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The global aviation industry faces a pronounced challenge to mitigate its contribution to anthropogenic climate
change, which is caused by burning fossil fuels. One potential pathway is the transition towards using green
hydrogen as zero-carbon fuel. Next to technological, infrastructural, and economical challenges, this would in-
troduce a wide range of operational and infrastructural changes to a system centred around safety and reliability.
This study employs a holistic approach and examines these changes from a flight network perspective, focusing
on passenger transport in Europe. It utilizes network modelling and linear optimization techniques to determine
network changes imposed by the introduction of first-generation narrowbody hydrogen aircraft. The findings are
threefold: First, the study shows that the air transportation network can be adequately re-created using demand
and direct operating cost optimization only, without considering revenue and airline-specific factors. Second, the
introduction of hydrogen aircraft will have substantial impact on network structure, incl. flight frequency, ca-
pacity, and stopover routes, depending on seat capacity and range of the hydrogen aircraft design. Lastly, it also
shows that airports that have a favourable green hydrogen supply will benefit from the introduction of hydrogen

aviation.

1. Introduction

Passenger air transportation brings not only people and cultures
closer together by transporting more than 4.3 bn individuals in 2019,
but also has a sizable effect on the global economy, driving 3.6 % of
global GDP in 2019 (ICAO 2019). At the same time, aviation has a sub-
stantial contribution to anthropogenic climate change. In 2019 alone,
transporting passengers and goods in the air caused a total of 920 mega-
tons of CO, emissions (Graver et al. 2020). Additionally, the combined
climate impact of non-CO, emissions, such as NOy, cirrus contrails,
soot, and water vapor, could be even higher than the impact of CO,.
In relative terms, aviation is only responsible for 2.4 % of global CO,
emissions, or an estimated 3.5 % of anthropogenic total climate impact
(Lee et al. 2021). However, forecasts expect air transportation volumes,
measured in Revenue Passenger Kilometres (RPK), to more than double
from 2019 to 2050 (Clean Sky 2 Joint Undertaking 2022). At the same
time, the industry is seen as one of the most challenging to decarbonize
due to the high-power and low-weight requirement profile of aircraft,
which so far can only be reliably met by burning fossil hydrocarbon
fuels in turbo-engines (Davis et al. 2018; IPCC 2022; ATAG 2021).

Potential technological solutions to the outlined problem can vastly
be categorized into two distinct categories: using sustainable aviation
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fuels (SAF) to power existing turbo-engines or deploying renewably
produced, zero-carbon power sources in new powertrain systems. SAFs
consist of hydrocarbon fuels that have a reduced lifecycle CO, emis-
sions profile, as they are produced by absorbing carbon from the at-
mosphere. While SAFs can help to reduce aviation’s carbon footprint,
they are not seen as the optimal long-term solution due to the inabil-
ity to reach 100 % lifecycle CO, and non-CO, emissions reduction,
low availability, high power or land use requirements, and high cost
(Kallbekken & Victor 2022; Ueckerdt et al. 2021; Adler & Martins 2023).
Solutions using new powertrain systems can be categorized into battery-
electric, hydrogen-powered, or a combination of both. Although full
battery-electric systems can eliminate all carbon emissions with max-
imized well-to-wing efficiency, current and predicted gravimetric bat-
tery power density is not expected to exceed meeting short-distance
mission requirements, which translate to only a small share of global
aviation’s emissions. Hydrogen on the other hand has a ~2.8x gravi-
metric power density of jet fuel and its specific cost per power unit is
projected to reach parity with jet fuel by 2050, while having a zero-
carbon footprint when produced with renewable energy (“green” hy-
drogen) (Choi & Lee 2022). It is therefore seen as the least expen-
sive and most sustainable way to fly without carbon in the long term
(Timmons & Terwel 2022; Sacchi et al. 2023; Hoelzen et al. 2022), if cur-
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rent challenges with scaling up green hydrogen production can be over-
come. Therefore, interest in developing a hydrogen-powered aircraft has
gained considerable traction in recent years (Clean Aviation Joint Un-
dertaking, 2021; Airbus 2020; Wood et al., 2023; Rompokos et al. 2020;
Stautner et al. 2022; Ling-Chin et al. 2024).

However, replacing jet fuel with green hydrogen will have an enor-
mous impact on the whole aviation system. First, developing such an
aircraft still carries a wide array of technological and economical chal-
lenges to aircraft design (Adler & Martins 2023). Although existing jet
engines could be modified to burn hydrogen, non-CO, emissions from
the combustion process would still be produced. To eliminate all emis-
sions except for water vapor, a hydrogen-electric powertrain using fuel
cells would need to be designed, which however currently still has ther-
mal and specific power constraints. Also, hydrogen would need to be
cooled and stored as cryogenic liquid at 20K (-253°C) to maximize volu-
metric power density. This requires a re-design of the whole fuel system
as well as integration of the fuel tanks into the fuselage, introducing
an array of new challenges to structural and aerodynamic design of the
aircraft. First-generation hydrogen narrowbody aircraft will therefore
likely have reduced mission capabilities compared to conventional air-
craft, including lower design range, lower seating capacity, lower cruise
speed, and higher relative energy requirements. This assumption is rein-
forced by the announced concepts for hydrogen aircraft designs centred
around the smaller aircraft segment (e.g., Airbus 2020).

Second, introducing liquid hydrogen (LH,) has a considerable im-
pact on the aviation infrastructure (Hoelzen et al. 2022). The entire
supply chain, including green hydrogen production, transport, lique-
faction, storage, up to the refuelling process at the aircraft, needs to
be re-designed. Since green LH, production cost depends on renewable
energy supply, infrastructure providers need to fundamentally change
their fuel supply strategy. Compared to jet fuel, this will likely change
the local fuel supply economics. Also, the intensity and timing of air-
ports investing in green hydrogen infrastructure may differ based on
strategic considerations and local policy making. Lastly, handling liquid
hydrogen may introduce a new layer of safety procedures, for exam-
ple at aircraft refuelling, potentially affecting turnaround procedures
and terminal layouts. In a system centred around safety and reliability,
changes in aircraft design as well as adaptations in the air transporta-
tion infrastructure will therefore substantially impact how passengers
are transported. This study aims to identify this impact and model how
the flight network in Europe changes given the introduction of different
first-generation narrowbody hydrogen aircraft configurations.

The research approach is structured into six main sections. Follow-
ing the introduction and literature review in Sections 1 and 2, the
fundamental modelling methodology using network theory including
all relevant input parameters is explained in Section 3. In Section 4,
the optimization model to minimize system cost will be formulated.
In Section 5, the network changes imposed by introducing hydrogen
aircraft is then analysed, including a comprehensive parameter varia-
tion. Finally, Section 6 summarizes findings and provides an outlook to
future efforts regarding the subject. All abbreviations are explained in
Table 4 in Appendix A.1.

2. Literature review

Although developing a hydrogen-powered aircraft is not a new idea
(Brewer 1991; Airbus Deutschland GmbH 2003; Verstraete 2009), ex-
amining technological mitigation pathways to reduce aviation’s envi-
ronmental impact using hydrogen has gained considerable traction in
recent years. Adler and Martins (2023) and Tiwari et al. (2024) com-
pile an extensive overview of current literature and industrial projects
concerning hydrogen in aviation, while Hoelzen et al. (2022) and
Degirmenci et al. (2023) outline corresponding infrastructural chal-
lenges. Troeltsch et al. (2020) and Huete et al. (2021) develop
long-haul widebody hydrogen-powered aircraft concepts to minimize
climate impact. Thonemann et al. (2024) focus on hybrid-electric
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aircraft and alternative fuels to decarbonize the regional segment.
Svensson et al. (2024) develop a model for a regional fuel cell
electric aircraft and examine its market potential in Scandinavia.
Prewitz et al. (2020) determine minimum required gravimetric stor-
age density for a regional fuel-cell electric aircraft to meet a spe-
cific design range. Smith and Mastorakos (2024) take an energy sys-
tem’s view to compare LH, & fossil fuel powered aircraft in 2050.
Oesingmann et al. (2024) calculate liquid hydrogen demand and CO,
emissions reduction potentials for several aircraft entry-into-service
(EIS) scenarios.

While the outlined studies either take a review perspective, limit
their scope on regional aviation, or focus on a specific sub-system, none
have addressed a holistic assessment of the impact of introducing nar-
rowbody hydrogen aircraft onto the flight network. Even beyond the
scope of liquid hydrogen, literature on the impact of new aircraft tech-
nology on the flight network is scarce. While some studies examine
the interplay between new aircraft design and network layout (e.g.,
Birolini et al. 2021; Fregnani et al. 2020; Taylor & Weck 2007), others
analyse the given network to derive requirements for next-generation
aircraft (e.g., Tay et al. 2018; Hwang & Martins 2016). Furthermore,
most research focuses on airline-specific networks, while emissions re-
duction is a system-wide issue.

This study therefore aims to address this gap and show that the
air transportation network can be modelled on an overarching, airline-
independent level. Following this framework, the study seeks to pro-
vide insights on how the flight network structure, in terms of flight
frequency, capacity, and stopover routes, changes following the intro-
duction of five different narrowbody hydrogen aircraft configurations.
Lastly, the change in significance of specific airports will be investigated.
This novel approach aims to contribute to literature and practice by in-
troducing a new methodology to model the air transportation system
with the goal of improving the system holistically rather than within
sub-system boundaries. It also aims to demonstrate both feasibility and
challenges of introducing hydrogen-powered aircraft into the system.

3. Air transportation network

Air transportation is a network industry (Button and Stough 2000;
Zanin and Wandelt, 2023). One crucial factor to how air transportation
networks emerge is the demand of individuals or goods for transporta-
tion from one place to another. The resulting structure of the air trans-
portation network is determined by the “concurrent actions of airline
companies, that try, in principle, to maximize their immediate profit”
(Guimera et al. 2005, p. 7794). Airlines operate under several con-
straints, such as available airside infrastructure including airports, reg-
ulatory restrictions, safety protocols, and, most notably, the available
aircraft technology. In fact, the dependency between aircraft and net-
work is so strong that “it would be difficult to determine the direction
of causality” (Kanafani 1981, p. 306). At the same time, demand is not
only a determining factor, but a result of network structure, as passen-
gers are influenced by air fares and connectivity, among other factors.
Due to the multi-dimensionality and reciprocity of interdependencies,
modelling and understanding the network poses a serious challenge to
research and practitioners. A promising approach is applying the logic
of complex systems theory to the field (Sallan and Lordan 2020).

3.1. Fundamental network model logic

Complex systems can be represented and analysed using network
graphs (Goedeking 2010). Accordingly, a complex network is concep-
tualized as a weighted graph denoted as G = (N, E, W), where N is a
set of N nodes that represent airports, and E is a set of pairs of nodes
constituting the links, symbolizing relationships between entities. The
quantities of nodes and links are designated as N and E, respectively.
Furthermore, the graph is characterized by a set of real numbers W,
representing weights associated with each link. Alternatively, the graph
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Fig. 1. Level of analysis of the network model, concept based on Bonnefoy, Weibel (2006, p. 4).

can be exhaustively described through its adjacency matrix W = [w;],
a square N x N matrix with components w;; set equal to the weight
of the link between nodes i and j. The non-weighted adjacency matrix
is A =[a;l, where g; ;=1 if node i and node j are connected, and 0
otherwise (Sallan and Lordan 2020). These networks can then be anal-
ysed according to their structure. Several indicators for network cen-
trality are introduced in the literature, of which degree, flow between-
ness, eigenvector, and closeness centrality will be used for this study.
The meaning and calculation logic of these measures can be found in
Table 5 in Appendix A.1. The justification for choosing these specific
indicators over several others existing in literature can be found in
Cheung et al. (2020).

