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 A B S T R A C T

Hydrogen-based propulsion concepts for aircraft are considered a promising technology towards the decar-
bonization of aviation. While the development of respective aircraft models is in progress, questions regarding 
the supply network of green hydrogen are arising. We present a multi-period mixed-integer programming model 
for the hydrogen supply chain network design problem focusing on the aviation sector. The model minimizes 
the total network cost by making strategic decisions (e.g. suppliers, locations, capacities, transportation 
infrastructure) and tactical decisions (e.g. hydrogen flows, storage quantities) at different temporal resolutions. 
Our model formulation considers the spatially and temporally varying supply and demand of hydrogen, the 
techno-economic characteristics of hydrogen storage, liquefaction and transportation (e.g., economies of scale), 
as well as the specific requirements of hydrogen handling (e.g., losses). Model application is illustrated for a 
representative set of German airports with local production and hydrogen import options, considering the 
projected development of the European Hydrogen Backbone pipeline infrastructure. Optimal network designs 
(from production to the airport storage tanks) and corresponding costs are analyzed for different hydrogen 
demand scenarios. In addition to the model results, refueling costs at each airport are calculated separately, 
thereby covering the entire end-to-end supply chain and enabling the estimation of hydrogen cost at the pump.
1. Introduction

The aviation sector accounted for approximately 0.8 gigatonnes (Gt) 
of global carbon dioxide (CO2) emissions in 2022, representing 2% of 
total anthropogenic CO2 emissions (International Energy Agency (IEA), 
2025). Even with projected efficiency improvements in aircraft technol-
ogy and operations, CO2 emissions are expected to rise to around 1.9 
Gt in 2050 due to the increasing demand for flights (Fig.  1). In addition 
to CO2, aviation significantly contributes to non-CO2 climate effects 
such as contrails and nitrogen oxides, resulting in an overall climate 
impact estimated at approximately 3.5% of global radiative forcing in 
2011 (Lee et al., 2021). This contradicts the aviation industry’s target 
to achieve net zero CO2 emissions in flight operations (IATA, 2025).

One promising strategy to achieve aviation’s ambitions CO2 targets 
is the development of new aircraft propulsion technology based on 
alternative fuels. For example, green hydrogen (H2) could reduce CO2
emissions of flight operations by 100% and overall climate impact 
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(including CO2 and non-CO2 emissions) by 90% (Fuel Cells and Hy-
drogen 2 Joint Undertaking, 2020). Therefore, it is considered by both 
academia and industry as one of the most important energy carriers 
for future aviation. Next to its direct use in aircraft (the concern of this 
study) it can also serve as a feedstock for the synthesis of sustainable 
aviation fuels (Hoelzen et al., 2022; Hydrogen Central, 2025; IATA, 
2025).

Academia and industry are working towards the future widespread 
use of H2-fueled aircraft. First flights of H2-fueled aircraft with 40 pas-
sengers and up to 1600 km range have already been demonstrated (Ros-
alyne, 2023). Furthermore, Airbus aims to introduce the first com-
mercial H2-fueled aircraft by 2040 to 2045 (Harrington, 2025). With 
the market deployment of H2-fueled aircraft, aviation’s need for H2
will increase to significant levels. While global green H2 production 
totaled 1.2 Mt in 2021, the green H2 demand of the aviation sector 
alone is projected to range between 20 Mt and 42 Mt in 2050 ac-
cording to IATA (IATA, 2025) and Fuel Cells and Hydrogen 2 Joint 
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Fig. 1. Projection of CO2 emission for aviation (adapted from Fuel Cells and Hydrogen 2 Joint Undertaking, 2020).
Undertaking (Fuel Cells and Hydrogen 2 Joint Undertaking, 2020). This 
projected rapid increase in green H2 demand requires the development 
of an effective supply infrastructure.

One major challenge in making green H2 a viable alternative to 
conventional aviation fuels is to reduce its cost. Hence, cost-effective
end-to-end hydrogen supply chain network design (HSCND) has be-
come an important research focus. However, as the hydrogen market 
is currently in its nascent stage, researchers and industry are facing 
numerous challenges and uncertainties in developing efficient HSCND. 
Key obstacles include demand and supply-side uncertainties, the lack 
of reliable techno-economic data, and the complexity associated with 
repurposing existing infrastructure for hydrogen use. Additionally, ca-
pacity limitations, the selection of transportation modes, and the strate-
gic planning required to transition the hydrogen supply chain network 
from its infancy to a mature state remain significant hurdles. Address-
ing these challenges, this study aims to develop a planning model that 
supports the optimal HSCND across a specified geography and time 
horizon.

The remainder of this paper is organized as follows. Section 2 ex-
amines the problem characteristics and model requirements, which are 
compared against extant planning models in the literature. Addressing 
the unique requirements of hydrogen supply chain network (HSCN) 
for aviation, a mathematical optimization model that minimizes total 
network cost is developed in Section 3. The application of the model 
is demonstrated through a case study on green H2 supply networks for 
German airports. Section 4 introduces the case study setting, assump-
tions, and data. Section 5 presents and discusses the results for the dif-
ferent scenarios, while Section 6 provides insights for decision-makers 
and concludes with potential future research directions.

2. Planning problem

In the following, the characteristics of supply chains of green H2 for 
aviation are described. Then, the requirements that must be fulfilled by 
a planning approach for the HSCND are derived and existing models in 
the literature are analyzed in terms of these requirements. Finally, the 
intended contribution of the study is explained.

2.1. Green hydrogen supply chain for aviation

There are various types of H2, often distinguished by ‘‘colors’’ 
(e.g., green, blue, pink, gray, etc.), each produced through different 
methods that carry distinct ecological and economic impacts (Ajanovic 
et al., 2022). This study focuses exclusively on green H2. The green 
H  supply chain for aviation consists primarily of the following stages: 
2
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production of gaseous hydrogen (GH2), liquefaction, storage, and trans-
portation. Green GH2 is produced through the electrolysis of water, 
using electricity from renewable energy sources such as solar and 
wind (Hoelzen et al., 2022). For aviation, unlike many other sectors, H2
is required in liquid form due to the low energy density of its gaseous 
state, necessitating liquefaction to avoid excessively large fuel tanks on 
the aircraft. GH2 is stored in pressurized tanks or natural underground 
storage areas, while cryogenic tanks are required to maintain liquid 
hydrogen (LH2) at temperatures below −253 ◦C. All material flows 
between the stages of the hydrogen supply chain necessitate transporta-
tion. For GH2, economically and technologically viable transportation 
modes include pipelines as well as trucks and railway vessels. In the 
case of liquid hydrogen LH2, cryogenic truck tanks and sea-going 
vessels are the primary transportation modes. The generic structure of 
the green H2 supply chain is illustrated in Fig.  2.

2.2. Problem requirements and analyzing them through existing literature

The problem of designing efficient hydrogen supply chain is closely 
related to the general supply chain network design (SCND) (Melo et al., 
2009; Goetschalckx, 2011). This problem usually comprises decisions 
regarding the selection of suppliers, the locations of facilities, the flow 
of goods through the network, the choice of transportation modes 
and capacities. In the domain of hydrogen supply chains, there are 
numerous specific requirements, that are typically not considered by 
general SCND formulations. These requirements are discussed in the 
following along with related literature that already addresses them at 
least partially.

