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Abstract

Liquid hydrogen-powered aircraft (LH, aircraft) offer the potential for a zero-carbon
footprint when hydrogen is produced from renewable sources. However, integrating
LH,; aircraft into the air transport system is complex due to differences in LH; supply
availability and varying levels of airport readiness. To address these disparities and comply
with anticipated sustainability regulations, hydrogen tankering can serve as a temporary
strategy by carrying additional hydrogen to avoid refueling at destinations lacking LH,
capabilities. This study presents a novel model that evaluates the potential of tankering
while accounting for its interaction with strategic LH; infrastructure placement, tactical
flight scheduling, and operational aircraft routing. Applying the framework to a real-world
case in the Baltic Sea region reveals trade-offs between system costs and environmental
benefits under different regulatory measures.

Keywords: hydrogen aircraft; network planning; hydrogen refueling hubs; tankering;
mathematical optimization

1. Introduction

The air transport system is crucial for global connectivity and economic growth, but
it also faces significant challenges due to its contribution to greenhouse gas emissions.
Aviation emits large volumes of CO, and produces non-CO, effects that exacerbate climate
change [1]. Growing public concern over aviation’s environmental footprint has encouraged
governments to enforce stricter regulatory measures on the industry.

Liquid hydrogen-powered aircraft (LH, aircraft) offer a promising alternative, provid-
ing roughly three times the gravimetric energy density of jet fuel and enabling a zero-carbon
footprint when the hydrogen is produced from renewable sources [2]. Hydrogen fuel cells
or hydrogen combustion may also reduce non-CO, effects. Several original equipment
manufacturers (OEMs) have proposed concepts for LH, aircraft, with the first models
expected to enter service around 2035 for short-haul routes [3].

Various regulations and initiatives are expected to promote the adoption of hydrogen
in aviation, such as carbon-emission constraints and carbon-tax schemes [4]. In anticipa-
tion of these measures, investments in LH; aircraft and infrastructure are highly capital-
intensive and cannot be planned in isolation. They must be coordinated in an integrated,
network-wide manner. This requires establishing hydrogen refueling bases at key airports,
referred to as LH; hubs [5], together with new operational strategies.
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A promising operational strategy is hydrogen tankering, in which aircraft carry enough
hydrogen for a round trip and therefore do not need to refuel at the destination [6]. This
strategy, used in combination with LH; hubs, can help overcome several challenges ex-
pected during the early introduction of first-generation LH; aircraft. Tankering can mitigate
differences in LH; supply costs between airports, for example, those arising from their
proximity to renewable energy sources. It can also reduce dependence on airports that are
not yet fully equipped with LH; infrastructure [3].

The operational decisions of tankering and aircraft routing are closely linked to tactical
flight scheduling, as well as the strategic placement of LH; hubs and fleet sizing. For the
effective and cost-efficient planning of an air transport system with LH, aircraft, computa-
tional models are required that integrate these decision levels. These models should assist
decision-makers in finding the optimal balance between total costs and environmental
benefits for various regulatory measures.

However, existing models rarely address these decision levels simultaneously. Studies
on the strategic design of the LH; infrastructure network [7,8] consider the geographical
differences in supply costs for LH; but neglect the interaction with downstream LH,
operations. Tactical/operational studies [5,6] focus on the potential of hydrogen tankering,
but take the network of airports with LHj infrastructure as given.

The contributions of this paper are twofold: (i) To develop a mathematical model
to determine the LH); refueling hubs and operational strategy in a network. The model
considers fleet size and composition, flight schedules, downstream flight and refueling
operations, while evaluating the trade-off between environmental benefits and system costs
for different regulatory measures. (ii) To apply the proposed methodology for planning
and operations in a real-world air transport system in the Baltic Sea Region.

The remainder of this paper is organized as follows. Section 2 presents the problem
setting and mathematical formulation. Section 3 presents the results of the application of the
model on the Baltic Sea region case study. To conclude, Section 4 presents the conclusions
and future research directions.

2. Model Description

This section describes the modeling assumptions and mathematical formulation of the
time-space—fuel flow-based integer programming (IP) model based on previous works [9].

2.1. Modeling Assumptions

First, we present a set of assumptions upon which the model is built.

