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Abstract 

The aviation sector set itself the target of net-zero CO2 emissions by 2050. However, there is 

no silver bullet such as a single technology to achieve this ambitious goal. New technologies 

like hydrogen (H2) propulsion do not only change future aircraft design but also fuel supply 

chains and operations of aircraft. In comparison to that, new fuels like drop-in synthetic kero-

sene imply mostly changes to the fuel production and supply infrastructure only, but might 

cause higher costs and lower resource efficiencies.  

The time for technology decisions is now. The sector’s main “workhorse” with the most take-

offs and causing around 50% of all commercial aircraft emissions is the single-aisle aircraft 

segment. In this category, the next product launches are expected in the 2030s with final in-

vestment decisions by aircraft manufacturers already in less than 5 years. These new aircraft 

will shape the development of the sector’s climate impact in the following 20-30 years and will 

determine if the 2050 net-zero target can be reached. Consequently, a holistic techno-eco-

nomic investigation is undertaken for this aircraft segment to evaluate the economic competi-

tiveness of H2 propulsion concepts compared to other decarbonization options. 

 

It is derived that H2-powered single-aisle aircraft technology alone would lead to an average 

5%-increase in total direct operating costs for airlines. Therefore, major technology develop-

ments are required targeting inter alia the onboard liquid H2 (LH2) tank, high-performing H2 

combustion engines, and safe H2 fuel system integration.  

Moreover, the analysis shows that the main economic uncertainty arises from the supply 

costs for green LH2. Demand scenarios for 2050 indicate that larger-scale supply chains for 

aviation use might be needed. With annual demands of 100 ktLH2 or more, major national and 

intercontinental hub airports could take a H2 hub role dominating regional H2 consumption. 

Regarding the supply pathways for green LH2 to airports, three main options are identified: 

on-site, LH2 off-site, or gaseous H2 off-site production. In a first optimization task, it is derived 

that costs could reach 2.04 USD/kgLH2 in a 2050 base case scenario for locations with strong 

renewable energy source (RES) conditions and greater LH2 demands. This could lead to cost-

competitive flying with H2 compared to fossil kerosene in combination with emission taxes. 

While the main costs are caused by the RES, water electrolysis, and H2 liquefaction, the costs 

for the LH2 refueling system only mark 3–5% of the total supply costs.  

If techno-economic uncertainties are reflected, the LH2 cost span ranges between 1.37–

3.48 USD/kgLH2 at different airports with good and weaker RES conditions. For the latter, H2 

imports from larger H2 markets/exporting countries are of special importance to achieve these 

costs – not only due to less performing RES locally, but also due to limited space availability. 

 

A European-centered case study is performed to combine the optimization of green LH2 supply 

and aircraft designs with the investigation of operational strategies in one specific air traffic 

network. In a 2050 scenario, it is calculated that LH2 could cost around 2–3 USD/kgLH2 at main 

European airports. Then, average total operating costs would be 3% less expensive than flying 

with synthetic kerosene in the considered network. Tankering, an operational strategy to save 

fuel costs, might only enable reduced operating costs for H2-powered aircraft in the early adop-

tion phase when no larger-scale H2 import would be available.  

Finally, it is found that using LH2 for aircraft propulsion might lead to lower installation re-

quirements for RES capacity when compared to the synthetic kerosene option. This resource 

efficiency aspect is another important criterion for choosing the future decarbonization tech-

nology in air travel since green electricity will most likely be a constraint resource in the next 

decades. 
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Zusammenfassung  

Der Luftfahrtsektor strebt die CO2-Neutralität bis 2050 an. Jedoch gibt es zum Erreichen des 

Ziels bisher keine einzelne, klar überlegende Technologie. Konzepte zur Dekarbonisierung wie 

neue Flugzeuge mit Wasserstoff-(H2)-Antrieben erfordern nicht nur einen neuen Flugzeugent-

wurf, sondern auch neue Energiebereitstellungsinfrastruktur sowie neue Betriebskonzepte im 

Luftfahrtsystem. Im Gegensatz dazu könnten existierende Flugzeuge beim Einsatz nachhalti-

ger Kraftstoffe (SAF) weiter genutzt werden, wobei aber deren Wirtschaftlichkeit aufgrund ho-

her Kraftstoffkosten im Vergleich zu H2-betriebenen Flugzeugen geringer sein könnte. 

Die Zeit zum Treffen der notwendigen Technologieentscheidungen ist jetzt. Denn eine neue 

Produktgeneration im „Single-Aisle“-Flugzeugsegment, das die meisten Starts und etwa 50% 

der Emissionen in der kommerziellen Luftfahrt ausmacht, wird schon in den 2030er Jahren 

erwartet. Dafür müssen die endgültigen Investitionsentscheidungen der Flugzeughersteller be-

reits in weniger als 5 Jahren getroffen werden. Diese neuen Flugzeuge werden die Entwick-

lung der Klimawirkungen des Sektors in den nächsten 20-30 Jahren prägen und darüber ent-

scheiden, ob das Ziel der CO2-Neutralität bis 2050 erreicht werden kann. Folglich wird in dieser 

Dissertation eine umfassende techno-ökonomische Untersuchung für Wasserstoffantriebe in 

diesem Flugzeugsegment durchgeführt. 

 

Es wird gezeigt, dass die Betriebskosten für Fluggesellschaften allein durch neue H2-betrie-

bene Single-Aisle-Flugzeuge um durchschnittlich 5% steigen würden. Dafür sind wesentliche 

technologische Entwicklungen erforderlich – unter anderem leichte und kompakte Flüssigwas-

serstoff-(LH2)-Tanks, effiziente H2-Verbrennungsturbinen und eine sichere Integration des H2-

Treibstoffsystems. 

Darüber hinaus zeigt die Betriebskostenanalyse, dass die Versorgungskosten für grünen 

LH2 die Hauptunsicherheit zur Wirtschaftlichkeit dieser Flugzeuge ausmacht. Dabei deuten 

2050-Nachfrageszenarien schon darauf hin, dass möglicherweise große H2-Liefermengen für 

den Luftverkehr erforderlich sein könnten. Mit jährlichen Bedarfen von 100 ktLH2 oder mehr 

könnten große nationale und interkontinentale Drehkreuzflughäfen eine besondere Rolle als 

H2-Hubs übernehmen und den regionalen H2-Verbrauch dominieren. 

Für die Luftfahrt sind drei Bereitstellungsketten von grünem LH2 von Relevanz: Vor-Ort-

Produktion von LH2 sowie Import von LH2 oder gasförmigem H2 von Produktionsorten außer-

halb des Flughafens. Im Basisfallszenario 2050 ergeben sich in einer ersten Optimierung Kos-

ten in Höhe von 2,04 USD/kgLH2 an Standorten mit guten Bedingungen für erneuerbare Ener-

gieerzeugung. Dies würde zur Wettbewerbsfähigkeit von Flügen mit H2 im Vergleich zu fossi-

lem Kerosin in Verbindung mit Emissionsabgaben führen. Die Hauptkosten für LH2 werden 

durch die erneuerbare Energieversorgung, Wasserelektrolyse und H2-Verflüssigung verur-

sacht. Das LH2-Betankungssystem macht nur 3-5% der Gesamtkosten aus. 

Wenn zusätzlich technisch-wirtschaftliche Unsicherheiten reflektiert werden, ergibt sich 

eine Kostenspanne von 1,37–3,48 USD/kgLH2 an verschiedenen Flughäfen mit günstigeren 

und teureren erneuerbaren Energiequellen. Bei letzteren Standorten können niedrigere Kos-

ten nur durch H2-Importe aus größeren H2-Märkten erreicht werden. 

 

Eine auf Europa ausgerichtete Fallstudie kombiniert die Optimierung der grünen Wasser-

stoffversorgung und des Flugzeugdesigns mit der Untersuchung operativer Strategien in ei-

nem bestimmten Luftverkehrsnetzwerk. Im Basisfallszenario für 2050 wird berechnet, dass 

LH2 an Flughäfen in Europa etwa 2–3 USD/kgLH2 kosten könnte. Damit wären die durch-

schnittlichen Gesamtbetriebskosten im betrachteten Netzwerk um 3% günstiger als beim Flie-

gen mit synthetischem Kerosin. Das "Tankering", eine betriebliche Strategie zur Senkung der 
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Treibstoffkosten, könnte nur in der frühen Einführungsphase von H2-betriebenen Flugzeugen 

eine Reduzierung der Betriebskosten ermöglichen, wenn H2-Importe noch nicht im größeren 

Maßstab verfügbar wären. 

Außerdem ergibt sich, dass der Einsatz von LH2 für den Flugzeugantrieb zu geringeren 

Ausbauanforderungen für erneuerbare Energiekapazitäten führen könnte im Vergleich zur 

Nutzung von synthetischem Kerosin. Dieser Aspekt der Ressourceneffizienz ist ein weiteres 

wichtiges Kriterium für die Wahl der zukünftigen Dekarbonisierungstechnologie im Luftverkehr, 

da grüner Strom in den nächsten Jahrzehnten höchstwahrscheinlich eine stark limitierte Res-

source sein wird. 

 

 

 

Keywords: Green Hydrogen, Liquid Hydrogen, Hydrogen-powered aviation, contains re-

search data 

 

Schlagwörter: Grüner Wasserstoff, Klimafreundlichere Luftfahrt, Wasserstoff-betriebene Luft-

fahrt, enthält Forschungsdaten 
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1 Introduction 
 
Time is running. Climate scientists are sharing alarming signals on climate change with new 

records-high surface temperatures and melting polar caps as well as catastrophic events like 

droughts, flooding, or wildfires [1,2]. The required 2.0- or even 1.5-degree targets, which must 

be achieved to prevent uncontrollable tipping points in the planet’s climate and biodiversity, 

are approached faster and faster [3]. This is why, directives all over the world were introduced 

in the last years to reach carbon neutrality by 2050 over all sectors [4]. In Europe, this was 

done with the Green Deal of the European Commission [5]. 

 

The aviation sector also set itself the goal of decarbonization [6]. Even though only 2-3% of 

global carbon emissions stemmed from the sector in 2019 [7], this goal is especially hard to 

achieve due to five reasons.  

First, air travel is one of the sectors with high growth projections over the next decades and 

hence, a strong increase in emissions is predicted [4]. This trend can be underlined by the fast 

recovery of the sector after the COVID health crisis, already reaching pre-COVID traffic vol-

umes in 2023 instead of 2025 as predicted in several industry forecasts [8,9].  

Second, the challenge is not only about CO2 emissions but also about the total climate 

impact of aviation. There is still an ongoing scientific debate about whether the total climate 

impact of aviation is a factor two or even three as high as its CO2 emissions alone, but there 

is high certainty on the importance of reducing these non-CO2 emission effects [9–12]. The 

combustion of fossil fuels produces exhaust gas products such as nitrogen oxides (NOx), water 

vapor, and soot particles. While the former can cause the formation of climate-harming ozone, 

the latter two can lead to contrails and cirrus clouds with a high warming impact on the climate 

[11,12]. Furthermore, noise and local emissions around airports like particle matter – another 

product from fossil fuel combustion – are a threat to the health of local neighborhoods [13,14]. 

Third, the COVID health crisis and linked shutdowns led to significant financial instabilities 

for the aviation sector including the whole supply chain from aircraft manufacturers to airlines. 

Financial aid from governments was required. Even though some financial support schemes 

like in France were linked to the condition of developing more climate-friendly aircraft [15], the 

strained financial situation of the industry might still be a challenge for future billion-dollars-

heavy technology innovation programs. 

Fourth, the introduction of new aircraft underlies very long cycles of product development 

and then long times of fleet renewal [16]. Since the development cycles usually take around 

15 years and more modern, efficient aircraft were introduced in the mid-2010s (e.g., Airbus 

A320neo, Boeing 737max), new products are expected to be on the market by the 2030s. If 

more climate-friendly aircraft technologies were developed by then, their impact on the climate 

would not be worth mentioning before the 2040s and hence, could still not lead to full climate 

impact reduction by 2050 [17–19].  

Fifth, unlike in other sectors there is not one technology that will lead to climate neutrality 

for the whole sector while achieving competitive costs and best efficiency using constraint re-

sources [18,20,21]. With a focus on commercial passenger transportation only (~85% of avia-

tion’s emissions), most emissions are caused by wide-body, then single-aisle, and only a small 

amount by regional and commuter aircraft segments [7]. Contrary to that, most efficient, cli-

mate-friendlier options such as battery-electric propulsion systems might only be eligible for 

the smaller aircraft segments. The larger the aircraft, flying longer distances, the more critical 

the gravimetric and volumetric densities of a future propulsion system get. Consequently, bat-

tery-electric flight with its low battery energy density might not help decarbonize the two major 

aircraft segments [22–25]. 
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It becomes clear that several mitigation measures are required to overcome the climate impact 

challenge in the aviation sector. There are two approaches to achieve this: incremental im-

provements including different operations as well as new propulsion fuels and technologies. 

In the first approach, efforts concentrate on further improving the propulsion and aerody-

namic efficiency of aircraft. This includes even more advanced wing designs or new (fossil) 

propulsion concepts such as an open rotor engine concept [20]. However, these measures 

might only lead to 5-20% of further fuel burn reduction in the next decades [18]. Different op-

erational procedures include more efficient air traffic control and routing in the air but also on 

the ground. Another operational lever is optimized routing to avoid forming of contrails and 

cirrus clouds. Their formation and hence, the global warming potential depends on the flight 

altitude and the atmospheric air conditions. So, re-routing flights to different altitudes or not 

flying through contrail-formation-likely regions, could lead to a significant reduction of non-CO2 

emission effects. Nevertheless, it still leads to an increase in CO2 emissions when flying with 

fossil kerosene due to less efficient flight routes [26,27]. 