(1) Multi-period models: Long-term planning is essential for an ef-
ficient HSCND due to the dynamic nature of pipeline infras-
tructure, renewable energy capacity, and demand over time. 
Strategic supply chain decisions, such as determining optimal 
locations, capacities, and infrastructure investments, carry long-
term implications. Thus, instead of employing a static model that 
captures only a single point in time, adopting a multi-period 
(dynamic) modeling approach to analyze the network’s evolu-
tion across interconnected years provides more comprehensive 
insights and yields more reliable results. While some previous 
studies (Almansoori and Betancourt-Torcat, 2016; Bique and 
Zondervan, 2018; Ögrük et al., 2025; Reuß et al., 2019) focus 
on a single period, other studies such as Erdoğan and Güler 
(2023), Ochoa-Robles et al. (2019), Silva et al. (2024), and Yoon 
et al. (2022) investigate the evolution of the network in a 
multi-period setting.
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Fig. 2. Generic structure of the green H2 supply chain for aviation.
(2) Monthly temporal resolution: Green H2 supply chains must ad-
dress temporal mismatches between demand and supply, which 
arise due to the variability of renewable energy sources and 
fluctuations in aviation demand, particularly during peak pe-
riods such as holiday months and other high-travel seasons. 
Consequently, it is important to incorporate a suitable temporal 
resolution to account for these fluctuations more accurately. A 
monthly resolution framework allows for tracking variations in 
green H2 production, transportation, and storage quantities on 
a month-to-month basis, without increasing the model’s com-
plexity to the levels required by daily or weekly resolutions and 
without oversimplifying operational details as seen in seasonal 
or yearly resolutions. However, due to the data availability and 
model limitations, most papers in the HSCN literature adopt 
annual or even lower temporal resolutions, such as Forghani 
et al. (2023) and Güler et al. (2021). While some studies, such 
as Reuß et al. (2017, 2019), investigate H2 storage with seasonal 
resolution, they do not approach the problem from a complex 
network perspective where network optimization models are 
applied. Although not in the H2 domain, Wolff et al. (2023) op-
timizes renewable fuel supply chain networks by making tactical 
decisions with seasonal temporal resolution.

(3) Multi-commodity network flow: Since aviation’s H2 demand is 
in the form of LH2, but GH2 is produced through electroly-
sis, the supply chain for aviation must handle two distinct H2
forms. Some studies focusing on other sectors only consider GH2
(Mukherjee et al., 2015; Raaesi et al., 2024), while others, such 
as Eskandari et al. (2024), model both GH2 and LH2 across 
the network. Notably, in the aviation context, liquefaction can 
take place not only at the production nodes but also at the 
airports, adding additional conversion steps and decisions into 
the network design. Therefore, multi-commodity flow models 
must capture both the transport and conversion of H2 between 
its gaseous and liquid phases, along with their infrastructure 
requirements.

(4) Consideration of losses in arcs and nodes: Each H2 form is 
associated with distinct losses that arise throughout the trans-
portation, storage, and conversion stages of the supply chain. 
LH2 systems experience boil-off losses due to the evaporation 
of liquid hydrogen under cryogenic conditions. In contrast, GH2
systems encounter leakage losses resulting from compression, 
pipeline transport, or handling under high pressure. The type 
and magnitude of these losses depend on the specific trans-
portation modes, storage technologies, and conversion processes 
employed across the network. As a result, decisions regarding 
transport modes, storage capacity, and liquefaction locations 
must account for these form-dependent losses to ensure efficient 
and realistic supply chain planning for aviation. Accurately mod-
eling these losses is essential to optimize network performance 
and minimize hydrogen waste. We observe in the literature that 
some studies, such as Fazli-Khalaf et al. (2020), neglect hydrogen 
3 
losses in their network design, whereas others, like Sizaire et al. 
(2024), explicitly account for these losses throughout the supply 
chain.

(5) Multi-modal transportation: Addressing spatial disparities be-
tween supply and demand and ensuring access to low-cost H2
requires the transportation of H2. Depending on the transported 
volume, H2 form and distance, different transportation modes 
such as trucks, railways, vessels, and pipelines may offer advan-
tages over one another. Therefore, incorporating multiple trans-
portation modes into the network design can significantly in-
fluence both its cost-effectiveness and operational performance. 
Some studies enable only limited transportation modes, such as 
trucks  (Almaraz et al., 2014; Eskandari et al., 2024; Lahnaoui 
et al., 2021), pipelines (Sens et al., 2022; Sizaire et al., 2024), 
or sea vessels (Kim et al., 2024). However, the literature also 
includes analyses of models employing multiple transportation 
modes. For example, Almansoori and Shah (2012) and Güler 
et al. (2021) utilize trucks and rail tank cars, while Ohmstede 
et al. (2023) and Ögrük et al. (2025) use both trucks and 
pipelines.

(6) Utilization of existing infrastructure: Hydrogen is envisioned 
not only as an energy carrier for aviation but also for numer-
ous other sectors. Consequently, shared infrastructure serving 
multiple sectors is being planned, offering both economic and 
operational advantages compared to developing sector-exclusive 
systems. Given the substantial investments required to establish 
common H2 infrastructure and aviation’s relatively modest share 
of its use, allocating only the proportional costs to the avia-
tion sector represents a more efficient and justified investment 
strategy. According to Cerniauskas et al. (2020), utilizing exist-
ing infrastructure allows for a more realistic and cost-optimal 
HSCND. To this end, incorporating both current and planned 
pipeline networks, as well as underground GH2 storage facilities, 
is a critical requirement in designing the network. In many 
studies, existing infrastructure is not taken into consideration. 
For example, Sens et al. (2022) and Wickham et al. (2021) plan 
the installation of new pipelines between supply and demand 
nodes without accounting for the use of existing pipelines. The 
literature contains only a few studies that leverage current or 
projected infrastructure. For instance, Baufumé et al. (2013) 
examine the development of a GH2 pipeline network in Germany 
to meet future road transportation demand, using existing fuel 
stations as sink nodes for H2 demand. Mukherjee et al. (2015) 
propose utilizing surplus power to produce H2 for energy storage 
and distribution, integrating existing natural gas distribution and 
storage infrastructure. Yoon et al. (2022) utilize byproduct H2
and existing natural gas pipelines for distribution, finding that 
using existing pipelines significantly reduces the levelized cost of 
H2 compared to non-utilization scenarios. Although not focused 
on H2, Uster and Dilaveroğlu (2014) optimize Turkey’s natural 
gas network by leveraging and expanding the existing natural 
gas pipeline infrastructure.
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(7) Economies of scale and learning rate: Capital expenditures
(𝐶𝑎𝑝𝐸𝑥) and operational expenditures (𝑂𝑝𝐸𝑥) across different 
stages of the H2 supply chain are time- and size-dependent. This 
variation should be included in the calculations if the model is 
multi-period or if different sizes of facilities or transportation 
are needed. Hoelzen et al. (2023) present time-varying techno-
economic data for H2 supply chains using the learning rate 
method. Almansoori and Shah (2009) employ the learning rate 
concept to calculate costs realistically in their multi-period sup-
ply chain design. To cover the size-varying cost data, multiple 
capacity levels, each associated with distinct unit costs that 
reflect differences in scale, are utilized. This approach carefully 
addresses economies of scale, a factor also covered in the lit-
erature. Almansoori and Shah (2009) and Moreno-Benito et al. 
(2017) consider economies of scale across various stages of the 
supply chain, while Forghani et al. (2023) differentiates unit 
costs for different scales in production and storage facilities but 
not for pipelines.

While these individual requirements have been addressed sepa-
rately across various studies, to the best of our knowledge, no existing 
HSCND model simultaneously integrates all of them. Addressing these 
interconnected aspects thus necessitates the development of a new, 
comprehensive modeling framework.

2.3. Approach and intended contribution

To analyze the long-term design and operation of the HSCN, consid-
ering monthly green H2 production potential and demand fluctuations, 
we formulate a mathematical optimization model. This model inte-
grates multi-period strategic decisions alongside monthly operational 
decisions. The strategic decisions include capital investment choices 
regarding the establishment of pipelines and facilities with specific 
capacities and locations. Meanwhile, operational decisions encompass 
H2 flow and storage quantities. The multi-period model incorporates 
both GH2 and LH2 forms, utilizes multiple transportation modes, and, 
considers economies of scale in both facility and transportation options. 
Additionally, the integration of existing and projected infrastructure is 
included into our approach — a dimension that has received minimal 
attention in the current literature. By incorporating current and future 
pipeline networks as well as underground H2 storage facilities along 
with new capital investments, our approach provides a more realistic 
foundation for network design. These elements constitute the primary 
contribution of this study.

