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Abstract

The paper presents a methodology aiming to assess the impact of operations of a short- and
medium-range fleet transitioning from jet fuel to hydrogen propulsion, considering the
constraint arising from the distribution of hydrogen refueling infrastructures across airports,
leveraging on the different performance of the two sub-fleets to obtain the least climate-
impacting transition. Hydrogen tankering will enable flights to airports that have no
hydrogen refueling capabilities, as long as the destination is within half of the operational
range of the selected aircraft, at the cost of a slight increase in fuel burn. The proposed
methodology aims to assess said increase, while minimizing the expenditure for hydrogen,
and the coverage of a reference network, achievable when considering aircraft performance
and assumptions on the availability and cost of hydrogen at various airports. The results
of such analysis can be used to determine whether a reduction in the design range of a
given aircraft is acceptable. Such a reduction would mitigate the impact that the hydrogen
tank has on the sizing of the aircraft and its performance. Depending on the considered
scenario, a network potential coverage spanning from 81% to 96% can be achieved. Starting
from this result, it is possible to assess the transition of a short-haul airliner fleet from jet
fuel to hydrogen propulsion, considering the constraint arising from the distribution of
hydrogen refueling infrastructures across airports and the different performances (energetic,
environmental and economic) of the two sub-fleets. The aircraft assignment to each route
is performed with the objective of minimizing either the energy, the carbon intensity or
the fuel cost of the overall network, obtaining different route assignment distributions.
The results show that the aviation-induced temperature change can be reduced by up to
57% compared to an all-jet-fuel fleet.

Keywords: hydrogen tankering; hydrogen-powered aircraft; fleet transition; climate impact;
operational range optimization; energy efficiency; carbon intensity reduction; infrastructural
constraints

1. Introduction

Environmental sustainability is the big challenge that commercial aviation is facing and
will be facing in the coming decades. In fact, aviation accounts for about 2% of man-made
CO; emissions and for 12% of transport-related emissions [1]. A technological revolution
is therefore essential to achieve the decarbonization of the sector. Among the possible
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solutions, hydrogen stands out as one of the most promising options, particularly for short-
range aircraft [2,3], which would use hydrogen via direct combustion. Regional aircraft
could also use hydrogen recurring to hybrid-electric architectures, in which hydrogen
would be used by fuel cells to be converted into electricity [4]; this aircraft category could
also recur to thermal hybrid-electric configurations, which could come to market sooner
because of a higher Technology Readiness Level (TRL) [4]. The work presented here
focuses on short-haul traffic, as this segment accounts for the highest portion of available
seat kilometers (ASK) and is expected to achieve entry into service (EIS) sooner than
long-haul hydrogen-powered aircraft. The approach presented here could potentially be
extended to networks of fuel cell-powered regional aircraft. The momentum on sustainable
aviation is also shared with the industry: in fact, there is also an emerging industrial
interest in hydrogen-powered commercial aviation, such as Airbus (Toulouse, France)
ZeroE [5], targeting short-haul aircraft powered by either fuel cells or hydrogen combustion
with an initial target entry into service in 2035 now postponed to 2040, and Universal
Hydrogen (Toulouse, France) [6], which, despite financial issues, managed to perform
some test flights with a fuel cell-powered aircraft. Additionally, Zeroavia (UK) has recently
initiated the FAA certification process for a 600 kW fuel cell to be used on their ZA600
hydrogen-electric engine for regional aircraft with up to 20 seats [7]. Similarly, H2FLY
(Stuttgart, Germany) is developing a fuel cell propulsion system currently being tested on
Joby’s eVTOL (Santa Cruz, CA, USA), while simultaneously working on a more powerful
175 kW version [8]. Research activities and industrial projects also align with political
resolutions [9], such as the European Green Deal, which has legally binding targets included
in the European Climate Law. The goal is to achieve EU climate neutrality by 2050 through
initiatives focused targeting various sectors. The emissions are monitored via the EU
Emission Trading Scheme (ETS), which, via a cap and trade mechanism, requires polluters
to pay for their greenhouse gas emissions. For what concerns aviation [10], ETS credits,
historically awarded for free based on reference past emissions, is seeing the free allocation
drop by 25% in 2024 and 50% in 2025, with full auctioning introduced starting in 2026. The
emission allowance price (80 €/tco,, equivalent to approximately 252 €/tyr) will push
airlines to increase their effort towards decarbonization. Furthermore, starting in 2025, the
monitoring and reporting of non-CO, effects has begun, based on a model that accounts for
aircraft type, route and weather data. Furthermore, the RefuelEU initiative [11], developed
in 2023, has the objective of increasing both demand and production in SAF, which enables
a significant reduction of CO, emissions over the complete fuel life cycle by substantially
reducing well-to-tank emissions. Concretely, the regulation forces fuel suppliers at all EU
airports to have an increasing-in-time minimum share of Sustainable Aviation Fuel (SAF).
Looking outside of the EU, the Carbon Offsetting and Reduction Scheme for International
Aviation (CORSIA) prescribes that airlines based in countries that adhere to ICAO monitor
and report their emissions due to international flights, in order not to exceed 2020 levels.
Currently, participation is voluntary, but it will be mandatory starting in 2027.

Thus, there is a strong regulatory push towards sustainable solutions that can be
applied to commercial air transport. This is coupled to several pieces, such as [3,12-19]
that focus on developing useful tools for the preliminary sizing of innovative, hydrogen-
powered aircraft. These methodologies do not question whether the Top Level Aircraft
Requirements (TLARs) should evolve from the current status quo, in order to minimize
the impact of the energy carrier switch. Such an analysis needs to be based on thorough
analyses that account for the availability of refueling infrastructures across the target
network and the performance of the novel fleet, which, while mitigating the environmental
impact of air transport, poses new significant challenges. A climate impact analysis can also
be performed to optimize the fleet transition. In fact, our previous results [20] show that the
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switch to hydrogen causes an increase in the Energy Intensity (EL that is the energy used to
transport one passenger over a distance of 1 NM, measured in MJ/ ASNM), highlighting the
need to mitigate the impact of hydrogen storage and propulsion on aircraft performance.
The energy increase is due to the elongation of the fuselage required to accommodate the
cryogenic hydrogen tank (greater wetted surface) and of suboptimal temperatures in the
combustion chamber to maintain a suitable Turbine Entry Temperature, both causing an
increase in the Thrust Specific Energy Consumption and thus on the overall mission energy.

Starting from these aircraft design results, the work shown in this paper has the
ambition to analyze the impact of hydrogen-powered aircraft in real-life operations by
addressing operational constraints and climate impact. Some reference networks are
assessed in terms of potential route coverage, given a distribution of hydrogen refueling
infrastructures at the served airports. A solution to mitigate its sparse availability is
tankering, which enables serving airports without such facilities if certain conditions are
met. This practice has an impact on economics and in terms of the extra consumption,
both considered in this work. Tankering is currently mainly practiced because of economic
reasons, as there could be occasions in which taking more fuel at an airport where its price
is low might cause savings to the airline, despite an increased fuel consumption because
of a higher gross mass. Other instances of application of tankering might be linked to
strikes of refueling personnel or limited supply of jet fuel because of pipeline failures; such
cases are extraordinary and not considered here. Similarly, hydrogen tankering may offer
economic savings, but more importantly, it could enable the operation of hydrogen-fueled
flights to destinations that lack a hydrogen refueling infrastructure. In fact, the airline fleet
turnover will cause concurrent operation of airliners using either kerosene or hydrogen,
with hydrogen refueling infrastructure likely to be introduced initially only at the largest
hubs. Smaller airports would probably be involved at a later stage. In particular, the
presented methodology allows assessing complete operational scenarios consisting in short-
and medium-haul flights out of a reference airport. The analysis gives interesting results in
terms of the repartition into operable flights (eventually with partial tankering for economic
reasons)—operable with full tankering and not operable routes within the scenario—mostly
depending on the design range (DR) of the aircraft. A sensitivity analysis on the DR is
performed, to find the best value that enables sufficient network coverage and a mitigation
of the increased energy consumption linked to the switch to hydrogen.

