween
the carrier and the shore, and various ancillary facilities [47].

The highly capital-intensive investments in a completely new hydrogen infrastructure
at airports could therefore be significantly reduced through synergies in hydrogen storage,
logistics, and distribution in cooperation with a nearby seaport.

The identified potential route network provides an overview of air transport connec-
tions and airports in Europe that have a high potential for this possible use case. In addition
to the significant emission reduction potential for air transport in Europe—approximately
10 percent emission reduction in all intra-European traffic—the very high emission re-
duction potential at airport level—on average, a 40 percent emission reduction for intra-
European transport connections—is a particularly interesting result. Such a transport
network could represent a first phase of hydrogen transport connections, particularly at the
beginning of the entry into the service of hydrogen aircraft. As demonstrated in the case
of Rotterdam Airport, the proximity to a major hydrogen hub with existing and planned
import and liquefaction capacities allows for significantly lower investment, logistics, and
transport costs compared to inland locations [12]. The pan-European findings of this paper
could therefore also be interesting for other international research projects in the field of
hydrogen use in aviation, such as “BSR HyAirport”, where airports in the Baltic Sea region
are already being prepared for the handling of hydrogen-powered aircraft [48].

The introduction of hydrogen aircraft connections could therefore initially be limited to
such logistically advantageous airport locations (e.g., Barcelona, Amsterdam, or Hamburg)
before airports further inland in Europe can also be supplied with cost-effective green
hydrogen. As the sensitivity analyses have shown, the emission savings potential of
hydrogen-powered aircraft connections continues to increase significantly when airports
further away from seaports are included in the hydrogen route network. For these airports
further inland, sustainable aviation fuels and (hybrid) electric aircraft will initially be of
greater importance than purely hydrogen-powered aircraft concepts.

In addition to logistical feasibility, the economic attractiveness of hydrogen in aviation
can increase significantly, particularly in the context of CO, abatement costs. Projections for
the development of allowance prices within the European Union Emissions Trading System
(EU ETS) indicate that certificate prices may already reach EUR 91 to EUR 188 per ton of CO,
by 2030 [49]. On a global level, MSCI Carbon Markets estimates that CORSIA-eligible offset
credits will range between USD 18 and USD 51 per tCO;e during Phase I (up to 2032), and
between USD 27 and USD 91 per tCOze during Phase II (2033-2035) [50]. This development
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positions the CO; price as a central economic lever for the future competitiveness of
hydrogen-powered propulsion in aviation.

Another cost advantage emerges from the potential avoidance of non-CO, effects,
which are significantly lower when using hydrogen compared to hydrocarbon-based fuels
such as fossil fuels or synthetic fuels. If such non-CO, climate effects were to be integrated
into the EU ETS in the future, this would create an additional economic incentive in favor
of hydrogen propulsion.

Assuming an LHj price of USD 2.60 per kilogram, a regional aircraft would have CO,
abatement costs of approximately USD 90 to USD 135 per ton of CO; [30]. The assumed
liquid hydrogen price of USD 2.60 per kilogram used in this analysis is consistent with a
range of international cost projections. Recent studies estimate global average production
costs for low carbon hydrogen in 2050 to range between USD 1.00 and USD 3.20 per
kilogram, with total supply chain costs including liquefaction, transport, storage, and
refueling estimated at USD 2.20 to USD 3.70 per kilogram [16].

In addition to the presented results and identified potentials, this paper can also
be used as a starting point for further possible future studies and research directions on
this topic. Accordingly, more detailed region-specific analyses of the maximum distance
between a hydrogen hub (seaport) and an airport could be conducted in order to benefit
from a shared hydrogen infrastructure. Thus, even in some regions, longer distances with
minimal additional costs and minimal efficiency losses might be conceivable in the future.
An analysis of seaports in Europe with regard to their suitability as future hydrogen import
hubs would also be useful in order to identify which seaports will actually be locations for
hydrogen imports in the future.