Planning perspective: It is assumed that there is the existence of an air transport system
with LH; aircraft controlled by a central operator. The operator assigns tasks to the fleet
while fulfilling the demand between airport pairs. The tasks include carrying out flights,
being idle, or refueling. This study employs a network perspective. This is without con-
sidering airline-specific factors, since placing LH; infrastructure at airports and emissions
reduction is a system-wide issue. The model is applied to a typical day in operations.

Airport: Both hub and regional commercial airports are assumed capable of handling
first-generation LH aircraft. To capture differences in suitability for LH; operations at
airports, two factors are considered: (1) supply costs of LH,, reflecting local geographical
characteristics, and (2) LH; infrastructure costs, limited to the operations at the airport:
refueling trucks and LH; storage facilities.

Aircraft fleet: A mixed fleet of narrow-body conventional and first-generation LH,
aircraft is considered. Aircraft are categorized by propulsion type, range, maximum speed,
CO;, emissions, and seating capacity. Each type has limits on daily utilization hours and is
characterized by daily operating costs, including CAPEX, crew, and maintenance.
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Demand: We assume that average daily demand estimates are available for every pair
of airports and time period, and assume that all the trip requests are served by the air
transport system. We do not model mode choice explicitly.

Policy regulations: For the policy measure to promote the adoption of sustainable LH,
aircraft, a system-wide carbon tax is considered. The tax is applied to the CO, emissions of
all flights in the air transport system.

Objective: The model is formulated as a minimization problem consisting of three
components. The first captures the operating costs of the aircraft fleet, including LH; and
Jet A-1 fuel, tankering penalties, ATC and airport fees, CAPEX, maintenance, and crew
costs. The second represents costs for LH; infrastructure, including refueling trucks and
storage facilities. Together, these two components form the total system costs. Finally, a
policy component is incorporated through a carbon tax, resulting in a total CO; cost.

2.2. Mathematical Formulation

Based on the previous assumptions, a time-space—fuel network is defined with a set
of airports A = {0,...,a,... A}, aset of timesteps T = {0,...,t,... T}, and a set of discrete
(hydrogen) fuel levels E = {0,...,e,...E}. The intersections of these three dimensions
create a three-dimensional network, see Figure 1.

—>  Flight arcs
—> Refuelling arcs
Ground arcs

—> Wrap-around arcs

Activitiy nodes

Bty ::r"“l Airport B

Airport A

Figure 1. Illustration of time-space—fuel network.

We define the set of aircraft typesas U = {0,...,u,...U}. Since conventional aircraft
do not apply tankering in this study, the remaining fuel levels of conventional aircraft do
not need to be considered, thereby reducing computational complexity. Furthermore, we
translate the origin-destination demand to a set of demand markets M = {0,...,m,... M},
each characterized by a distinct tuple (a;,a;, t) showing the travel demand between
airports a; and a; at timestep t. Finally, the set of vertices in the network is represented
as activity nodes N = {0,...,n,... N}. The nodes act either as start or end vertices of an
aircraft activity. These activities are represented by three types of arcs in the network:

e  Flight arcs (F): Connect activity nodes at different airports, fuel levels and timesteps.
Each flight arc is represented by f = (a1, aa, t1, t2, €1, e2) where a; # ap, t, > t; and
ez < e1. The arrival time is defined as t, = #1 + t;j, , where t;j, is the time (in timesteps)
needed to fly from i to j by aircraft type u. Arrival fuel level is defined as e; = e1 — ¢,
in which e;;y,, is the fuel consumption between airport pairs, depending on the initial
energy level ey, to account for the tankering penalty. The set of potential flight arcs
respects the range of aircraft type u.

e  Ground arcs (G): These arcs connect the first and last activity node at any airport,
ensuring schedule repeatability. Each ground arc is represented by g = (a1, a1, t1, t2, 1,
e1) where t; = t; 4 1. Next to the set of ground arcs, a set of wrap-around ground
arcs is defined as W.
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e Refueling arcs (H): The refueling arcs connect activity nodes at the same airports,
but different timesteps and fuel levels. Each refueling arc is represented by & = (a1,
ay, ty, ty, e1, e2), with tp = t; + 1 and e > e1. The energy level at the timestep ¢, is
e = e;+ ey(er), with e, being the flow rate which shows the fuel levels that are
being refueled per timestep for aircraft type u.