Although there is a substantial body of research on hydrogen supply 
chains and networks, very few studies specifically address these issues 
within the aviation sector (Hoelzen et al., 2023; Ohmstede et al., 
2023). Furthermore, the aviation-focused studies in the literature do 
not approach hydrogen supply chains from a network perspective. One 
of the key novelties of this study is that it optimizes the network 
design specifically for the aviation industry. A distinguishing feature 
of aviation, compared to other sectors, is that its final H2 demand is 
LH2. This requirement introduces unique supply chain considerations 
and decisions. For instance, in many HSCND studies for transportation 
and chemical sectors, LH2 may be present along the network; however, 
liquefaction usually occurs at the production site when transport modes 
such as trucks or sea vessels are required, and LH2 is subsequently trans-
ported and then reconverted to GH2 at the demand point. In contrast, 
for aviation, liquefaction may take place either at the production site 
or at the airport, making liquefaction a critical stage. This flexibility 
in liquefaction location introduces an additional decision point in the 
network design process.

To the best of our knowledge, Ögrük et al. (2025) was the first 
to address these innovations in the context of HSCND for aviation. 
In the current study, we extend that work by advancing the single-
period model to a multi-period framework with a monthly temporal 
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resolution. Additionally, we integrate the possibility of underground 
GH2 storage into the framework of existing infrastructure utilization. 
Based on our literature review, which focuses on the requirements 
detailed in Section 2.2, we are not aware of any other study that 
combines all these elements into a single, comprehensive framework.

3. Methodology

In this section, we present our modeling approaches for HSCND and 
refueling calculations. To determine cost-optimal HSCNs, we first intro-
duce a network optimization model. This is followed by the refueling 
calculation approach. Due to the deterministic and detailed nature of 
the refueling process, and the lack of direct interdependency between 
HSCND and refueling, we treat these two components separately. The 
network optimization model covers the supply chain from the hydrogen 
supplier to the airport LH2 storage tanks (Section 3.1), while the 
refueling calculations focus on the flow from the LH2 storage tanks to 
the aircraft tanks (Section 3.2).

3.1. Network optimization model

3.1.1. Modeling approach
The network optimization model, which is comprehensive extension 

of the model in Ögrük et al. (2025), combines network design, and the 
distribution of H2. The model’s underlying network is represented by 
a directed graph 𝐺 = (𝑉 ,𝐴) where 𝑉 = 𝐷 ∪ 𝑆 ∪ 𝑊 ∪ 𝐿 ∪ 𝐽 comprises 
the following nodes: 𝐷 (demand nodes i.e., airports), 𝑆 (source nodes 
i.e., H2 suppliers), 𝑊  (comprising underground GH2 storages (𝑊𝑔) and 
LH2 storages at the airports (𝑊𝑙)), 𝐿 (liquefaction nodes), 𝐽 (junction 
nodes; consisting of closest connection points on the existing pipeline 
to the airports, suppliers and underground storages). The set 𝐴 denotes 
directed arcs, which define the connections between nodes. Fig.  3 
illustrates a reduced network for a single supplier — single airport 
setup.

Each facility in the network is a node 𝑣 ∈ 𝑉  with capacity level 
𝑐 ∈ 𝐶𝑣. Each directed edge 𝑎 ∈ 𝐴, referred to as an arc, connects an 
origin node 𝑣 to a destination node 𝑣′ via a specified transportation 
mode 𝑚, represented as (𝑣) 𝑚

←←←←←←←←→ (𝑣′). Thus, an arc 𝑎 is formally defined 
as 𝑎 = (𝑣, 𝑣′, 𝑚) but for the sake of simple notation, it is referred as 𝑎
in the rest of the paper. Some of the connections are bidirectional that 
means if an arc 𝑎 = (𝑣, 𝑣′, 𝑚) exists then reverse arc 𝑎𝑅 = (𝑣′, 𝑣, 𝑚) also 
exists. The time index 𝑡 ∈ 𝑇  is for operational periods and 𝑡′ ∈ 𝑇 ′ for 
strategic periods. While operational periods provide the time structure 
for operational decisions such as flow and storage amounts across the 
network, strategic periods are realized every 𝑛 operational periods and 
used for high-level investment decisions such as the installation or 
expansion of pipelines, truck fleets, liquefaction plants, and storage 
facilities (see Fig.  4).

The decision variables 𝑥𝑣,𝑐,𝑡′ ∈ Z≥0 indicate the number of the 
facilities are deployed at node 𝑣 ∈ 𝑉  with capacity level 𝑐 ∈ 𝐶𝑣 during 
the strategic period 𝑡′ ∈ 𝑇 ′. It is assumed that once a facility is activated 
in period 𝑡′, it remains operational until the end of the modeling 
period, as facility lifetimes exceed the modeled period. The quantity 
of transportation equipment deployed on each arc is represented by the 
variable 𝑦𝑎,𝑐′ ,𝑡′ ∈ Z≥0, defining the configuration of an arc with different 
capacity levels 𝑐′ ∈ 𝐶𝑎 for strategic time periods 𝑡′ ∈ 𝑇 ′. Similar to 
facilities, once an arc is activated with the specified capacity level, it 
remains active till the end of the modeling period. This assumption 
holds for both pipeline and truck arcs.

The clear separation of gaseous and liquid network components 
allows the use of a single-commodity flow ℎ𝑎,𝑐′ ,𝑡 ∈ R≥0 which represents 
the amount of either GH2 or LH2 initially entering an arc. We also 
differentiate the throughput at the nodes based on capacity levels to 
account for varying cost factors across different capacity levels. To 
achieve this, we define the decision variable 𝑔𝑣,𝑐,𝑡 ∈ R≥0 which repre-
sents the amount of H  entering the different capacity levels (facilities) 
2
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Fig. 3. Reduced superstructure of the HSCN.
Fig. 4. Representation of operational and strategic time periods.
of the nodes. Besides, 𝑠𝑣,𝑐,𝑡 ∈ R≥0 stands for the amount of stored H2
in 𝑊𝑔 nodes while storage in 𝑊𝑙 is determined exogenously and not a 
model variable.

Each facility is associated with the following attributes: node capac-
ity 𝑏𝑣,𝑐 , CapEx (capital expenditure) 𝑘CapEx𝑣,𝑐,𝑡′ , OpEx (operating expendi-
ture depending on the hydrogen throughput) 𝑘OpEx𝑣,𝑐,𝑡 , and maintenance 
cost 𝑘O&M𝑣,𝑐,𝑡′  (which includes costs such as maintenance, insurance, etc. 
that only depends on capacity but not on throughput). Each arc config-
uration provides a capacity 𝑏𝑎,𝑐′ , capital expenditure 𝑘CapEx𝑎,𝑐′ ,𝑡′ , operating 
expenditure 𝑘OpEx𝑎,𝑐′ ,𝑡 , and operations and maintenance expenditure 𝑘O&M𝑎,𝑐′ ,𝑡′ . 
All parameters belong to R≥0. The detailed lists of decision variables 
and parameters are given below.