In air transportation networks, graph nodes represent airports and
a link between two nodes is created whenever a direct flight between
the two airports associated with the nodes exists. These networks are
also called flight networks. Links can be directional, multi-dimensional,
and weighted to include relevant information such as passenger and
flight numbers, deployed aircraft, or other meaningful information to
enhance the network model. Using this scoping approach, the level of
detail can be adjusted according to the overarching research goal (see
Fig. 1). This study focuses on the movement of people and incorpo-
rates scheduled flights due to data availability. Movement of goods is
partly incorporated by considering belly cargo, while full cargo opera-
tions are excluded due to data availability and the lower relative emis-
sions contribution. This is done on an aggregated level only, neglect-
ing day-time-specific aircraft movements to reduce system complex-
ity. Operator-specific characteristics are omitted to analyse the network
from a holistic, systematic viewpoint. The study incorporates ground
infrastructure prerequisites to account for changes through the intro-
duction of hydrogen aviation.

Accordingly, node and link data are thoughtfully selected. Specif-
ically, node or airport characteristics are based on open-source data
and include IATA-code, metropolitan served and geographic data (lat-
itude, longitude degree).! Node specific costs such as fuel and other
fees are added according to assumptions from the DOC model (see be-
low in this Section). Link weights include geographic distance between
nodes, total number of seats, deployed aircraft type, and total number
of flights, which is based on Cirium (2019) flights schedule database.
Using a systemwide average load factor assumption, the total number
of transported passengers can be estimated.? Direct operating costs and
CO, emissions are calculated based on the aircraft deployed using the
fleet/emissions and DOC model (see below in this Section).

! Based on https://ourairports.com/data/, last accessed on 26.06.2023.
2 For 2019, this is assumed at 82.6 %, based on IATA 2020a.

3.2. Available fleet

The deployed aircraft type is a determining factor for various
weights, such as number of seats, emissions, direct operating costs, etc.,
and hence its characteristics need to be modelled thoroughly. The avail-
able fleet size by type in 2019 is based on Cirium Fleets Analyzer as
of 01/2020 (Cirium 2020). The future fleet development is modelled on
an aircraft type level using the 2019 fleet as basis, a yearly retirement
trajectory until 2050, and a yearly production forecast until 2050. All
corresponding assumptions can be viewed in Tables 6 and 7 in Appendix
A.2. The retirement trajectory is based on a fixed retirement age as-
sumption, leading to a variable yearly rate per aircraft type based on
the number of aircraft that have reached the assumed retirement age.
Retirement age is assumed at 25 years, representing the historical aver-
age of aircraft age when written off or retired. Age distribution of the
existing fleet is taken from Cirium Fleets Analyzer as well. The yearly
production forecast per aircraft type is taken from TEAL Aircraft De-
livery Forecast until 2026 (TEAL 2023), and afterwards extrapolated
using a general annual production growth rate, which is backwards es-
timated so that the fleet size ratio of 2050 vs. 2019 matches that of
the projected number of flights. Lastly, the assumptions for end of pro-
duction dates of current aircraft and entry-into-service dates for future
aircraft are estimated based on literature research (Clean Sky 2 Joint
Undertaking 2022). Production rates are transferred to the new-entry
aircraft that replaces the existing one. Total number of aircraft in 2050
is estimated to reach 53,177, of which 77 % are narrowbody, 17 % are
widebody, and are 6 % regional aircraft. Neo-generation (B737MAX,
A320neo, B787, A350) will still represent the largest part of the fleet
with 56 % total share, while the adoption rate of next-generation con-
ventional aircraft (“HECA”) is increasing, reaching 36 % of the fleet by
2050. In this forecast, battery-electric regional aircraft are expected to
outnumber conventional turboprop aircraft shortly after 2050.

Aircraft type characteristics are accumulated from several avail-
able sources. Weight and engine characteristics, such as maximum take-
off weight (MTOW), operating empty weight (OEW), number of engines,
engine weight, and engine thrust are based on the OpenAP data base
developed at TU Delft, which contains 34 of the most common aircraft
types and their standard engine configuration, and is based on origi-
nal manufacturer specifications (Sun et al. 2020). The remaining air-
craft type characteristics are complemented based on publicly available
data from manufacturers or secondary data sources. Maximum aircraft
range is calculated by assessing the maximum route distance of all of
the routes that a specific aircraft type was allocated on, according to
the flight schedule database from 2019.

The seating capacity per aircraft type represents a crucial part of the
network model since it determines required flight frequencies and the
number of required aircraft per type. Seating capacity however can dif-
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Fig. 2. Specific fuel consumption and flight duration data from EMEP/EEA data base for different aircraft types.®

fer substantially even for the same aircraft type, depending on the airline
business model. Consequently, average seating capacities are based on
a weighted average from the flight schedule database, validated using
the fleet database, and manually adjusted for large deviations.

Aircraft fuel consumption and CO, emissions are calculated as a
function of aircraft type and route distance using the EMEP/EEA air pol-
lutant emission inventory guidebook from 2019 (European Environment
Agency 2019). This model is based on the Advanced Emission Model
(AEM) developed by the European air traffic management organization
EUROCONTROL and uses a combination of measurements and estima-
tion models as input to estimate fuel burn and corresponding emissions.
The data is widely used for emissions calculation in research (e.g., Yirgu
& Kim 2021; Choi & Lee 2022; Ekici et al. 2023) and includes emissions
data for the standard or most common engine configuration of 130 air-
craft types. For each aircraft type, the data exhibits fuel burn and CO,
in kg as function of the flight distance. It also shows flight duration per
aircraft type depending on the distance (see Fig. 2). The data is split into
Landing and Take-Off and Climb/Cruise/Descent flight phases, of which
the former is constant for each aircraft type and the latter is a function
of the flight distance. For the model, both phases are added up, interpo-
lated with regards to the final distance scale and transformed into three
different tables with flight duration on one axis and aircraft type on the
other axis: fuel consumption, CO, emissions, and flight duration.

One limitation of the emissions data set is that it does not include
the latest generation of narrowbody aircraft types such as the A320neo
or B737MAX. Since those types represent an evolutionary derivative of
existing aircraft types, a relative improvement factor assumption is in-
troduced compared to the existing aircraft types. Based on manufacturer
data, fuel and CO, emissions efficiency gains over the previous aircraft
generation is set at 17 % per seat on average (Airbus 2024; Boeing 2024;
University College London). Complementing the data set for future air-
craft developments, an assumption on the potential fuel efficiency gains
of future aircraft generations has to be made. To account for future air-
craft improvements, the same factor is applied as for the A320neo or
B737MAX per-seat improvements. This assumes a more fuel-efficient
engine, reduced drag, e.g., via active flow control, and reduced vehicle
weight, enabled by enhanced materials and structures design. For po-
tential future zero-emission battery-electric aircraft, Mukhopadhaya and
Graver (2022) estimate specific fuel efficiency in cruise to be 2-3x higher
for battery-electric aircraft, depending on the size of the aircraft. When
incorporating take-off, taxi and landing, this study assumes a 1.8x lower
fuel consumption of an electric 75-seat aircraft compared to a conven-
tional turboprop aircraft type. Fuel consumption of hydrogen aircraft
are discussed in Section 5.1.

3.3. Direct operating cost (DOC)

Total direct operating costs (DOC) are estimated based on the “TU
Berlin DOC Method” from Scholz, Thorbeck (2013), which was refined
at the ILR of RWTH Aachen to establish a standardized DOC calculation

for the Central Reference Aircraft data System (CeRAS) and adjusted for
this study’s purpose (Risse et al. 2016). For this, DOC is calculated on a
per flight route, deployed aircraft type, and yearly basis (network link),
which takes route distance, fuel cost, and aircraft type characteristics
(weight, CO, emissions, fuel consumption profile, number of seats, etc.)
as input. In this conceptualization, DOC comprises fuel cost, navigation,
landing and ground handling fees, maintenance costs for airframe and
engine, aircraft crew salaries, as well as capital costs for depreciation
and insurance:

DOC 44 = DOC 4y + DOC oy + DOC
+DOC

maintenance

+ Doccapital M

crew

The detailed calculation logic and assumptions can be found in
Tables 8 and 9 in Appendix A.3. All values, including future projections,
are calculated in 2019 Euro levels (real terms).* One of the central de-
termining factors of total DOC is specific fuel unit cost, which is further-
more subject to change with the introduction of hydrogen aircraft. The
following Section will therefore focus on this part of the DOC model.

3.4. Fuel unit cost

Since fuel cost represents one of the largest operating cost categories
for the airline industry, fuel unit costs have to be assessed thoroughly.
They are modelled as a function of fuel type (jet fuel, SAF, green liquid
hydrogen, renewable electricity), year (2019-2050), and location (air-
port). Specific fuel prices are estimated using the 2019 levels as basis.
Week-wise averaged jet fuel price in 2019 was 1.88 US$/gallon (0.68
€/kg), according to Flightglobal (2022). While jet fuel at the refinery
can be considered a commodity with volatile price development but lim-
ited price variation between regions, the price can differ locally at the
airport depending on various factors such as national taxes, airline ne-
gotiation and purchasing power, supply competition, distribution tech-
nique, etc. (Tabernier et al. 2021, p. 12). However, for the purpose of
this study, the jet fuel price at the refinery will be used in the model
independent of the airport location. The number of macro- and microe-
conomic factors influencing commodity prices makes it highly specula-
tive to forecast crude oil and jet fuel prices in the long-term. While the
U.S. Energy Information Administration (EIA) expects jet fuel prices to
increase by 1.3 % p.a. compared to 2019 (EIA 2020), the Federal Avi-
ation Administration (FAA) expects prices to remain roughly constant
until 2042 (FAA 2022). The International Energy Agency (IEA) differ-
entiates scenarios and assumes a slight increase in crude oil prices until

3 A320: Airbus A320-233; A350: Airbus A350-941; etc.

4 Exchange rate assumed at 1.0871 €/US$, based on European Central Bank
2023. All assumptions in the TU Berlin DOC model are from 2010 and based
on European price levels, hence the 2019 values are adjusted according to the
accumulated consumer price index increase from 2010 to 2019 in the EU of
approximately 13.1 %, based on The World Bank 2023.
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2050 only in the Stated Policies scenario, a flat development in the An-
nounced Pledges scenario and a sharp decrease in the Net-Zero by 2050
scenario (IEA 2021, p. 16). Given the large spread of forecasts, the price
for jet fuel will be assumed constant at 2019 levels in real terms, in line
with recent studies within the industry (Clean Sky 2 Joint Undertaking
2022; FAA 2022).

An additional factor influencing jet fuel price is the drop-in ratio of
sustainable aviation fuels (SAF) and the corresponding average SAF
price. While the adoption of SAF in 2019 was negligible, the ReFuelEU
target ratio is 63 % by 2050, which will be adopted as the SAF drop-in
ratio in 2050 in the model (European Commission 2020). While produc-
tion costs of SAF are expected to decrease, prices for SAF are projected to
remain substantially higher than conventional jet fuel. This is based on
the assumption of more expensive and limited feedstock for bio-based
SAFs, and the high energy requirements for PtL-based SAF. Studies as-
sume factors of 2-8x currently and 1-2x in 2050 compared to jet fuel,
depending on the SAF pathway (Graver et al. 2022; ATAG 2021). This
does not include subsidies for SAF or cost penalties for carbon emis-
sions. In this study, a factor of 1.5x will be applied to SAF compared to
conventional jet fuel in 2050. A sensitivity analysis on SAF and jet fuel
prices will be conducted.