The second approach includes new propulsion technologies, e.g., battery-, hybrid-electric, 

or hydrogen (H2) approach, and alternative fuels, e.g., sustainable aviation fuels (SAF) [28]. 

Two main forms of SAF are considered here: biofuels from biomass or residual waste and 

electricity-derived synthetic fuels. Both are kerosene-like fuels that are in most cases compat-

ible with existing aircraft without changes to the aircraft design. Biofuels can lead to a net CO2 

emission reduction of 94% [29], but in the long-term, their feedstock availability might be limited 

and comes with competition to other land use and/or potentially lead to other harmful climate 

impacts [30,31]. In contrast to that, electricity-derived synthetic fuels (synfuels, also called Ptl, 

power-to-liquids) require renewable energy for the production and synthesis of H2 and CO2 to 

derive a kerosene-like hydrocarbon. The latter is captured from industrial processes or directly 

from the air [32]. Depending on the source of CO2 and the electricity, this can lead to carbon 

net neutrality using such synfuels. Nevertheless, hydrocarbons would still be combusted in 

flight and hence, the reduction potential of non-CO2 emission effects is limited but also still 

highly uncertain [26,33]. 

Regarding new propulsion systems, these do not only require new fuel supply infrastructure 

setups such as SAF but also new aircraft designs. As mentioned, the future of battery-electric 

propulsion for larger commercial aviation is not given with current battery performance projec-

tions. This is also true for hybrid-electric propulsion which is scalable to much larger segments, 

but their climate impact reduction potential is very limited for larger aircraft than regional ones 

[34,35]. 

Only direct H2 propulsion is currently discussed as a new technology applicable to larger 

aircraft and achieving true zero CO2 emissions, if green H2 is utilized [16,36]. H2 can be either 

used via thermal conversion (e.g., jet engines) or through electrochemical conversion in fuel 

cells. Both require new aircraft designs to integrate the propulsion and the fuel system, i.e. H2 

storage on-board [37,38]. Since H2 combustion engines have a higher power density than fuel 

cells, these are not only applicable to smaller single-aisle but also wide-body aircraft [29,39]. 

Both H2 propulsion concepts do not cause any CO2 emissions in flight. Moreover, NOx and 

soot emissions can be reduced significantly with the combustion approach and fully eliminated 

with fuel-cell-powered propulsion [40,41]. 

In addition, the first high-level estimates show that the fuel supply of H2 might require fewer 

renewable energy sources (RES) compared to the requirements for synfuel production [16,42]. 

In a time where all sectors strive for decarbonization and most of them require green electricity, 

the latter might become a constraint resource, and hence, resource efficiency becomes crucial 

for successful decarbonization [43].  

It has to be highlighted that most of the global H2 production is not carbon-free and still 

relies heavily on fossil fuels today. However, strong momentum for the large-scale deployment 
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of green H2 production capacities can be observed worldwide. There are more than 30 national 

H2 strategies and more than USD 300 Bn investments for H2 projects [44]. Thus, larger sector-

overarching and even aviation-specific H2 projects were announced in the last years: in 2020, 

Airbus announced their ZeroE aircraft program with H2-powered single-aisle aircraft [45], and 

the first commercial H2-powered test flights were conducted by ZeroAvia and Universal Hydro-

gen [46,47]. Furthermore, H2 infrastructure developments have been started in the aviation 

sector. As an example, Airbus, Groupe ADP, AirFrance-KLM Group, Paris Region, and 

Choose Paris Region initiated an H2 hub airport consortium that plans to work on supplying 

and handling H2 at airports [48]. 

 

Overall, it is found that H2-powered aviation is a promising field of research aiming to reduce 

the climate impact of aviation. However, there are only limited financial resources in this sector 

available. Consequently, the transition to such a new technology must be as cost competitive 

as possible. Furthermore, time is also running out if H2-powered aircraft should become a re-

ality. The final financial decisions on starting the commercialization of the next single-aisle 

aircraft programs for entry into service in the 2030s are due in less than 5 years according to 

Airbus [45]. So, all industry-relevant evaluations must be available in the next years to enable 

informed decisions on the future of flying. 

This is why, this dissertation focuses on the future of H2-powered aircraft and its economic 

competitiveness. The main focus is set on the green H2 supply and refueling setups for airports, 

since aircraft-focused studies already tackled the topic to a greater extent, but also because 

the economic uncertainties are specifically high when it comes to green H2 supply. This is 

further elaborated in the next chapter. There, the main research questions and the disserta-

tion’s structural setup are derived based on the state of the literature and emerging research 

issues. 
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2 State of research and research questions 
 
Existing literature on the topic of H2-powered aviation and H2 infrastructure is screened to de-

rive the main research gaps that this dissertation then builds on. This is done in two steps: 

scanning concrete studies on H2 infrastructure for the aviation or mobility context and then, 

analyzing insights from studies on specific component groups to produce and deliver H2 for 

use in aircraft.   

 

This work focuses on commercial (passenger) air travel, which accounts for more than 85% of 

all CO2 emissions in the aviation sector [7]. As described in the previous chapter, the main 

share of CO2 emissions stems from larger commercial aircraft segments like the single-aisle 

and wide-body segments. This is why, the scope of this work is also set on these types of 

aircraft. Such larger aircraft would need onboard storage and hence, be refueled with liquefied, 

cryogenic hydrogen (LH2) to enable H2 propulsion [37,49–51]. The reason for this is that LH2 

has a higher volumetric energy density compared to compressed gaseous hydrogen (GH2) 

and leads to smaller, lighter storages and thus, enables more efficient aircraft designs. Further 

insights into aircraft design will be shown in Chapter 3. Consequently, the literature review also 

targets research on LH2 infrastructure. 

 

Disclosure: The following section is in large parts based on the publication: J.Hoelzen, D. 

Silberhorn, T.Zill, B. Bensmann, R. Hanke-Rauschenbach, Hydrogen-powered aviation and its 

reliance on green hydrogen infrastructure – Review and research gaps, International Journal 

of Hydrogen Energy (2022) [52]. For a detailed description of the author's contributions see 

Appendix F. 

 
2.1 Role of green LH2 infrastructure for aviation 
 

This section investigates previous research and the uncertainties behind all aspects of deploy-

ing a green LH2 infrastructure for aviation including also a review of methodological ap-

proaches used in research so far. Thus, it leads to the first high-level assessment of cost un-

certainties based on these previous studies. 

 

Studies on H2 for use in aviation 

 

In the first step, detailed cost assessments in the literature are identified that fit the H2 aviation 

context and focus on green H2 supply. The relevant studies are summarized in Table 2.1. The 

literature is scanned for information on the different supply chain components, detailed cost 

assessments, LH2 supply pathway analysis, and consideration of cost-reducing effects from a 

broader, global H2 economy (columns of the table).  

In general, only a few recent studies are found with a focus on an LH2 fuel infrastructure for 

aviation use providing a detailed fuel cost assessment (Table 2.1). Most studies found inves-

tigated the technological feasibility of H2 aircraft and only provide a short or qualitative overview 

of potential factors influencing H2 fuel costs. These literature findings are clustered into older 

and more recent analyses as well as their thematic focus, describing H2 infrastructure for avi-

ation or related topics. 

 

Older publications from the 1970s-1990s by Linde, NASA, Boeing, Lockheed, and other or-

ganizations as well as reports of the 2000s European Cryoplane project provided the first 

broader insights into LH2 infrastructure for aviation. 
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Table 2.1: Selected literature review findings mentioning LH2 infrastructure for the use in aviation pro-

pulsion – displayed in a chronological order 
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Johnson [53], Brewer [54,55,58], Boeing [57], and Korycinski [56] developed comprehensive 

views on the technological feasibility for H2-powered aircraft and LH2 infrastructure setups at 

airports including refueling systems and the design of the interface to the aircraft. However, 

their focus lay on grey H2 sourcing and did not reflect a general uptake of a green H2 economy. 

In 1983, Jones et al. [74] modeled cryogenic pipeline systems at airports to transport LH2 from 

central storage facilities to the aircraft refueling stand, but without any economic evaluation or 

context to a broader setup of an LH2 supply chain. In 1987, Alder and team [59] investigated 

the LH2 supply costs for Zurich airport with a supply setup including electrolysis on-site at the 

airport fed by nuclear power. But their analysis considered a very small demand with 15-

30 tons of LH2 per day only and neglected other topologies making use of a global H2 infra-

structure. Other broader analyses including aircraft and infrastructure perspectives are from 

Contreras et al. [60] looking into the specific H2 infrastructure at Chicago Airport. A similar 

overview is also provided by Armstrong et al. [75]. Schmidtchen et al. [61] qualitatively descri-

bed the setup of LH2 energy systems but with the main research goal to analyze the safety of 

H2 handling at airports. A topic that was just recently brought up again in the ENABLEH2 pro-

ject by Benson et al. [76]. 

Around the 2000s, Sefain [63] analyzed airport operations and the impact on the turnaround 

process for an LH2-fueled aircraft. In the Cryoplane project [62], detailed overviews can be 

found for H2-powered aircraft designs, fleet transition scenarios, supply of H2, and refueling 

options via truck and LH2 pipelines. At that time, a certification standard for airport H2 fueling 

facility operations (ISO/PAS 15594 [77]) was issued. It describes the requirements for a safe 

refueling setup at airports. However, it was withdrawn later. In the following years, further com-

plementary, qualitative studies brought insights on H2 aircraft design, H2 fuel supply, and airport 

refueling implications, e.g., for a major airport in Sweden [64,65] or for other general overviews 

[37,78,79]. But in none of the mentioned studies, a detailed LH2 cost analysis is conducted that 

reflects the developments of low-cost RES availability that have been observed in recent years 

[80]. 

 

Other investigations also target H2 handling at airports but with a focus on other applications 

than aircraft propulsion. These studies consider H2-powered Ground Supply Equipment (GSE), 

taxiing systems, or Auxiliary Power Units (APUs) for aircraft – all with relatively low H2 demand 

scales. 

In a demonstration project at Munich Airport, the feasibility of GH2 and LH2 supply was 

tested for GSE [81,82]. In addition to that, Testa et al. [83] looked into the potential to reduce 

emissions at airports by switching the propulsion systems of GSE to H2. In 2010, Stiller and 

Schmidt [67] investigated H2 infrastructure topologies to fuel APU systems. Stockford et al. 

[84] analyzed electric aircraft taxiing systems for an Airbus A320 powered by a fuel cell. 

Furthermore, three studies are identified that research energy systems at airports. In the 

HYPORT project at Toulouse Airport [85], energy systems for the airport environment were 

modeled including H2 applications. However, no clear focus on H2 aircraft propulsion can be 

found, rather more highlights on other uses, e.g., ground transportation, general electrification, 

and building heat. Similar studies including H2 use cases were also conducted by Robles [86] 

and Xiang [87]. 

Another group of analyses concentrates on the climate impact of H2-powered aviation with 

a focus on the production ways of H2. Victor [88], Janic [89,90], and Yilmaz et al. [91] deter-

mined emission overviews from LH2 supply and propulsion in aviation based on different sce-

narios for H2 aircraft deployment. Similar research can be found in [92] and [93]. 
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Only recent studies on H2-powered aircraft investigate the economic competitiveness of green 

H2 supply for aviation and include H2 cost reduction effects of an industry-overarching global 

H2 economy. 

Stadler [69] conducted a techno-economic study of LH2 supply for aviation based on ther-

mochemical electrolysis. Results from that study were picked up in [68] and [94]. In the MA-

HEPA project, Marksel et al. [70,71] looked into several infrastructure cost aspects for LH2 for 

a regional airport, but without deriving or even optimizing total LH2 supply costs. The Flying-V 

project at TU Delft [95] introduced a brief overview of LH2 logistics aspects and LH2 supply 

costs, but without providing any detailed insights. 

In a case study for the Los Angeles Airport, Amy and Kunycky [72] assessed the costs for 

green H2 on-site production and liquefaction. They included scaling factors for larger LH2 de-

mands and considered a growing H2 economy that could lead to reduced CAPEX and opti-

mized efficiencies. Nevertheless, the interconnection to off-site H2 production capacities and 

demands as well as a pathway optimization were not investigated. 

Fusaro et al. [73] provided an assessment of LH2 supply costs for hypersonic H2 transpor-

tation systems. The study shows supply costs for key components, but supply pathways in-

cluding transport costs, or their optimization were not considered. 

Only a recent study by the Clean Sky 2 JU and FCH 2 JU [42] provides more detail about 

supply topologies and their economics including on- and offsite H2 supply. It also includes a 

roadmap for cost-efficient infrastructure deployment and scenarios on potential H2 uptake. 

 

From this first H2 aviation-relevant literature survey it can already be summarized that there is 

a lack of research around LH2 infrastructure optimization for aviation. Only a few recent studies 

touched on cost effects depending on the supply topology and the access to low-cost RES. 

This is why, also other studies with a related scope are considered in the following. 