Since the modeling period is shorter than the lifetime of the facilities 
and arcs, CapEx has to be reflected accordingly. For this, we incorporate 
the annuity cost factor (𝐴𝐶𝐹 ) into our cost calculations to accurately 
reflect the cost share of each CapEx. The ACF is multiplied by the total 
investment, and the resulting value is allocated to each year from the 
investment period until the end of the modeling horizon. This approach 
is widely adopted in the literature (Almansoori and Betancourt-Torcat, 
2016; Sens et al., 2022). The 𝐴𝐶𝐹  represented by 𝜙, ranging from [0, 1], 
is calculated for both arcs and nodes as follows: 

𝜙 =
𝜇(1 + 𝜇)𝛾

(1 + 𝜇)𝛾 − 1
(1)

where 𝛾 is the depreciation time, and 𝜇 denotes the weighted average 
capital cost (WACC) for the capital investment. Accordingly, the WACC 
can be defined as: 
𝜇 = 𝛼debt(1 − 𝜔)𝜌debt + 𝛼equity𝜌equity (2)

where 𝛼debt and 𝛼equity denote the debt and equity shares over the initial 
capital expenditures; 𝜌debt and 𝜌equity are the annual rates of return on 
debt and equity; whereas 𝜔 represents the corporate tax rate.
5 
3.1.2. Model notation
Sets

 𝐺 = (𝑉 ,𝐴) Model’s underlying network.  
 𝑉 Set of all nodes of the network where 

𝑉 = 𝐷 ∪ 𝑆 ∪𝑊 ∪ 𝐿 ∪ 𝐽 and ; 𝑣 ∈ 𝑉
 

 𝐴 Set of directed arcs, which define the 
connections between nodes; 𝑎 ∈ 𝐴 where 𝑎
consists of (𝑣, 𝑣′, 𝑚) i.e. from node 𝑣, to node 𝑣′, 
by transportation mode 𝑚

 

 𝛿+(𝑣), 𝛿−(𝑣) Sets of arcs entering and leaving node v, 
respectively.

 

 𝐷 Set of airports (demand) nodes  
 𝑆 Set of supplier (source) nodes e.g., production 

hubs
 

 𝑊 Union of underground GH2 (𝑊𝑔) storage and 
airport LH2 (𝑊𝑙) storage tank nodes

 

 𝐿 Set of liquefaction nodes  
 𝐽 Set of junction nodes  
 𝐶𝑣, 𝐶𝑎 Set of capacity levels for nodes and arcs 

respectively; 𝑐 ∈ 𝐶𝑣, 𝑐′ ∈ 𝐶𝑎

 

 𝑀 Set of transportation modes; 𝑚 ∈ 𝑀  
 𝑇 , 𝑇 ′ Set of operational and strategic periods 

respectively; 𝑡 ∈ 𝑇 , 𝑡′ ∈ 𝑇 ′ where 𝑇 ′ ⊆ 𝑇

Decision variables

 𝑥𝑣𝑐𝑡′ Integer decision variable indicating the number 
of facilities deployed at node 𝑣, with capacity 
level 𝑐, during strategic period 𝑡′
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 𝑦𝑎𝑐′𝑡′ Integer decision variable indicating the number 
of transportation equipment 𝑎 deployed, with 
capacity level 𝑐′, during the strategic period 𝑡′

 

 ℎ𝑎𝑐′𝑡 Flow amount on arc 𝑎, with capacity level 𝑐′, at 
the operational period 𝑡

 

 𝑔𝑣𝑐𝑡 H2 throughput amount at node 𝑣, with capacity 
level 𝑐, at the operational period 𝑡

 

 𝑠𝑣𝑐𝑡 Amount of stored H2 at storage node 𝑣, with 
capacity level 𝑐, at the operational period 𝑡

Parameters

 𝑘CapEx𝑣,𝑐,𝑡′ , 𝑘CapEx𝑎,𝑐′ ,𝑡′ Capital expenditures for the components of 
nodes/arcs with capacity level 𝑐/𝑐′ at strategic 
period 𝑡′

 

 𝑘OpEx𝑣,𝑐,𝑡 , 𝑘OpEx𝑎,𝑐′ ,𝑡 Variable operating expenditures for the 
components of nodes/arcs with capacity level 
𝑐/𝑐′ at operational period 𝑡

 

 𝑘O&M𝑣,𝑐,𝑡′ , 𝑘
O&M
𝑎,𝑐′ ,𝑡′ Fixed operation and maintenance expenditures 

for the components of nodes/arcs with capacity 
level 𝑐/𝑐′ at strategical period 𝑡′

 

 𝜆𝑣, 𝜆𝑎 The percentage of H2 that remains unlost after 
being processed at the nodes∕transported along 
the arcs respectively. 𝜆𝑎 ∶𝐴 → [0, 1] and 
𝜆𝑣 ∶𝑉 → [0, 1]

 

 𝑏𝑣,𝑐 , 𝑏𝑎,𝑐′ Operational capacity for the components of 
nodes∕arcs for the capacity levels 𝑐∕𝑐′ at the 
strategic period 𝑡′ respectively

 

 𝑑𝑣,𝑡 Demand amount for airports 𝑣 ∈ 𝐷 at 
operational period 𝑡

 

 𝜙𝑣, 𝜙𝑎 Annuity cost factor for the components of nodes 
and arcs respectively, used to calculate the 
corresponding yearly capital expenditure.

 

 𝜇 Weighted average capital cost (WACC)  
 𝛼debt, 𝛼equity Denote the debt and equity shares respectively 

over the initial capital expenditure
 

 𝜌debt, 𝜌equity Annual rates of return on debt and equity 
respectively

 

 𝜔 Corporate tax rate  
 𝛾 Depreciation time  
 𝛽 Required LH2 buffer stock at the airport (as a 

percentage of demand)
 

 𝑡𝑚𝑎𝑥 The corresponding number for the last 
operational time period

 

 𝑛 Number of operational periods per strategic 
period

3.1.3. Model formulation
The problem can be modeled as a mixed integer linear program as 

follows. 
min

𝑥,𝑦,ℎ,𝑔,𝑠
𝐶(𝑥, 𝑦, ℎ, 𝑔, 𝑠) (3)

where

𝐶(𝑥, 𝑦, ℎ, 𝑔, 𝑠) =
∑

𝑣∈𝑉

∑

𝑐∈𝐶𝑣

∑

𝑡′∈𝑇 ′
𝑘CapEx𝑣,𝑐,𝑡′ ⋅ 𝑥𝑣,𝑐,𝑡′ ⋅ 𝜙𝑣 ⋅

𝑡𝑚𝑎𝑥 − (𝑡′ − 1) ⋅ 𝑛
12

+
∑

𝑎∈𝐴

∑

𝑐′∈𝐶𝑎

∑

𝑡′∈𝑇 ′
𝑘CapEx𝑎,𝑐′ ,𝑡′ ⋅ 𝑦𝑎,𝑐′ ,𝑡′ ⋅ 𝜙𝑎 ⋅

𝑡𝑚𝑎𝑥 − (𝑡′ − 1) ⋅ 𝑛
12

+
∑

𝑣∈𝑉

∑

𝑐∈𝐶𝑣

∑

𝑡∈𝑇
𝑘OpEx𝑣,𝑐,𝑡 ⋅ 𝑔𝑣,𝑐,𝑡 +

∑

𝑎∈𝐴

∑

𝑐′∈𝐶𝑎

∑

𝑡∈𝑇
𝑘OpEx𝑎,𝑐′ ,𝑡 ⋅ ℎ𝑎,𝑐′ ,𝑡

+
∑

𝑣∈𝑉

∑

𝑐∈𝐶𝑣

∑

𝑡′∈𝑇 ′
𝑘O&M𝑣,𝑐,𝑡′ ⋅

(

∑

𝜏∈𝑇 ′∶ 𝜏≤𝑡′
𝑥𝑣,𝑐,𝜏

)

+
∑ ∑ ∑

𝑘O&M𝑎,𝑐′ ,𝑡′ ⋅

(

∑

𝑦𝑎,𝑐′ ,𝜏

)

𝑎∈𝐴 𝑐′∈𝐶𝑎 𝑡′∈𝑇 ′ 𝜏∈𝑇 ′∶ 𝜏≤𝑡′

6 
Regarding Eq. (3), the linear function 𝐶(𝑥, 𝑦, ℎ, 𝑔, 𝑠) serves as the 
objective function of the model, where the terms represent; total capital 
expenditures for nodes and arcs, total operating expenditures for nodes 
and arcs, and total fixed operation and maintenance expenditures for 
nodes and arcs, respectively. In addition to the total network cost, we 
incorporate refueling costs, which are calculated separately from the 
mathematical model (see Section 3.2).