The results of potentially flyable routes can be coupled with a fleet replacement model
that introduces the transient from a fully kerosene-based fleet to an increasingly hydrogen-
powered one. Since, especially initially, the hydrogen fleet will not be big enough to fly all
of the routes that it can potentially serve, it is possible to introduce an optimizer that assigns
each city pair to either a kerosene or hydrogen aircraft, respecting the fleet ratio (FR), with
the objective of minimizing various indicators, such as the overall network energy efficiency,
CO; intensity or energy cost. The climate impact of the various fleet transition scenarios
is evaluated using the Average Temperature Response (ATR) indicator to understand
the potential climate impact mitigation offered by the introduction of hydrogen-powered
aircraft on a reference network.

Building on what was presented in ref. [21], Section 2 presents a review of the state of
the art for fleet transition and airline operation climate impact modeling. Section 3 details
how routes that can potentially be served by hydrogen aircraft are identified, given a set of
aircraft performance and hydrogen availability distribution at concerned airports. Lastly,
Section 4 develops how a fleet transition from legacy kerosene aircraft to novel hydrogen-
powered ones can be optimized to minimize the climate impact, computed referring to the
ATR indicator, of airline operations over the transition period.
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2. State of the Art

The operation of hydrogen-powered aircraft introduces significant challenges that
need to be addressed to ensure that a reliable schedule can be carried out, profiting as
much as possible from the peculiar performance of the novel fleet. In particular, the route
attribution to a legacy or novel aircraft, depending on the route length and on hydrogen
refueling availability at the two served airports, is worthy of a thorough investigation,
to assess how impactful the novel fleet will be on emissions, operational flexibility and
cost. This analysis, covering fleet assignment and the development of hydrogen refueling
infrastructures, is extensively developed in this paper, but is also already addressed in
the literature. Ref. [22] analyses a portion of Ryanair’s operations out of Ireland, with the
ambition of assigning specific routes to either a Boeing 737MAX or a hydrogen-powered
counterpart, to minimize either the operational cost or the CO; intensity of the operations.
The attribution, performed using a Mixed-Integer Linear Programming (MILP) solver on
Matlab, considers three scenarios, with 0% (baseline), 25% and 50% of the 20-frame fleet
to be powered by hydrogen. The fuel burn of the kerosene sub-fleet is estimated using
an aircraft performance model based on SUAVE [23] and validated against real-world
data from Ryanair-operated flights. Given that Ryanair operates at a constant Cost Index
throughout its operations, obtaining a closely matching reference flight profile is possible,
which is then analyzed thanks to flight mechanics equations to obtain the fuel burn. The
extra energy consumption of hydrogen aircraft, because of a higher Empty Mass and larger
wetted surface, is accounted for in the performance analysis of the innovative sub-fleet. The
results showed hydrogen planes operating the shorter flights, because of a more contained
increase in operational costs. The assumption for hydrogen cost is 3.35 €/kg, whereas Jet
Fuel is assumed to cost 0.40 €/kg, plus the ETS price of 80 €/tco,. The fleet-wide CO,
emissions and profit drop by 7.46% and 3.81%, when the hydrogen sub-fleet represents
25% of the total fleet, and 27.41% and 7.63% with half of the fleet composed by innovative
aircraft. Furthermore, the two sub-fleets do not show similar aircraft utilization, with
innovative aircraft flying less than the legacy fleet. Lastly, an interesting result shows that
introducing hydrogen refueling capabilities at Dublin, Liverpool and Glasgow enables an
8.77% reduction in total carbon emissions of the considered operations, highlighting how
a smart choice of hydrogen refueling infrastructure can significantly reduce the overall
carbon impact of operations.

The work presented in this paper has the ambition of assessing complete short- and
medium-haul networks out of selected reference airports; thus, a broader model for the
availability of hydrogen refueling infrastructure at various airports is needed, as presented
in detail in [24,25]. The first paper thoroughly analyzes different ways of supplying
hydrogen to airports, namely on-site production, considering various energy sources, and
off-site production, with transport via LH2 or GH2 pipelines. The underlying assumption
is that GH2 is always available at a fixed price. The on-site production was identified
as the most convenient, at least for larger airports, validating the approach and results
of AHRES, our in-house methodology to perform the preliminary sizing of hydrogen
refueling infrastructures at airports [20]. Furthermore, the authors assume that large-scale
liquefaction, storage, and distribution infrastructure can be deployed where needed, with
no major regional constraints or cost escalation—thus treating hydrogen supply and airport
refueling networks as readily accessible and fully developed in the study horizon. The
second paper presents, among other things, a list of airports and relative expected hydrogen
prices and supply methods. The final hydrogen price reflects not just production but the
entire logistics, infrastructure, and policy environment around hydrogen supply. The
subset of these airports representing the short- and medium-haul destinations out of Milan
Malpensa, one of the scenarios considered in this paper, are shown in Figure 1: the circles
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represent airports that are equipped with a hydrogen infrastructure according to [25],
with the color representing the price of 1 kg of hydrogen, spanning between 1.97 €/kg at
Dublin and 2.97 €/kg at Krakow; the black asterisks represent the destinations that are not
expected to have hydrogen available.
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Figure 1. Hydrogen infrastructure availability and price for the short-medium range network out of
Milan Malpensa.

Furthermore, an intermediate hydrogen availability scenario is considered, with the
infrastructure available only at larger airports (>10 M passengers per year), as shown by
the pink circles in Figure 1. This price range for hydrogen at airports is consistent with
values presented by other sources for the same time scenario (2050):

*  Ref. [26]: 3.45 €/kg for green hydrogen production + 0.52 €/kg for distribution,
liquefaction, storage, refueling;

*  Ref. [27]: 2.35-3.30 €/kg for production and distribution, liquefaction, storage, refueling;

*  Ref. [28]: 2.2 €/kg for production only;

*  Ref. [29]: 1.2-2.5 $/kg for production [30] + 1.2 $/kg for distribution, liquefaction,
storage, refueling.

A broader review on the topic can be found in [31], which develops a model to quantify the
future hydrogen requirements in the aviation sector.

An important metric for the evaluation of the proposed innovative aircraft is repre-
sented by their climate impact. A basic evaluation could be carried out by computing the
equivalent CO, emissions, COye, of the exploitation of the different fleets. Nonetheless, the
emissions rates of hydrogen and jet fuel combustion differ significantly; therefore, a more
extensive analysis is deemed necessary.

A literature review showed that the ATR, introduced by [32], is a good metric to
evaluate the climate impact of aircraft operations; properly modified, the model allows us
to evaluate the environmental impact of a fleet transition scenario. In fact, it allows the
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computation of the average temperature change due to the aircraft emissions in operation
over a given timeframe and the impact due to those substances remaining in the atmosphere
once emitted. The formal methodology presented by [32] has been updated to consider a
fleet composed of both hydrogen and jet fuel aircraft, with an increasing ratio of the latter,
as time advances. The choice of the ATR as a suitable climate metric is also supported
by [33], which states that the indicator has been developed specifically for aviation and
is flexible enough to account for the assessment of a fleet evolution. Nonetheless, an
important variable in the definition of the ATR is the application timeframe, which has a
strong impact on the results as it impacts the relevance of short-lived effects compared to
long-term effects. The 30-year timeframe was selected because it aligns closely with the
duration of the fleet transition being evaluated, and it allows for a thorough assessment
of short-term impacts—especially relevant since hydrogen combustion produces no CO,
emissions, which are known for their long-term environmental effects. Last, it is important
to point out that the results of the ATR metric are dependent on the used climate response
function. A brief summary of the one used here, as proposed from [32], is now presented
in the following. The theoretical definition of ATR3g is

1 o)
ATR3y = %/o ATsys30(t) - w(t) dt, 1)

where the function ATs,s 30(f) is determined based on the annual emissions rates for the
first 30 years of CO,, NOy, HyO, soot, and sulfate, followed by zero emissions.