Green liquid hydrogen unit prices are adopted from Hoelzen et al.
(2023), where green hydrogen cost at the dispenser at 104 European air-
ports was comprehensively assessed based on local renewable energy
prerequisites and supply costs. The study minimizes hydrogen supply
costs for each airport considering several supply options, including pro-
duction on site, as well as supply via truck, vessel, or pipeline. Prices
range from 1.94 to 2.99 €,(,9/kg; 2, corresponding to a markup of be-
tween +3 % and +59 % compared to the 2019 jet fuel price per energy
unit. Supplementing these findings, airport availability data (additional
to the 104 airports from above) is obtained from Wiener et al. (2023), in
which a broad assessment of hydrogen adoption pathways at European
airports was conducted. Missing hydrogen costs at airports are estimated
with the maximum price within the corresponding country.

Renewable electricity prices for battery-electric aircraft depend on
the annual consumption and location (Hospodka 2021). Local availabil-
ity of renewable energy sources and the national grid price including
taxes and levies for green electricity can differ substantially between air-
ports. Combined with consumption-based categorization, the range for
non-household consumers in the first half of 2019 spanned from 0.057
€5019 in France for Band IG (highest consumption range) to 0.378 €599
in Italy for Band IA (lowest consumption range) (EUROSTAT). Assuming
the highest energy consumption range to guarantee a cost advantage for
battery-electric aircraft, an average electricity price of 0.06 €54;9/kWh
will be assumed, corresponding to an increase of +6 % compared to the
jet fuel price on a per energy basis.

On top of the production price at the dispenser, the final fuel price
for airlines might be influenced by positive or negative taxes, depend-
ing on local policies. These taxes can come in forms of either incentives
for buying emissions-reducing fuels, such as green hydrogen or SAF, or
penalties for purchasing fossil fuels. While the Inflation Reduction Act
(IRA) issued by the United States Government in 2022 used the for-
mer to substantially incentivize the production of green hydrogen and
bio-fuels (United States Congress 2022), the European Union focuses in-
creasingly on the latter in forms of the Emissions Trading Scheme (EU
ETS), which effectively puts a price on carbon emissions above a cer-
tain allowance threshold (Efthymiou & Papatheodorou 2019). In the
long-term, this study assumes a policy mechanism that makes green
hydrogen and SAF competitive with jet fuel to incorporate the politi-
cal will to become climate neutral by 2050 - irrespective of the final
form of the mechanism. A carbon price on top of the jet fuel price will
therefore be introduced of 150 €,;9/tCO,. This would increase cur-
rent (2019) jet fuel prices by approximately +70 %. It is not specified
if this will be a penalty on jet fuel or an incentive on SAF and green
hydrogen.
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3.5. Capacity constraints

Independent of the airside hydrogen infrastructure, there are general
infrastructural challenges for airports in Europe, mainly centred around
capacity constraints (Gelhausen et al. 2021). The airport capacity con-
straints in terms of flight movements at major European airports have
been assessed by DLR (see Gelhausen et al. 2019) and are available for
the years 2020 and 2050, including planned runway and terminal ex-
tensions. For other airports, real movements at that station in 2019 are
applied for 2019 with a 20 % markup to allow for flexibility in the opti-
mization. For 2050, figures are extrapolated consistent with the overall
demand growth. Due to remaining uncertainty with regards to the final
extent of capacity constraints, two scenarios are considered, including
a standard parameter case, and one with increased airport capacities,
subject to a sensitivity analysis.

3.6. Modal shift

Modal shift to ground transportation plays an important role
in decarbonization pathways of the transportation sector in Europe
(European Union 3/28/2011; Brons et al. 2023). Particularly for short-
distance travel, ground transportation substitutions potentially influ-
ence the future air transportation network. In Europe, ground trans-
portation is generally estimated to be a valid substitute for routes with
land connection and distances below 400-500 km (Baumeister 2019;
Prussi & Lonza 2018). Due to aircraft-specificity of the DOC model and
high dependence on passenger preference, the ground transportation
DOC profile is constructed in relation to novel aircraft type alternatives
and must be considered as relative cost curve rather than actual ground
transportation DOC (see also Sun et al. 2018). It uses a linear progression
with two main anchor points: Below 150 km, where ground transporta-
tion is perceived as more convenient than flying and the assumed per-
seat cost is lower than for all in-service aircraft. And above 300 km, in
which travel times become more inconvenient than using the reference
hydrogen aircraft option.®

3.7. Network model result for 2019

Fig. 3 shows the resulting global network based on the previously
outlined modelling methodology and input parameters. Although the
analysis of this study is focused on the European sub-system (see
Section 4), validation of the as-is network incorporates the global net-
work to demonstrate the global applicability of the approach. The
network graph has 3,992 nodes (airports), 155,320 directed multi-
links (Origin-Destination-Aircraft combinations), 61,604 directed links
(Origin-Destination combinations), and 31,515 undirected links (Origin-
Destination pairs). The average degree per node is 15.8, indicating that
the average airport has direct connections to roughly 16 other air-
ports. This is however not equally distributed, as the degree distribu-
tion follows the common understanding of a “heavy-tailed” network.
This means that a small number of nodes have a very high degree (so-
called hubs), while most nodes have very few links. In terms of overall
travel volume, the total ASK modelled in the network sums up to 10.38
tn seat-kilometres, which is within a 0.5 % error margin compared to
IATA’s estimate (10.43 tn ASK). Number of flights (38.3 m) and number
of seats provided (5.7 bn) are also in line with the industry associa-
tion’s estimate (IATA 2020b). Assuming a system-wide load factor of
82.6 % (industry average in 2019 according to IATA), the overall pas-
senger volume is 4.7 bn, and global RPK is 8.58 tn (vs. 4.5 bn and 8.68
tn). In terms of DOC, the global airline industry had a total operating
expense of 795 bn US$ / 731 bn €, ¢ including passenger and cargo op-
erations in 2019 (IATA 2022). Excluding ticketing, sales and promotion

5 To guarantee comparability between scenarios, H2* will be taken as refer-
ence hydrogen aircraft for all scenarios.
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Fig. 3. Network model with top one hundred airports by aggregated ASKs.

cost, general and administrative cost, and other expenses as well as ded-
icated freighter cargo operations, the total operating expense of the air
transportation industry can be estimated at 553 bn €54;9 (IATA 2020b).
Applying the DOC model onto the network model for 2019 based on Cir-
ium scheduled flights data, a total direct operating cost of 561 bn €544
is calculated, which is located within a 1.5 % error margin compared to
the estimated industry actuals. Relative shares of the cost blocks within
direct operating costs are also within reasonable error margins.

4. Network optimization model

The goal of the optimization model is to simulate the reaction of
the air transportation network to changes in fleet composition, given
a specific demand for transportation. Since the goal of network oper-
ators is to minimize operating costs if revenues are constant, the net-
work should follow a logic in which the lowest direct operating costs
are achieved, given their respective constraints. Therefore, a demand-
to-aircraft-to-flight allocation optimization model will be deployed, in
which direct operating costs (DOC) are minimized. The optimization
will have three different layers: demand, assignment options, and flight
network (or “supply”). Demand between two city pairs is assumed con-
stant and needs to be met by the resulting air transportation network.
The demand can be met by either a direct connection or a stopover
connection. Multi-stopover connections are not in scope of this study to
minimize model complexity. For each city pair of the network in scope,
there are several demand-to-aircraft-to-flight allocation options (second
layer). This means that there are several ways to meet each demand item
from city A to city B, varying in origin and destination airport within
the metropolitan areas, aircraft used, and stopover airport (None for a
direct flight). These options represent an intermediate level between the
demand and the flight network. Allocating one passenger demand unit
to an aircraft allocation option increases the frequency and number of
aircraft required on the flights this option makes use of. More precisely,
the model has two connecting layers between the three layers: First, pas-
senger demand items on an origin-destination pair basis are assigned to
one of the potential options for each demand item. Second, each option
“makes use” of the flight(s) and aircraft associated with it, i.e., either
the direct flight or both leg flights of the stopover route (see Fig. 4).

The scope of the model will be focused on Europe due to most
promising policy outlook when it comes to the promotion of hydrogen in
aviation as well as demand data availability. Although the potential of
hydrogen as fuel for aviation is being acknowledged and studied around
the world, regulatory frameworks supporting rapid adoption of those
fuels are expected to especially prevalent in Europe, in line with the
European Commission’s ambition to achieve carbon net zero by 2050

(Sacchi et al. 2023). Methodologically, reducing the scope to a rela-
tively mature sub-system of the air transportation system furthermore
carries the advantage of reducing problem size and uncertainty, while
increasing the ability to interpret the result in a meaningful way. Find-
ings are nevertheless conditionally transferable to other regions as well.
The available fleet has to be reduced accordingly. The ratio of utilized
aircraft for flights with departure or arrival at European airports com-
pared to the global number of stored or in-service aircraft in 2019 was
20 % for narrowbody aircraft and 36 % for widebody aircraft. Since
the share varies per aircraft type, a markup is added for the final maxi-
mum aircraft number, leading to 28 % of global aircraft type availability
for narrowbody aircraft, and 40 % for widebody aircraft. This leaves an
appropriate corridor (+12 % considering a fleet of the most relevant air-
craft types with >100 aircraft in service in Europe) for the optimization
to choose the most economic aircraft.

One major concern is the handling of system boundaries, as aviation
is a highly interconnected and globalized system, in which changes out-
side defined system boundaries have an effect on characteristics inside
the boundaries. A flight-bundling approach is suggested, in which all
links going beyond system boundaries are bundled based on geograph-
ical communalities. These geographical communalities are grouped us-
ing a refined definition of the IATA classification for world regions, split-
ting Latin America and Africa into North and South as well as North
America in West and East. Asia Pacific is split into Central, East, South-
east, and Oceania. The resulting distribution can be found in Fig. 14 in
Appendix A.4.

Current and future origin-destination demand will be based on
own computations derived from MIDT data for OD-demand in Europe
from 2019 (SABRE 2019). This data set is based on real flight book-
ing data on an origin-destination basis, independent of the final trans-
portation route, and has been widely used for scientific analyses (e.g.,
Maertens et al. 2020; Gelhausen et al. 2018). The data set is manipu-
lated to exclusively cover air transportation bookings, omitting demand
that is met by modal alternatives, such as ground transportation. For the
future network, the 2019 data is extrapolated uniformly using a com-
pound annual growth rate of 2 %. This is based on an average projection
between different development scenarios of air traffic growth in Europe
incorporating the effects of the COVID pandemic (Clean Sky 2 Joint Un-
dertaking 2022). The approach is justified given uncertainties in rela-
tive demand development and the forecast’s role as baseline to compare
hydrogen scenarios against, not as main subject of examination. To sim-
plify the modelling approach, demand between origin-destination pairs
is aggregated to simulate symmetric return trips.