For the first two terms, multiplication by 𝐴𝐶𝐹  (𝜙) is applied to 
calculate the corresponding share of the total capital expenditures for 
the active periods in the modeling period. Similarly, last two terms, 
ensures to sum operation and maintenance expenditures for the nodes 
and arcs in their active years. The model minimizes the sum of these 
terms, yielding the total network expenditures. 
∑

𝑎∈𝛿+(𝑣)

∑

𝑐′∈𝐶𝑎

𝜆𝑎 ⋅ ℎ𝑎,𝑐′ ,𝑡 = 𝑑𝑣,𝑡 ∀𝑣 ∈ 𝐷, 𝑡 ∈ 𝑇 (4a)

∑

𝑎∈𝛿+(𝑣)

∑

𝑐′∈𝐶𝑎

𝜆𝑎 ⋅ ℎ𝑎,𝑐′ ,𝑡 =
∑

𝑐∈𝐶𝑣

𝑔𝑣,𝑐,𝑡 ∀𝑣 ∈ 𝐿 ∪ 𝐽 ∪𝑊 , 𝑡 ∈ 𝑇 (4b)

∑

𝑎∈𝛿−(𝑣)

∑

𝑐′∈𝐶𝑎

ℎ𝑎,𝑐′ ,𝑡 =
∑

𝑐∈𝐶𝑣

𝜆𝑣 ⋅ 𝑔𝑣,𝑐,𝑡 ∀𝑣 ∈ 𝐿 ∪ 𝐽 ∪ 𝑆 ∪𝑊𝑙 , 𝑡 ∈ 𝑇 (4c)

∑

𝑎∈𝛿+(𝑣)

∑

𝑐′∈𝐶𝑎

𝜆𝑎 ⋅ ℎ𝑎,𝑐′ ,𝑡 +
∑

𝑐∈𝐶𝑣

𝜆𝑣 ⋅ 𝑠𝑣,𝑐,𝑡−1

=
∑

𝑎∈𝛿−(𝑣)

∑

𝑐′∈𝐶𝑎

ℎ𝑎,𝑐′ ,𝑡 +
∑

𝑐∈𝐶𝑣

𝑠𝑣,𝑐,𝑡 ∀𝑣 ∈ 𝑊𝑔 , 𝑡 ∈ 𝑇 (4d)

The model accounts for losses in flow that occur both during trans-
portation along arcs and during processing at nodes. The proportion 
of flow that remains, referred to as the ‘‘unlost’’ percentage, is char-
acterized by the parameters 𝜆𝑎 ∶ 𝐴 → [0, 1] for arcs and 𝜆𝑣 ∶ 𝑉 →

[0, 1] for nodes, respectively. The demand at each node is denoted by 
𝑑𝑣,𝑡 ∶ (𝑉 , 𝑇 ) → R. To ensure the proper allocation and conservation of 
flow throughout the network, the following constraints are imposed. 
Eq. (4a) ensures that the demand at each airport node is satisfied. 
Eq. (4b) equates the total incoming flow into a node, adjusted for 
losses along the incoming arcs, to the total throughput within the node. 
Conversely, Eq. (4c) balances the total outgoing flow from a node with 
the throughput, adjusted for losses occurring at the node itself. Due 
to the unique characteristics and requirements of different node types, 
Eqs. (4b) and (4c) are applied to distinct subsets of nodes. Together, 
these equations ensure flow conservation throughout the network, pre-
venting the creation or disappearance of flow during transportation and 
processing. Since GH2 can be stored for future use to optimize economic 
and capacity considerations, Eq. (4d) manages the flow-storage balance 
at GH2 storage nodes. This equation guarantees that, across capacity 
levels, the cumulative incoming flow combined with the storage from 
the previous period matches the cumulative outgoing flow and the 
current storage amount. 
𝑔𝑣,𝑐,𝑡 ≤

∑

𝑡′∈𝑇 ′
𝑛⋅(𝑡′−1)<𝑡

𝑏𝑣,𝑐 ⋅ 𝑥𝑣,𝑐,𝑡′ ∀𝑣 ∈ 𝐿, 𝑐 ∈ 𝐶𝑣, 𝑡 ∈ 𝑇 (5a)

ℎ𝑎,𝑐′ ,𝑡 ≤
∑

𝑡′∈𝑇 ′
𝑛⋅(𝑡′−1)<𝑡

𝑏𝑎,𝑐′ ⋅ 𝑦𝑎,𝑐′ ,𝑡′ ∀𝑎 ∈ 𝐴, 𝑐′ ∈ 𝐶𝑎, 𝑡 ∈ 𝑇 (5b)

𝑔𝑣,𝑐,𝑡 ≤ 𝑏𝑣,𝑐 ⋅ 𝑥𝑣,𝑐,𝑡′ ∀𝑣 ∈ 𝑆, 𝑐 ∈ 𝐶𝑣, 𝑡 ∈ 𝑇 , 𝑡′ ∈ 𝑇 ′, 𝑛 ⋅ (𝑡′ − 1) < 𝑡 ≤ 𝑛 ⋅ 𝑡′

(5c)

𝑠𝑣,𝑐,𝑡 ≤ 𝑏𝑣,𝑐 ⋅ 𝑥𝑣,𝑐,𝑡′ ∀𝑣 ∈ 𝑊𝑔 , 𝑡 ∈ 𝑇 , 𝑡′ ∈ 𝑇 ′, 𝑛 ⋅ (𝑡′ − 1) < 𝑡 ≤ 𝑛 ⋅ 𝑡′ (5d)

𝑔𝑣,𝑐,𝑡 ⋅
𝛽
𝜆𝑣

≤
∑

𝑡′∈𝑇 ′
𝑛⋅(𝑡′−1)<𝑡

∑

𝑐∈𝐶𝑣

𝑏𝑣,𝑐 ⋅ 𝑥𝑣,𝑐,𝑡′ ∀𝑣 ∈ 𝑊𝑙 , 𝑡 ∈ 𝑇 , 𝑡′ ∈ 𝑇 ′ (5e)

Eq.  (5a) imposes a constraint such that the throughput at the 
liquefaction nodes cannot exceed the cumulated capacity of the node 
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at the specified capacity level. Likewise, Eq. (5b) ensures that the flow 
on an arc does not exceed the cumulated capacity of the arc at the 
specified capacity level. Eqs. (5c) and (5d) also apply capacity limita-
tions for supplier and gas storage nodes without cumulative capacity 
accounting, as these nodes are considered ready-to-use facilities with 
given capacities. Namely, the decisions regarding their utilization are 
made independently at the beginning of each strategic period and valid 
only in the specified strategic period. In addition to these capacity 
constraints, we assume that LH2 storage includes a deterministic buffer 
size that is proportional to the demand of the airport which is stated 
in Eq.  (5e). Since all LH2 must pass through the LH2 storage tank before 
refueling the aircraft, the airport demand equals the total incoming 
flow into the storage tanks, adjusted for losses at the tanks. 
𝑦𝑎,𝑐′ ,𝑡′ = 𝑦𝑎𝑅 ,𝑐′ ,𝑡′ ∀𝑎 ∈ 𝐴, 𝑐′ ∈ 𝐶𝑎, 𝑡

′ ∈ 𝑇 ′where ∃𝑎𝑅 ∈ 𝐴 (6)

Certain arcs in the network can facilitate bidirectional flow. For 
instance, GH2 can be transported in both directions between under-
ground GH2 storage nodes and their corresponding junction points. 
This bidirectional transmission is assumed to occur through the same 
pipeline but at different times. Consequently, arcs 𝑎 = (𝑣, 𝑣′, 𝑚) and 
𝑎𝑅 = (𝑣′, 𝑣, 𝑚), which connect the same pair of nodes and enable flow 
in opposite directions, must be identical. This relationship is enforced 
by Eq.  (6). 
𝑠𝑣,𝑐,𝑡 = 0 ∀𝑣 ∈ 𝑊 , 𝑐 ∈ 𝐶𝑣, 𝑡 = 0 (7)