The climate impact is estimated considering the emission rates presented in Table 1.
For Aviation-Induced Cloudiness (AIC), commonly known as contrail, a radiating factor of
2.21-1072 W/(m?NM) for jet fuel [32] (value also coherent with data of [34,35]), reduced
by 70% for hydrogen [14], is considered. A sensitivity analysis (70% from the reference
AIC’s RF per unit length for kerosene aircraft) on this reduction factor is also introduced in
the result section, given the uncertainty on contrail emissions by hydrogen jet engines.

Table 1. Emission indices.

Fuel Jet Fuel [32] Hydrogen [14]
CO; [kg/kgFuell 3.16 0.00

NOy [kg/kgryel] 2.08 1072 2341072
HyO [kg/kgryerl 1.26 8.93

SOy [kg/kgruell 2.00-10~% 0.00

Soot [kg/kgrel] 4.00 -107> 0.00

It is also necessary to mention that NO, emissions are highly dependent on engine
type and thrust. The value proposed by [32] is coherent with emissions values stored in
the EMEP/EEA air pollutant emission inventory guidebook [36]. To evaluate the climate
response, first, it is necessary to compute the radiating factor (RF) for each specie 7, with
different models for long-lived gases, as expressed in Equation (2a), short-lived pollutants
(Equation (2b)), and AIC, as expressed in Equation (2c) below:

-t

RE;(t) = s;(h) /0 Gi(t — 1) Ei(t)d, fori = CO,, NOy-O3;,  (2a)
RE;(t,h) = s;(h) REres Ei(t) for i = HpO, NO,-Oss, Soot, SO (2b)

i\ts i Eref ' 1 ’ 2Y, X3S, 7 4,

1

REp1c(t,h) = sarc(h) RFEef Li(t) fori = AIC (20)

AIC\L, — 2AIC Lref i\t)s ’

AIC

where G;(t — T) represents the temporal decay of the radiating factor of substance i. These
factors have been calculated based on the average route length of each sub-fleet during the
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analyzed timeframe, assuming a cruise altitude of 35,000 feet. EI(t) represents the emission
per species as a function of time, considering the emission indices of Table 1. The factors
in brackets represent the RF per unit of emitted species, as shown in Equation (2b), or per
unit of distance, as shown in Equation (2¢). s;(h) is the altitude-dependent forcing factor, to
account for the different climate impacts of NO, and AIC, as a function of the emission
altitude. In particular, the impact of NOy is computed considering its short-term effect
of ozone production, with a warming effect, and long-term effects of ozone and methane
destruction facilitation, with a cooling effect.

The total change of temperature as a function of time is computed by integrating the
summation of the normalized RF multiplied by Gr(t — 7), which represents the two decay
modes of thermal response of the Earth system to an energy perturbation, as in Equation (3).
The normalized RF is obtained considering each species’ efficacy parameter f; and the RF

resulting from a doubling of CO,, RFy,co,:

/GTt—T

The proper implementation of this methodology has been verified by the application
to the same scenario proposed in the reference. The ATR indicator only considers the
climate impact linked to the use of the fuel, i.e., tank-to-wake emissions, neglecting the
well-to-tank emissions, which vary significantly for hydrogen, depending on the way it is
produced [37,38]. It is thus necessary to note that only hydrogen produced by renewable-
electricity-powered electrolysis is a viable way to decarbonize commercial aviation, if the

Zf’ RE( ] v o)

RFco,

entire life cycle of the fuel is considered.

3. Potential Routes for the Hydrogen Sub-Fleet
3.1. Setting the Picture

Given a reference airport equipped with a hydrogen refueling infrastructure, there
are five possible operational cases, which depend on the presence of hydrogen refueling
infrastructure at the destination airport and on the design range of the aircraft that operates
that particular flight. A short route is here defined as a route whose covered distance is
less than half of the aircraft’s operational range, meaning that the tank has enough capacity
to contain hydrogen for both the outbound and inbound flights, with enough capacity for
the regulatory reserves for both flights. The two-flight mission profile is shown in Figure 2,
detailing the altitude and tank level as a function of time.
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Figure 2. Mission profile for the two-segment short route, with refueling only at the origin.

Instead, a long route covers a distance that is longer than half of the operational
range, meaning that the aircraft cannot operate the round trip with fuel only coming
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from the origin airport. The operational range is obtained from HYPERION [39], our
in-house preliminary aircraft design methodology, for each aircraft that operates a route in
the considered scenario. The five operational scenarios are defined as the following five
possible types:

1.  Short route with hydrogen refueling infrastructure at destination: The aircraft
can be refueled both at the reference airport and at the destination airport. The
quantity of fuel bought at the destination airport is computed minimizing the overall
expenditure for hydrogen for the return trip, with an eventual constraint on the
additional hydrogen consumption caused by tankering on the outbound leg.

2. Short route with no hydrogen refueling infrastructure at destination: The return
flight can be operated; all of the hydrogen required to operate the return trip is uplifted
at the reference airport.

3.  Long route with hydrogen refueling infrastructure at destination: The aircraft does
not have the capability to operate the return trip only with hydrogen bought at the
reference airport. Partial tankering can still happen, should the hydrogen price at the
destination airport be significantly higher than that at the reference airport. In any
case, it will be necessary to buy some hydrogen at the destination airport.

4.  Long route with no hydrogen refueling infrastructure at destination: This city pair
cannot be operated by the selected aircraft, as it cannot be refueled to operate the
return flight.

5. Destination further than the aircraft maximum range: The reduction of the design
range will prevent the operation of certain flights, whether the destination airport has
hydrogen infrastructure or not.

These five possible cases are represented in Figure 3, highlighting that airports that

have no hydrogen refueling infrastructure and are further than half of the operational range
of the selected aircraft cannot be served with nonstop flights.

Destination type 1 Destination type 2
* Hydrogen available * Hydrogen NOT available
. p <t V4 | Reference -p <t
airport
L\
X
)
A
A Y
- - . -
Destination type 3 Destination type 4 Destination type 5
* Hydrogen available * Hydrogen NOT available * Hydrogen available or not
« D> R_‘2’P « D> R% « D>R

Figure 3. Representation of operational scenarios, with destinations marked in red not serviceable by
the hydrogen-powered subfleet.

The developed methodology has the objective of quantifying the impact of hydrogen
tankering, in terms of increased fuel consumption, but, more importantly, in terms of
improved versatility for the operation of hydrogen-powered aircraft, which can be used to
serve some airports that have no hydrogen refueling infrastructure.

3.2. Methodology

Fuel tankering is a practice whereby an aircraft carries more fuel than required for
its flight to reduce or avoid refueling at the destination airport, as defined by EUROCON-
TROL [40]. This practice is currently carried out to reduce the airlines” expenditure for
fuel, despite the greater environmental impact caused by increased fuel consumption due
to flights being operated with more than the strict necessary fuel amount. For future
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hydrogen-powered aircraft, the practice of tankering can also enable operations in airports
not equipped with refueling infrastructure, depending on the performance of the aircraft
and the distance between the departure and destination airports.