Air transportation assignment options are pre-constructed as a so-
lution space for meeting given demand. There needs to be at least one
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option to meet each demand item. Options can entail either a direct
flight or a stopover connection via a selected set of stopover hubs. The
procedure to define the set of options is as follows: The OD-demand
data is used to assign a direct connection from and to all airports within
the demand metropolitan origin and destination to each demand item.
Then low-frequency options are eliminated to reduce the solution space,
i.e., only options with demand above one hundred passengers per week
on routes above 500 km remain. The underlying rationale is that air-
lines are not able to operate low-frequency routes profitably, except
they are used as short-distance stopover leg. Options that exist in the
2019 real network are excluded from this step. The next step involves
creating one-stop stopover routes for each demand item. In general, all
combinations of two existing direct options can be used to construct a
stopover route. To limit the solution space, the following criteria are
enforced: The maximum total distance of both legs must be below a fac-
tor of three times of the direct distance for intra-European routes, and
below two times for extra-European routes. Furthermore, only eligible
stopover airports can be used. Eligible stopover hubs are subdivided into
four categories: airline hubs, intra-stopover hubs, extra-stopover hubs,
and hydrogen hubs. The complete list and explanation of the different
hub types can be found in Table 10 in Appendix A.5. As a last constraint
to limit the available stopover options, only options are kept which are
ranked in the top twenty options either in terms of lowest total distance
of both legs, or highest sum of demand from both legs that are used.
Adding stopover routes results in a set of 1.6 m options. The last step
involves bundling extra-European trips and aggregating options to sim-
ulate symmetric return trips. Finally, the total options set amounts to
roughly 450,000.

With in the flight network layer, an aircraft type is assigned to each
flight link, for which the maximum range cannot exceed geographic dis-
tance between the nodes. The number of passengers and the aircraft type
deployed then determines the remaining variables, including number of
flights, direct operating costs, etc.

4.1. Model formulation

The objective is to minimize total system direct operating costs (2):

min Z Z DOC,; -n,; ®)
acA feF

A is the set of available aircraft types, and F is the set of potential flight
routes between origin and destination. af represents an aircraft-to-flight
allocation option. n,, € Ry, is the floating-point variable for the num-
ber of flights per year aircraft a is allocated to perform on flight route
f. DOC, represents the total direct operating cost that occurs for con-
ducting one flight on route f when deploying the aircraft of type a. The
first constraint (3) enforces that demand d,;, (number of passengers de-
manding to be transported between origin-destination pair od) is met:

Y p,=d,4 Vod € OD 3)
reR,q
OD represents the set of all origin-destination pairs between which de-
mand for air transportation exists. R, represents the set of all route op-
tions between origin-destination pair od. These can be direct flights or

stopover routes. Consequently, p, is the number of passengers assigned
to route r. The second constraint (4) enforces that there are enough seats
allocated to flights between origin-destination-pairs:

ZreRf pr

. —
max =
ZaeA NSeats, a * naf

Note that now, R, represents the set of route options that make use
of flight route f. The sum of passengers p, hence in this case is repre-
sented by passengers deployed on the direct route between origin and
destination of flight route f, as well as passengers of a different origin-
destination pair that use flight route f as first or second leg of a stopover
route (see Fig. 5).

LF,,, is the maximum load factor, subject to model parameter set-
tings, and expresses the ability of airlines to fill seats on existing routes.
Increasing the load factor reduces DOC and hence is an inherent goal
of the optimization algorithm. Setting maximum load factor therefore
incorporates airlines not being able to fully fill their seats due to opera-
tional considerations. LF,,,, will be set to 0.83, as in the 2019 network
model, which the optimization model will be compared against. The
next constraint (5) enforces that the available number of aircraft of type
@, Mgy 45 15 NOE exceeded, with FC,, representing the number of flight
cycles per year that a would accomplish on flight route f.

n,s
Z FC SNygeq Va €A (&)
feF af

LF VfeF @)

Airport capacity limits are enforced by the following constraint (6):

Z Ngr < CAPpgys VS E S (6)
acA feFy

S is the set of all airports within the network, F, is the set of flights to
and from airport s, and cap,,,,,  represents the maximum annual aircraft
start and landing slot limit for airport s.

A shortcoming of the modelling methodology not incorporating rev-
enue and airline-specific factors is that the model inherently prefers di-
rect options as the most economical way to meet demand. In theory,
there are however two main reasons for passengers to choose a stopover
or indirect route. Either there is no direct option offered at the desired
time of transport, e.g., because of lower flight frequencies. Alternatively,
the stopover route fare is lower than the direct route fare (Hess 2016).
The nature of the model is not designed to depict either of these exter-
nalities. As a result, a constraint (7) enforcing more stopover routes is
established:

Z brg, 2 fso,min(dod) . dod VYod € ODSO 7

rs0€R 0 0d

ODyg, represents the set of all origin-destination pairs between
which a stopover option exists. This explicitly excludes routes which
involve airline hubs (as defined before), as a forced stopover is not sen-
sible for already highly frequented routes. Ry, ,, represents the set of all
stopover options between origin-destination pair od. Consequently, Pr,,
is the number of passengers assigned to stopover route r,. fy, yin(dog) is
the minimum passenger stopover share on the route and is reciprocally
dependent on the total route demand (8):

d

max
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Fig. 5. Model logic for demand and supply with direct and stopover routes.

fs00 is the base value of the minimum stopover share, and d,,,,, is the
maximum demand item of the system. This way, the highest demand
item has a minimum stopover share of zero, because the route will have
the highest frequency given constant aircraft size. The stopover share
increases for lower demand because the probability of an inconvenient
schedule increases.

A second unrealistic model characteristic is a radical search for the
most economical option. If there are multiple options with comparable
economics, the solver always elects the route option with the lowest
DOC and maximizes allocation to this route until it reaches a constrain-
ing parameter. In the real world, the selection of stopover routes is more
fragmented due to airline competition. Also, the choice of the stopover
route is less determined by total distance, but more by schedule. Since
both factors are not part of the modelling method, two constraints (9
and 10) enforcing the fragmentation of stopover routes need to be in-
corporated in the model formulation:

Z Xreo 2 Rsoin, 0d = fso,l : N(rso) Vode ODSO ®
rs0€Rs0,0d
Xy

—— dygo VT € Rmod> Vod e ODgg (10)

SOmin» od

<Prm 2 fso,2 :

x,,, is @ new Boolean variable to indicate whether there is a pos-
itive number of passengers allocated to stopover route r,,. The mini-
mum number of serviced stopover routes ny, ;€ Z is a function of
the number of available stopover routes N(r,,) for origin-destination
pair od. The factor f,,, € [0, 1) is backwards-determined to yield the
highest model fit, ceteris paribus, at two-thirds. This would mean that
two out of three available routes need to be serviced. On each of the
serviced routes, the number of allocated passengers needs to achieve a
minimum threshold, to ensure a levelized distribution between the op-
tions. If f,,, € [0, 1] is close to one, the distribution is almost equal.
A lower figure would favor the most economic (lowest total distance
if all other factors remain constant) route. Varying this parameter
shows a higher fit for higher f,,,, so that it is set at 0.99 initially (to
avoid numerical issues). Note that d,, ,, represents the minimum de-
mand share that is assigned to stopover routes from constraint (7), i.e.,
doq 50 = fsomin(doa) - dog for routes with both direct and stopover routes.
d,y 5, €quals d,, for routes that do not have a direct option. Lastly, it
has shown beneficial to define the number of available stopover routes
N(r,,) as number of routes with different stopover stations. This way,
routes with the same origin and destination, but different departing or
arriving airports only count as one contributing route, to avoid a bias
for stopover routes with several different airport options.

4.2. Results for the 2019 network validation

The model is solved as a Mixed Integer Linear Programming (MILP)
problem using Gurobi Optimizer (version 11.0.1) for the 2019 OD-

demand and fleet. The year 2019 is chosen as the last full year without
the impact of the COVID-19 pandemic on the air transportation sys-
tem (Bao et al. 2021). The result is the DOC-optimized passenger-to-
aircraft-to-flight network configuration given defined constraints. Com-
pared with the actual, non-optimized network from Section 3.7, the
results show a good overall fit, as depicted in Table 1, Figs. 6 and 7.
The model explains >91 % of the variation in passengers per route, and
>98 % in passengers per airport. Mean absolute error (MAE) per route is
approximately 40,000 passengers. The number of flights per route also
show a lower, but acceptable model fit at 87 %.

To compare both network topologies, only intra-European connec-
tions are considered. Also, a link is only considered if it exceeds a thresh-
old of 26 flights per year (one-way, indicating at least a bi-weekly sched-
ule), to make differences between the networks clearer.® Similar to the
passenger and flight volumes, the resulting centrality measures demon-
strate a high R? (see Fig. 7), indicating high similarities in network struc-
ture between model and actuals. Average degree increases by +1.2 %,
from appr. 23.3 to 23.5, suggesting a slightly higher average connec-
tivity. Notably, the average degree for the top-50 metropolitan stations
increases by +6.8 % from 125.3 to 133.8, indicating an overweight for
already highly connected airports. Average flow betweenness centrality
decreases by -8.2 %, but this is mitigated for the top-50 nodes (-2.9 %),
in line with the degree distribution. This indicates a lower likelihood
for an average node to be located on the shortest path between uncon-
nected nodes and reinforces the hypothesis of overweight connectivity
for already highly connected nodes in the modelled network vs. the rep-
resentation of the actual network.

The model is able to explain 85.8 % of the variation in closeness
centrality, an indicator representing the accessibility of an airport in a
network, depending on its mean shortest distance to other nodes. Close-
ness centrality increases by +0.9 % on average, and +2 % for the top-
50 nodes. This means, the model tends to overestimate closeness, es-
pecially for already highly connected nodes, confirming findings from
prior indicators. The model explains 96 % of the variation in eigen-
vector centrality, a measure of importance of a node in the network
depending on the passenger flow. Average eigenvector centrality in-
creases by +1.2 %. It can be observed that the eigenvector centrality
of multi-airport metropolitan areas, such as Paris PAR, Milan MIL, or
Moscow MOW, is overestimated, while it is underestimated for single-
airport metropolitans, such as Amsterdam AMS, or Frankfurt FRA. Not
incorporating airline presence as well as levelized stopover flows might
be further contributing factors to deviations in eigenvector centrality,
which all need to be considered when evaluating future projections of
the network.

6 The resulting 640 nodes and 7,537 links account for >99% in DOC, number
of flights, ASK/RPK and passenger volumes compared to total intra-European
values.
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Table 1
Model results for the 2019 network.
Total Europe
Absolute Relative R? MAE Absolute Relative R? MAE
Passengers [bn] 1.36 100% 91% 4.09E-05 1.01 100% 93% 2.76E-05
No. Flights [m] 9.70 99% 87% 3.53E-07 7.93 98% 87% 2.83E-07
DOC [€54,4 bn] 181.3 98% - - 86.1 103% - -
Aircraft [#] 7,605 101% 4,834 98%
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Fig. 7. Comparison of various network centrality indicators, model vs. actuals.