Additional sets:

f € Fi, F9% C FInbound/outbound flight arcs to activity node n for aircraft type u

f € FEuu C F Set of flight arcs that serve demand market m for aircraft type u

g€ G, G C G Inbound/outbound idle arcs to activity node n for aircraft type u

h € HI, H? C R Inbound/outbound refuel arcs to activity node n for aircraft type u
w e Win, Wi C W Inbound/outbound wrap-around arcs to activity node n for aircraft
type u

g h € GZ(t) CcG, Hfl(t) C H Set of refuel and ground arcs intersecting with vertical line
c at timestep t

Parameters

Cu Daily fixed costs per aircraft type u (capex, maintenance and crew) [€]
ctruck Daily fixed costs of operating a hydrogen refueling truck [€]
cstorage. Daily costs of operating the hydrogen storage unit [€]
Movement cost of an aircraft of type u of serving flight arc f (ATC and

CWlOU

fu airport fees) [€]
cizel Cost of hydrogen and kerosene for refueling arc & for aircraft u [€]
c]%? 2 CO;, emissions of flight arc f for aircraft type u [ton CO;]

ctox Carbon tax [€/ton CO,]
Vector of the turnaround periods after flight arc f for aircraft type u at

f
TATa airport a [-]
B{,C Block hours of performing flight arc f for aircraft type u [hours]
FL, Maximum utilization hours per day for aircraft type u [hours]
L TOT Maximum number of aircraft that can be handled at airport a per
a

timestep [#]

df Distance of flight arc f [km]

ku Seating capacity of aircraft type u [#]

D, Demand, in number of passengers, for demand market m [#]

Decision variables
X fy Number of aircraft of type u on flight arc f

Yu Number of aircraft of type u on refueling arc

Zgu Number of aircraft of type u on idle arc g

Swu Number of aircraft of type u on wrap-around arc w

Ga Number of LH; refueling trucks at airport a

Sa Binary variable indicating whether LHj storage facilities are available at
airport a

Uy Number of aircraft of type u in the system

Model formulation

LH?2 infrastructure ATC & Airport fees Fuel costs
Aircraft CAPEX CO2 costs
; _ truck t = fuel co2
min fl — 2 (Cruc ~q,,+cs orage Sa> + Z Cy Uy + Z(c}";v Xfu ) + E <ch” © Yhy + Z chu © Xfy (1)
acA uel feF heH uel feF
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Subject to:
1 S - 3 =0, ,
L X+ L Yt L Zau+ L S < L %y + L Yt L zZg+ L swu> 0, Vuel,neN )
feF hEHlixytl4 gEGﬁ"n wewvit,fl feF;I?’I‘H heH’lei“ gEGf’z’ff IUEW,‘,)HI
Dy < ¥ <ku Dy xfu)r Vm e M (3)
uEu fEFUUl
Y Swu=0u, Yuel (4)
weWy
v r Yhu Sqa: Vne N,ae A (5)
uell pe Hyut
QaSM‘Su/ YVae A (6)
): Z Yhu + Z Zgu S L?;OTI Vne N, ae A (7)
uel \ he Hut ger}’,‘f
r B'L{‘xfu < FLy - vy, Yue U (8)
fEFl[
r X < Y Yt X Zgu Vte T, uel acA (9)
(f): t e TATL, he® geGi?
VfeF, heH gegG,
Xfu s Y s Zgus Swu , Ga, Ou € N, (10)
fu v e A weW,uel,aeA
s € {0, 1}, Vae A (11)

The model is described in Equations (1)—(11). The objective (1) contains the compo-
nents as outlined in the modeling assumptions. Constraints (2) enforce flow conservation
by ensuring that, at each activity node n, the number of incoming aircraft is equal to the
number of outgoing aircraft, maintaining network equilibrium for each aircraft type. Con-
straints (3) ensure that demand is satisfied for each demand market, considering the seating
capacity of the aircraft. Constraints (4) track the number of aircraft in the system per aircraft
type u using the wrap-around arcs. Constraints (5) and (6) focus on the LH, infrastructure,
limiting the number of aircraft that can simultaneously refuel to the number of refueling
trucks and coupling the refueling trucks to the presence of LH; storage. Constraints (7)
ensure that the capacity of the airport is not exceeded per timestep. Constraints (8) account
for the maximum utilization hours of aircraft in the system. Finally, constraints (9) ensure
that aircraft stay on the ground after a flight, either refueling or idling to account for the
turnaround time.