𝑠𝑣,𝑐,𝑡 ∈ R≥0 ∀𝑣 ∈ 𝑊 , 𝑐 ∈ 𝐶𝑣, 𝑡 ∈ 𝑇 (8a)

𝑔𝑣,𝑐,𝑡, ℎ𝑎,𝑐′ ,𝑡 ∈ R≥0 ∀𝑣 ∈ 𝑉 , 𝑎 ∈ 𝐴, 𝑐 ∈ 𝐶𝑣, 𝑐
′ ∈ 𝐶𝑎, 𝑡 ∈ 𝑇 (8b)

𝑥𝑣,𝑐,𝑡′ , 𝑦𝑎,𝑐′ ,𝑡′ ∈ Z≥0

∀𝑎 ∈ 𝐴,𝑚 ≠ ‘‘existing pipe’’, 𝑣 ∈ 𝐿 ∪𝑊𝑙 , 𝑐 ∈ 𝐶𝑣, 𝑐
′ ∈ 𝐶𝑎, 𝑡

′ ∈ 𝑇 ′ (8c)

𝑥𝑣,𝑐,𝑡′ , 𝑦𝑎,𝑐′ ,𝑡′ ∈ {0, 1}

∀𝑎 ∈ 𝐴,𝑚 = ‘‘existing pipe’’, 𝑣 ∈ 𝑆 ∪𝑊𝑔 ∪𝐷 ∪ 𝐽 , 𝑐 ∈ 𝐶𝑣, 𝑐
′ ∈ 𝐶𝑎, 𝑡

′ ∈ 𝑇 ′

(8d)

Eq. (7) initializes the stock level to zero. Eqs. (8a) through (8d) de-
fine the signs and types of the decision variables, ensuring consistency 
and feasibility in the solution space.

3.2. Approach for refueling at the airport and calculations

In this section, we discuss the chosen approach for modeling the 
LH2 refueling at the airport and show the model equations. There 
are two different options for refueling H2 aircraft in the literature, 
analogous to conventional jet fuel refueling. One involves refueling LH2
directly with LH2 refueling trucks and the other involves using an LH2
pipeline from which the aircraft can then be refueled with the help 
of dispenser trucks. Hoelzen et al. (2022) compared both systems and 
found that hydrant refueling becomes economically favorable at annual 
LH2 demands exceeding 125 kt H2/a. However, additional factors such 
as traffic avoidance at space-constrained airports may influence the 
choice of refueling system. Given that the projected LH2 demands at 
airports during the analyzed period remain well below this threshold, 
this study assumes refueling exclusively via LH2 trucks. Since refueling 
costs primarily depend on demand and do not involve any decision 
variables influencing the network design, they do not affect the supply 
network optimization. Therefore, we handle refueling costs separately 
from the mathematical model and add them to the total network cost 
as an additional post-optimization component. In the following, the 
model equations are shown and explained. The total periodic cost of 
the refueling 𝑘𝑇𝑃𝐶𝑡′  in strategic period 𝑡′ is calculated with; 

𝑘TPC = 𝑘TPC,CapEx + 𝑘TPC,OpEx (9)
𝑡′ 𝑖,𝑡′ 𝑖,𝑡′

7 
where 𝑘TPC,CapEx𝑖,𝑡′  are the investment-related costs and 𝑘TPC,OpEx𝑖,𝑡′  the 
operational expenses of all components i in period 𝑡′. 
𝑘TPC,CapEx𝑖,𝑡′ = 𝑘TOT,CapEx𝑖,𝑡′ ⋅ 𝜙𝑖 (10)

𝑘TPC,OpEx𝑖,𝑡′ = 𝑘O&M𝑖,𝑡′ + 𝑘purging,𝑡′ + 𝑘driver,𝑡′ + 𝑘fuel,𝑡′ (11)

The total CapEx 𝑘TOT,CapEx𝑖,𝑡′  are calculated with Eq.  (10) with the 
number of refueling truck 𝑁reftruck,𝑡′ , the specific costs for the refueling 
truck 𝑘CapExreftruck,𝑡′ , the specific cryo-pump costs 𝑘

s_CapEx
cryopump,𝑡′  and maxi-

mum flow rate of the cryo-pump 𝑚̇reftruck. The cryo-pump is sized to 
10 tLH2/h in order to reach refueling times of around 15 min for a 
medium range H2-powered aircraft with an LH2 tank size of 2.5 tLH2
(Schenke et al., 2026). The number of refueling trucks is determined by 
the maximum flow rate of the cryo-pump 𝑚̇reftruck, the availability fac-
tor of the refueling truck 𝑓avail,reftruck and the peak demand 𝑚̇H2demand,𝑡′
in Eq.  (12).

The operational expenses are calculated with the fixed operation 
and maintenance costs factor 𝑘O&M𝑖,𝑡′ , the costs for purging 𝑘𝑝𝑢𝑟𝑔𝑖𝑛𝑔𝑡′ , the 
driver costs 𝑘𝑑𝑟𝑖𝑣𝑒𝑟𝑡′  and fuel costs 𝑘𝑓𝑢𝑒𝑙𝑡′  in Eq.  (11). 

𝑚̇H2demand,𝑡′ ≤ 𝑁reftruck,𝑡′ ⋅ 𝑚̇reftruck ⋅ 𝑓avail,reftruck (12)

𝑘TOT,CapEx𝑖,𝑡′ = 𝑁reftruck,𝑡′ ⋅ (𝑘
CapEx
reftruck,𝑡′ + 𝑘s_CapExcryopump,𝑡′ ⋅ 𝑚̇reftruck) (13)

𝑘purging,𝑡′ = 𝑚purgegas ⋅𝑁refevents,𝑡′ ⋅ 𝑘purgegas,𝑡′ (14)

𝑁refevents,𝑡′ = 𝑚H2demand,𝑦 ⋅
1

𝑚aircrafttank
(15)

𝑘TOTdriver,𝑡′ = 𝜃reftruck,operation ⋅ 𝑓avail,reftruck ⋅ 𝑐driver,𝑡′ (16)

𝑘TOTfuel,𝑡′ = 𝑁refevents,𝑡′ ⋅ 𝛿ref ⋅ 𝑚consumption,reftruck ⋅ 𝑘fuel,𝑡′ (17)

The purging costs are calculated with the number of refueling events 
𝑁refevents,𝑡′  and the required amount of purge gas per refueling 𝑚purgegas
and the specific costs for purge gas 𝑘purgegas,𝑡′ . For more detailed 
information on the purge process it is referred to Mangold et al. (2022). 
The number of refueling events is calculated with the total H2 demand 
and the specified size of an aircraft tank 𝑚aircrafttank. The driver costs 
are calculated with the availability factor, the operation time of the 
refueling truck 𝜃reftruck,operation and the specific loan costs 𝑐driver,𝑡′ . The 
fuel costs are calculated with the number of refueling events, the mean 
distance of one 3 km per refueling event 𝛿ref, the specific H2 fuel 
consumption 𝑚consumption,reftruck of the fuel-cell powered refueling truck 
with the specific fuel costs 𝑘fuel,𝑡′ .