4.3. Forecast to 2050

At first, the forecast will be constructed using standard parameter
settings and with modal shift. This also includes the introduction of
a zero carbon emissions regional aircraft with 75 seats and 1,000 km
range. This scenario assumes a full battery-electric powertrain for this
aircraft with maximized energy efficiency to calculate DOC for an ex-
treme case. It is however realistic to assume that this is replaced or

7 CA = Central Asia, ME = Middle East, NA = North America, AF = Africa.

complemented by hybrid-electric or hydrogen fuel-cell powertrains that
have lower, but still superior energy efficiency compared to conven-
tional powertrains. These aircraft types are also believed to pave the
way for narrowbody hydrogen aircraft in terms of technological and in-
frastructural development. The initial results show that passenger vol-
ume increase by +79 % compared to 2019, reaching 2.42 bn passenger-
legs (see Table 2). This is lower than the cumulative demand growth
(+86 %) as a share of the network is shifted towards ground transporta-
tion. Direct operating costs grow slightly above the passenger growth
rate since increasing fuel prices counterbalance fleet efficiency savings.
At the same time, number of aircraft and number of flights increase
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Table 2
Results of the 2050 forecast in the standard scenario.
Total Europe
2050 2019 Change 2050 2019 Change
ASK [tr] 7.08 3.85 +84 % 2.64 1.44 +84 %
Passengers [bn] 2.42 1.36 +79 % 1.77 1.01 +76 %
No. Flights [m] 15.75 9.70 +62 % 12.15 7.93 +53 %
DOC [€59;9 bn] 337.64 181.33 +86 % 162.85 86.09 +89 %
Aircraft [#] 13,620 7,605 +79 % 7,724 4,834 +60 %
CO, Emissions [Mt] 328.45 272.13 +21 % 141.19 106.81 +33 %

by +79 % and +62 %, respectively. This is a result of an upsizing of
the average aircraft capacity in the fleet forecast, airport capacity con-
straints, and modal shift. Within Europe, growth in number of aircraft
and flights is even more restricted, growing only by +60 % and +53 %,
respectively. This also carries an increased growth in direct operating
costs within Europe compared to the system level. Noteworthy, airport
capacity constraints outside of Europe are not included in the model.
CO, emissions growth is only a fraction of passenger growth (+21 %
on system level), due to a substantially more fuel-efficient fleet, modal
shift, and introduction of zero-emission regional aircraft.® Within Eu-
rope, this dynamic is less pronounced (+33 %), with one explanation
being airport capacity constraints.

Fleet upsizing can be observed by the average number of seats in-
creasing to 197 per aircraft (+3 compared to 2019). For narrowbody
aircraft, the number increases from 160 to 180, and for widebodies from
296 to 334. In this scenario, the dominant aircraft type by 2050 is the
narrowbody neo generation with 52 % of the fleet in Europe. The fleet
share of widebodies decreases further, from 25 % to 14 %. The most used
narrowbody aircraft type is the A321neo (2,574 aircraft), and the most
used widebody aircraft is the 320 seat HECA (1,086 aircraft). The airport
with most movements is projected to be Amsterdam AMS (718,113), fol-
lowed by Istanbul IST (716,688), and Paris CDG (619,713). Barcelona
BCN is the largest of nine airports that reach the flight movement capac-
ity limit in the projected scenario. In fact, five metropolitan aera stations
reach their capacity limit (BCN, DUB, GVA, TBS, VIE). In these stations,
growing demand can only be met by increasing aircraft size.

In an alternative scenario without battery-electric aircraft and
ground transportation substitution, the total number of passenger-legs
is increasing due to no modal shift. This is especially observable on short
routes in dense areas (Central Europe). Especially the Frankfurt FRA air-
port would have a much higher growth in flight movements (+86,000
flights in total) with the same number of passengers passing through the
node. The overall impact is an increase of +2.7 % in number of flights,
-1.1 % decrease in aircraft required, and an increase of +2.6 % in CO,
emissions. This scenario will however not be covered further.

5. Hydrogen aircraft introduction
5.1. Hydrogen aircraft configurations

Table 3 summarizes the different narrowbody hydrogen aircraft in-
troduction scenarios. The introduction of narrowbody hydrogen aircraft
is expected to follow the introduction of smaller hydrogen-powered air-
craft types for regional applications, which are already part of the stan-
dard scenario (refer to Section 4.3). The study focuses on narrowbody
aircraft as the carbon emissions reduction potential for regional aircraft
types is very limited. The different aircraft configuration scenarios be-
low are based on a comprehensive study on minimum aircraft require-
ments for a narrowbody hydrogen aircraft from a network perspective

8 In this study, CO, emissions are gross emissions, without incorporating the
net CO, footprint of fuel production.

10

with the overall objective of reducing carbon emissions.’ The scenarios
include two fuel-cell electric hydrogen aircraft options and three hy-
drogen combustion options with EIS in 2035. Range, number of seats,
weight, thrust, and specific energy usage E,,, were determined based
on existing literature and proprietary assumptions. In general, perfor-
mance parameters are inherited from the parent conventional narrow-
body aircraft type and scaled with respect to the comparative seating
capacity. Detailed explanation for specific assumptions can be found in
Appendix A.6.

5.2. Introduction of hydrogen aircraft in the standard scenario

The introduction of hydrogen aircraft into the air transportation net-
work is simulated for each of the pre-defined hydrogen designs. The
counterfactual against which the network will be compared is a network
with electric aircraft, and ground transportation substitution. Two im-
portant alterations have been added to the network optimization. First,
new stopover routes are introduced for all airports that do have a hy-
drogen supply. This enables new airports to emerge as stopover hubs
if route economics are favourable. Second, the maximum size of the
conventional narrowbody aircraft fleet is reduced to 22 % (-8 p.p.) of
the global fleet to consider both reduced production capacities for con-
ventional aircraft as well as accelerated retirement for older, inefficient
aircraft of current and neo generation in case a hydrogen aircraft enters
the market.

5.3. High-level results

Fig. 8 illustrates the outcome of various network optimizations, de-
pending on the hydrogen aircraft type. Overall, the number of trans-
ported passengers via air increases slightly for every configuration re-
flecting a partial replacement of ground transportation infrastructure.
This is attributable to the chosen representation of ground transporta-
tion costs, which is assumed higher for distances above 300 km. The
underlying rationale is that hydrogen aircraft represent a zero-emission
and travel time reducing alternative to ground transportation for larger
distances. Moreover, there is a considerable rise in both the number of
flights and aircraft required across all configurations. This is a conse-
quence of the lower size of the deployed hydrogen aircraft compared to
conventional aircraft. Accordingly, it can be observed that the higher
the seat capacity, the lower the increase in number of flights and air-
craft becomes. Although LH, price is expected to be lower than the jet
fuel/SAF mix price in the chosen scenario, changes in direct operating
costs (DOC) are negligible. This outcome arises from the lower energy
efficiency of combustion-based hydrogen aircraft on a per seat basis,
along with other increased operating costs, such as capital expenses.
CO, emissions are reduced by -15 to -24 % on a system-wide level,
and by up to more than -50 % for the intra-European network. H2A
demonstrates the highest CO, emissions reduction due to higher seat-
ing capacities and better per-seat economics compared to H1* and H2EB.
The number of required LH, aircraft ranges from 4,430 (HO) to 5,073

9 This analysis will be published separately.
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Propulsion Range

MTOW DOC, E

ca re
Aircraft type EIS type Seats [km] Parent type' OEW [t] [t] [€/ASK’]7 [kV\';/ASK]
HO 2035 Fuel-cell electric 130 1,500 NB120 35.3 50.5 +12 % 5%

H1 2035 Fuel-cell electric 140 2,000 NB150 43.1 61.7 +12 % -5 %

H1+* 2035 Combustion 140 3,000 NB170 45.7 65.3 +12 % +12 %
H2A 2035 Combustion 150 3,250 NB170 48.9 69.9 +12 % +12 %
H2B 2035 Combustion 160 2,500 NB170 55.1 79.1 +12 % +12 %

1 Parent type corresponds to the technological specifications the respective hydrogen aircraft type inherits. All parent aircraft types assumed to be HECA (Hyper
Efficient Conventional Aircraft) generation; NB = Narrowbody; Number corresponds to the number of seats, see Appendix A.6.
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Fig. 8. Relative change of network characteristics for different hydrogen aircraft introductions.

(H1%), implying a substantial production requirement within 15 years
after EIS. In terms of network disruption, the total accumulated abso-
lute change in passengers per route is considerable. It varies between
390-500 m passenger-legs compared to an overall volume of 2.5 bn.
H1t exhibits the lowest level of disruption, potentially attributable to
the greater similarity in configuration to existing aircraft like the A220.
The highest disruption can be measured with H1, followed by HO, which
represent the two fuel-cell electric configurations with the lowest range
and seating capacity.

Differences in passenger- and aircraft-to-flight assignments lead to
changes in network topology as well. Average degree increases by +4-
5 %, indicating a noticeable enhancement in average connectivity. This
is further supported by a +3 % increase in average flow betweenness.
Additionally, average eigenvector centrality shows an increase corre-
lated with the size of the aircraft, with up to +1.6 % growth. This sug-
gests that the average importance of nodes increases with the capability
of the hydrogen aircraft configuration, while HO does not alter the net-
work substantially in this regard. Similarly, closeness centrality exhibits
a more moderate increase of up to +0.3 %, indicating a slightly lower
average mean distance between nodes for more capable configurations.

5.4. Analysis of node groups

Examining deviations among node groups (see Fig. 9) provides in-
sights into how nodes with varying characteristics are influenced dif-
ferently by the introduction of a hydrogen aircraft. A notable dif-
ference emerges for airports with and without LH,-supply (refer to
Section 3.4 for selection of LH, supply). Nodes with hydrogen supply
experience a greater increase in centrality compared to those without.
Moreover, this disparity diminishes as the aircraft size and range in-
crease. This trend is particularly evident for eigenvector centrality, as
well as for node degree and flow betweenness. Specifically, eigenvector
centrality, an indicator of node importance increases by approximately
+5 % for nodes with hydrogen supply, while it decreases for nodes with-
out hydrogen supply by -9 to -15 %. This difference is especially pro-
nounced for scenarios involving hydrogen fuel cell configurations (HO
& H1), where nodes with hydrogen supply substantially increase their
importance. For node degree and flow betweenness, the gap decreases
from 2-3 p.p. to roughly 0.4 p.p. between HO and H2B. Although close-
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ness shows the lowest average change between the standard and hy-
drogen scenarios, it still increases by an average of +0.3 p.p. more at
hydrogen supplied nodes. In summary, it can be concluded that nodes
with LH, supply experience a greater increase in connectivity within the
network compared to those without, and this effect is more pronounced
configurations with lower range/capacity.

Notable differences can furthermore be observed comparing topol-
ogy changes of already highly connected (top-50 in terms of degree)
against the system-level characteristics. On a relative level, the topology
indicators grow less for all hydrogen configuration introductions than
on a system level. Average degree for example grows by +4-4.5 % on a
system level, while only increasing by +1.7-2.3 % for the top-50 nodes.
Due to the higher baseline, the absolute gain is still higher for the top-
50 nodes, at +2.1-3.1 compared to +1.0-1.1 on system level. While this
could be a result of the defined threshold of 26 flights p.a. that is increas-
ingly met with the introduction of smaller aircraft, it shows a qualitative
trend of hydrogen aircraft enabling smaller nodes to economically estab-
lish more frequent connections. This is supported by the development
of eigenvector centrality, as well as flow betweenness, which both grow
less on relative and absolute terms for the top-50 nodes. Especially HO,
but also H1* & H2” show a notable difference for relevant centrality
indicators on system level compared to the top-50 nodes. This dynamic
will be called decentralization of the network.

5.5. Discussion of results for H1

To examine the network changes more granularly, the hydrogen in-
troduction with the highest network disruption, H1, is examined more
closely. H1 represents the 140 seat, 2,000 km range fuel-cell electric
aircraft. Observing the fleet development, the introduction of H1 forces
the retirement of all remaining B737MAX?7, A220, A330neo, and 60 %
of the 120-seat narrowbody-HECA aircraft. H1 hence replaces aircraft of
comparable size while phasing out larger, less efficient aircraft, allow-
ing more efficient ones to cover longer routes. H1 also captures 27 %
of ground transportation ASKs due to its favourable economics for dis-
tances over 300 km. This results in H1 comprising 34 % of the over-
all fleet in Europe, decreasing the average seating capacity per aircraft
substantially and requiring more aircraft and flights to meet the same
demand.
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Fig. 10. Intra-European flight network development resulting from introduction of H1 (top-300 routes depicted, top-20 airports annotated, measured in absolute
change).