 

Studies on LH2 energy system optimization 

 

Regarding the used methodologies behind H2 energy system optimization approaches, most 

of the recent H2-powered aviation-linked studies use simpler techno-economic calculations 

(mostly in Microsoft Excel) [16,72,73]. While this might lead to good first overviews on the topic, 

statements on detailed interlinkages and design decisions of energy system components can-

not be tested [96]. This is why, a short overview of other non-aviation studies with more detailed 

methodological approaches linked to LH2 and H2 energy system optimization is given in the 

following. 

 

There are a large number of studies that apply more advanced methodologies to analyze H2 

energy systems [97–102]. Most of these optimize the general integration and design of renew-

able energy supply (RES) systems with GH2 supply components. This often focuses on the 

general supply chain design, but can also concentrate on specific geographical contexts like 

global, national, or regional levels [103,104]. Due to the geographical complexity, linear mod-

eling approaches with simplified techno-economic models are used to ensure reasonable com-

putability [96]. Another related research field using the same linear optimization methodology 

is the investigation of distributed H2 applications such as refueling stations or industrial appli-

cations [105–110]. Given the use of simplified component models and constant parameters, 

e.g., constant efficiency of conversion components, such analyses cannot and do not aim to 

fully reflect all techno-economic and design effects between components. 

Only a recent study from Sens et al. [111] considers green LH2 supply chains for LH2-pow-

ered heavy-duty vehicles using a comprehensive techno-economic study design. Neverthe-

less, the approach is also rooted in a linear modeling approach potentially neglecting dynamic 
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effects and change of efficiencies when operating RES and (L)H2 component systems. More-

over, the study does not address significantly larger concentrated demands at one specific 

location (airport) which can lead to relevant economies of scale effects as expected for the LH2 

use in aviation [112]. 

 

LH2 supply chain costs derived from literature review 

 

The first cost insights from the previous studies on green LH2 supply systems that could be 

applied to the aviation context are briefly calculated. Based on the techno-economic assump-

tions and used methodologies in the respective studies, LH2 costs are synthesized. For further 

information on the exact calculation method of the following results, please see the original 

published analysis in the paper [52]. 

A clear picture evolves when looking into three LH2 fuel cost scenarios at the refueling dis-

penser compared to kerosene costs, see Figure 2.1. The scenarios can be distinguished by 

differently progressive techno-economic assumptions. For the comparison, average kerosene 

costs in 2019 of 0.6 USD per kg are converted into LH2-equivalent cost based on its gravimetric 

energy densities [29,52,113,114]. All costs in this thesis are shown in 2020-equivalent USD. 

 

 
Figure 2.1: Cost ranges for LH2 at the dispenser derived from literature review depending on three H2 

cost scenarios (from optimistic to pessimistic), see also [52]; comparison to kerosene costs translated 

into LH2-equivalent costs based on LHV of kerosene and LH2 – not considering different aircraft efficien-

cies 

 

The LH2 cost analysis reveals that fuel costs for H2-powered aircraft could be competitive or 

even less expensive by a factor of 0.6 in an optimistic scenario only. Taking an average LH2 

cost in this scenario of 2.6 USD/kgLH2, this results in higher fuel DOC by a factor of 1.6. In a 

base case scenario, this cost premium factor would already be 3.0 for an average LH2 cost of 

5.0 USD/kgLH2. The uncertainty range for the cost premium is even broader for pessimistic 

scenarios, in which the difference in fuel costs could be up to a factor of 7.1 for LH2 fuel. 

 

In general, two trends are emphasized from this comparison and the cost calculations in the 

existing literature.  

First, in optimistic scenarios, higher H2 demands might lead to significantly lower LH2 costs 

due to scaling and learning effects and only if access to low-cost RES is given.  
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Second, the cost assumptions from the aviation-specific studies mostly rely on such opti-

mistic LH2 cost assumptions, while the other non-aviation studies rather consider base and 

pessimistic case scenarios. This means that either the assumptions in studies investigating 

the use of LH2 in aviation might have been too positive, or that reasonable aspects are sup-

porting this. Latter could be that the H2 demand for aircraft would trump the demand from other 

industries or that special, large-scale supply pathways could be enabled for the aviation use 

case. Both aspects will be further discussed in Chapters 4 and 5. 

Moreover, the findings from Figure 2.1 underline the high volatility and uncertainty coming 

from the LH2 fuel costs and hence, the setup of a large-scale, low-cost, and green H2 infra-

structure. While the aviation-specific studies count on more optimistic settings in the long term, 

transition scenarios might cause significantly higher fuel costs. 

Nevertheless, it is also important to consider the uncertainty behind the development of 

kerosene costs over the next decades including potential emission taxes for fossil fuels.  

 

Studies on a broader evaluation of H2-powered aircraft in future air traffic contexts 

 

In the last step and building on the first high-level LH2 cost insights, a last review step is un-

dertaken. Recent studies are identified that go beyond one specific aspect of H2-powered avi-

ation (often either infrastructure or aircraft) but rather combine several topics in a broader pic-

ture. 

 

There are three groups of literature with more holistic views on H2-powered aviation.  

First, papers are considered that look into the integration of RES in an airport environment 

and combine this with an assessment of aircraft and airport requirements. Results of these 

studies are, e.g., scales of LH2 demand for aircraft, the applicability of H2 for other applications 

at the airport than aircraft, safety considerations, or qualitative LH2 infrastructure deployment 

plans [16,112,115–119].  

Second, there are some studies discussing the impacts of integrating H2-powered aircraft 

into specific air traffic networks on a qualitative basis [71,120–122]. In these, not only require-

ments for the installation of LH2 supply chains are reflected, but also flight ranges and opera-

tional principles are included in the assessment. One report even brings together these first 

two groups of literature [21]. It calculates capital costs for LH2 supply infrastructure at airports 

based on different supply and refueling pathways under consideration of several LH2 demand 

scales. However, the report does not consider the aircraft itself and different design options.  

Third, several publications focus on a more comprehensive view of novel aircraft's perfor-

mance while using operating cost metrics including estimations on fuel supply costs [39,123–

129]. Nevertheless, the LH2 costs are often derived in a high-level estimate manner compara-

ble to the assessment in Figure 2.1. Thus, impacts on the local supply infrastructure or their 

integration into specific air traffic networks are not addressed.  

Only one report from the NAPKIN project [130] is found that tackles most of the above-

mentioned areas of aircraft design, LH2 supply cost assessments, and air traffic network ef-

fects. Based on a UK air traffic network, scales of LH2 demands and two case studies for 

different aircraft sizes are evaluated including relevant cost metrics. However, this report does 

not optimize the broader context of different LH2 supply pathways, nor discusses different op-

erational strategies for H2-powered aircraft in the investigated air traffic network. 

 

Consequently, besides the high uncertainty of future green LH2 supply costs, there is a clear 

research gap in a holistic evaluation of the supply options, aircraft design choices, and the fit 

into air traffic networks based on proper cost metrics. 
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While this section derived the state of research on broader energy system levels including 

methodological approaches, also insights on investigations on a component level have to be 

considered. These are required for an informed decision on prioritizing the scope and depth of 

the energy system analyses for LH2 infrastructure setups later in this thesis. 

 

2.2 Green LH2 supply chains and components 
 
This section summarizes the relevant state of the research perspectives on the main compo-

nents that are required to supply and refuel green LH2. The overview provides relevant back-

ground information on the complexity of designing and/or operating the components. Where 

necessary it also compares the status quo of technology readiness with expected future tech-

nology developments that should be of interest to this study. An overview of the relevant com-

ponents is split into three groups, see Figure 2.2.  

 

 
Figure 2.2: Overview of required components for green liquid hydrogen (LH2) supply 

 

2.2.1 Renewable electricity for green H2 production 
 

As described in the introduction, renewable electricity sources (RES) are required to achieve 

the lowest carbon footprint when producing H2 and hence, flying with it. In that case, the re-

sulting H2 is called green H2 and has a significantly lower lifecycle emission than grey H2 (cur-

rent industry standard) but also blue H2 [131]. Latter is produced like grey H2 (e.g., coal, steam 

reforming), but the resulting carbon emissions are captured and stored. 

Furthermore, recent European regulation made clear that an additionality criteria has to be 

fulfilled when labeling H2 as green [132]. This means that purpose-built renewable electricity 

capacities for the production of H2 are required. Thus, the production of green H2 must have a 

temporal and geographical correlation with the RES. There are only a few exceptions to these 

conditions. In electricity markets with a share of >90% RES, green H2 can also be produced 

with a grid connection. While the regulation is currently only valid for the European Union mar-

kets, further regulations for clear definitions of green H2 production might also follow in other 

regions. This shows how important the availability of RES is for any green H2 application such 

as aviation. 
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Renewable electricity sources 

 

There are several ways of renewable electricity generation available. Main RES production 

capacities are coming from solar photovoltaics (PV), wind on- and offshore turbines, and hy-

dropower plants [133]. The installation of the latter is very restricted to the geography of a 

region and often potential sites are already exploited. This is why, only PV and wind turbines 

are considered in the following because their installation on large scales is still possible and 

ongoing.  

 

Overall, more than 3,000 GW of RES was available in 2021 [134], which makes this component 

the most mature one in the present dissertation. 

PV has experienced the largest growth and cost decline due to learning rates over the last 

decades. Solar PV panels can be installed across a wide range of scales, from rooftops to 

large-scale utility power plants which are considered here. When installed in such larger utility 

scales, a main design option for PV is to choose between fixed and 1-axis tracking systems. 

Here, the more flexible plants with 1-axis tracking are selected, because of higher and more 

consistent power generation with these modules vs. fixed ones. Even though this comes with 

slightly higher costs and space requirements, the higher power yields lead to faster amortiza-

tion of the costs [135].  

Wind onshore turbines are installed massively on a global scale. Thus, there is already an 

installation wave of repowering existing, older wind parks with more powerful and efficient tur-

bines. Consequently, the main developments for this technology are high specific cost reduc-

tions, while building larger turbines achieving higher yields due to increased power ratings 

(>3 MW), hub heights (>100 m), and larger rotor diameters (>130 m) [136]. Moreover, turbines 

are used with lower specific power ratings that boost capacity factors at already lower wind 

speeds.  

However, the main limitations for the future large-scale deployment of onshore wind parks 

are constraints on-land space availability, regulatory and permitting barriers, and social ac-

ceptance [137]. 

This is why, wind-offshore turbines are another RES that are currently deployed in gigawatt-

scale projects, for which less space restrictions account today. Offshore wind projects often 

make use of higher and more consistent wind speeds throughout the day and the year. Fur-

thermore, very large-scale projects and also large-size turbines are developed to drive down 

the high costs of installing wind turbines in offshore areas. Announced parks with installation 

in this decade use turbines with a power rating of up to 15 MW, hub heights of around 150 m, 

and rotor diameters of more than 200 m [138]. Nevertheless, the capital costs are still very 

high for offshore wind plants and underlie a larger uncertainty than the other two RES, since 

major the market is not yet as established [134]. Major gigawatt-scale projects will just start 

operation in the next years [138]. 

 

Best RES sites are not always at the location where the electricity is required to power an 

application. Consequently, short-distance electricity transmission is also considered in this the-

sis to enable competitive costs from RES at most sites, e.g., airports. Further details on trans-

mission are provided in Chapter 5 and Appendix D2.1. 

 

Electric energy storages 

 

Due to the volatility and seasonality of sun radiation and wind speeds, the availability of RES 

can differ significantly. This is why, grid-scale electric energy storages can be installed in com-
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bination with renewable plants to buffer the energy yield for more constant feeding of any ap-

plication thereafter. For H2 production, this can also be of interest to increase the utilization of 

plants and hence, drive down total costs. However, this is only achieved, if the storage options 

are an economic choice [139]. 

 

There are several electric energy storage technologies available, but this study focuses on 

electrochemical ones such as lithium-ion energy storage. While there is no clear definition of 

the duration that such a system could provide/bridge electricity supply, most studies and also 

installations focus on charge and discharge durations of around 2 to 10 hours [140]. This 

means that RES variations throughout a day can be smoothened with such storages, but 

longer seasonal fluctuations most likely not. 

The lithium-ion energy storage technology is already established in mobile applications, but 

also increasingly in grid-scale deployments. However, there are still two main challenges: its 

capital costs are still high and lifetimes are relatively short depending on the discharging cy-

cles/usage [141]. While costs might further decline in the next decades and lifetimes might be 

improved, its future role in an H2 production system has to be further investigated (see Chapter 

5). Consequently, the use of such electric energy storage is included and optimized based on 

their techno-economics in this study.  

 

2.2.2 Gaseous hydrogen components 
 

Four main components are of importance in the class of GH2 systems: the production of green 

H2 through water electrolysis, the compression, storage, and transportation of GH2. 

 

Water electrolysis 

 

The most common method to produce green H2 (the focus of this thesis) is water electrolysis 

(ELY). However, today most H2 is produced via steam-reforming, grey (fossil) route and only 

<1% is green H2 [142]. 