3. Case Study

For the real-world case study, the Baltic Sea region is selected due to its strong reliance
on air transport for regional connectivity and its dense network of short-haul routes.

3.1. Study Data

To apply the model for the planning of an air transport system with LH; aircraft in the
Baltic Sea region, we need to collect the following data types: (1) set of potential airports
with associated LH; supply costs; (2) origin—destination (OD) matrix between airport pairs;
(3) costs of operating fleet of aircraft; and (4) costs of LH; infrastructure at the airport.

The set of potential airports is selected based on the number of daily flights depart-
ing/arriving at the airport, with a minimum of five flights per day. LH; supply costs for
these airports are taken from the study by Hoelzen et al. [5]. For airports not covered
in the study, costs from the nearest available airport are assigned. Figure 2 presents the
selected airports and their corresponding LH; costs for 2035. Daily origin and destination
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demand between airport pairs is estimated using an open-source pipeline [10] based on
Eurostat data. These flows are then scaled to a distribution over the day using existing
flight schedules, creating the required demand markets.

4.87,€/kg

4.87.€/kg
f

s-ugfiso
s5.11€/kg g e ERHK
3 S'ng SR
4.98.€/kg
4.98./kg iy
i *
5.63 €/kg
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5163 €/kg 4.98.6/kg
(2 £
5.60€/kg
EKYT 7, 9
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ESMT Esho

5.60€/kg 4.70 €/kg 4.70 €/ks
EKAH ESTA or
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7 o
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Figure 2. Airports case study with LH, prices in 2035.

Table 1 summarizes the aircraft types included in the heterogeneous fleet. Conven-
tional aircraft are selected based on their prevalence in the case study region, with technical
specifications partially sourced from the OpenAP database [11]. Considering the case study
and intended time horizon, the short-range LH, aircraft is selected based on OEM concept
proposals with their expected entry into service, design range, and seating capacity [3].
Daily fixed costs, ATC fees, airport fees, and the resulting direct operating costs are cal-
culated using the TU Berlin DOC method [12]. The fuel consumption reported in Table 1
reflects average values, while in the model, it varies with the remaining fuel in the tank,
to account for tankering penalties [13]. Finally, the daily costs of operating LH; refueling
trucks and storage facilities at each airport are taken from previous studies [5,14].

Table 1. Considered aircraft types.

Regional Narrow-Body  Short-Range

Aircraft Type Turboprop Jet Jets LH,

Range [km] 1164 2125 4565 1200
Seating capacity [PAX] 78 90 186 40

ﬁz‘z;":igoizg?ggg] 13,105 16,769 29,761 13,957

ATC and airport fees 865 1178 2111 865

Fuel consumption [kg/km] 248 4.88 6.30 0.62
Cruise speed [km/h] 551 956 956 551
Tumal;-zlfl::} j:gnﬁsi):]ludmg 20 25 30 20

DOC [€/ASK] 5.09 5.06 423 7.73
MTOM [t] 49.1 63.4 75.8 21

3.2. Model Solving

In this study, an analysis is conducted across 79 scenarios. Table 2 summarizes the
model settings and corresponding GAPs for each scenario. Each scenario is executed

https:/ /doi.org/10.3390/engproc2026133159
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with 29 airports and 38 timesteps, representing 30-minute intervals between 5:00 a.m. and
12:00 p.m. The set of scenarios evaluates the trade-off between system costs and environ-
mental benefits, with and without tankering, under the application of a carbon tax.

Table 2. Experimental plan.