The proposed methodology takes as input aircraft performance, in terms of hydrogen
consumption and design range (DR), and hydrogen availability and cost at different airports.
Given a series of flights departing from the reference airport, operated by different aircraft
with different performance, the code matches each flight with its corresponding operational
case, out of the five presented in Section 3.1. For routes of types 2 and 4, the solution
is trivial: all of the refueling happens at the reference airport and the city pair cannot
be served with the selected aircraft, respectively. For destinations of types 1 and 3, the
optimization is based on the minimization of the round trip hydrogen cost, eventually
subject to constraints on the maximum percent extra hydrogen burn in case of tankering,
and others. Routes of type 5 can only appear if the scenario is run considering aircraft with
a reduced DR compared to the real TLAR.

The output shows the total expense for hydrogen at the reference and destination
airports, the extra hydrogen consumed because of tankering and how many flights of the
considered scenario can be operated considering the hydrogen availability constraint. It
is possible to study different hydrogen refueling infrastructure distribution scenarios and
the corresponding route coverage, to assess whether it is possible to reduce the DR of
the aircraft, allowing for a smaller hydrogen tank to be installed. Thus, this methodology
evaluates how much coverage of a given network can be achieved by an aircraft with a
varying design range and a set availability of hydrogen refueling infrastructures at the
served airports. The second half of the paper builds on this potential coverage to assign
each flight to either a legacy kerosene aircraft or to a novel hydrogen one, accounting for a
time-varying fleet composition and with an optimization target.

The work introduced here is built based on previous research efforts, most notably in
the context of the Clean Sky 2 project SIENA [39], which have led to the development of
novel methodologies dedicated to the most fundamental elements at play: the hydrogen-
powered aircraft and the airport hydrogen infrastructure sizings.

The first, mainly implemented in the HYPERION tool, provides a procedure for the
preliminary sizing of innovative aircraft, including fuel cell propeller-driven airplanes
and hydrogen-burning jetliners. HYPERION has been extensively validated and then
used to size hydrogen-powered airliners whose TLARs are the same as those of existing
aircraft. The second, implemented in the AHRES tool, allows us to preliminarily size the
hydrogen production, storage and refueling infrastructure at an airport, given a defined
flight schedule. Both methodologies are illustrated in [20]. The present paper represents an
example of the investigations allowed by coupling the above-mentioned tools.

Implementation and Mathematical Formulation

The solution is set as a minimization problem, where the cost function is represented
by the sum of the hydrogen expense for each return trip i of the analyzed scenario. Thus,
the minimum cost for the entire assessed operational scenario comes as the sum of the
optima for each round trip. The tool first associates each destination and operating aircraft
to the corresponding category, out of the five presented in the previous section.

The methodology takes as main input the scenario schedule, consisting of the list of
flights detailing the destination, the distance from the reference airport and the operating
aircraft. An aleatory load factor between 55% and 100% is also associated with each flight,
to reflect real-life operations.
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Aircraft hydrogen consumption

Only short- and medium-haul flights are considered in this study. The most common
aircraft that operate such missions have been modeled on HYPERION [20,39], considering
the original TLARs: the Airbus A320 family, including the A319, A320, and A321, the
Airbus A220-300, the Boeing 737-800 and the Embraer 190. HYPERION outputs the weight
breakdown, wing size and span, together with the power characteristics of the jet engine
and hydrogen+tank. Conventional, jet fuel-powered aircraft can also be sized to define a
baseline case. The inputs needed by HYPERION to perform the initial sizing procedure are
specific information regarding the aircraft (payload, crew), its aerodynamics (lift coefficients
in different configurations and drag penalties due to landing gears and flaps), jet engine
configuration (two or three spools, combustion chamber temperature, fuel), wing sweep
angle and other factors. Furthermore, the design mission needs to be characterized so
that the aircraft can be sized to satisfy the required performance. HYPERION computes
the outputs blending data from statistical regressions and from the modular modeling of
subsystems. Based on first principles (i.e., including the thermodynamics description),
the turbofan modeling has been implemented and the complete sizing procedure has
been successfully validated against existing short-, medium-, and long-range jetliners.
For innovative hydrogen-burning jet aircraft, a cross-comparison with literature results
targeting a similar design mission, as expressed by its design mission payload and DR,
has been performed, with results shown in Figure 4. Given a slightly higher payload and
an average DR, the results show HYPERION being conservative in terms of estimated
fuel consumption, 20% greater than the average, resulting in a 10% difference in energy
intensity per passenger kilometer.
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Figure 4. Boxplot of HYPERION input TLARs and consequent outputs for the sizing of an A320-like
hydrogen-powered aircraft, in comparison with literature [3,12-19].

As a simplification, all flights in the presented work are considered to be operated by
the Airbus A320 or by its hydrogen-powered counterpart, propulsed by hydrogen-burning
jet engines. In the case of hydrogen-powered aircraft, the fuel is stored as a cryogenic liquid,
with the tank impact on the aircraft sizing and performance properly accounted for. This
simplifying hypothesis reduces the computational effort, enables a more straightforward
exploration of the design range sensitivity and does not limit the quantification of the
impact of the switch to hydrogen, which will be comparable across the aforementioned
aircraft. HYPERION gives various information regarding the aircraft layout, performance,
and thrust, but the sized aircraft can be deployed on a mission simulator, which allows
computing its performance on off-design missions. This feature has been used to obtain
look-up tables for the fuel consumption of the aircraft, given a route length and an initial
tank level equal to or more than the minimum level, including reserves, needed to complete
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the mission. Table 2 shows the hydrogen consumed to perform a flight of a given distance
with different initial tank levels, considering a hydrogen-powered aircraft sized according
to TLARs matching the performance of the Airbus A320. The values reported on the
diagonal of the matrix show the amount of hydrogen required to perform the mission with
an initial filling equal to the amount of fuel needed for the mission and 5% of the reserves,
whereas by moving to the right, the required hydrogen increases with the initial filling of
the tank.

Table 2. Hydrogen consumption as a function of flight distance and initial tank level for the A320H
with 100% payload.

Tank Level [%] 171 22.5 334 445 56.72 67.1 78.54 90.4 100
Distance [km] Fuel [kg]

200 406 408 414 420 427 431 437 444 448

500 717 722 728 734 740 746 752 756

1000 1356 1367 1377 1386 1397 1407 1417

1500 2001 2018 2031 2046 2060 2074

2000 2654 2673 2692 2711 2728

2500 3313 3333 3360 3379

3000 3976 4003 4029

3500 4648 4677

4000 5323

Such tables have been obtained for different payload levels, from 55% to 100% with a
15% step. A linear interpolation across them is performed to obtain the fuel consumption
table associated with the payload level of each route. Then, a proper Non-Linear Least
Squares Method [41] allows us to estimate the fuel consumption for flight distances longer
than 500 km. For shorter flights, linear interpolation is used.

Minimization problem
The minimization function is shown in Equation (4):

C=

M=

I
—

(Ch2,0riginForigin + CH2,Dest Fpest )i (4)

The objective function is subject to some constraints that vary from case to case. The most
interesting are the ones for case 3, presented in Equation (5).

FReq + FpiyRpin < FOrigin < Taircmft
0< FDest < FReq + FDivRDiv

ZFReq + 2FpjpRpiv < FOrigin + Fpest )
Forigii’l - FC(DrPOrigin) + FDESt - FC(D/FOrigin _FC(D,FO”?M)) + FDeSt = ZFDiURDiU

FC(DfFOrigin) — Freq %100 < T

F Req
where

*  Cis the total fuel price for the scenario and represents the objective function [€].

*  Cq,0rigin is the fuel price at the airport of origin [€].

*  Cpo,Dest is the fuel price at the destination airport [€].

*  Forigin 1s the fuel amount carried from the airport of origin [kg].

®  Fpest is the fuel amount carried from the destination airport [kg].

®  FReq is the minimum (i.e., no tankering) required fuel amount to fly each leg of the
round trip. It is computed by interpolating the diagonal of Table 2 [kg].
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*  Fpj, is the fuel amount required to perform one diversion [kg].