There are three main ELY technologies prominently discussed in H2 energy systems: proton 

exchange membrane electrolysis (PEMEL), alkaline electrolysis (AEL), and solid oxide elec-

trolysis (SOEL). In general, water electrolysis is a chemical process, in which electrons (elec-

tricity) are applied to split water into hydrogen and oxygen [143]. An electrolyte in the water 

facilitates the movement of ions between the electrodes. This is where the main differences 

between the three ELY technologies stem from: In the PEMEL, a solid polymer electrolyte 

membrane, e.g., Nafion, is used that conducts protons and blocks electrons. The electrolyte in 

the AEL is a liquid alkaline such as potassium or sodium hydroxide, which enhances the ion 

conductivity. Both AEL and PEMEL usually operate at temperatures below 100°C. In contrast 

to that, SOEL uses a high-temperature process and a solid ceramic electrolyte, e.g., based on 

zirconia which conducts oxygen ions at high temperatures. Even though the SOEL potentially 

offers the best efficiencies versus the other ELY processes, its location is not as flexible since 

it requires waste heat from other industrial processes and it is still on a lower TRL without 

commercialization status [144]. This is why, only the PEMEL and AEL are further in the scope 

of the analyses for optimizing RES-powered H2 systems. 

The balance of plant layout of the two ELY processes is briefly compared. A similarity is 

that both require feed water supply including potential desalination and other water purifying 

measures. Furthermore, they require power supply components and a dryer of the resulting 

GH2. While the GH2 output of a PEMEL must condensate to separate water vapor from the 

GH2, the output of the AEL has to be purified to reach the required levels of purity. 
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As shown in Table 2.1, AEL and PEMEL performances are projected to be quite similar given 

future product developments. AEL plants are already more deployed today and hence, costs 

are lower. Nevertheless, with large-scale deployments of both technologies, costs, and system 

efficiency are forecasted to be similar in the next decades already [145]. For both AEL and 

PEMEL, economies of scale can reduce investment costs significantly – already today. This 

effect has already a large impact on system sizes above 10 MW [145–147].  

 
Table 2.2: Comparison of main selected water electrolysis technologies based on [144,145,148] 

Criteria Alkaline electrolysis (AEL) 
Proton exchange membrane elec-

trolysis (PEMEL) 

Capital costs for the sys-

tem 

~1,000 USD/kW today, but very simi-

lar cost projections vs. future PEMEL 

~1,500–2,000 USD/kW today with sig-

nificant cost reduction potential 

System energy efficiency 
Status quo: 50–55 kWh/kg,  

future: <50 kWh/kg  

Status quo: 50–60 kWh/kg,  

future: <50 kWh/kg  

Stack lifetime 
~60,000 h, but in the future around 

~100,000 h 

~50–80,000 h, but in the future around 

~100–120,000 h 

Purity of hydrogen 99.9998% 99.9999% 

Part-load operations 15–100% 5–120% 

Rare materials required Nickel Iridium, Platinum, Titanium 

 

Only two major differences are identified. First, PEMEL can be operated with more flexible 

loads as low as 5% of the nominal power rating (Table 2.1). This is beneficial when it is coupled 

with fluctuating RES. Second, the manufacturing of AEL requires less rare and potentially crit-

ical materials [149]. Nevertheless, mitigation levers are already developed to reduce the de-

mand for such rare materials [145,150]. 

 

In general, research in the last 5–10 years ensured high data availability on the current and 

future performance of water electrolysis, even though today’s share of green H2 production is 

very small. In this dissertation, a more generic ELY technology is used, since projections of 

techno-economics show that both AEL and PEMEL might converge in the future to have similar 

performances [145].  

 

Compression of GH2 

 

Hydrogen has a very low volumetric energy density in atmospheric conditions. For storage and 

transportation of H2, higher densities are required for better volumetric efficiency and hence, 

better economics (less space for storage and smaller diameters for a pipeline). 

Several compressor technologies are available to achieve this – from smaller-scale dia-

phragm to piston engine/reciprocating, and centrifugal compressors. Their use and application 

depend on the H2 volume flow rates and the required pressure ratios [151]. In this thesis, com-

pression is used for relatively large H2 volume flows and only medium pressure ranges (up to 

200 bar). Larger pressure ratios are often required for applications that use high compressed 

GH2 (350-850 bar), which is not the case for larger commercial aircraft with LH2 storages on-

board. 

Today, reciprocating (piston) compressors are mostly used for high volume but low-medium 

pressure ratios applications. These are proven and reliable components known for affordable 

CAPEX and competitive efficiencies. Moreover, they are applicable for flexible loads – e.g., 

due to fluctuating ELY production profiles or varying demands [152]. 

While centrifugal compressors might offer better operational costs in the future with better 

efficiency and lower maintenance costs, there are main challenges to be overcome when used 

for GH2 [153,154]. Due to the very low molecular weight of H2 and its low viscosity, it is more 
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prone to leakages and exceptionally high rotational speeds. Improved sealing, optimized ge-

ometry/impellers, and pressure ratio designs are needed to enable such lower-cost compres-

sion. Furthermore, the creation of heat must be minimized in such compressors to ensure 

safety, which is critical because of hydrogen’s low flammability and ignition energy range.  

Other general challenges for all compressor types and components are H2 leakages and 

material embrittlement – so, H2 permeating and reacting with the material of the component 

leads to material degradation. 

 

Since compressors are already commercialized (mostly used in grey H2 supplies), data avail-

ability is given for the assessments in this dissertation – both on existing and projected com-

pressor performances.  

 

Storage of GH2 

 

Two forms of GH2 storage are considered in this dissertation: containerized and geological 

formation storage – both enable relatively efficient storage volumes. 

Starting with containerized storage, they are most often built in a cylindrical form and only 

require compressors for filling. Unloading is often done via a pressure differential between the 

storage vessel and a receiving part. These storages can also be constructed as long pipelines 

and installed underground to save on the visible footprint of such a storage system. The stor-

age pressures of such containers vary. However, 200 bar is often the most economical for 

storage in locations without larger space constraints – higher pressures are only chosen for 

mobile storage, e.g., truck transportation [155,156].  

Containerized GH2 storage has relatively high installation costs, but offers geographic flex-

ibility where to place it [157]. 

On the other side, geological formation storages have significantly lower costs due to very 

large available volumes. The formations can be salt or rock caverns, depleted gas reservoirs, 

or aquifers [158]. To operate these underground storages, compressors are required but also 

drying and purification units to ensure sufficient purity of H2 when unloading. 

A disadvantage of this storage type is that it highly depends on the geology pre-conditions 

and its operation cannot be performed as flexibly as for the containerized storage: when load-

ing and unloading the underground storage, only limited variations are possible due to limita-

tions in temperature changes inside the cavern or reservoirs. These flows create a pressure 

change and hence, a temperature increase which has to be limited for the stability of the geo-

logical formation. 

 

There is very good data availability on underground storage – however, demonstrations are 

still limited and general deployment is still in the early phase. Also, implications of operating 

underground GH2 storages in various geological settings, so different rock/material formations, 

are not fully investigated yet [159]. Furthermore, there are still no comprehensive views on the 

techno-economic feasibility of this storage form in all regions of the world. There are only indi-

cations in global mapping exercises such as shown in [158,160,161]. 

 

Transportation of GH2 

 

Transport is required to make use of central, sometimes off-site locations where the production 

of green GH2 is more economical than at the site of usage. In this part, transportation in hydro-

gen’s gaseous form is considered. 
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Due to the lower volumetric density of compressed GH2, it has been previously found that truck 

trailer transport with GH2 containers is in most cases not favorable [105,162]. Consequently, 

another option is discussed in the literature: the use of pipelines. 

Pipeline systems consist of pipes, compressors for increasing the pressure along the route 

and ensuring more constant flow speeds, safety valves, and measuring units [163,164]. More-

over, there are two options for deploying a GH2 pipeline system. Either new pipes are built or 

existing decommissioned natural gas pipelines are retrofitted for the use of GH2. Challenges 

are the embrittlement of the materials used and hence, in retrofit cases, new coatings and also 

all other system components described above would need to be replaced [165]. In Europe, an 

international GH2 pipeline system is currently planned, it is called the European Hydrogen 

Backbone (EHB) [166]. It should connect production and demand sites of H2 in Europe and 

also neighboring regions building on existing, new, and even subsea pipelines. 

 

When designing such a pipeline network, several optimization questions arise. Starting with 

the network design, also other aspects have to be considered such as flow speeds and pres-

sure in- and outputs [167,168]. 

Also, different operational approaches can be modeled. So far, most publications concen-

trate on a balanced operational procedure. This means that all GH2 which is fed into the pipe-

line is simultaneously also extracted at the end [163,165,168]. Nevertheless, other modeling 

approaches with more flexible load variations including a storage function of the overall pipe-

line system are currently discussed [165,169]. 

 

Even though larger GH2 pipeline networks have not been realized yet, detailed publications 

and feasibility studies are available which are used for this dissertation. 

 

2.2.3 Liquid hydrogen components 
 

As described before, larger commercial H2-powered aircraft would most likely be refueled with 

LH2. This is why, all systems required to convert H2 into LH2 including storage and transporta-

tion are considered in the green LH2 supply chain analysis. 

 

The liquid state of hydrogen is reached at temperatures around 20 K in ambient pressures 

(1 atm). Compared to compressed GH2 at 200 bar, which has a volumetric energy density of 

around 15 kg/m³, LH2 is nearly five times more compact with ~71 kg/m³ [170]. However, this 

advantage comes also with costs, e.g., for the conversion.  

Additionally, there is a special characteristic of H2 that is of importance when it is liquefied. 

The H2 molecule has two so-called allotropes: ortho-H2 and para-H2. They differ in the spin of 

the electron in each H2 atom (ortho-H2: parallel nuclear spins; para-H2: anti-parallel nuclear 

spins). Equilibrium H2 always contains a specific amount of para-H2 depending on its temper-

ature. At ambient conditions the para-H2 content corresponds to 25% (normal-H2) while the 

para content of LH2 is 99.8% [171], see Figure 2.3.  

Ortho-H2 has a lower energy state than para-H2. If no measures are taken, unconverted LH2 

at 1 bar releases heat which suffices for the H2 to evaporate [172,173]. This spontaneous re-

action leads to a so-called boil-off and has a half-life period of less than 5 days [174]. Therefore, 

it is necessary to dissipate as much heat as possible from the H2 when liquefying to reach a 

para-H2 content close to equilibrium conditions [175].  

These characteristics of LH2 are further discussed when introducing the most relevant LH2 

components in this dissertation in the following. 
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Figure 2.3: Para content of hydrogen as a function of temperature – adapted from [171] 

 

Liquefaction of hydrogen  

 

An H2 liquefaction plant (LFP) combines several process steps to cool down H2: (pre-)cooling, 

compression, and expansion [172,173,176–180]. 

The minimum work required to liquefy saturated H2 depends on the feed pressure and its 

temperature [181,182], see also Appendix D2. In addition to that, energy is required for the 

ortho- to para-H2 conversion as described before. Moreover, catalysts or magnetic fields are 

used in the liquefaction process to maintain a para-H2 content close to equilibrium conditions 

and to prevent fast boil-off [153].  

In total, the theoretical minimal physical work to reach LH2 is 3.92 kWh/kgH2 [183]. In reality, 

this cannot be achieved due to losses in the heat exchangers, pumps, compressors, expand-

ers, air-coolers, separators, and mixers [184]. Moreover, the specific energy consumption 

(SEC) for liquefaction depends on the size of the plant and the used process design – econo-

mies of scale for efficiency can be reached with larger plants. 

 

Different process designs are available for H2 liquefaction – detailed process schemes can be 

found in [153,185]. In larger-scale industrial applications, the Claude Cycle process and helium 

Brayton Cycle are used in particular. Although the capital costs for the Claude Cycle process 

exceed those of the Brayton Cycle, the Claude Cycle process has a higher energy efficiency 

leading to lower operating costs. In practice, the Brayton and Claude Cycles are further devel-

oped to reduce energy consumption as much as possible. This is why, several expander 

stages and heat exchangers are used to optimize the mass flows and minimize temperature 

differences for minimal exergy losses [153]. In many cases, also cascade systems or dual 

pressure systems with high pressure and a medium pressure refrigerant stream are used. This 

often includes a pre-cooling cycle using, e.g., liquefied nitrogen. Hence, a co-location of an 

LFP to a source/production of liquefied nitrogen might be of benefit. 

 

Today, all globally available LFP capacities are equal to around 600 tons per day (tpd) of liq-

uefied H2 only (see Appendix D1.1). The reason therefore is that only a few applications (e.g., 

spaceships) require LH2 and most often it is rather used for transporting H2 in larger quantities 

to save on transport costs. Nevertheless, future H2 markets project a larger need for LFP ca-

pacities, if cost can be significantly reduced (see also Appendix D2). This can be achieved 

when using large-scale LFP concepts with optimized process steps [186].  
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Another aspect of LFP is its operation. Most sources state that it should always be highly uti-

lized, but only one project, IDEALHY, derived changes in energy consumption and hence, 

operating costs when operating an LFP in part-load [187]. Furthermore, these operational as-

pects have never been modeled in energy system optimizations before. 

 

It becomes clear that several studies and approaches are available to model the general per-

formance of an LFP in energy systems. Furthermore, many studies are available on optimizing 

the process design for different scales of capacities [184,188,189]. However, most concepts 

have not yet been realized. Moreover, several aspects such as operational behaviors and limits 

were only investigated and published in the IDEALHY project. This means that several of these 

operational assumptions lead to some uncertainties when modeling an LFP.  

 

Storage of LH2 

 

LH2 storage is required either as a buffer of production or as a backup storage for supply 

reliability. While the former enables more flexible or even constant operation of the LFP espe-

cially for fluctuating LH2 demand profiles, the latter is often a condition at airports to ensure 

fuel supply for at least three average days [16,190]. 