Fig. 10 illustrates the changes in number of flights per route and air- reach their capacity limit, with six more approaching it closely (>92 %
port when deploying H1 compared to the standard scenario. Notably, of capacity limit, most notably including LON, PAR & FRA). A topo-
major nodes with hydrogen supply experience a growth in flight move- graphical illustration of passenger and flight changes for all other con-
ments, while others without hydrogen supply, like MOW, TBS or I1ZM, figurations can be found in Figs. 15 and 16 in Appendix A.7.
see a decline in flight volumes. Stations with hydrogen supply nearby Fig. 11 shows the station-wise development of flights and stopover
absorb stopover volumes from these nodes, like RIX or VNO for MOW. passenger volumes with the introduction of H1, as function of the lo-
Airports with capacity constraints such as VIE or DUB witness a decrease cal LH, price. Especially flight movements show a negative correlation
in passenger volume (-12 to -15 %). Overall, 14 metropolitan-area nodes with LH, price if the station is not capacity constrained before. In terms
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Fig. 11. Change in stopover passenger and flight volumes after introduction of H1 depending on local LH, price and airport capacities (only hydrogen-supplied

airports).

of stopover passengers, the correlation is less evident. This can be ex-
plained by the large share of passenger volumes to and from outside of
Europe, for which H1 is not a viable option, and hence hydrogen price
is less relevant. It can however be observed that capacity constrained
airports lose stopover passenger volume with the introduction of hydro-
gen aircraft, as a result of new, more economic options being available at
airports with hydrogen supply. The three stations with highest stopover
volume increase, ALC, BSL and RIX, are characterized by hydrogen sup-
ply, sufficient growth potential, and a geographically favourable loca-
tion as stopover for extra-European routes. ALC for example shows a
relatively low LH, price, is located close to North Africa, and within the
H1 range of many stations in North/Central Europe. A similar dynamic
is evident for RIX/VNO for routes to Eastern Asia, which leads to a much
more economically attractive option as stopover than MOW which has
no hydrogen supply. Both examples represent a favourable hydrogen
replacement for nodes that are capacity constrained (BCN) or without
hydrogen supply (MOW). Although different in quantity, the described
dynamics can be qualitatively observed across all different hydrogen
aircraft configurations.

5.6. Alternative scenarios

Four different alternative scenarios deviating from the standard pa-
rameters are examined in detail in this Section, before discussing four
further sensitivity analyses on a high level. It is emphasized that al-
though these scenarios are investigated in isolation, it is possible for a
combination of multiple scenarios to develop, with varying influence of
each of the considered variables.

The first main alternative scenario (AS1) investigates a world in
which more battery-electric aircraft are available within Europe, namely
1,525 aircraft instead of only 525. This simulates a considerable uptake
in regional aircraft adoption compared to the current network based
on the increased economical benefits of battery-electric aircraft and
reflects a potential stimulation of the regional aircraft market follow-
ing the introduction of novel aircraft technology (Henke et al. 2010;
Grimme et al. 2020). The second (AS2) introduces the process of tanker-
ing. Tankering refers to the practice of carrying more fuel than required
for the planned flight to avoid refuelling at the destination airport. Oper-
ators make use of this strategy if fuel prices between airports differ sub-
stantially. Next to fuel price differences, following this strategy can be
even more beneficial for hydrogen than for conventional aircraft since
the additional weight penalties are much less severe (Huete et al. 2022).
Moreover, the lack of hydrogen supply at certain stations, especially in
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the early phases, of the hydrogen adoption process makes tankering es-
sential to integrate these stations (Wiener et al. 2023). For this scenario,
hydrogen aircraft can reach airports that do not have hydrogen supply if
the route distance does not exceed half of the respective aircraft range.
The second change is that for all routes, the lower hydrogen price of
both airports is used for both legs. The third alternative scenario (AS3)
simulates a relaxation of airport capacity constraints by +50 %. This
hypothetical scenario explores a world in which airport capacity con-
straints are overcome, partly as a result of increased public acceptance
towards airport extensions. This is especially interesting as quantifying
the influence of airport constraints may add value to a potential dis-
cussion about airport extensions in favour of increased sustainability.
Finally, the last alternative scenario (AS4) investigates jet fuel/SAF mix
price reduction of -15 %. This projects a development in which the ETS
price is lower than expected and/or production costs of PtL SAF are
substantially reduced. This reflects the circumstance that fuel and emis-
sions price development is highly uncertain while being central to the
adoption of hydrogen aviation.

Fig. 12 illustrates the resulting changes for all of the four scenarios.
It shows the absolute deviation in changes to various model parame-
ters induced by the introduction of the corresponding hydrogen aircraft
configuration. It is important to note that the baseline of the percentage-
change is different for each scenario.

In general, the deviation remains below +5p.p., indicating a robust
standard scenario. Direct operating costs deviation only increases for
AS4 (+1p.p), as the relative cost of deploying hydrogen aircraft in-
creases. Higher CO, emission savings can only be achieved in AS2 with
tankering. All other scenarios have a weakening effect on CO, emissions
reduction. Deviation in number of flights and aircraft deployed increases
with AS1 & AS3, while it decreases with AS4. As the impact on network
topology in all alternative scenarios is limited, the discussion will be
limited to measures depicted in Fig. 12.

Increasing the number of available 75-seat, 1,000 km-range battery-
electric aircraft within Europe to 1,525 instead of 525 (AS1) results in a
notable rise in both the number of flights and aircraft, even without the
introduction of hydrogen aircraft. The system-level number of flights in-
crease by +6 %, and the number of deployed aircraft increase by +4 %
(equivalent to +586 aircraft), indicating considerable strain on flight
movements. CO, emissions savings on system level sum up to -2 % (-7
MtCO,). Despite the heightened pressure on airport capacities, the over-
all changes induced by the introduction of hydrogen aircraft are similar
to the standard scenario. This observation reinforces the importance of
introducing narrowbody hydrogen aircraft additional to battery-electric
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Fig. 12. Deviation of parameter changes for alternative scenarios compared to the standard scenario.

regional aircraft. The hypothesis is further supported by a relatively min-
imal deviation in changes for AS1, except for mitigating CO, emissions
reduction of H1* by 0.7 p.p. on system-level. A counterintuitive find-
ing is the higher increase in flights and aircraft for H2A & H2® com-
pared to the standard scenario, while HO even shows a lower increase
in flights and aircraft. This trend emerges from higher-capacity hydro-
gen aircraft replacing a greater number of widebody than narrowbody
aircraft compared to the standard scenario, as electric aircraft already
cover the lower-capacity & -range segment.

Introducing a tankering option (AS2) brings several interesting
changes to the network. The CO, emissions reduction is enhanced by
between -2 to -4 p.p. as hydrogen aircraft can be deployed on more
routes. Especially the potential of H22 is enhanced, potentially as a re-
sult of the highest design range and the potential to cover the most
additional routes. It however requires 6,154 aircraft to reach this level
of emissions reduction, the highest number of hydrogen aircraft for all
scenarios. Since the lower LH, price of any two connected stations can
be leveraged, direct operating costs are lowered. Especially the fuel cell
electric variant H1 shows an additional cost reduction by -0.5 p.p. Num-
ber of aircraft and flights however increase even more than in the stan-
dard scenario, by +3 to +5 p.p. This means an increase of +21 % in
flight movements for HO, which would strain the air transportation sys-
tem considerably. Overall, tankering represents a good opportunity to
leverage the advantages of hydrogen in the beginning, but additional
emissions and cost gains also imply a high number of flights and air-
craft required.

Increasing assumed airport movement capacities by +50 % (AS3)
also shows an elevated level of changes in the impact hydrogen aircraft
have on the network. Number of aircraft and flights would increase sub-
stantially more than in the standard scenario (+1-5 p.p.), as the network
has more leeway to grow using the most efficient routes and airports.
This also has a positive impact on direct operating costs, decreasing by
up to -0.1 p.p. As expected, this dynamic is dampened by increasing
capabilities of the aircraft, as less additional flights and aircraft are re-
quired for configurations with more seats and range.

The impact of a -15 % reduced jet fuel mix price (AS4) can be ob-
served mainly on system-level direct operating costs, decreasing by -5 %
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in the baseline (without hydrogen aircraft). At the same time, CO, emis-
sions increase by +0.4 % as the penalty for burning jet fuel is lower. Ac-
cordingly, the impact of introducing hydrogen aircraft has a lower effect
on DOC and CO,, emissions reduction, since the economic parity point is
shifted in favour of conventional aircraft types (+0.3 to +1.0 p.p.). Num-
ber of flights and aircraft are also increasing less than in the standard
scenario. Notably, this effect is increasing for higher range/capacity con-
figurations by up to -3 p.p. for H2® as the impact of fuel prices is higher
for longer-range routes.

As a last step, four additional sensitivities are qualitatively discussed
in less detail (see Fig. 13). These serve to quantify the effect on the
result if key assumptions are modified. The first sensitivity simulates a
reduction of available hydrogen aircraft due to production bottlenecks
to 2,750, implying a monthly production rate of 25 aircraft over ten
years (with eleven productive months). The same effect could emerge if
EIS is delayed by five years to 2040. Not surprisingly, this approximately
halves the effect of introducing hydrogen aircraft on all levels, including
CO, emissions reduction, flights & aircraft increase, as well as topology
indicators. It can be concluded that a high number of hydrogen aircraft
(>5,000) needs to be produced within the aspired time frame in order
to leverage the emissions reduction potential.

A similar result evolves when limiting the number of airports that
offer hydrogen supply based on the assumption that, especially in the
beginning, not all airports will have built up a green hydrogen value
chain. A limitation of the hydrogen supply to the top-30 airports by
movements in 2019 dampens the emissions reduction to -6 % at best
(using H1* or H2A). Since a large share of demand occurs at these air-
ports, the dampening effect would be even higher if the same number
of other, smaller airports would only have LH, supply instead of the
top-30. The effect is however mitigated when enabling tankering. This
combined scenario (tankering + top-30 nodes with LH, supply) achieves
only -2.5-7 p.p. less emissions reduction than the standard scenario. Es-
pecially the impact of H22 is similar to the standard scenario, while the
impact of HO is substantially reduced.

The fourth scenario excludes the use of ground transportation both
with and without hydrogen aircraft to investigate the role of modal shift.
In this scenario, the number of aircraft required to service ground trans-
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portation routes are increased but the additional number of flight move-
ments induced by the introduction of hydrogen aircraft are reduced. This
is a result of the high number of flights required without hydrogen air-
craft already to service the low-distance routes previously covered by
ground transportation. CO, emissions would be both on a higher level
in general, but also be less impacted by the introduction of hydrogen
aircraft. The replacement of short routes with zero-emissions transporta-
tion can therefore even be seen beneficial to leverage the potential of
hydrogen aircraft on longer, more polluting routes.

6. Conclusion and outlook

The aim of this study was to investigate the impact of introduc-
ing first-generation narrowbody hydrogen aircraft on the passenger air
transportation network in Europe. To achieve this, a network model was
developed based on the 2019 air transportation network, utilizing com-
plex network modelling and linear optimization techniques. The results
of this analysis can be summarized into three main findings.