Furthermore, it would be valuable to compare the situation in Europe with other
global regions, such as North America, the Middle East, or East Asia, where hydrogen
import strategies and energy infrastructures differ significantly. East Asia, in particular,
is likely to have significant potential due to its geographical proximity to major hydro-
gen-exporting countries like Australia, and the fact that hydrogen exports from Australia
are expected to be transported by LH; ships [47]. This form of transport aligns well with
the needs of the aviation sector, as the hydrogen arrives already liquefied in the form
re-quired for aircraft use, thereby avoiding further energy-intensive conversion steps and
reducing overall supply chain losses. Another advantage is the coastal location of major
East Asian airport hubs such as Tokyo Haneda, Seoul Incheon, Shanghai Pudong, and
Hong Kong International. In comparison, Europe appears particularly well suited for this
approach due to its dense network of seaports and airports and its ambitious climate goals.
In other regions, such as North America, major airports are often located farther inland,
which limits the potential for shared hydrogen infrastructure and increases transport
complexity and cost. Furthermore, some regions like South America have significantly
better climatic conditions for producing green hydrogen locally, which may reduce their
future dependence on imports altogether.

Another important research topic would be an economic analysis and evaluation of
the actual feasibility of such a concept. Here, it could also be analyzed which identified
airports would be suitable for implementation and which airports would be problematic
due to space requirements and hydrogen demand. In this context, a more detailed economic
analysis could also be conducted regarding the optimal logistics solution—truck, train,
inland waterway vessel, or pipeline, as well as liquid or gaseous hydrogen—for supplying
hydrogen to the identified airports. Here, it could also be investigated in which regions
in Europe, and from which year, local hydrogen production at airports with its own
liquefaction plant would make more economic sense than supplying from seaports or
hydrogen hubs.
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7. Conclusions

Air connections for hydrogen-powered aircraft between European airports located
near seaports offer a promising opportunity for the further decarbonization of air transport.
The shared use of hydrogen infrastructure by air and sea transport can bring economic and
ecological benefits. The proximity of airports to seaports, therefore, opens up significant
opportunities to accelerate the transformation toward climate-friendly hydrogen-powered
air mobility. Joint infrastructure projects reduce costs, increase efficiency, and accelerate
innovation, which is a significant advantage for the sustainable development of both
transport sectors.

Modeling results for 2050 show that such a hydrogen-powered route network of
625 intra-European routes could serve over 135 million passengers annually, reduce ap-
proximately 11.7 million tons of CO; emissions, and account for around 10 percent of
total intra-European air traffic. Sensitivity analyses show that extending the assumed
seaport-airport distance from 20 km to 50 km could raise the emissions savings potential
from 10 percent to 24 percent, based on an assumed maximum hydrogen aircraft range of
2250 km. Especially at airport level, significant emission savings potentials of an average of
40 percent for intra-European flight connections have been identified.

Key airports such as Amsterdam, Barcelona, Dublin, Copenhagen, and Malaga are
identified as particularly promising candidates for early adoption. These airports are well
positioned to lead the rollout of a hydrogen-powered aviation network.

Current initiatives, such as the establishment of the northern German “Hanseatic
Hydrogen Center for Aviation and Maritime” (HyAM), which is intended to advance
hydrogen research in aviation and shipping at three locations [51], underline the future
relevance of a joint use of hydrogen for aviation and shipping as examined in this paper.

Further research should examine regional variations, the technical limits of infrastruc-
ture (e.g., feasible distances for liquid hydrogen pipelines), and the comparative feasibility
of similar concepts in other global regions. Given that aviation could become a major
consumer of liquid hydrogen, infrastructure planning must begin early and be aligned
with anticipated demand.

Coordinated investments in infrastructure and political support are essential for its
actual implementation. Integration into existing logistics and energy systems, and the
consideration of other future alternatives such as fully electric aircraft concepts—with
appropriate charging infrastructure—and sustainable aviation fuels, also play a crucial role.
Overall, the results in this paper confirm the significant potential of such an approach for a
sustainable, low-emission air transport system in Europe.
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