Two main shapes of LH2 storage are normally used. Spherical or cylindrical shapes lead to 

optimized surface-to-volume ratios and hence, reduced heat input from the outside [55,70]. 

Moreover, vacuum-insulated double walls prevent heat transfer by convection [110,191]. Nev-

ertheless, in passive storage concepts, H2 losses cannot be fully prevented due to the sponta-

neous conversion of H2 (ortho-to-para-conversion). In that case, the resulting vaporized H2 

might be vented off the storage to avoid overpressures. There are also active-cooling concepts 

that lead to zero boil-off [192,193]. However, these are still in the development stage. 

 

Without an active (un-)loading mechanism the boil-off effect can be used. The pressure in-

creases inside the tank due to the evaporated GH2, if the heat transfer is increased [194]. 

Given the resulting pressure differential, LH2 can then be transferred to another vessel. How-

ever, this method leads to relatively high losses and might not be favorable in a large-scale 

green LH2 supply chain. 

As a solution, cryogenic pumps (cryopumps) can be used [195]. These require additional 

electricity but lead to minimized H2 losses and fast fueling/transmission speeds. There are 

different types of cryopumps available, but most have not yet reached commercial maturity for 

large-scale applications. Further research is needed to achieve high flow rates that might be 

required in a large-scale supply context such as at airports [196,197].  

In this dissertation, the use of LH2 storage without active cooling mechanisms is targeted. 

Furthermore, it is assumed that also cryopumps will be available in the next decades for more 

efficient operation with storage. 

 

Transport of LH2 

 

Several modes of transporting LH2 would be required to enable more economic and efficient 

green LH2 supply for aviation. Depending on the transport distance, trucks, rail, and even in-

land vessels are mostly discussed for shorter to medium on-land (river) trips. While trucks are 

commercially operated today, rail and inland vessels are still in a study phase [162,198]. For 

longer distances, larger LH2 vessel transport is currently already being demonstrated [199]. 

Container-like trailers with LH2 storage can be used flexibly with trucks, trains, or smaller 

vessels. Such LH2 storages have capacities of around 4–5 tons of LH2, of which 90–95% of 
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the liquid can be used. The rest is called ullage and has to stay inside the tanks in normal day 

operation to keep the storage cool and losses low [162]. 

Studies including simulations and even one demonstration project provide data for larger 

LH2 transport vessels [200–204], see Figure 2.4. These show that the main aspects to be 

considered transporting LH2 on vessels are the synergistic integration of the storage into the 

vessel, use of boil-off gas for the propulsion, safety mechanisms like venting, but also loading 

and unloading procedures.  

 
Figure 2.4: LH2 vessel design from HySTRA demonstration project lead by Kawasaki – transport between Japan 

and Australia, picture taken from [200]   

When shipping LH2 with large-scale vessels, import and export terminals are needed to load 

and unload the vessels. Such a terminal consists of LH2 storages, automatic loading arm sys-

tems with cryopumps, and boil-off gas back-feeding systems, see Figure 2.5. 

 

 
Figure 2.5: Import and export terminal design for shipping LH2 via vessels, picture from HySTRA demonstration 

project lead by Kawasaki [200]   

In this dissertation, the focus is set on truck and larger vessel transport of LH2, since data 

availability is best for both modes. However, there are still high uncertainties about the future 

performance of such systems including flash losses and other leakages – especially, when 

transport times are several days and not only a few hours. 

Refueling of aircraft with LH2 

 

For a better understanding of the current status of refueling aircraft with LH2, the general pro-

cess and two transport modes are briefly introduced.  
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The receiving (aircraft) LH2 tank has to be prepared before it can be filled with new LH2. This 

can be either a warm and empty tank or a cold tank that only requires top-filling. Latter would 

be the preferred status in normal operation since it takes less time for refueling (no cooldown 

of tank required). This preparation can include purging of the tank if fuel hose couplings are 

used which might lead to small contaminations of LH2 when connecting the refueling tank with 

the aircraft tank. However, the development of clean-break couplings is already ongoing which 

would not require purging and hence, save costs [115]. If these are not available in the next 

decades, helium as a purging gas would be used to clean the refueling system and receiving 

tanks from contaminations. The used helium evacuates the free space of oxygen and other 

gases to prevent damages potentially caused by frozen gases.  

Furthermore, cryopumps and a sub-cooling unit for the LH2 before refueling as described in 

[115] are required as part of the purging (also called dispensing) unit. 

 

The transportation of LH2 from the airport LH2 storage to the aircraft stand can be done with 

trucks as described before or with cryogenic pipelines & hydrants. Latter, are double-walled 

vacuum-insulated pipelines with a minimum diameter of 254 mm to reduce friction inside the 

pipes for smaller diameters [54,74,205]. Further details on LH2 flow rates can be found in [115]. 

Furthermore, the pipeline should be designed as a three-pipe system for reliable operation and 

to avoid two-phase flows of hydrogen in the pipeline [54,90]: a primary LH2 supply loop, a spare 

loop for redundancy (supply reliability), and a collection loop for GH2. Thus, the pipeline would 

have a circular design to ensure a steady LH2 flow and requires an inlet and outlet from the 

storage tank. This circulation, driven by cryopumps, prevents high heating at periods of low 

demands, so low flow rates [54].  

 

Data availability is quite limited around LH2 refueling systems. This leads to several uncertain-

ties around the techno-economic assumptions for this dissertation discussed in Chapter 4.  

 

Summarizing the state of research for components and processes 

 

The overview shows that research on the main component systems of an LH2 energy system 

like RES, electrolysis, GH2 transportation, and storages, LH2 storages are already very ad-

vanced. Only limited insights are found for the LFP, cryopumps, LH2 transportation, and refu-

eling systems where aspects of general operational principles and technology development for 

large-scale applications have rarely been looked at. Additionally, projections of techno-eco-

nomics over the next decades are very uncertain and rarely undertaken. This will be further 

discussed in Chapters 4 and 5. 

 

2.3 Derived research questions and structure of the thesis 
 

While Section 2.1 emphasized a clear need for techno-economic analysis of green LH2 supply 

for aircraft with a sound methodological approach, Section 2.2 revealed several supply com-

ponents that were not fully addressed in depth by previous studies.  

Based on this state of research and the resulting literature gaps the main objective of this 

dissertation is to answer the question: Will liquid hydrogen play a major role as propulsion 

fuel in a future, decarbonized aviation sector? 

 

The main novelty of the present study is to bring together all aspects of the very broad question 

in one more holistic assessment. Therefore, all relevant methodologies required for the inves-

tigations are derived and techno-economic assumptions are harmonized. Moreover, a detailed 

projection of LH2 demands, an optimization of the supply infrastructure based on non-linear 
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energy system modeling, and a design optimization of H2-powered aircraft while considering 

different operational strategies in an existing air traffic network are undertaken.  

For a better overview of this approach, the overall objective is further split into five leading 

research questions.  

 

1. Since there are several studies available on H2-powered aircraft design but with highly 

differing evaluation criteria, a main methodology for this thesis is derived along the ques-

tions: 

How to assess the operating costs flying with H2-powered aircraft and what is a first 

high-level estimate of the economic impact coming from green LH2 supply? 

1.1. What is an established cost method that must be used to assess and benchmark the 

costs of flying with different fuels and/or propulsion technologies? 

1.2. What would be the performance of a future kerosene-reference aircraft and how does 

this compare to a novel H2-powered aircraft? 

1.3. Which are less relevant operating cost factors when introducing H2-powered aircraft? 

 

2. Qualitative analyses on future airport design and technologies were undertaken in the last 

decades. However, only a few derive numbers on demand scales, and those who do differ 

greatly in the calculated magnitudes of scale. This leads to the questions: 

What is the impact on airport infrastructure when introducing H2-powered aircraft? 

2.1. How large would future LH2 demands from aircraft be at one airport? 

2.2. How does this compare to other H2 demands from other sectors around an airport? 

2.3. What are the refueling system options for LH2 and when should which option be se-

lected? 

 

3. A large gap was identified around green LH2 supply cost assessments in general but also 

for the aircraft use case. Few cost studies rather use high-level calculations without deeper 

insights into the availability/profiles of renewable energy generation or the operational spe-

cifics of the main energy system components. Even more detailed supply cost studies use 

linear modeling approaches. Consequently, this larger area of research potential is ana-

lyzed in detail along the following questions: 

What are the costs of supplying green LH2 to airports? 

3.1. How do potential LH2 supply pathways look like? 

3.2. How to optimize the underlying energy systems given the different importance of mod-

eling depths for each component? 

3.3. What are the design rules that describe a general recipe on how to design an optimized 

green LH2 supply system? 

3.4. How do the cost results change due to the uncertainty of future techno-economic pa-

rameters in these systems? 

3.5. If H2 import options exist, what is their cost impact on future LH2 supply? 

 

4. Only a few recent studies approached the topic with a more holistic evaluation approach 

combining aircraft and/or supply infrastructure and/or air traffic network aspects. Most of-

ten, these studies still only concentrate on deriving detailed insights based on their as-

sumptions for one of the topics. Then, the detailed insights are combined with inputs for 

the second analysis item from other studies that are not always aligned on the same sce-

nario assumptions. Hence, a complete picture is often not achieved by comparing the same 

assumptions. This is why in this investigation detailed assumptions are derived for all as-

pects of the following research questions: 
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How do green LH2 supply options and H2-powered aircraft designs interlink in real-

istic airline operations? 

4.1. What are the LH2 supply cost results in a case-study-based evaluation and a given air 

traffic network? 

4.2. How does the design of an aircraft family affect aircraft-related operational costs?  

4.3. What role do operational strategies with these aircraft play considering varying LH2 

supply costs at each airport? 

 

5. Finally, the overarching objective and the insights of the previous four questions are syn-

thesized and packed into a final broader analysis. There, the main economics and other 

decision criteria for choosing future decarbonization options in aviation are assessed along 

these questions: 

To inform industry and policy makers, what are the overall arguments for H2-pow-

ered aircraft compared to other decarbonization options? 

5.1. What are the main cost differences of flying with H2- compared to kerosene-powered 

aircraft? 

5.2. How do the economics compare to other decarbonization options that might be avail-

able in the future? 

5.3. What is the overall resource efficiency of these different decarbonization options com-

pared to H2-powered aviation? 

 

The dissertation is structured as follows. In Chapter 3, an operating cost model as the main 

evaluation methodology is introduced. Thus, reference aircraft designs and changes when 

switching to H2 propulsion systems are highlighted. 

Then, the airport context is derived including LH2 demand projections and its role in a 

broader H2 economy. Additionally, LH2 refueling systems are discussed and their techno-eco-

nomics are briefly evaluated.  

In Chapter 5, the research field of green LH2 supply costs and all related research questions 

are considered. At this stage, this is done for exemplary locations to focus on the underlying 

modeling methodology, design rules, and cost sensitivities when changing techno-economic 

parameters in a scenario analysis.  

This is followed by a case-study-based evaluation of not only LH2 supply costs but also 

operating cost analysis for single-aisle aircraft in a given flight network in Chapter 6.  

Finally, all five research questions are answered and limitations as well as future fields of 

research are discussed in Chapter 7. 

 

For better readability, detailed model descriptions, techno-economic assumptions, and cost 

optimization results are presented in the Appendix. Moreover, the underlying methodology ap-

proaches of this thesis’ models are not introduced in a central chapter, but they are briefly 

described as a section of each relevant chapter. This should help the reader in better under-

standing the relevant part of the overall methodology for each chapter. 
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3 Costs of flying and H2-powered aircraft design 
 

Instead of a central presentation of all methodology approaches used in this thesis, the first 

research question is addressed in this chapter.  

Along this question, the overarching methodology for evaluating H2-powered aviation and 

other decarbonization options is introduced. This is done based on direct operating costs 

(DOC) for aircraft – a metric that is also applied in the chapters thereafter. Hence, the DOC 

introduction supports the reader in better understanding the underlying objectives of the anal-

yses throughout the thesis.  

In the second step, the reference designs of a kerosene- and H2-powered aircraft are opti-

mized, which are required for the investigations in Chapter 4 and 6. Moreover, this optimization 

leads to a first result regarding the cost changes coming from re-designing the aircraft for H2 

propulsion systems. It also underlines which operating cost factors are less relevant when 

evaluating new propulsion concepts. 

 

Disclosure: The following two sections are in large parts based on the publication: J. Hoelzen, 

D. Silberhorn, T. Zill, B. Bensmann, R. Hanke-Rauschenbach, Hydrogen-powered aviation and 

its reliance on green hydrogen infrastructure – Review and research gaps, International Jour-

nal of Hydrogen Energy (2022) [52]. For a detailed description of the author's contributions see 

Appendix F. 

 

3.1 Direct operating cost method 
 
The analysis of DOC is chosen as an “industry-standard” framework to evaluate the economics 

when changing the existing aviation environment with technology innovation [206]. In contrast 

to the evaluation of other factors, e.g., energy efficiencies, climate impact, and macroeconomic 

factors such as the impact on employment, the DOC analysis reflects the costs and hence the 

economic viability for one of the main stakeholders, the operator [207]. 