*  Rpjpisthediversionrate. This is a surrogate to account for the reserve fuel. Rather than
accounting for Rp;,% of flights using the full reserve fuel, all flights are considered to
use Rpj, % of the reserve fuel. This factor is equal to 5% for the considered scenario [%].

®  Taircragt is the aircraft maximum tank capacity [kg].

e T is the limit threshold set on the extra fuel burn [%].

The first and second equations of Equation (5) represent the lower and upper bounds on
Forigin and Fpest whose satisfaction automatically satisfies the third equation. The fourth
and fifth equations introduce the nonlinearity linked to the fuel consumption as a function
of distance and initial tank level. In the equality constraint, the remaining fuel at the end
of the round trip is imposed equal to the quantity 2Fp;,Rp;,. This constraint is used to
compute the optimal fuel weights to be carried from the airports, while accounting for
the diversion fuel amount as well. The last inequality constraint ensures that in case the
first flight of the round trip carries more fuel than the required amount, the extra fuel
burn due to the increase in fuel weight is limited by the factor T, set equal to 1% for the
presented results.

3.3. Results for Potential Routes

This chapter details the results obtained from the application of the methodology to
different scenarios, with the objective of assessing the extra fuel burn linked to tankering
and the coverage of a given route network, given aircraft with different DRs.

3.3.1. Definition of the Scenarios

The methodology has been applied to various short-haul scenarios in which, as a
simplifying hypothesis, all flights have been considered to be operated by the various
Airbus A320 hydrogen-powered counterparts, sized with HYPERION. Particularly, all the
TLARs remained unchanged, except for the design range at maximum payload, which
changed from the original 3770 km to 4000 km, 3000 km and 2000 km. A further version,
based on a DR equal to 2450 km, has also been considered, as it corresponds to the maximum
round trip range of 981 km, a value that represents the average stage length for European
flights in 2020, as pointed out by EUROCONTROL [42]. An objective design range of
2000 km has also been identified for the Horizon Europe EFACA project [43], which, among
others, aims to develop a 150-seat hydrogen-powered aircraft, showing how a reduction in
the design range compared to current levels is a valid pathway. Note that the mentioned
ranges are the true ranges, as a 150 km diversion and 30 min of loiter are also considered.
Information resulting from the preliminary sizing of the different aircraft, relevant for the
current analysis, is shown in Table 3.

Table 3. Data for aircraft with modified DR.

Aircraft Real TLARs DR4000 DR3000 DR2450 DR2000
Design Range [km] 3770 4000 3000 2450 2000
Max RT Range [km] 1650 1720 1250 981 760
LH; tank capacity [kg] 5926 6131 4512 3706 3074
Reserve hydrogen * [kg] 544 551 535 528 522
Reserve hydrogen [%] 9.5 9.0 11.9 14.2 17.0

* Reserve including 150 km to alternate airport and 30 min of loiter.

The methodology has first been applied to Milan Malpensa for the schedule of
18 September 2023 (busiest day of the year 2023), consisting of 260 short- and medium-
haul flights. Figure 5 shows the design range and the maximum round trip range out of
Milan Malpensa for aircraft sized with 2000 km, 3000 km and 4000 km DRs. The curves
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corresponding to real aircraft and the 2450 km design range are not shown here for better
clarity, as the former almost coalesces with the green curves and the latter is halfway in
between the blue and red circles, in a region in which the Mercator distortion is not yet
very pronounced.
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Figure 5. Design range (outer circles) and maximum range for single refueling return trips (inner
circles) for aircraft with a 2000 km (blue), 3000 km (red) or 4000 km (green) design range.

Looking at the curves, it is clear that a 3000 km DR aircraft (red circle) covers all of
Europe from a very central airport as Milan Malpensa, making such a DR sufficient for
European operations, assuming a good availability of hydrogen refueling infrastructures.
The maximum range for single refueling return trips associated with the 3000 km design
range also offers a decent coverage of central Europe.

This initial overlook shows how the location of the reference airport impacts how limit-
ing the chosen DR and associated maximum range for single refueling return trips are. For
this reason, it was decided to assess how the same preliminary-sized aircraft behaves when
deployed on other scenarios, namely the short- and medium-range flights of Amsterdam
Schiphol (schedule of 5 October 2023, 566 flights), Paris Charles de Gaulle (23 August 2023,
473 flights) and a more decentralized airport such as Lisbon (17 May 2024, 223 flights). The
considered schedules cover the busiest day of the year 2023, as shown by EUROCONTROL
data [44] at these European airports. Amsterdam and Paris have been selected as they
are the largest airports in the EU. Milan Malpensa has been selected as two important
stakeholders—the airport operator, SEA [45], and one of the most present airlines, easyJet
(Luton, UK) [46]—have shown significant interest in adopting sustainable hydrogen-based
solutions to make air transport greener. The Portuguese scenario has been included to
assess a case study that could expose the weakness of the proposed methodology when
applied to decentralized airports. Furthermore, the SAS (Kastrup, Denmark) short-haul net-
work out of their three main hubs (Copenhagen, Oslo and Stockholm, 30 September 2024
with 324 flights) and the easyJet schedule out of Paris, London, Milan, Berlin and Am-
sterdam (30 September 2024 with 539 flights) have been assessed, because of a mainly
domestic—especially with short routes— network and public interest in hydrogen air-



Aerospace 2025, 12, 1075

14 of 27

craft [46], respectively. Precise information regarding the schedule, including frequency
and operating aircraft was obtained from the API Flight Labs [47].

3.3.2. Milan Malpensa

The international Milan Malpensa Airport (LIMC), Italy, is taken as the reference
airport for the results presented here, with a reference hydrogen price set equal to 2.39 €/kg.
All flights have been simulated considering the Airbus A320-like hydrogen aircraft with
the original design range and with five other design ranges. It is particularly relevant
to mention that an aircraft designed with a 2450 km design range has been considered,
as it enables a maximum range for single refueling return trips equal to the average
length of European sectors, which is 981 km [42]. This aircraft has also been deployed
on an intermediate hydrogen distribution scenario, which sees only airports with more
than 10 M yearly passengers having hydrogen refueling capabilities. The resulting route
categorization for each assessed scenario is presented in Figure 6.

Real TLARs DR4000 DR3000
0% 7% 0%6% 2% 79,
5% 5%
9%
14%
13% ;
1%
o
75% 75% 0%

I Case 1
[ Case 2
[ case 3
Case 4

DR2450 DR2450, 10M scenario DR2000 C—Jcases
10% 10% 1%

6%
12% 10%
5
13% 7%
10%
14%
629% 60% :
10%
4%

20%
Figure 6. Route categorization at Milan Malpensa with aircraft with different design ranges.

Routes in yellow (dark and light) are the ones that cannot be operated given the
particular coupling of aircraft performance and hydrogen distribution scenarios. There
is almost no difference between the real TLAR and the 4000 km DR scenarios with 7%
and 6% of not operable flights, respectively, as the latter sees aircraft with a slightly larger
DR, making a few flights move from category 4 to category 2. The reduction in the DR to
3000 km, 2450 km and 2000 km causes, as expected, the insurgence of flights belonging
to category 5 and an overall increase in flights that cannot be operated, adding up to 9%,
16% and 21%, respectively. It is also interesting to notice the important impact of having
only large airports (>10 M passengers per year) being equipped with hydrogen refueling
infrastructure; in this case, up to 22% (compared to 16%) of flights are not operated. Given
these results, it might seem that the reduction in the design range of hydrogen aircraft
might be too constraining for real-world operations, given that between 6% and 22% of
flights need to be canceled. Nonetheless, this analysis concerns the first generation of
hydrogen-burning jet aircraft, which will be operating side by side with current kerosene
airplanes, such as the Airbus A320NEO and Boeing 737 MAX families, able to take up those
missions that novel hydrogen planes cannot operate. In fact, as suggested by [48], planes
have a 30-year lifespan; historically, the plane retirement age has not been affected by more
stringent air quality and noise regulations, but only, by a sudden increase in fuel prices. It
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will be necessary to evaluate more precisely if the change of energy source affects the fleet
turnover dynamics.