4. Case study setting, data description and assumptions

To demonstrate the applicability of our model, we use it to an-
alyze a case study on the future H2 supply networks for airports in 
Germany. The case study comprises two demand scenarios. While the 
base scenario assumes market entry of H2-powered aircraft in 2040 and 
reflects a conservative projection of H2 demand, the moonshot scenario 
assumes market entry of H2-powered aircraft in 2035 and adopts an op-
timistic demand outlook. The base scenario covers a planning horizon 
from 2041 to 2050 (due to negligible demand in 2040 and before), and 
the moonshot scenario already starts in 2036 (see Fig.  5). These periods, 
analyzed at a monthly temporal resolution, provide a representative 
timeline, capturing the progression of H2 utilization in aviation from 
its initial implementation to maturity. Operational decisions, such as 
flow and storage amounts, are analyzed at a monthly resolution, while 
strategic decisions, such as investing in facilities and transportation 
infrastructure, are assumed to be made every 5 years, corresponding 
to 60 operational periods (𝑛=60). This distinction reflects the long-
term nature of strategic decisions, which cannot be frequently adjusted 
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Fig. 5. Active periods in the case studies under base and moonshot scenarios.
Fig. 6. Aggregate demand data for different periods and scenarios.

and may, in practice, be reinforced by binding contracts or infras-
tructure commitments that ensure stability over extended periods. A 
smaller value of 𝑛 allows for more frequent strategic adjustments but 
may result in unrealistically frequent service provider switching and 
increased model complexity. Conversely, a larger value of 𝑛 reduces the 
computational burden and better aligns with long-term contractual and 
investment rigidities, albeit at the cost of reduced temporal flexibility 
in strategic decision-making.

The scope of this research comprises nine representative airports in 
Germany. These airports account for approximately 85% of the nation’s 
air traffic in terms of passengers numbers 2024 (Flughafenverband 
ADV, 2025), represent a range of sizes (small, medium, large), and are 
geographically well distributed across Germany, ensuring a comprehen-
sive analysis. The selected airports with IATA codes are Berlin (BER), 
Bremen (BRE), Dresden (DRS), Dusseldorf (DUS), Frankfurt (FRA), 
Hamburg (HAM), Hannover (HAJ), Munich (MUC) and Stuttgart (STR). 
H2 demand at these airports is forecasted on a monthly basis. Aggregate 
demand across airports can be found in Fig.  6.

To identify potential hydrogen suppliers, monthly production cost 
data for gaseous GH2 across European regions, reported at the NUTS-1 
level for 20,000 tons monthly production capacity, are utilized. These 
data accounts for regional variations in renewable energy resources 
and power grid infrastructures, which influence the cost of electricity 
generation and, consequently, the cost of GH2 production. We selected 
13 NUTS-1 production locations, including 6 as local production re-
gions hosting the selected airports that are Saxony (DED), North Rhine 
Westphalia (DEA), Hesse (DE7), Lower Saxony (DE9), Bavaria (DE2), 
Baden Wurttemberg (DE1). Although BER, HAM and BRE airports are 
located in Berlin (DE3), Hamburg (DE6), and Bremen (DE5) regions 
respectively, these three small regions are excluded due to their high 
8 
Fig. 7. Average total network cost and shares for different categories over the 
modeling periods and demand scenarios.

residential area intensity and energy density, which result in insuffi-
cient available space for renewable electricity production to meet the 
hydrogen demand within the region. Additionally, we selected seven 
further lowest-cost regions in Europe — Denmark (DK0), Ireland (IE0), 
Norway (NO0), Central Spain (ES4), Finland (FI1), Czechia (CZ0), and 
Lithuania (LT0) — to analyze both regional and Europe-wide supply 
options. These regions, defined at the NUTS-1 level, are simplified 
to their geographic centers for modeling purposes. Furthermore, GH2
production costs are calculated for monthly 20,000 tons production 
capacities, where the total production capacities of the hubs are vali-
dated to ensure they sufficiently meet the aggregate hydrogen demand 
of the selected airports, enabling a well-balanced and feasible solution. 
Although production costs varied with different production capacities, 
we observed stable price levels and consistent production feasibility 
across regions at a capacity of 20,000 tons. Both the demand and GH2
production cost datasets were provided by the different workpackages 
of the  HyNeat Project (2025), of which this study is a component. Addi-
tionally, European Hydrogen Backbone (EHB) (EHB, 2025) projections 
for underground hydrogen storage infrastructure were integrated into 
our dataset as existing GH2 storage facilities, commissioned according 
to their projected timelines. They are designated to store excess H2
production from the nearest production hub and 12 of them (the closest 
ones to 13 production hubs) are included. Detailed case study network 
is presented in Fig.  8(a).
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Fig. 8. Case study and optimal network maps.
Fig. 9. Share of transportation modes used for H2 transportation.
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For the network design, we incorporated projections of the EHB 
(EHB, 2025) for existing pipeline infrastructure. Specifically, the EHB’s 
pipeline scenarios for 2030 and 2040 were used to represent the 
infrastructure for the periods 2036–2039 and 2040–2050, respectively. 
This infrastructure dynamically evolves within our dataset to reflect its 
status during each strategical time period of the study. Junction nodes 
were added to the dataset to connect the closest points of production 
hubs, airports, and storage facilities to the pipeline infrastructure. It 
is assumed that connections to the existing pipeline infrastructure can 
be established at any point along its route. The geographical data 
for EHB pipelines and underground storage facilities, as well as the 
identification of junction nodes, were obtained and analyzed using 
QGIS (Quantum Geographic Information System) software. Given the 
infeasibility of transporting LH2 over long distances via pipelines and 
the economic disadvantages of using trucks for GH2 transport, we 
assumed the use of EHB (existing) and newly installed pipelines for GH2
and trucks for LH2 transportation within the specified network. EHB 
tariff structures were applied to account for using existing infrastruc-
tures. The tariff rates represent flow-dependent service fees and can be 
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considered as OpEx. However, they inherently incorporate the CapEx; 
therefore, no separate or explicit CapEx component is accounted for the 
use of EHB’s projected backbone. Besides, other techno-economic pa-
rameters for the network components, including CapEx and OpEx, are 
based on Hoelzen et al. (2023) and HyNeat Project (2025) internal data 
(see Supplementary Information A.1). These parameters are calculated 
for different time periods and capacity levels, capturing economies of 
scale in an inflation-free environment. A buffer stock equivalent to 
three days of airport hydrogen demand is assumed to be maintained in 
the LH2 storage tanks. Lastly, the parameters used in ACF calculations 
are presented in Supplementary Information A.1.

The optimization model was implemented in Python 3.12 and 
solved using Gurobi 12.0.0 on a Windows notebook with 2.1 GHz 
CPU (12 cores) and 16 GB RAM. We set a time limit of 6 h for each 
run. For the base demand scenario, covering the 10-year period from 
2041 to 2050, the model reached optimality in 4 h and 32 min. For 
the moonshot scenario, which spans 15 years (2036–2050), a 0.83% 
optimality gap was achieved within the 6-hour time limit.

5. Results and discussion

According to the optimal network design results (see Fig.  7), the 
average LH2 supply cost across the entire network is estimated at 
6.07 USD/kgLH2 and 3.28 USD/kgLH2 for the base demand scenario in 
the periods 2041–2045 and 2046–2050, respectively. For the moonshot 
scenario, the costs are estimated at 6.62 USD/kgLH2, 3.87 USD/kgLH2, 
and 3.06 USD/kgLH2 for the periods 2036–2040, 2041–2045, and 
2046–2050, respectively. This reflects a cost reduction of more than 
50% over ten years in the moonshot scenario and approximately 45% 
over five years in the base scenario. The primary driver of this cost 
decline is the decreasing price of green electricity, which directly 
reduces the cost of GH2 production and liquefaction. Additionally, the 
growing scale of hydrogen utilization enables the system to benefit 
from economies of scale, as well as improved utility and efficiency 
in liquefaction, storage, transportation, and refueling processes. A sig-
nificant portion of the total cost, ranging between 75% and 90%, is 
attributed to two main components: GH2 production and liquefaction. 
Transportation also plays a considerable role in earlier periods, ac-
counting for more than 20% of the cost. However, with increasing 
demand and a transition from truck-based to pipeline-based transport 
(see Fig.  9), this share drops to around 10%. Under the case study 
assumptions, which include a three-day LH2 storage buffer at airports, 
LH2 storage costs contribute approximately 1%–3% to the total cost, 
while GH2 storage has no role in that.