Since the industry is highly cost-driven and operators are working on the edge of profitabil-

ity, the change of economics related to introducing new technologies can be a major enabler 

or barrier for a potential uptake of new radical technology. Hence, these are investigated in the 

following. 
DOC models can reflect all significant cost drivers. From aircraft manufacturing and vehicle 

performance, energy, and infrastructure cost as well as differences in aircraft operation and 

utilization: 

 𝐶DOC,total,yearly = 𝐶DOC,CAPEX + 𝐶DOC,maint + 𝐶DOC,crew + 𝐶DOC,fees,ATC
+ 𝐶DOC,fees,airport + 𝐶DOC,energy 

USD (3.1) 

 

As seen in Equation 3.1, the total annual DOC 𝐶DOC,total,yearly consists of capital 𝐶DOC,CAPEX, 

maintenance 𝐶DOC,maint, crew costs 𝐶DOC,crew, fees for air traffic control (ATC) 𝐶DOC,fees,ATC as 

well as for airport services 𝐶DOC,fees,airport and energy costs 𝐶DOC,energy. By referring the yearly 

DOC to the number of passengers as well as the distance traveled, the utilization in terms of 

available seat kilometers (ASK) per year is calculated. This is influenced by the vehicle’s 

speed, turnaround time, and operational aspects as well as forced downtimes due to mainte-

nance and night curfew. Further description of the DOC model is provided in Appendix A. 

 

Changes to DOC from new technologies and fuels 

 

To illustrate different cost effects on the DOC caused by new technologies or fuels, three con-

cepts are discussed. Next to H2 propulsion, which will be examined in detail hereafter, two 
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examples are now shortly analyzed on a qualitative level: the introduction of winglets and 

synfuels (first two levers of Table 3.1).  

 
Table 3.1: High-level, qualitative impact on DOC factors by introducing new levers to reduce the climate impact of 

aviation 
 

DOC factors 

Exemplary levers to reduce the climate impact of aviation: 

Winglets for improved 

aerodynamic design 

New drop-in fuels such 

as synfuels 

New propulsion technology 

based on hydrogen  

Aircraft 

CAPEX 

Slight change: costs de-

pend on development, 

manufacturing / material 

cost for aircraft design 

change 

No change 

 

 

Change: costs increase for the 

propulsion system incl. LH2 tank 

and aircraft system integration 

Aircraft 

Maintenance  

Slight change: airframe re-

lated maintenance could 

be affected by new de-

signs 

No change Change: New propulsion sys-

tem incl. LH2 tank with different 

maintenance costs 

Crew No change 

ATC fees No change 

Airport fees No change No change Could change due to overall air-

craft weight variation and more 

complex ground handling or 

other airport system costs af-

fected by H2 aircraft 

Fuel/energy Slight change: Same fuel, 

but lower total energy con-

sumption 

Change: Different fuel 

costs for synfuel produc-

tion 

Change: Liquid H2 with different 

supply chains and supply costs 

Aircraft utiliza-

tion 

No change No change Could change, if the refueling 

process increases the overall 

turnaround times or LH2 tank 

maintenance causes higher 

yearly forced downtimes 

 

First, the development of winglets as a lever of evolutionary improvements of box-size-limited 

aircraft design is described. The “shark-tail-like” looking ends of the wing tip are used to de-

crease lift-inducing vortex flows at the wing tips and increase aerodynamic efficiency and there-

fore reduce fuel burn [208].  

Regarding the effects on DOC shown in Table 3.1 and Eq. 3.1, it is likely that the CAPEX 

might increase slightly due to development costs and potentially increased complexity in the 

manufacturing of the wing. Accordingly, also the airframe maintenance costs might increase. 

There are no changes in crew costs or air traffic control fees since they depend on the number 

of PAX onboard, cabin design, and distances flown – all factors are kept constant for all design 

changes including the introduction of new fuels or propulsion technologies.  

Furthermore, the same airport fees are expected, given that the aircraft re-design has been 

compliant with airport size regulations. Since winglets reduce the fuel burn of aircraft, it leads 

to decreased fuel cost which is the main impact. The aircraft utilization is not affected at all. 

 

The second column in Table 3.1 describes the cost impact of synthetic kerosene which has 

similar properties as jet fuel and could be directly used as drop-in fuel [29]. This means that 

although the process of fuel production strongly changes, which leads to different fuel costs, 

the aircraft is barely affected which allows using existing aircraft, supply, and refueling infra-

structure. 
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In comparison to the presented levers of aerodynamic improvements and synfuels, introducing 

H2 propulsion for aircraft affects nearly all DOC factors as shown in the rightmost column of 

Table 3.1. Starting from the top, aircraft CAPEX and maintenance will be examined in the next 

section.  

 

3.2 H2-powered aircraft design and cost impacts 
 
To evaluate the operational cost changes caused by re-designing the aircraft for integration of 

H2 propulsion systems, first, the kerosene reference aircraft and then, the H2-powered version 

is optimized. For both designs a projection of future aircraft technology advancements is used 

to reflect regular evolutionary efficiency improvements between aircraft development cycles. 

 

Reference conventional aircraft for comparison 

 

In this work, single-aisle aircraft are designed and investigated that are normally operated on 

short-range flights. Since this aircraft segment is also targeted for H2 propulsion by aircraft 

manufacturers like Airbus with their ZeroE aircraft concept and due to its large share of avia-

tion’s global emissions [7,45], it is a relevant choice for the following analyses.  

The single-aisle aircraft is used as a reference to compare the effect of introducing H2 pro-

pulsion for the segment itself. Interested readers can find further information about the model-

ing approaches for both the conventional aircraft design and the modifications for H2 aircraft in 

Appendix B. In the original publication, smaller wide-body aircraft were also investigated, be-

cause this segment would also be eligible for disruption by H2 propulsion technologies. Further 

information is provided in [52]. 

 

Table 3.2 shows the resulting specifications for the conventional single-aisle aircraft. It has 

been projected to be an Entry-Into-Service (EIS) year 2035 with increased performances and 

is designed for a maximum flight range of 1,500 NM and to transport 180 PAX. On an average 

mission of 800 NM, it consumes 166 GJ of kerosene. The flight cycles per year are calculated 

with forced downtimes of 2749 hours based on [209] and block time supplements of 1.5 hours 

per flight for the single-aisle/short-range concept. 

 

 
Table 3.2: Conventional kerosene aircraft specifications – design criteria and outputs from modeling 

 

Parameter Unit Single-aisle (short-range) 

Design Entry-Into-Service - 2035 

Design Range NM 1,500 

Design PAX - 180 (Single class layout) 

Design Cruise Mach-Number - 0.78 

Calculated MTOM t 65.6 

Calculated OEM t 39.7 

Block-Energy for design mission GJ 286 

Block-Energy for typical mission (used for 

further evaluation) 
GJ 

166 

(800 NM mission) 

Calculated annual flight cycles - 
1,512 

(800 NM mission) 

 

The total DOC, see Fig. 3.1, is calculated by applying the DOC model described in Eq. 3.1 and 

Appendix A, which results in 5.14 USD per 100 available seat kilometer (ASK) for the single-

aisle concept for 800 NM flights.  
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The resulting fuel/energy DOC value is calcu-

lated assuming the constant kerosene fuel costs 

of 0.6 USD/kg which were also used in Section 

2.1. In this work, the kerosene price is kept con-

stant due to the high uncertainty of price projec-

tions and the observed high price volatility in the 

last 10 years. No emission or other additional 

costs on top of the kerosene product costs are 

assumed in this first introduction of aircraft 

costs. 

It can be seen that the kerosene fuel costs 

only account for 17% of the total DOC on an 

800 NM trip. This is a typical cost characteristic 

for this aircraft segment. Since the flights are 

quite short, the time on the ground (passenger 

unloading, loading, and taxiing) takes a higher 

timeshare which is also reflected in higher cost 

shares coming from fixed fees like for the air-

port.  

This characteristic becomes even more obvi-

ous when comparing this segment to wide-body 

aircraft as shown in [52], which fly on longer dis-

tances and hence, have higher energy cost 

shares.  

 

H2 aircraft design and its influence on DOC 

 

In the next step, the 2035-projected reference aircraft is now modified to an H2-powered air-

craft. 

Consequently, the DOC for aircraft CAPEX and maintenance change since H2 propulsion 

technology comes with different costs and requires new aircraft design and different system 

integration. Additionally, the aircraft energy efficiency changes are mainly driven by the new 

energy carrier characteristics which have an impact on the fuel-related DOC. 

Most reviews and detailed papers such as in [55,62] concentrate on H2 propulsion technol-

ogy and its implications on the aircraft design – with a clear focus on liquid hydrogen due to 

the lower total storage mass compared to solid or metal hydride and also volume requirements 

compared to GH2. However, there are many challenges concerning the passively insulated 

LH2 tanks such as lifetime and thermodynamic cycle stability, maintenance, or the highly com-

plex and multidisciplinary integration into the overall aircraft concept. The ground handling and 

operational flexibility in terms of the duration without vented GH2 (dormancy time) highly influ-

ence the required insulation quality and hence, the tank mass and the aircraft performance. 

Achieving high LH2 aircraft performances as well as a flexible ground operation is a major 

challenge and generates an important interface to the airport infrastructure. 

In this work, the modeled H2 aircraft concept is powered by H2 turbofan engines. The two 

LH2 tanks are integrated into the fuselage, both behind the cabin for the single-aisle concept. 

Further details can be found in Appendix B.  

 

The resulting energy demand of the LH2 short-range concept compared to the kerosene base-

line increases from 166 GJ to 177 GJ (by 12%) for the 800 NM mission, see Table 3.3. 

 

Figure 3.1: Total DOC evaluation of the reference 

kerosene-powered aircraft 
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Table 3.3: Hydrogen aircraft specifications – design criteria and outputs from modeling 

 
Parameter Unit Short-range 

Design Entry-Into-Service - 2035 

Design Range NM 1,500 

Design PAX - 180 (Single class layout) 

Design Cruise Mach-Number - 0.78 

Calculated MTOM t 68.7 

Calculated OEM t 48.2 

Block-Energy for design mission GJ 303 

Block-Energy for typical mission (used for 

further evaluation) 
GJ 

177 

(800 NM mission) 

Calculated annual flight cycles - 
1,514 

(800 NM mission) 

 

Roughly one-third of this drawback is caused by decreasing aerodynamic efficiencies due to 

the longer fuselage incorporating the relatively large volumes of the LH2 tank. Two-thirds of 

this effect comes from the additional mass of the storage and structural snowball effects.  

Since the cruise Mach number is the same for the kerosene and LH2 concepts, the flight 

times and yearly cycles are similar. Small variations still exist due to slightly different flight 

paths, i.e. climb rates and cruise altitudes, and hence changed flight times. Additional factors 

which could decrease the utilization are the turnaround time as well as additional forced down-

times due to LH2 storage-related maintenance procedures. This topic is discussed later in this 

section. 

 

As seen in Table 3.1, changing the energy carrier affects many DOC factors. To deal with 

these impacts, the conventional cost method has to be adapted (see details in Appendix A). 

Based on the modeling and modified DOC evaluation, the costs increase by 7% for CAPEX 

and 14% for maintenance for 800 NM flights (Fig. 3.2). 

If the different energy efficiencies of the kerosene- versus H2-powered aircraft are consid-

ered assuming the same energy costs as in the kerosene reference, the additional fuel costs 

for the H2 aircraft are 7% for the single-aisle aircraft (Fig. 3.2). Concerning the total operating 

costs, all aircraft-related cost increases lead to a 5% increase of total DOC.  

 

 
Figure 3.2: Change of selected DOC factors for the H2-powered single-aisle aircraft due to H2 propulsion technol-

ogy impacting aircraft CAPEX and maintenance costs as well as fuel costs through lower energy efficiency – bub-

bles show relative cost increase for each of these cost buckets 
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This and the cost uncertainties caused by different technology assumptions, especially around 

the LH2 tank (further insights in Appendix B), underline that H2 aircraft might come with higher 

DOC, which should be further targeted to be improved by research and development efforts. 

 

H2 airport infrastructural and operational impacts on DOC 

 

However, not only the aircraft CAPEX and maintenance costs but also the general fuel/energy 

costs and operational implications using H2 must be investigated. This also influences the via-

bility of the business case of introducing H2 aircraft.  

The DOC per flight depends on the aircraft utilization as already mentioned. This is deter-

mined by the turnaround time of the aircraft on the ground and the flight time, i.e. cruise speeds 

of the aircraft. This could change if LH2 refueling times increase due to the more complex 

refueling procedures. Or if H2 aircraft would be designed with slower cruise speeds to reduce 

power requirements for the fuel cell system [42]. 

Only a few studies are available concerning the refueling procedure of LH2-fueled aircraft. 

Most describe only high-level implications of the turnaround process without going into detail 

[37,42,63,94], see also Section 2.1. Boeing [57], Brewer [54,55], and ISO/PAS [77] describe 

the refueling process in more detail including flow rates and hose diameters. They indicate that 

similar energy flow rates and refueling times like for the kerosene reference are possible. Only 

one more conservative estimate was found in Brewer [54] who showed a 20% increase in 

turnaround time for a long-range LH2 concept with no parallel fueling. 

In the following, the same refueling rates and safety standards are assumed to be feasible 

for the chosen single-aisle aircraft segment. Insights on other factors influencing aircraft utili-

zation, e.g., the use of additional and larger LH2 refueling vehicles, are not found.  

 

The supply of LH2 does not only require green LH2 production and logistic capacities but also 

new fuel and refueling infrastructure and operations at airports. Airport system costs implied 

by these changes mostly lead to costs for “into-plane” refueling players at airports that must 

be added to the LH2 fuel costs at the dispenser. However, since H2 aircraft can be designed in 

a way, that they fit the aerodrome regulations of the International Civil Aviation Organization 

for all segments, e.g., gate limits, potential further changes in ground handling and landing 

fees should be very low.  