Tankering in itself is more of an operational aspect, rather than something usually
considered in the pre-design phase; nonetheless, the results of this analysis, in terms
of design range associated with the operable percentage of the existing flights of the
considered schedule, could be used as an input to perform an educated reduction in the
DR, before the aircraft project is finalized. This is extremely relevant, as the design range of
a hydrogen aircraft is strongly coupled with the sizing of the aircraft itself. In fact, a longer
design range causes a longer hydrogen tank, which in turn causes a further elongation
of the fuselage, deteriorating the aerodynamic performance of the aircraft and thus its
energy efficiency. Instead, the coupling between aircraft sizing and design range is not
nearly as strong for conventional jet fuel-powered aircraft, as generally, the wing is sized to
guarantee a certain level of low-speed performance, making enough volume for the fuel
tank available.

Clear evidence of this can be found in Figure 7, which represents the normalized
hydrogen consumption for all and only the flights that can be operated by DR2000 (79% of
the flights), considering a case in which tankering is applied (blue bars) or not (orange
bars, assuming that hydrogen is available everywhere). The reference fuel consumption
comes from the operations of the aircraft with the real-range TLAR, with tankering. Simi-
larly, Figure 8 shows the normalized hydrogen cost, again considering tankering and no
tankering, for all and only routes operated by DR2000 and using the aircraft with real
TLARSs as a reference. The normalized hydrogen consumption and cost for the scenario
that only considers large airports to be equipped with hydrogen refueling infrastructures is
not shown in these plots, as its results are not comparable, as both the aircraft performance
and the hydrogen accessibility vary in this case study.

There are a few key messages shown by Figures 7 and 8:

e Tankering causes an increased fuel consumption by 0.1% on the complete scenario for
all DRs, but reduces the cost linked to fuel acquisition by 0.2%; these results include a
hard 1% limit on extra fuel consumption for those routes in which tankering is only
an economic mean and not the enabler of the route.

*  The reduction in the DR can reduce by up to 7% the hydrogen consumption and the
associated cost.

e  Even a marginal range increase, for example, going from 3770 km to 4000 km, causes
a 0.8% increase in cost and fuel consumption.

The percentile reductions might seem trivial and not worth the limited flexibility of the
aircraft, but reducing the design range from the real value to 2450 km allows saving up
27.3 t of hydrogen daily (less on not peak days of traffic) only for short- and medium-range
flights in and out of Milan Malpensa, resulting in savings of 64 k€.

Furthermore, the reduction in the design range allows for a decrease in the difference
between the Payload-Range Energy Efficiency (PREE) of the conventional Airbus A320 and
those of the various hydrogen-powered counterparts. The PREE, computed here on a 981
km mission, is defined as follows in Equaiton (3):

mleg
MFuel€Sp

PREE = (6)
where m,, represents the payload mass, R the range, mp,, the fuel mass and eg), the fuel
lower heating value. The PREE increases by 5.5%, reducing the DR from the real value
to 2450 km. However, it still remains 15.5% lower than that of the conventional aircraft,
showing the impact of the hydrogen integration into the aircraft.
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3.3.3. Other Airports

The same methodology has also been applied to the other aforementioned scenarios.
Figure 9 shows these results, in comparison with Milan Malpensa, in terms of route
categorization considering the DR2450 aircraft, which is therefore the one sized considering
the average length of European flights as the maximum flyable return distance.

Amsterdam and Paris see a route categorization distribution similar to that of Milan
Malpensa, with approximately 60% of flights belonging to Category 1 and 11% of flights that
cannot be operated, compared to 16% for Milan Malpensa. A completely different situation
appears for the Lisbon scenario, in which only 36% of flights are “short” (cat. 1 and 2)
and 19% of flights cannot be operated. This result shows that less central airports have
fewer “short” routes and more routes that cannot be operated, either because of the lack
of hydrogen refueling infrastructures or because of the more limited aircraft performance.
The results are also confirmed by the analysis of two operators’ flights, with SAS seeing
only 4% of non-flyable routes, thanks to its domestic-heavy network, and easyJet with 12%,
aligning itself to central airports which see similar operations.
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Figure 9. Route categorization at various airports with aircraft with a 2450 km design range.

3.3.4. Sensitivity Studies

16%

It is also interesting to perform a sensitivity analysis on the hydrogen price difference
between the reference and destination airports. The hydrogen price at the reference airport
is set equal to 2.39 €/kg. Considering that hydrogen is available at both sites, a maximum
of 2% extra hydrogen consumption over the round trip is set to mitigate the increased
energy consumption. This threshold is twice as large as that used to assess the complete
scenarios, to obtain more insightful results. Figure 10 shows the results in terms of net
savings, tankering percentage, and extra fuel burn, as a function of flown distance and

considering a price difference spanning from 1% to 5%.
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Figure 10. Net savings, tankering percentage and extra fuel burn for the 4000 km range aircraft, as a
function of flight distance for a varying price difference between the reference and destination airports.
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No minimum net saving has been imposed for the sensitivity studies. If the threshold
used in the complete scenario simulations (30 € on each return trip) is considered, it is clear
that a 1% or 2% price difference does not warrant tankering, if only for economical reasons.
The tankering percentage stays equal to 100% up until the maximum round trip range for
higher price differences. It decreases slowly because of the tank size limit, but drops to
zero as soon as the net savings would become negative, meaning that the increased fuel
consumption would cost more than the saving enabled by the cheaper fuel. Intuitively,
higher price differences enable higher economic savings. The distance corresponding to
the maximum saving increases with the hydrogen price difference.

4. Optimal Fleet Transition
4.1. Fleet Transition Optimization

The preceding analysis identifies routes that could potentially be served by hydrogen-
powered aircraft. However, transitioning from an entirely kerosene-based fleet to one par-
tially powered by hydrogen will require time, as the typical lifespan of an aircraft goes up
to 30 years, with hundreds of new jet fuel planes still being delivered every year, resulting
in a gradual adoption of newer technologies. The projected share of hydrogen-powered
aircraft over time, based on the fleet replacement model developed by [49], is depicted in
Figure 11. The introduction of hydrogen-powered aircraft is anticipated to commence in
2035, aligning with the expected EIS date of Airbus’ ZeroE family.

80 11
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Carbon tax on jet fuel [E/kg JFJ
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Year

Figure 11. FR of hydrogen aircraft in fleet (blue) and carbon tax on jet fuel (red) as a function of time.

The model has been adapted to have a maximum of 77% of hydrogen aircraft in
the fleet to have a margin with the worst-case scenario of routes that can be operated
by hydrogen aircraft; see Section 3. The cited gradual phase-in strategy accounts for
factors such as production capacity, infrastructure development for hydrogen refueling,
and regulatory approvals, all essential in supporting a large-scale transition to hydrogen-
powered aviation.