First, the study demonstrated the feasibility of reconstructing the
passenger air transportation network by minimizing direct operating
costs without considering airline-specific factors or revenue/air fares.
The model was able to explain 93 % of the variation in passenger vol-
umes per origin-destination pair within Europe and >96 % of the varia-
tion in relevant centrality measures, including degree, eigenvector, and
flow betweenness centrality. This finding is compelling from two dif-
ferent perspectives. First, it represents a novel, simple, and holistic ap-
proach to describing the air transportation network, which could have
applications beyond the scope of this study. Second, despite airlines aim-
ing for their local cost optimum within their path-dependent operational
constraints (e.g., available fleet), competition amongst airlines appears
to drive their actions towards a global optimum. This observation is
supported by the relatively low profitability that most airlines achieve
(IATA 2020Db).

The second finding revealed that the introduction of first-generation
narrowbody hydrogen aircraft will have a considerable impact on the air
transportation network, contingent upon the aircraft design in terms of
seating capacity and range. With low capacity and range, flight volumes
will increase substantially, intensifying strains on airport capacities and
airspace, potentially leading to heightened congestion and delays. Si-
multaneously, this surge in flights would enhance average connectivity
and decentralization of the system. Consequently, the introduction of
hydrogen-powered aircraft not only contributes positively to emissions
reduction, but also enhances passenger connectivity. However, achiev-
ing a large hydrogen fleet of appr. 5,000 aircraft by 2050 demands
considerable efforts in aircraft development, production ramp-up, and
accelerated retirement of the existing fleet — all of which is based on
the premise of competitive operating costs compared to conventional
propulsion. This underlines the need for concerted efforts from policy-
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makers to incentivize the transition towards hydrogen aviation and from
industry to advance technological and infrastructural development.

Third, the study also showed that nodes with hydrogen supply ben-
efit from the introduction of hydrogen aircraft, particularly in terms of
flight movements. This effect is especially notable for airports near ma-
jor hubs that are either capacity-constrained or lack favourable supply
of LH,. This presents an opportunity for smaller airports with favourable
LH, supply to invest in hydrogen infrastructure. However, no correla-
tion was found between the specific LH, price at the dispenser and in-
crease in stopover volumes. This could be attributed to the relatively low
share of fuel cost on short-to-medium distance routes, for which hydro-
gen aircraft designs in this study have been limited to. Nonetheless, this
dynamic could shift with the introduction of potential long-haul hydro-
gen combustion aircraft.

Based on the outlined limitations of the modelling methodology, fu-
ture research could enhance the model by

« including air fares to enable optimization of system profit,

« assessing airline-specific externalities to increase model fit,

« including supply-demand interactions,

» enhancing hydrogen aircraft performance characteristics including
advanced aircraft design modelling, and

extending the model scope to include other regions or aircraft con-
figurations.
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Table 4
Abbreviations.
Abbr. Explanation Abbr. Explanation
°C Degree Celsius MAE Mean Absolute Error
ASK Available Seat Kilometer MIDT Marketing Information Data Transfer
bn billion MILP Mixed Integer Linear Programming
ceo Classic Engine Option MRO Maintenance Repair & Overhaul
CO, Carbon Dioxide Mt Megatons
DLR German Aerospace Center MTOW Maximum Take-off Weight
DOC Direct Operating Cost NB Narrowbody
EIS Entry-Into-Service date neo New Engine Option
etc. et cetera NOy Nitrogen Oxide
ETS Emissions Trading Scheme oD Origin-Destination
GDP Gross Domestic Product OEW Operating Empty weight
h hour p-p. Percentage points
HECA Hyper Efficient Conventional Aircraft PR Production Rate
IATA International Air Transport Association PtL Power-to-Liquid
ILR Institute of Aerospace Systems, RWTH Aachen University ~ R? Coefficient of Determination
K Kelvin RPK Revenue Passenger Kilometer
k Thousand SAF Sustainable Aviation Fuel
kg kilogram SK Seat Kilometer
km Kilometer t metric tons
kw kiloWatt tn trillion
kWh kilo Watt hours WB Widebody
LH, Liquid Hydrogen XLR Extra Long Range
m Million
A.2. Network analysis
Table 5
Network analysis metrics.
Category Explanation Variable Formula Further information Source
N
Degree Number of links connected to a node i d; Y a; a;; is the value of link ij in the Sallan and Lordan (2020)
/= adjacency matrix
Degree distribution Provides information about the P(d) % N, is the number of nodes with
Cumulative degree connectivity distribution across the P, (d) E’: P’ degree d
distribution network K=k
Betweenness centrality Ability of a node to stand between two C,(i) U‘;—(') o,, represents the number of Freeman (1977),
others. Measures the likelihood of being JHgteN shortest paths between j and g Guimera et al. (2005)
on the shortest path between two passing through i, for j, geN
unconnected nodes.
Flow Betweenness Weighted betweenness centrality based on Fy(i) 75, (i) 7,,(i) is the passenger flow Cheung et al. (2020)
passenger flows. Conceptualizes system as JreieN through node i between origin j
electrical network with links as resistors, and destination g
and nodes as junctions connecting the
resistors. The significance of a node’s flow
betweenness is linked to the volume of
“current” traversing through it.
Closeness centrality Measures the “accessibility” or proximity C,(i) ):,Ni_ulm(,,) Dist(i, j) is the aggregated path Newman (2005),
of a node in a network. il distance Malighetti et al. (2008)
Eigenvector centrality Importance of a node by incorporating the Cg(i) A # 0 is the largest eigenvalue, W Cheung et al. (2020)

importance of its connected neighbors.

$ ZW,Ce()
J

is the passenger flow matrix
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A.3. Fleet forecast
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Table 6

Production rates (PR) per year [#p.a.] for current aircraft types.
Aircraft type 2019 actuals’ PR target mid-2020s” Assumed at base year® End-of-prod.
A220 48 154 (14 p.m.) 140 2035
A319neo/A320neo 383 825 (75 p.m.) incl. A321neo 313 2035
A321neo 168 405 2040
A330neo 41 44 (4 p.m.) 43 2045
A350 112 99 (9 p.m.) 103 2040
ATR42/72 60 80 60 >2050
B737 MAX7-9 57 575 (50 p.m.) incl. MAX10 411 2035
B777 45 46 (4 p.m.) 45 (777X) 2025
B787 158 115 (10 p.m.) 102 2040
E175 67 100 incl. E190/95 35 2030
E190/95 E2 14 46 2035
Other Jet 63 - 118 >2050
Turboprop 25 - 46 2030

! Based on TEAL 2023.

2 Based on Airbus 5/27/2021, 7/26/2023; ATR 3/30/2023; Aviation Week 6,/12/2023; Boeing 2023; assuming a 11-month production period per year at Airbus,

and 11.5 month at Boeing.

3 Base year = 2026; Based on TEAL 2023; PR = Production rate p.a.

Table 7
New aircraft type EIS assumptions until 2050.

Aircraft type Seat capacity PR at base year!? EIS Range [km] Reference aircraft

B777X 400 45 2025 16,000 -

A321XLR 206 50 2024 8,300 -

B737 MAX10 204 158 2024 6,100 -

E-Aircraft 75 75 2030 1,000 ATR72

Narrow-body HECA 90 36 2040 3,000 E170/75 E2
120 46 2040 4,000 E190/95 E2
150 98 2040 5,000 A319neo
170 211 2035 7,000 B737MAX7
180 427 2035 6,000 B737MAX8
200 204 2045 8,500 A321XLR
235 408 2045 6,500 A321neo

Widebody HECA 320 266 2040 16,000 A350-900
400 72 2045 15,000 B777X

1 Reference aircraft is the aircraft which the new generation replaces, and of which modified specifications are based on. Change in specifications include MTOW,
OEW, Thrust, and Engine weight; PR = Production Rate HECA = Hyper-efficient conventional aircraft (next-generation turbo-engine).

A.4. Direct Operating Costs

Table 8
Calculation formula for DOC building blocks.
Category Explanation Variable Formula
R . oT,,  _ POT,,-DT,,
Utilization Flight cycles per year FC W‘;Sm = Wsw”ﬂ
—0.1h, FT <4h
Utilization Block time supplement BT S(FT) 183+ FT —4.1h, 4h < FT <5.7h
1.5h, FT >5.7h
Fuel Fuel cost DOCy,, TF P, - FC
Fees Fees DOCy,,, boC,;, + DOC,, + DOC,,,
Fees Landing fees DOC,y, Ky MTOW - FC
Fees Ground handling fees DocC,, K, -PL-FC
Fees Navigation fees DOC,,, Ky - D/100- (/ MIO . pC
Fees Payload PL PL,, + PLcgyy,
Fees Passenger payload PL,,, Rgeats * LF pax * PLyingle pax
Fees Cargo payload PLcargo LF corgo - (MTOW — OEW — BF — PL,,,)
Fees Block fuel BF TF-1.1
Maintenance Maintenance costs DOC,in:. DOC o + DOC 4 o, + DOCppg
Maintenance Airframe material DOC 4p (OEW -(0.21- FT +13.7)+57.5) - FC
Maintenance Airframe personnel DOCAFVPE, LR-(1+ B)-[(0.655+0.01-0EW)- FT +0.254 +0.02- OEW]- FC
Maintenance Engine maintenance DOCgyg (Ngng - (1.5-SLST +30.5- FT 4+ 10.6)) - FC
Crew Crew cost pboc,,,, CC -(Spp-npp-Ngp +Spe)
Capital Capital cost boc,,, (Pogw " (OWE =W igng - Npng) + Peng - Wieng - Neng) - @+ fing)
fay (="
Capital Annuity rate a IR %

T
1= 1+IR

1 Includes +10% of the required trip fuel for contingency & holding/diversion, see Janovec et al. 2023.
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Table 9
Assumptions for direct operating costs.
Category Explanation Variable Unit Assumption Source
Utilization Operating time p.a. oT,,. h var Scholz, Thorbeck (2013)
Utilization Potential operating time p.a. POT,, h 365 - 24 = 8760
Utilization Forced downtime p.a. DT, h 2748.8
Utilization Flight time FT h var European Environment Agency (2019)
Fuel Trip fuel TF kWh var
Fuel Fuel unit cost P €3019/kWh var Network model
Fuel Energy factor LH, frma % / kfy—”; 2.78 Adler and Martins (2023)
Fuel Energy factor El fEL ’% / k;/_r;; 0.33 Hospodka (2021)
Fees Landing fee coefficient Kigg €20107kg 0.01 Scholz, Thorbeck (2013)
Fees Maximum take-off weight MTOW kg yar Fleet model
Fees Operating empty weight OEW kg var
Fees Ground handling fee rate Kigq €20107kg 0.1 Scholz, Thorbeck (2013)
Fees Belly cargo load factor LFcurg - 0.4 Mota et al. (2017), IATA (2020b, p. 33)
Fees Number of seats Myears - var Fleet model
Fees Passenger load factor LF,,, - 0.826 IATA (2020a)
Fees Passenger weight incl. luggage PLgre pax kg 100 Scholz, Thorbeck (2013)
Fees Navigation unit rate K. €3010/km { 16.;0: If f 33’(%2? Proprietary, based on
’ Scholz, Thorbeck (2013)
Fees Flight distance D km var Network model
Maintenance Labor rate LR €3010/h 50 Scholz, Thorbeck (2013)
Maintenance Cost burden B - 2
Maintenance Number of engines Nine - var Network model
Maintenance Sea level static thrust SLST kN var
Crew Number of crews per aircraft cC - 6 Proprietary, based on
Scholz, Thorbeck (2013)
Crew Number of flight attendants per aircraft Npa 1/seats 1/50, Scholz, Thorbeck (2013)
Npp - Moears € NT
Crew Average yearly salary of one flight Spa €010/ yeAT 60,000
attendant
Crew Average yearly salary of the cockpit crew Sre €010/ year 300,000
Capital Price per kg OEW Powr €5010/kg 1,150
Capital Price per engine weight Ppng €3010/kg 2,500
Capital Insurance rate Sins % 0.5
Capital Interest Rate IR % 5
Capital Share of the residual value of the aircraft Srv % 10
price at sale
Capital Depreciation rate DP years 14
Capital Engine weight Wene kg var Fleet model
A.5. Flight bundling
Europe

North

West

Latin
America

Asia Pacific

Fig. 14. Extra-European flight bundling by region.
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A.6. Airport hub categorization

Table 10

Airport hub categorization.