Also, no cost effects are expected from the safety aspects of H2 aircraft handling at airports: 

many sources [57,66,115,210] state, that the safety measures of LH2 refueling should not be 

higher than for kerosene ones. Even though there are studies from Brewer [54,55] considering 

changed – potentially more costly – ground operations due to an increased safety radius of 

90ft around the fuel hoses, this does not seem to be a reasonable assumption. It would imply 

a secondary explosion protection standard which must ensure that no ignition sources exist in 

this perimeter. Due to the very low minimum explosion energy of hydrogen, this should not be 

an issue [61]. This leads to the primary explosion protection standard which implies that the 

system is designed in a way that avoids explosive atmosphere. Nevertheless, an exact safety 

radius for H2 aircraft operation is not available yet and is identified as a research gap for future 

work when determining airport system costs. 

Lastly, the largest uncertainty factor might be the LH2 fuel cost: Since 17% of the total DOC 

is related to fuel costs for a conventional single-aisle (Fig. 3.1), the use of hydrogen as a direct 

fuel can have a significant impact. This will be analyzed in detail in the following chapters.  
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Implications for overall research objectives 

 

As a brief summary of this chapter and the first research question (see 2.3), it is found that the 

DOC is a valid method to benchmark the economics of different decarbonization options in-

cluding new fuels and/or new propulsion technologies. Furthermore, a first optimization of air-

craft designs highlights that the H2-powered aircraft-related changes lead to a 5%-increase of 

total DOC. Thus, a main part (39%) of the total operating costs i.e. crew costs and other fees 

would not be affected by switching the aircraft propulsion system.  
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4 Context for LH2 aircraft refueling at airports 
 
Before the main cost uncertainty, supplying LH2 to airports, can be investigated in detail, sev-

eral aspects setting the context for the optimization tasks in Chapter 5 and 6 have to be ana-

lyzed. This is why the impact on airport infrastructure when introducing H2-powered aviation is 

determined in the following which also addresses the second research question (Section 2.3). 

Therefore, H2 demand scenarios are derived for differently sized airports. Thus, these are com-

pared to other potential H2 applications at or around the airport to categorize its importance as 

future H2 hubs. As a last step, the refueling system options for H2-powered aircraft and their 

costs are calculated which are an input value for the supply cost assessments in the chapters 

hereafter. 

 

Disclosure: The following two sections are in large parts based on the publication: J. Hoelzen, 

M. Flohr, D. Silberhorn, J. Mangold, A. Bensmann, R. Hanke-Rauschenbach, H2-powered avi-

ation at airports – Design and economics of LH2 refueling systems, Energy Conversion and 

Management: X (2022) [112]. For a detailed description of the author's contributions see Ap-

pendix F. 

 

4.1 LH2 demand scenarios for aviation 
 
For the sizing of LH2 supply and refueling systems, it is necessary to know the approximate 

demand scales which have to be delivered to or at the airport. These LH2 fuel demand scenar-

ios are calculated within three steps in this section: scope, reference, and 2050 projections. 

Then, the resulting scenarios are used to categorize LH2 demands for aircraft with general H2 

energy systems at and around airports.  

 

Definition of scope for fuel demand calculations 

 

This investigation focuses on all commercially used aircraft – so, regional, single-aisle, me-

dium, and larger wide-body aircraft (see Table 4.1). In 2019, this group of airplanes accounted 

for approximately 99% of all commercial aircraft related CO2 emissions worldwide [7,16]. Gen-

eral aviation – mostly smaller aircraft flown by private pilots or business aircraft – cargo and 

military aircraft are not considered in the following. Neither are smaller commercial aircraft 

included, so-called commuter aircraft with less than 20 PAX.  

Since this work targets these larger commercial aircraft, only LH2 demands for refueling 

aircraft are considered. The reasons for considering LH2 and not GH2 are shown in Chapters 2 

and 3.  

 
Table 4.1: Overview of commercial aircraft segments referenced in this study 

Commercial aircraft 

category 

Maximum take-off 

mass (MTOM) of air-

craft, in tons 

Typical capacity, in 

passengers (PAX) 
Exemplary aircraft 

Regional (jet and turbo-

prop) 
<50 20–100 

ATR 42/72, DHC-8, 

Bae 146, CRJ-700, 

ERJ-135, E-175 

Single-aisle 50–150 100–250 
E-190, A220, A320 fam-

ily, B737 family, B757 

Medium wide-body 150–250 200–300 A330, B767, B787 

Large wide-body >250  >250 
A340, A350, B777, 

B747, A380 
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Reference fuel demands at three airport archetypes 

 

Few other studies already investigated LH2 demands at specific airports by translating historic 

kerosene demands into equivalent fuel amounts of LH2. In the 1970s, Korycinski [56] and 

Brewer [54] projected that annual demands for wide-body aircraft at each Chicago O’Hare 

Airport and San Francisco International Airport could be between 200 to 250 thousand tons 

(kt) of LH2 in the year 2000. Looking at refueling all aircraft at Los Angeles Airport (LAX) with 

LH2, Amy and Kunycky [72] calculated that around 1,400 ktLH2 would be required referenced 

on 2012 data.  

Based on the large range of demand figures it becomes clear that an updated, more detailed 

overview of potential LH2 demands at airports is required before designing LH2 refueling and 

supply systems at airports. The demands determined in the following are not meant as market 

forecasts, but as assumption-based scenarios that provide general perspectives for the anal-

yses undertaken in this study. 

 

For a detailed understanding, three different airport archetypes are selected to determine po-

tential LH2 demands from the chosen aircraft segments: smaller national airports with less than 

20,000, intercontinental hubs with more than 100,000 departing commercial flights per year, 

and major national airports in between. Thus, three exemplary airports in Germany are se-

lected due to data availability. Bremen Airport (BRE) as a regional national airport, Hamburg 

Airport (HAM) as a major national airport, and Frankfurt-Main Airport (FRA) as an interconti-

nental hub are chosen. A detailed overview of the methodology, sources, and assumptions 

that are used for the LH2 demand scenarios can be found in Appendix C and the Supplemen-

tary Material shown in [112].  

 

In 2019, the calculated annual kerosene demand for commercial aircraft was 38, 366 and 

4,661 kt of fossil kerosene at BRE, HAM, and FRA, respectively. At smaller and major national 

airports, flights with regional and single-aisle aircraft account for the majority of kerosene de-

mand with 95% at BRE and 80% at HAM. Most flights with these aircraft connect national and 

intra-European airports. At intercontinental hub airports, the opposite is observed – for exam-

ple, at FRA less than 20% of the kerosene demand comes from these aircraft segments. Since 

medium and larger wide-body aircraft carry more passengers, consume more energy per kilo-

meter, and fly longer distances, these drive the high demand for fuel at the airport. At FRA 

around 3,000 kt of kerosene (64% of the total) are calculated to be refueled for larger wide-

body aircraft only. 

However, several studies state that true zero CO2 emission propulsion systems like H2 pro-

pulsion require larger technological breakthroughs to be an economic choice for such larger 

wide-body aircraft by the year 2050 [16,19,29,62]. Consequently, the following analysis does 

not consider this larger aircraft segment and assumes that such aircraft would rather be fueled 

with SAF to achieve net-zero carbon emissions. If these kerosene consumptions are sub-

tracted from the 2019 figures, considered annual fossil fuel demands at these airports are 38, 

322, and 1,686 kt of kerosene for BRE, HAM, and FRA, respectively (Figure 4.1A and second 

column Table 4.2).  

 

Besides the total annual fuel demand, Figures 4.1B and 4.1C highlight another important de-

sign requirement for supply and refueling systems at airports. These show the variation of fuel 

demand over an average day and the months of a year for the example of Hamburg Airport in 

2019 [211,212]. Like at most German airports a night curfew restricts aircraft operation which 

can be seen in Figure 4.1B. Furthermore, aircraft departures peak in the morning and evening 

times. Considering a whole year, April to October are busier months with around 10% higher 
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air traffic (departures) than in the colder months November to February with 15% less traffic 

compared to the annual average. Even though the exact distribution of air traffic will certainly 

differ for each airport depending on the type of airlines and flight destinations at the airport, 

similar phenomena are assumed for all airport types in this study.  

 

 
Figure 4.1: A) Considered annual fossil kerosene fuel demand in 2019 at three German airports without larger 

wide-body aircraft, B) average daily aircraft departures at HAM in 2019 [212], C) monthly aircraft departures at 

HAM in 2019 [211] 

 

To enable aircraft refueling with LH2 in seasonal but also daily peak times the design of a fuel 

system at an airport has to cover such fluctuations accordingly, further details will be briefly 

discussed in Section 4.2. 

 

After the calculation of fossil kerosene demands in 2019, the figures are converted into LH2-

equivalent fuel demands based on energy conversion factors also reflecting a change in spe-

cific energy consumption (SEC) per aircraft segment (see Appendix C). The results excluding 

larger wide-body aircraft are shown in the third column of Table 4.2. Based on these assump-

tions including the fuel demands and number of flights at the specific airports, flights with re-

gional aircraft would consume on average 0.25 tLH2, with a single-aisle aircraft 1.8 tLH2 and a 

medium wide-body aircraft 16 tLH2. Further detail can be found in the Supplementary Material 

of [112].  

 

2050 fuel demand scenarios 

 

In the next step, aircraft fuel demands are projected until 2050. Despite the temporally, drastic 

decrease in air traffic due to the COVID health crisis, strong growth is forecasted for the avia-

tion sector over the next decades [8,213,214]. Airport-specific results are displayed in the col-

umn “Projected total fuel demand 2050” in Table 4.2. These reflect air traffic growth projections 

that lead to an overall increase in total fuel consumption as well as aviation efficiency improve-

ments that decrease the specific energy demands per aircraft (see Appendix C).  

Furthermore, two different deployment scenarios of H2-powered aircraft are used to project 

the demand for LH2 for 2050. This is used to derive the demand context for LH2 refueling setups 

at airports. Both scenarios consider a future in which H2-powered aircraft will be techno-eco-

nomically feasible but with different progressive assumptions. In the base case scenario, de-

ployment of H2-powered aircraft will start to scale between 2040 and 2050. In the ambitious 
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scenario, this deployment will already reach larger H2 fleet delivery rates in the late 2030s 

(details provided in Appendix C).  

The 2050 scenarios show clear differences between the magnitudes of LH2 demands at 

airports depending on their size (fifth and sixth column of Table 4.2). This is now discussed 

and set into context with other H2 applications. 

 
Table 4.2: Calculated annual fuel demands for 2019 at selected airports and 2050 demand scenarios – all excluding 

large wide-body aircraft 

 

Airport  

(Example) 

Considering to-

tal fuel demand 

in 2019, in t of 

kerosene 

Converted total 

fuel demand 

2019, in t of LH2-

equivalent 

Projected total 

fuel demand 

2050, in t of LH2-

equivalent 

Base case sce-

nario: LH2 de-

mand 2050, in t 

per year 

Ambitious case 

scenario: LH2 

demand 2050, 

in t per year 

Smaller na-

tional airport 

(Bremen) 

38,467 15,463 20,722 9,949 17,416 

Major na-

tional airport 

(Hamburg) 

321,722 130,235 175,505 80,600 142,390 

Interconti-

nental hub 

(Frankfurt) 

1,686,052 698,330 987,668 317,375 565,206 

 

 

LH2 at airports and their role in an overarching H2 energy system 

 

At a smaller national airport like BRE, the 2050 projections indicate an annual LH2 demand of 

10 to 17 ktLH2 (27 to 48 tLH2 daily) depending on the base and ambitious case scenario as-

sumptions. 

This amount of LH2 is in a similar order of magnitude such as projected demands for H2-

powered road applications in regions with higher mobility demands. As highlighted by Ueckerdt 

et al. [215] and Staffell et al. [216], H2-powered heavy-duty vehicles might be an economically 

viable decarbonization option compared to other alternatives such as battery-electric vehicles. 

One H2 refueling station (HRS) for such larger vehicles might have an average daily consump-

tion of 2.5 tons of H2 [217]. Hence, in a region with around 10 to 20 HRS, a similar H2 con-

sumption (10 to 20 ktH2) would result from aircraft at BRE in 2050 (Figure 4.2).  

For H2-powered rail applications, H2 demands at rail HRS are a similar size. At 

Bremervoerde, Germany, a HRS with a daily capacity of 1.6 tH2 was already installed for trains 

[218]. However, the amount of required HRS in a specific region is significantly lower for rail 

applications [219]. Hence, regional H2 demands from trains are assumed to be lower than for 

road applications. 

 

The LH2 demand scenarios for aircraft at major national airports such as HAM are calculated 

to be around 81 to 142 ktLH2 in 2050. This equals 46 to 81% of a theoretically maximum LH2 

fuel consumption for aircraft in that year – similar to the results at BRE. The reason for this 

effect at BRE and HAM is that at both airports most flights are assumed to be operated with 

regional and single-aisle aircraft; both segments that are predestined for the potential deploy-

ment of H2 propulsion [16].  