Integrating the potential routes results with the fleet replacement model enables
assessing the fleet transition over a specified timeframe in terms of aircraft route coupling
and environmental impact. Since more routes and corresponding flight hours will be
potentially suitable for hydrogen aircraft than available hydrogen-powered planes will be
in the fleet, an optimization framework can be established to assign each route to either a jet
fuel or hydrogen aircraft, year to year as the hydrogen fleet ratio grows. This optimization
can target one of the three proposed objectives:
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1.  Minimize the fuel expenses of the network, measured by the Fuel Cost per Available
Seat Kilometer (FCASK);

2. Minimize the overall energy intensity of the network;

3. Minimize the total CO; intensity of the network.

This optimization problem lies in the category of operations research for scheduling,
which can be solved by resorting to the linear integer programming methodology, such as
the one used in [50]. Such optimization is crucial for operations-intensive businesses such
as airlines, as it provides many opportunities for efficiency improvements, given a fixed set
of assets, the fleet and the targeted network [51]. The optimization aims to minimize one of
the targeted indicators, as follows:

NFlights
minimize 2 (Xi . PHZ,i + (1 - Xi) . P]F,i)r (7)
i=1

where x; equals 1 if the i flight is assigned to a hydrogen-powered flight or 0 if the
operating aircraft is kerosene-powered. Py, ; and Pjr ; represent the target parameter of the
optimization (cost, energy intensity or CO; intensity) for the i flight for the two sub-fleets.
The cost model includes the energy acquisition cost (for jet fuel, fixed at 0.816 €/kg, and for
hydrogen, based on the geographical scenario presented in Section 2). Furthermore, a linear
tax on carbon emissions, hereon indicated as carbon tax (CT), is considered, spanning from
125 €/tcop in 2035 to 275 €/tcop in 2065 [52], shown in orange in Figure 11. This basic
cost model does not account for the evolution of fuel prices, which cannot be evaluated
proficiently as they depend on many external factors, such as policies, geopolitical crises
and several other external factors. Furthermore, other operating costs, such as crew wages
and aircraft acquisition costs, are not considered.

The proposed solving strategy does not aim to develop a precise schedule-fleet assig-
nation, but rather to understand the optimal general assignment of routes considering the
availability of hydrogen at the served airports. Thus, the only imposed constraint, changing
for every year of the transition, aims to guarantee that the hydrogen fleet operates the
portion of the schedule that is coherent with its relevance in the fleet, as follows:

NFiights NFiights
2 (xl- . Tl) =FR- 2 Ti/ (8)
i=1 i=1

where T; represents the time for the return trip to the i destination, also considering
the time required for turnarounds, and FR represents the hydrogen fleet ratio at year
y, as shown in Figure 11. Therefore, each assigned flight uses some of the total flight
time allocated to either the hydrogen or jet fuel fleet. There are no constraints regarding
the sequence of flights, meaning that there is no verification of the exact flight schedule
to ensure a specific flight is operated by an aircraft based on its departure time and the
arrival time of the preceding flight it operated. Also, constraints due to time slots, which are
particularly important for airline operations, especially at larger airports, are not considered
either. Passenger spillover, caused by a too-small operating aircraft compared to the traffic
level on a specific route, is not evaluated in this analysis, as no real traffic data are available.
For this reason, the assumption that all considered flights are operated by the Airbus
A320 or by its hydrogen counterpart is not reductive, as it is expected that the impact of
hydrogen on short-haul aircraft will be similar for different sizes, i.e., on different aircraft
of the A320 family. Thus, the presented optimizer indicates the best set of routes to be
flown by hydrogen aircraft in a given network, from a technical point of view accounting
for operational constraints for novel sustainable aircraft. Overlying these results with a
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normal capacity-based network planner will make it possible to also detail what aircraft
size operates each flight, to adapt capacity to maximize the revenue.

4.2. Results
4.2.1. Fleet Transition

The results of the optimization can be expressed by the definition of the average route
length assigned to jet fuel and hydrogen aircraft and the corresponding distribution. Further
relevant indicators are the sub-fleet and fleet-wide CO; intensity, energy intensity and
FCASK. In fact, these three indicators provide a good analysis of the fleet performance in
terms of environmental impact, energy efficiency, and cost considering the time-dependent
hydrogen FR.

The following details results for various simulations of the Milan Malpensa case; the
same approach can be used for any of the other scenarios introduced in Section 2.

The first set of results, presented in Figure 12 details the time evolution of the relevant
parameters, in a scenario in which the design range of the hydrogen aircraft is the same as
that of the reference jet fuel aircraft. The shown results include optimization of the FCASK
and energy intensity without the CT, as well as the optimum FCASK results considering the
CT. The results that minimize the CO, intensity are very similar to those targeting minimum
FCASK and, thus, are not shown for readability. In these simulations, the only constraint
limiting the novel aircraft operations is the availability of hydrogen at the destination,
especially for longer routes. The optimization accounts for the intrinsic performance
difference (environmental, energetic, or economic), differentiating the two sub-fleets.

For what concerns route attribution, the two scenarios without the CT show similar
results, with slightly shorter routes assigned to hydrogen aircraft in the minimum energy
intensity case. A more significant difference is seen if a carbon tax is introduced, which
causes a reduction in the length of missions flown by jet fuel aircraft. Reducing the average
flown distance forces the legacy fleet to operate more sectors, thus increasing the total
turnaround time (30 min per segment) assigned to that sub-fleet. Since each sub-fleet total
annual in-service hours are fixed, shorter missions lead to a larger share of time spent
on the ground for turnarounds. As a result, the sub-fleet contributes less to fleet-wide
performance indicators. The time history of CO, intensity shows very similar results for
the three optimal solutions, with the average indicator dropping linearly as the hydrogen
FR increases. For what concerns the energy intensity, the biggest difference is seen during
the transient, showing a higher energy intensity for the scenario that targets minimum cost
with CT. It is also important to point out that the average energy intensity increases by
approximately 14%, because of the lower efficiency of hydrogen aircraft. The FCASK sees
a 20% increase following the introduction of hydrogen aircraft for the two scenarios that
do not consider the CT. In the CT Scenario instead, the FCASK remains almost constant
over time, 40% higher than the initial FCASK, computed without considering the CT. If we
consider hydrogen aircraft with a 2450 km DR, the final fleet-wide energy intensity is equal
to 0.82 M]/ASkm, compared to 0.86 MJ/ASkm in the previous case, showing the beneficial
impact of the reduction in the design range of the novel aircraft. The CO, intensity has
instead similar values both with the real and reduced design range hydrogen fleet. The
obtained values are comparable to the data available in the literature. In fact, Icelandair
posts an FCASK of 0.022$/ ASkm [53]. The CO, intensity computed for the overall fleet
by [22] is 0.6268 kg/ASkm for the baseline scenario, 0.5290 kg/ASkm and 0.3402 kg/ASkm
for an FR of 16.6% and 44.4%, respectively, if recomputed as the ratio of flown hours of the
two sub-fleets. The energy intensity of the Airbus A320neo is equal to 0.7517 M]J/ ASkm,
considering a cabin of 180 passengers, with an expected 15% increase for hydrogen jet
aircraft, as indicated in [12].
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Figure 12. Evolution for the average distance (a), CO; intensity (b), energy intensity (c) and FCASK
(d) as a function of time, hydrogen aircraft sized with the original design range.

Figure 13 details how the routes are distributed among the two sub-fleets, depending
on the target indicator. Results obtained minimizing the FCASK and CO; intensity are very
similar, as in both cases, the hydrogen fleet is assigned to routes whose length is close to
the maximum design range of the aircraft, whereas the minimum energy intensity solution
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sees the hydrogen flights taking up only short flights, thus minimizing the importance of
its flown hours in the complete network.
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Figure 13. Route length distribution for the 25% FR, DR2450, with CT.