Journal of the Air Transport Research Society 3 (2024) 100029

Hub category

Explanation

IATA codes

Airline hubs

Intra-European hubs

Extra-European hubs

Hydrogen hubs

Primary and secondary hubs of all European full-service carriers. Can
serve as stopover on all demand items.

Top 50 airports (excl. airline hubs) by movements in 2019. Can serve as
stopover on intra-European demand items.

Airports that show higher extra-European passenger volume than demand
in 2019. Can serve as stopover on extra-European demand items.

Airports that are expected to have hydrogen supply by 2050 in the
standard scenario (based on Wiener et al. 2023; Hoelzen et al. 2023, see
Section 3.4). Can serve as stopover on all demand items in the hydrogen
EIS scenarios.

AMS, ARN, ATH, CDG, CPH, DUB, FCO, FRA, HEL, IST, KBP, KEF, LGW,
LHR, LIS, MAD, MUC, SVO, VIE, WAW, ZRH

ADB, AGP, ALC, ALG, AYT, BCN, BER, BGO, BGY, BHX, BLQ, BRU, BSL,
BUD, CGN, CTA, DME, DUS, EDI, ESB, GLA, GVA, HAM, KBP, LCY, LED,
LGW, LIN, LPA, LTN, LYS, MAN, MRS, MXP, NAP, NCE, OPO, ORY, OSL,
OTP, PMI, PRG, RIX, SAW, STN, STR, TEN, TLS, VCE, VKO

BEG, BUH, CGN, GYD, HAJ, LEJ, OVB, PRG, SVX, TBS, VVO, ZAG

AAL, ABZ, AGP, ALC, BCN, BER, BGO, BGY, BHX, BIA, BIO, BLL, BLQ, BOD,
BOO, BRE, BRI, BRU, BSL, BUD, CAG, CHQ, CTA, DBV, DRS, DUS, EDI, EIN,
EVN, FAO, FNC, GLA, GOT, GRO, GRZ, GVA, HAM, HER, IBZ, JMK, JTR,
KGS, KRK, LCA, LGW, LIN, LTN, LYS, MAH, MAN, MLA, MMX, MRS, MXP,

NAP, NCE, OLB, OPO, ORY, OSL, OTP, PMI, PUY, RHO, RIX, RJK, SCQ, SJJ,
SKG, SOF, SPU, STN, STR, SVG, SVQ, SZG, TIA, TLL, TLS, TOS, TRD, TRF,
VCE, VLC, VNO, ZAD

A.7. Hydrogen aircraft EIS assumptions

The operating empty weight (OEW) of hydrogen aircraft is increasing compared to the conventional aircraft due to additional weight of
the cryogenic storage system and its integration in the fuselage. Hoelzen et al. (2022, p. 3114) assumes an operating empty weight increase by
+20 % for a short-range and 25.7 % for a medium-range design. However, the maximum take-off weight (MTOW) only increases by 4.6 % and
2.3 %, respectively, since the total fuel mass is lower while passenger payload remains constant. The concepts in a study by Mukhopadhaya and
Rutherford (2022) also show an increased OEW by +32 % for the turboprop version and +26 % for the narrowbody jet version, both assuming a
tank gravimetric index of 35 %. MTOW for these concepts increases by +10 % for the turboprop design and decreases by -3 % for the narrowbody
design. Verstraete (2009) assumes a -25 % MTOW reduction for a long-haul aircraft, while the Cryoplane study (Airbus Deutschland GmbH 2003,
p. 3) assumes an increase of +23 % in OEW, while MTOW changes between +4.4 % and -14.8 %. Given the absence of a clear correlation with
the range and capacity of the aircraft, the study will take the average increase in OEW of +24 % for all aircraft types and assume no change in
MTOW, compared to the assigned parent type. Engine thrust and weight will therefore also not change as it is designed to meet the MTOW take-off
requirements. These estimations concern hydrogen combustion aircraft. Very few studies exist for the weight implications of a fuel-cell powered
electric aircraft, although a smaller hydrogen tank capacity can be assumed due to the higher energy efficiency (see below). The weight of the
propulsion system itself depends heavily on the gravimetric power density of future fuel cell stacks, and is therefore subject to high uncertainty.
Kadyk et al. (2018) estimate a -22 % decrease in overall weight of the energy system compared to current jet fuel aircraft if future light-weight,
high-power fuel cell technology is realized. Accordingly, a -20 % weight discount is factored in for the fuel-cell technology aircraft types.

Specific energy usage (E,,,) depends strongly on the tank gravimetric index. Adler and Martins (2023, p. 5) show that the specific energy
usage compared to conventional jet fuel aircraft decreases with the gravimetric index and meets the jet fuel line at an index of approximately 55 %.
Additionally, the delta above and below the “tipping point” increases with design range. The underlying reason is that beyond the “tipping point”,
the specific energy advantage of hydrogen outweighs the drawbacks of increased aircraft weight due to the tank, and this effect increases with the
amount of fuel being used. Hoelzen et al. (2022, p. 3114) estimate the specific energy usage to increase by +12 % for a short-range, and +18 % for
a medium-range hydrogen combustion aircraft, using gravimetric indices of 40 % and 50 %, respectively. The authors explain the reduced energy
efficiency due to increased drag from the longer fuselage, as well as the increased mass attributed to hydrogen tanks and the subsequent structural
snowball effects. Mukhopadhaya and Rutherford (2022, p. 15) calculate an energy demand increase of +8-20 % for a 70-passenger turboprop and
+13-36 % for a 165-passenger narrowbody aircraft, depending on the tank gravimetric efficiency, using 20 % on the lower end and 35 % on the
higher end. Using high gravimetric indices, Verstraete (2013, p. 14824) and Jani¢ (2014, p. 16435) both predict the fuel efficiency for a long-range
combustion hydrogen aircraft to be -11 % lower than for a conventional long-range jet fuel aircraft. Lastly, the Cryoplane study (Airbus Deutschland
GmbH 2003, p. 13) estimates specific energy consumption to change between +10 % and +9 % for a medium- and long-range aircraft up to +34 %
for a business jet.

Again, these studies only consider hydrogen combustion technology. Studies on energy efficiency of aircraft using fuel cell electric propulsion
are scarce, but further efficiencies can be expected when replacing the combustion engine with a fuel cell driven propeller. Even today, fuel cell
stacks can achieve almost double the efficiency (~60 %) of a typical turboprop’s thermal efficiency (25-30 %) (Adler and Martins 2023, p. 19;
Bhatti et al. 2022, p. 11). This can mitigate the energy efficiency disadvantage of low gravimetric indices for short-range aircraft.

In line with existing research, this study will assume a gravimetric index of 40-50 % for the first-generation narrowbody hydrogen aircraft designs.
This leads to a +12 % specific energy demand for hydrogen combustion designs for medium-range models. For short-range fuel-cell electric aircraft,
the study will use a -5 % specific energy requirement, as a result of the higher propulsive efficiencies.

Capital costs (DOC,,,) are projected to be higher than comparable future jet fuel alternatives, mainly as a result of additional hydrogen
storage integration. Hoelzen et al. (2022) expect +12-13 % increased capital expenditure for a combustion narrowbody aircraft without considering
development efforts, mainly due to the cost and structural implications of integrating hydrogen tanks in the fuselage. Using a specific tank price of 550
€5019/kg 1o and capacity of 3,500 kg for the short-range reference case (in line with Hoelzen et al. 2022), the additional costs for the hydrogen tank
is estimated at +3-4 % of the total aircraft value. For a system using hydrogen fuel cells, Marksel and Brdnik (2023, p. 7) estimate the component
costs at 151 €54,4/kW for the fuel cell and motor system of a 19-seat aircraft.'? Using this assumption, the propulsion system cost for fuel cell

10 Assuming 95 €,4;4/kW for the electric motor, as well as 40 €,y,,/kW and a ~60 % efficiency for the fuel cell system in the pessimistic case.
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electric aircraft including the cryogenic storage could be ~30 % lower than for conventional aircraft.'! However, there is no study yet comparing
the economics of a scaled-up fuel cell aircraft design to meet the demands of transporting 130-140 people, especially given the high cost share of
the hydrogen tanks. Therefore, capital costs are assumed to increase in line with Hoelzen et al. (2022) by 12 % for all aircraft types, independent of
the operating empty weight.

Changes in maintenance costs (DOC,,.) are categorized into airframe and engine costs. Airframe maintenance increases with operating empty
weight, which is already accounted for given the increased aircraft mass due to the additional cryogenic storage system components and longer
fuselage. This assumption is in line with the approach by Hoelzen et al. (2022), which is explained by the high uncertainty of estimating these costs
given no prior studies regarding the topic.'? Engine maintenance depends on the propulsion system. Jani¢ (2014, p. 16433) expects maintenance
efforts for the turbo-engine to decrease as a result of hydrogen as fuel exhibiting no impurities compared to jet fuel, potentially leading to an expected
life time increase of +25 %. Since technological immaturities could have a counterbalancing effect for first-generation engines, no changes in engine
maintenance efforts are conservatively assumed for this study. For the fuel cell-based propulsion system, maintenance efforts might decrease as
oil changes and engine overhauls are not required. Marksel and Brdnik (2023, pp. 7-8) assume a considerable reduction in MRO efforts for a 19-
seat hydrogen fuel cell aircraft. On the other hand, Hoff et al. (2023, p. 11) argue that MRO costs are not expected decrease, especially since the
disassembly of the fuel cell stack for repair can be very costly. To remain on the conservative side, this study again does not assume any changes
to engine maintenance for fuel cell systems. In summary, maintenance costs of hydrogen aircraft are subject to high uncertainty, but there is no
evidence for a substantial increase additional to the higher efforts proportional to the operating weight of the aircraft.

A.8. Illustrative results

BSB.. e
/ ¥ « Mig) VCE

LPassenger change per route [m] -5.0
B
+—No. flights change per route [k] -50.0

Dz St/

_ A3
2 Magnitude of node growth/decline v x ——LHsupply—— v x
&/ (Max: +-15.0 mpassengers /400 k flights) ® O Growth Decline ® @

Fig. 15. Intra-European network development resulting from introduction of H1 & H1+ (top 300 routes, absolute change).

11 Assuming a 19-seat aircraft comparable to DHC-6 Twin Otter with MTOW of 6,000 kg, peak power of 1,200 kW, engine weight of 260 kg and tank capacity of
1,200 kgje.p Or 500 kg;1y,. With 2,500 €,4,4/kg, the jet fuel version would cost 650,000 €,,9, while the fuel-cell version would be 181,200 €,4;, for the fuel cell
system and 275,000 €,,4 for the hydrogen tanks (assuming 550 €,4;9/Kg;y5)-

12 Meissner et al. 2023 analyze the maintenance costs of a hydrogen storage and distribution system, but only as an additional system for on-board power generation
of a jet fuel-powered aircraft.
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Fig. 16. Intra-European network development resulting from introduction of H24 & H2P (top 300 routes, absolute change).
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