Carbon Tax # LH, Fuel

. . LH, ., .
Scenario Tankering (t/COy) Levels #LH; Hubs Price Range # Scenario’s GAP in 5000 s
Effect carbon tax No [100, 125] 6 [0,1,2,4,6] Baseline 1000 10 [0.00-1.21%]
Effect carbon tax Yes [100, 125] 6 [1,2,4,6] Baseline 1000 8 [0.00-2.23%]

3.3. Study Results

Figure 3 illustrates the relationship between total system costs and CO, emissions,
with and without tankering. The results are obtained by varying the number of LH; hubs
in the system and the carbon tax. The costs and emissions are normalized relative to the
baseline scenario with no hubs and no tax. Multiple observations can be made:

g
=

Normalized System Costs
° o
o ©

o
>

e
N

t

Normalized CO: emissions

4
©

Normalized CO:z emissions

System Cost Components
LH: Fuel
LHz Fuel Penalty
LH: Infrastructure (Storage & Trucks)
JET-A1 fuel
Aircraft CAPEX, Maintenance & Crew
ATC & Airport Fees

1l

o
>

°
N

Scenario
3 No Tankering
CZ2 Tankering

o
o

0

0.0
Nr of LH2 hubs

No limit

100 €/tCO2 125 €/tCO2 Scenarios  Carbon tax
in detail

Figure 3. Relation between system costs, CO, emissions and carbon tax, number of LH; hubs.

I. Without LH; hubs, implementing a carbon tax has a marginal effect, slightly re-
ducing CO, emissions and increasing system costs. Since LH, aircraft are not available,
the conventional fleet adjusts minimally, shifting toward more environmentally friendly
turboprops with slightly lower emissions but higher operating costs.

IL. In scenarios with only a single LH; hub and without tankering, the system costs
and CO, emissions are similar to those in the scenario without any hubs. No tankering
requires the availability of LH; infrastructure at both the origin and destination airports.

IIL In scenarios that include LH; hubs, there is a positive correlation between system
costs, the carbon tax, and the number of LH; hubs. In contrast, a negative correlation is
observed with CO, emissions. The carbon tax incentivizes a shift toward the now available
environmentally friendly LH; aircraft. However, these aircraft are associated with higher
capital expenditures, as well as additional expenses related to LH; fuel and infrastructure.
Moreover, the price of LHj is higher than that of Jet A-1. It should be noted that a greater
number of LH; hubs enables more routes to be operated by LH; aircraft, which increases
the potential to avoid carbon taxes but also leads to higher overall system costs.

IV. For policymakers and operators, it is important to understand that the effect of
tankering is not constant across different numbers of hubs and carbon-tax levels. Tankering
generally leads to more efficient use of the LH fleet and availability infrastructure. This
encourages greater use of LH, aircraft in the system. This shift contributes to lower CO,
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References

emissions and decreases Jet A-1 fuel consumption. At the same time, tankering increases
LH,; fuel consumption and infrastructure demands at LH, hubs. In addition, it introduces
a fuel penalty because of the extra weight carried on board.

In scenarios with high carbon taxes and multiple hubs, the additional LH, consump-
tion, including the penalties and infrastructure requirements, is offset by the benefits of
lower CO, emissions and reduced Jet A-1 use compared to scenarios without tankering.
The combined total of system costs and CO,-related costs is lower in the tankering scenario.

4. Conclusions and Further Work

The framework proposed in this paper addresses a gap in the existing literature by
providing a model that simultaneously integrates strategic decisions on hydrogen infras-
tructure placement and fleet size, tactical decisions on flight scheduling, and operational
decisions related to aircraft routing and refueling. This model allows the evaluation of
tankering strategies and regulatory measures.

A generalizable result is that the potential of tankering increases with higher carbon
taxes and a greater number of open hubs. Under these conditions, comparable CO,
reductions can be achieved at lower system costs while enabling broader network expansion
than in scenarios without tankering. In scenarios with high carbon taxes and multiple hubs,
the additional LH; consumption, including penalties and infrastructure requirements, is
offset by the benefits of lower CO; emissions and reduced Jet A-1 use.

In summary, the model provides a valuable tool for a range of stakeholders. It enables
operators and airports to analyze how the introduction of LH; aircraft may affect future
air transport systems, allows policymakers to perform sensitivity analyses on regulatory
measures such as carbon taxes, and assists OEMs in defining the minimum required design
characteristics of LH; aircraft in terms of range and seating capacity.

Despite its promising potential, key parameters in this study, including the design
characteristics of LHj aircraft and the LH; fuel costs, are subject to such high levels of un-
certainty without available probability distributions. This stresses the need for a systematic
approach to deal with uncertainty and for efficient model solving.
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