4.2.2. Climate Impact Evaluation

The climate impact of the different scenarios has been assessed using the methodology
presented in Section 2, targeting only tank-to-wake emissions for both kerosene and hydro-
gen. This analysis accounts for all climate-altering emissions, including their latency in the
atmosphere, allowing for a broader analysis than just direct computation of CO; emissions.
The yearly jet fuel and hydrogen consumption, needed as input to compute the climate
impact, depends on the hydrogen fleet ratio. The collected daily schedules are extrapolated
to estimate yearly fuel consumption by multiplying the daily fuel and hydrogen usage
by 365 and applying a corrective factor. This factor accounts for traffic seasonality and
is derived from monthly movement data at the reference airports or bases of the carriers
under consideration [54]. Furthermore, a yearly increase in traffic of 2.2% [55], assuming a
fixed average stage length, is introduced, to account for the expected traffic growth and
consequent emissions. The results are presented in Table 4.

Table 4. ATR3 results for the different study cases for the Milan Malpensa airport, with the same
color code used in Figure 12.

Real DR DR2450
No CT CT No CT CT

1 2 3 1 2 3 1 2 3 1 2 3

ATR30Ref

2.77

[10~#K]
‘?ITOIEZOIQF] 1.05 1.07 0.943 0.943 1.07 0.943 1.02 1.04 0.943 0.943 1.04 0.946
“1&5}21’3 227 2.20 2.43 243 2.20 243 2.27 2.20 2.40 2.40 2.20 2.40
AT[fSEE'I“(T 1.27 1.30 1.19 1.19 1.30 1.19 1.24 1.27 1.18 1.18 1.26 1.19
Aat [%] —54.1 —53.4 573 —57.2 —534 —573 —55.2 —54.4 —57.4 —57.4 —54.5 —57.3

The results show a significant reduction in the overall climate impact from tank-to-
wake emissions, evaluated as the variation of temperature measured by the AT Rz indicator,
induced by the transitioning fleet, compared to the baseline, up to —57% depending on
the case. Moreover, incorporating the CT enables a further reduction in climate impact
compared to the corresponding scenario without it. The least reduction of the ATR3 is
consistently obtained by the solutions that minimize the energy intensity, as those favor
the operation of legacy jet fuel aircraft. Conversely, the solutions for optimal FCASK And
CO; intensity are equivalent, one to the other, in the simulations that include the CT, with a
slight deterioration for the min. FCASK if the tax is not considered, due to a higher average
CO; intensity of the network.
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It is also interesting to analyze the time history of the aviation-induced AT, shown in
Figure 14. Plot (a) shows the temperature increase linked to 30 years of operations of the jet
fuel fleet, which sees the biggest contributors being NO,, AIC, and CO,, which remain in
the atmosphere even once operations are concluded. The peak of temperature change is at
the end of the operational period of 30 years. Plot (b) shows the temperature increase linked
to the legacy fleet, which, coupled with plot (c) showing the climate impact of hydrogen
aircraft, details the impact of the analyzed transient. It is interesting to notice that the
shape of the total impact of the reference and of the hydrogen cases is similar, with a peak
at 30 years. Instead, the progressive reduction in the jet fuel fleet shows an interesting
behavior, with a global peak at 11 years from the beginning of the operations and a local
peak at the end of the 30-year period, mostly due to CO;. At last, plot (d) puts into scale
the reference and the two transient scenarios, showing how positive the introduction of
hydrogen aircraft is on the aviation-induced temperature increase.

w10 JF-induced A T - No fleet transition

] ﬂ:l 100 150
Time [y]
108 Transition JF-induced A T

100 150

Time [y]
108 Transition H2-induced A T

0 c) 50 100 150
Time [y]
w107 Comparison

Kerosene - Baseline
m— K erosene -Transition
Total - Transition
Hydregen contributicn

] d} 50 100 150
Time [y]

Figure 14. AT response: (a) Baseline scenario, (b) JF impact in fleet transition, (c) Hy in fleet transition
and (d) comparison of the three.
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Furthermore, it is necessary to perform a sensitivity study on the reduction in the AIC
RF per unit distance for hydrogen aircraft, as the —70% figure is not justified in [14]. The
reference RF per unit distance for kerosene aircraft is varied within a +70% range to account
for possible deviations. Results, shown in Figure 15, show the temperature increase due to
AIC emitted by hydrogen aircraft, normalized by the AT in the transition scenario (blue),
which varies with the variation of the RE, and by the constant AT of the reference scenario
with kerosene aircraft only (red).

In the —70% case, considered in all the previous results, AIC emitted by hydrogen
aircraft contributes only minimally to the estimated temperature increase, at 6% of the
reference, going up to 34% in the most extreme scenario. Thus, the uncertainty on the RF per
unit distance of hydrogen aircraft causes the potential temperature increase mitigation to
vary between —57% and —30%, showing how more detailed analysis on contrail modeling,
and eventual operational mitigation, are required. The last caveat on the proposed climate
impact modeling of contrail concerns the high dependency on atmospheric conditions of
contrail formation and radiative forcing, which at given conditions can also have a cooling
effect on the Earth atmosphere. In this work, which considers large operational scenarios
consisting of full airline networks over a 30-year period, it is necessary to consider an
average RF for contrails, of both hydrogen and kerosene aircraft, whereas the analysis of
single trajectories can achieve higher accuracy of contrail formation and impact modeling,
thanks to the introduction of local weather conditions (temperature, humidity, wind, time
of emission and others).
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Figure 15. Sensitivity studies on the impact.

5. Conclusions

The paper shows the impact of operations of a short- and medium-range fleet transi-
tioning from jet fuel to hydrogen propulsion, considering the constraint arising from the
availability of hydrogen refueling infrastructures and the intrinsic difference in performance
between the two sub-fleets.

This study first formulates a minimization problem to assess the operational impact of
hydrogen availability at airports within a specified airline network. The analysis accounts
for aircraft with distinct design ranges and introduces the possibility to serve shorter flights
recurring to tankering. This work introduces the novel concept of maximum range for
single refueling return trips, defining the farthest return distance an aircraft can achieve by
refueling only at its departure airport and tankering hydrogen for the return leg—while
accounting for regulatory reserves for both segments. This approach enables hydrogen-
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powered aircraft to operate at airports lacking hydrogen refueling infrastructure, as long
as the distance from a hydrogen-equipped hub remains within this calculated range. The
analysis of the design range of a hydrogen aircraft, based on the TLARs of the Airbus A320,
shows that, for European short-haul networks and with a set availability of hydrogen at
airports, a reduced design range of 2450 km enables sufficient network coverage, spanning
between 81% and 96%, while reducing the negative impact arising from the integration of
the novel fuel within the airframe.

With the introduction of a fleet replacement model, it becomes evident that the number
of routes potentially serviceable by hydrogen-powered aircraft exceeds the available fleet
size, especially right after the EIS of the novel fleet. This creates an opportunity to optimize
aircraft assignments between conventional and hydrogen sub-fleets, enhancing operational
efficiency. In fact, the hydrogen and jet fuel sub-fleets can be assigned to routes, with
the ambition of minimizing specific criteria, such as CO, or energy intensity, or FCASK.
Minimum energy solutions assign the shortest routes to the hydrogen sub-fleet, whereas
the other two exploit the full capabilities of the novel aircraft. As the fleet transition
progresses, with hydrogen aircraft accounting for up to 77% of total flight hours, the
potential reduction in the network-induced temperature increase goes up to 57.4%, as
quantified by the ATR indicator applied only to tank-to-wake emissions, thus implying
the usage of green hydrogen. This marks the significant climate mitigation benefits of
adopting hydrogen-powered aviation. The presented methodology could be improved by
introducing a time-evolving hydrogen refueling infrastructure scenario, in order to assess
how impactful this constraint would be along the transition. Furthermore, airline data
detailing passenger numbers could be included to refine the model to account for aircraft
of different sizes as well.

This article is a revised and expanded version of a paper [21] entitled “TRANSIENT
IN OPERATIONS: FROM JET-FUEL TO HYDROGEN-POWERED AIRCRAFT”, which was
presented at Towards Sustainable Aviation Summit (TSAS), Toulouse, France, 2025.
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