The moonshot scenario is not an exact match but can be seen as 
a roughly five-year-forward projection of the base scenario in terms 
of demand levels. Therefore, despite the differences in electricity and 
material costs across time periods, we observed notable similarities 
between the results of the earlier strategic phases of the moonshot 
scenario and the subsequent phases of the base scenario. All detailed 
results for both scenarios are provided in Supplementary Information 
A.2. However, to maintain clarity and focus, and to present a longer 
modeling horizon, we focus exclusively on the moonshot scenario in 
the remainder of this chapter.

In Fig.  8(a), the case study network is presented, while Figs.  8(b)–(d) 
show the optimal network layouts for the respective time periods. We 
observe that over time, as demand increases, new production hubs 
become active. In other words, the number of operational production 
hubs grows, and each airport increasingly receives supply from mul-
tiple production hubs. One reason for this is that, due to production 
capacity limits, new suppliers must be activated to meet the increasing 
demand. Another contributing factor is that, while truck transportation 
is initially preferred when demand is low, it becomes economically less 
favorable as demand rises. Consequently, pipeline transport replaces 
trucks, making it feasible to supply airports from more distant produc-
tion hubs. For example, during the 2036–2040 strategic period, nearby 
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production hubs and Ireland (due to its cost advantages) are primarily 
preferred. However, in later periods, we observe supply connections 
also emerging from more distant locations such as Finland and Spain. 
As expected, these dynamics lead to increased network complexity over 
time, driven by the rising demand.

Differing climate conditions across regions influence the production 
costs of green electricity, and consequently, the cost of hydrogen. 
As a result, we observe that airports are supplied by multiple pro-
duction hubs (besides capacity and transportation mode factors) to 
ensure access to the cheapest available hydrogen. This multi-sourcing 
strategy allows airports to benefit from cost advantages offered by 
different production hubs across seasons. For example, in the year 
2050, Munich Airport is primarily supplied by Lithuania, Denmark, and 
Finland during the winter and early spring months (January, February, 
March, November, December) where the wind is a main renewable 
energy source, whereas during the warmer months (April to October), 
its supply mainly comes from Central Spain, Saxony, and Czechia where 
solar energy plays an important role. This also leads to the avoidance 
of underground storage, as producing excess hydrogen during low-cost 
periods and storing it for future use turns out to be less favorable option 
than diversifying suppliers. Therefore, the results suggest that there is 
no need for underground storage.

As mentioned previously in this section, the use of trucks decreases 
over time as demand increases, while the share of existing pipelines 
(i.e. projected EHB pipelines) rises. The reason pipelines are not utilized 
extensively in the first strategic period is that there are still upfront 
investments required to connect existing pipelines to both the airports 
and the production hubs. These investments become economically 
favorable only when the scale of operations justifies them. After the 
first period, the majority of hydrogen is transported via the existing 
pipelines. The shares of the transportation modes are shown in Fig.  9. 
Additionally, despite the high costs, we observe the installation of new 
pipelines supplying Frankfurt and Stuttgart from their respective re-
gions, Hesse and Baden-Wurttemberg. This indicates that, under certain 
conditions — namely, when the distance is not excessive, the demand 
is at sufficient scale, and no suitable existing pipeline infrastructure is 
available — new pipelines may be preferred over trucks, even despite 
the substantial investments. All details regarding the transportation 
modes employed between production hubs and airports are provided 
in Supplementary Information A.2.

When we examine the costs at each individual airport, we also ob-
serve a steep reduction in costs over the analyzed periods. Furthermore, 
we find that the supply cost is strongly inversely correlated with the 
airport’s demand. For the period 2046–2050, the average network cost 
was 3.06 USD/kgLH2, as stated earlier. Airports with the four highest 
demands — Frankfurt, Munich, Berlin, and Dusseldorf — have lower 
supply costs than the network average. Conversely, smaller airports 
such as Hannover and Dresden face higher LH2 supply costs. Interest-
ingly, although Bremen is a relatively small airport, it benefits from 
notably low supply costs due to its direct connection to the existing 
pipeline backbone and the low regional electricity prices, which lead 
to reduced liquefaction costs at the airport. Similar to supply cost, 
we observe also steep reduction in refueling costs. In the first period, 
the low demand leads to inefficient utilization of refueling trucks, 
resulting in exceptionally high refueling costs that sometimes exceeding 
the supply cost at smaller airports such as Dresden. In contrast, by 
the final period, refueling costs decrease significantly, accounting for 
approximately 5%–15% of the supply cost. Fig.  10 presents the LH2
supply costs and refueling costs at each airport.

6. Conclusion and outlook

This study involves the development of a multi-period mathematical 
model for the cost-optimal HSCND. The model accounts for key re-
quirements such as economies of scale, different transportation modes, 
the handling of various hydrogen phases, and hydrogen losses. Rather 
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Fig. 10. LH2 supply and refueling costs at the airports over the modeling periods (USD/kgLH2).
than focusing solely on the construction of new infrastructure, it also 
considers future underground storage and pipeline infrastructures, pro-
viding a more realistic approach. In addition, the model incorporates 
a monthly temporal resolution to carefully capture trends in demand 
and GH2 production costs over time. Based on these requirements, the 
model provides an analytical decision support mechanism regarding fa-
cility capacities, supply locations, storage quantities, and transportation 
modes.

When tested on a case study, the model revealed several important 
insights. First, while truck transportation is advantageous in the early 
years at small scales, the model indicates that, at larger scales, existing 
pipelines will play a major role in transporting hydrogen for aviation in 
the future. Therefore, the projected infrastructure plans, such as those 
proposed by the EHB, are crucial for ensuring the cost advantage of 
hydrogen. Moreover, thanks to the existing pipelines, it will be possible 
to source from distant but more cost-efficient production hubs. For this 
reason, if the hydrogen economy is to materialize, retrofitting natural 
gas pipelines into hydrogen pipelines will be a critical prerequisite. To 
make such retrofitting meaningful and effective, however, not only the 
aviation sector but also several other sectors will need to use hydrogen, 
ensuring that the retrofitted pipelines operate at high utilization rates. 
Thus, the creation of a broad hydrogen ecosystem with cross-sectoral 
demand is another key prerequisite.

According to the model results, no underground storage was em-
ployed. The reason for this is that airports can flexibly source from 
multiple production hubs located in regions with varying climate char-
acteristics across different months. While the model does not impose 
restrictions on supplier diversification, it is worth noting that, in real 
life, long-term contracts and purchase guarantees may arise. In such 
cases, hydrogen storage may become important. More importantly, 
from an energy security perspective, underground storage as a national 
buffer stock is one of the most critical instruments. Therefore, even 
though the model does not recommend underground storage under 
the current assumptions, infrastructure investments for underground 
storage should not be neglected due to such real-world constraints and 
requirements.

In our case study, production hubs with low costs across Europe 
were considered, with their production capacities capped at 20,000 
tons, and the corresponding hydrogen costs were taken into account. 
Under this capacity and the number of available production hubs, 
no issue arose regarding demand satisfaction. However, if hydrogen 
demand cannot be fully met in the future, competition may emerge 
between sectors to access the cheapest hydrogen sources. To ensure 
fairness in such competition, issues like hydrogen market regulations 
should be part of the political agenda. Furthermore, for energy security, 
infrastructure investments and supply agreements with suppliers in 
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diverse locations such as Chile, Namibia, and Morocco should start as 
soon as possible.

While the results of our model are promising, there are several 
areas where this study could be further expanded. For example, a 
broader and more holistic approach could be considered by integrating 
sustainable aviation fuels (SAFs) alongside hydrogen, redesigning the 
network accordingly. On the other hand, the cost-oriented objective 
function can be extended to include ecological and social objectives 
within a multi-objective framework, enabling a more comprehensive 
sustainable supply chain design.
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