For comparison, industrial applications are or might be operated with H2. Today, grey H2 is 

used as a feedstock in fertilizer plants producing ammonia and in refineries for, e.g., hy-

drocracking. Furthermore, steel, iron, and cement plants are being discussed using green H2 

as a new feedstock for decarbonizing these heavy carbon-emitting sectors [44,220]. 
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Figure 4.2: Annual H2 demand ranges for different sectors at a specific region and their projected economic viability 

based on [44,220] – a specific region defined as a generic location (e.g., city, industry park) where these sectors 

are placed; due to economic uncertainty and highly varying demand sizes inputs from other sectors such as power 

services [142], building heating [215,216] or maritime [221,222] are not shown 

 

In Germany, 40 million tons of steel were produced in 20 steel plants in 2019 [223]. Assuming 

a future green H2 consumption for one ton of steel production of 20 to 50 kgH2 [224–226], an 

average plant would require around 40 to 100 ktH2 per year.  

Similar H2 consumption figures are calculated for refineries and ammonia production. Re-

fineries with an annual capacity of 5 to 10 million tons of crude oil input would require 25 to 

100 ktH2/a assuming a H2 demand of 5 to 10 kg per ton of crude oil input [225]. A fertilizer plant 

with an output of 250 to 750 kt of ammonia (NH3) [227] and an H2 consumption of 176 kgH2 

per ton of NH3 [225] would also consume a similar demand with 44 to 132 ktH2 per year. 

These values show that potential LH2 demands at major national airports could become as 

large as the H2 demand of larger industrial plants operated with H2. In a specific region, such 

an airport could already take the role of an H2 hub in a broader, surrounding H2 energy system. 

In that case, the H2 hub is the central and very large consumer of H2 for which a dedicated H2 

supply could be designed. Other H2 applications around such a hub might then benefit from 

potentially lower supply costs due to economies of scale. 

  

At intercontinental hub airports such as FRA, the LH2 demand scenarios result in 317 to 

565 ktLH2 in 2050. In this case, only 32 to 57% of the total equivalent fuel demand, excluding 

larger wide-body aircraft, would be substituted by H2-powered aircraft. Including the fuel de-

mand of larger wide-body aircraft, this share decreases to 10 to 17% only.  

While the LH2 demand is rather low compared to the total fuel demand at FRA in 2050, it is 

already 2 to 4 times larger than the largest fertilizer plant assumed above (Figure 4.2). More-

over, this also shows significant potential for increasing demands in the decades thereafter, 

given that the fleet penetration of H2 aircraft could increase further. Consequently, the role of 

such an intercontinental hub in a specific region might trump all other H2 consumptions from 

other sectors around the airport. However, there are less than 100 such larger airports world-

wide [228], as defined in this work, that might take such a special role in regional H2 energy 

systems.  

 

Next to the insight that LH2 demands at airports could become dominant in some regions, two 

additional trends can be observed.  

First, most other sectors might feed GH2 and not LH2 such as the aviation sector. So, cost 

synergies for LH2 sub-systems might be limited. LH2 is discussed in the heavy-duty road and 
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maritime sector or for general transportation of H2 over longer distances only [216,229]. Con-

sequently, the design of such LH2 supply and refueling systems at airports could take a unique 

role in a future hydrogen economy.  

Second, based on economic viability analyzed in [44] and [220] the introduction of the dis-

cussed other H2 applications might happen until 2030 already (short- to mid-term horizon), 

while larger scale deployment might take longer than 2035 in the aviation sector [16,19]. This 

could mean that the installation of general H2 fuel infrastructure might take place without con-

sidering the aviation use case.  

 

4.2 Refueling routes and costs considerations 
 
The choice of the LH2 refueling systems poses its optimization challenges and is evaluated as 

a separate aspect from the overall supply systems. However, only a brief overview is presented 

on the potential LH2 refueling setups and related costs in this airport context chapter, whereas 

the green LH2 supply routes are discussed in detail in Chapter 5. Moreover, relevant safety 

aspects of handling LH2 at airports are also shortly discussed in this section. 

 

LH2 refueling routes 

 

Given green LH2 is supplied to the airport, the interface between the supply and the refueling 

infrastructure is the LH2 storage farm at or near the airport (see Figure 4.3). These LH2 stor-

ages are mainly required to buffer daily and seasonal fluctuations in fuel demands (see Figure 

4.1b and 4.1c), but also to ensure LH2 supply reliability over several days – in case, the supply 

chain is disrupted by other events. For safety reasons and since space at the terminals and 

gates is very limited, fuel farms are typically farther away from the terminals. They are often 

located as a central fuel farm with loading facilities for the refueling system. In some cases, 

these farms are even outside of the airport area but close by [230].  

 

There are currently two major LH2 refueling pathways discussed to distribute LH2 from the LH2 

storages to the aircraft [16,190]: LH2 refueling trucks (R1) or an LH2 pipeline & hydrant system 

(R2), see Figure 4.3 and also Section 2.2.  

 
Figure 4.3: Topologies for LH2 refueling setups at airports 

 

The use of LH2 refueling trucks enables a more flexible deployment option, but these would 

also contribute to increasing traffic on airport aprons. The investment per refueling truck is 

rather limited and the number of required trucks can be adjusted flexibly to the demand of LH2 

at airports. However, the LH2 loading volume of one refueling truck is limited and space for a 

larger fleet of these could be rare at airports. 

In addition to that, increased safety and potentially faster aircraft refueling and hence, faster 

turnaround times are the reasons why, LH2 refueling pipelines & hydrant systems are seen as 

an alternative. These systems could be built underneath the airport apron and accessed 
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through a hydrant at each aircraft stand. In comparison to the deployment of refueling trucks, 

the installation of a pipeline & hydrant refueling system comes with high upfront expenses and 

a longer lifetime over several decades. Thus, the dimensioning of this system – and hence, its 

costs – are not as flexible to adjust as with refueling trucks. Similar considerations are also 

taken into account at airports for the design of current kerosene refueling systems [231,232].  

For both refueling setups, a dispensing unit is required for the refueling procedure to con-

nect the pipeline or the LH2 tank on the refueling truck to the LH2 storage onboard the aircraft 

[54,63]. Furthermore, such dispenser systems can function as purging units to “wash” out the 

LH2 refueling hoses from other gases before refueling with cryogenic LH2 (more details in 

[115]). This dispensing unit can be integrated onto the refueling truck. For pipelines a dispens-

ing truck is operated between aircraft stands to connect the hydrant and the LH2 aircraft tank. 

 

Optimized costs of LH2 refueling systems 

 

All techno-economic assumptions on modeling both LH2 refueling setups including further air-

port layout aspects are presented in [112] with further technical details in [115]. The choice of 

the refueling system also impacts the supply route due to lower or higher H2 losses at the 

airport. This is why the cost results for the choice of refueling systems are considered in a 

complete system setup in the following figures. However, in this first assessment, only linear 

modeling and simplified supply component models were used. The complete assessment can 

be found in [115]. In the present thesis, only the relevant results impacting the choice of the 

refueling system are briefly discussed, because the supply system effects are investigated in 

great depth in Chapter 5 and the following. 

 

The calculated LH2 costs at the dispenser including the simplified supply costs for a demand 

between 10,000 to 800,000 tLH2 per annum in 2050 are presented in Figure 4.4 with a loga-

rithmic scale. 

 

 

 

Figure 4.4: Total costs of LH2 at the dispenser with a truck (dotted blue line) and pipeline & hydrant refueling 

(continuous blue line) in 2050; demand scenarios for exemplary German airports shown in light blue; point of in-

terest highlighted: SP referring to the design switch point 
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In general, the results show that the LH2 costs decrease with larger LH2 demands both refuel-

ing setups from 3.6–3.9 to 2.6 USD/kgLH2. Nevertheless, the refueling system including the 

LH2 fuel buffer storages at the airport only accounts for 0.09–0.11 USD/kgLH2 for annual de-

mands above 10 ktLH2. These costs increase significantly for very small demands: at a de-

mand of 5 ktLH2/a or lower the refueling system costs reach levels above 0.15 USD/kgLH2. 

Considering the optimization of the two different refueling systems, a design switch point 

(SP) for the given techno-economic assumptions can be identified. For an annual demand 

below 125,000 tLH2, the LH2 truck refueling (15 trucks in use) is the more economical setup. 

Above that demand, pipeline & hydrant refueling is slightly less expensive by 0.01 to 

0.02 USD/kgLH2. Consequently, the optimization for the refueling system’s total annual costs 

follows the course of the lowest LH2 costs as described. 

 

Sensitivity of optimized cost results for the refueling system 

 

The assumptions made in these calculations for the year 2050 come with high uncertainties 

due to the very long-term projection period and since reliable data is not available. In addition 

to that, most of the components have never been built in large quantities or capacities before.  

 

A sensitivity analysis (Figure 4.5) shows that the two main factors that influence the choice of 

the refueling setup most are the H2 loss factor for truck refueling and the CAPEX for installing 

an LH2 pipeline & hydrant system. The former occurs mostly when loading and unloading the 

refueling truck. The latter depends on the future development and research progress as well 

as larger production capacities (leading to economies of scale and learning rates) of cryogenic 

pipelines. Today most installed LH2 pipelines are used in space or laboratory contexts [115]. 

Therefore, different properties and often less frequent usage lead to not fully comparable 

techno-economic parameters for this system, if applied to the aviation setup.  

Figure 4.5 emphasizes the large range of resulting design switch points depending on the 

variation of these two factors. If the H2 losses of realized refueling truck systems would in-

crease, the annual demand for the design switch point decreases to around 55 ktLH2/a (SP1). 

 

 

 
Figure 4.5: Variation of main techno-economic parameters for LH2 truck and pipeline & hydrant refueling for annual 

LH2 demands between 10 to 200 ktLH2 
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On top of this and assuming a most favorable case for the pipeline system with reduced 

CAPEX, the design switch point would even decrease to 20 ktLH2/a (SP2), see Figure 4.5. So, 

under certain conditions, a pipeline could already become the more economical choice even 

for smaller airports.  

However, the technical challenges of constructing and operating such a LH2 pipeline system 

should also be considered, which might overweigh the savings of 0.01–0.02 USD/kgLH2 com-

pared to the more flexible solution of using refueling trucks. In addition to that, the sensitivity 

analysis with these two selected factors also shows that a truck variant with no H2 loss is 

always less costly than any of the pipeline systems considered – even for very large annual 

LH2 demands.  

Insights for another parameter, the transmission distance, are also briefly presented. It is 

found that a longer distance between the fuel farm and the aircraft gate favors the use of LH2 

trucks and leads to a shift of the design switch point to higher annual LH2 demands. On the 

one side, trucks have a factor of 1.5 longer distances and therefore consume more time for 

driving between a fuel farm and a refueling stand. On the other side, the H2 losses remain 

nearly stable for trucks, while the H2 losses for pipelines depend on the length of the pipelines. 

Furthermore, CAPEX for refueling trucks has a lower relative increase than for pipeline sys-

tems. 

 

Further aspects of choosing the LH2 refueling system 

 

The design choice of LH2 refueling systems for LH2 pipeline & hydrant systems versus LH2 

refueling trucks might not fully depend on their economics. Even though the deployment of an 

LH2 pipeline & hydrant transmission system might save 0.01–0.02 USD/kgLH2 for airports with 

LH2 demands significantly above a design switch point of 125 ktLH2/a, also other criteria play 

a role. Less traffic and reduced potential for human error (driving such trucks) could increase 

the safety of LH2 handling at airports when using pipelines instead of refueling trucks. Espe-

cially for highly space constraint airports, the avoidance of further traffic on the apron might be 

more critical than enabling slightly more economic refueling pathways. Furthermore, it is shown 

in the sensitivity analysis that the economics for the switch point still depend on several techno-

economic factors leading to a large variety of best economic scenarios. Therefore, the exact 

cost figures for the choice of the most competitive LH2 refueling setup are still highly uncertain 

and will depend on the future development of each techno-economic factor. 

Only for smaller airports like Bremen LH2 refueling trucks will certainly be a more practical 

and economic choice for operation – expected demands were determined to be below 

20 ktLH2/a in 2050.  

 

In addition, three further aspects including safety have to be kept in mind when designing such 

LH2 refueling systems: 

First, the availability of space to place additional refueling systems at airports is often very 

limited, especially at larger airports [232]. Consequently, the design of LH2 refueling systems 

has to reflect, if these can be placed at a specific space on the airport or on land nearby the 

airport.  

Second, the responsible operator of refueling systems has to be determined to be able to 

allocate the costs for LH2 refueling operations correctly. Most fuel infrastructures at airports 

are not operated by the airport managing company but by third parties such as oil & gas com-

panies. This is often organized with concessions granted by the airport company for longer 

time periods (e.g., decades) [233]. Accordingly, refueling infrastructure and operating costs 

are often included in the fuel price paid by the aircraft operator and not as a separate fee or 

levy paid to the airport [231,234].  
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Third, airport infrastructure and the operation of aircraft are highly regulated to ensure safe 

operations [235]. That is why it is likely that the design of LH2 supply and LH2 refueling systems 

at airports will have to comply with high safety standards that are also applied to kerosene 

infrastructure. Several H2 component-specific standards can already be found in the SEVESO 

[236], the ATEX directives [237], and the directive 2010/75/EU on industrial emissions [238]. 

These include general comments on plant safety, occupational safety, consumer protection, 

construction law, traffic law, environmental law, insurance law, and energy industry law, but 

nothing specifically applicable to an aviation context. Also, no safety zone radius and other 

distances are specified. 

 

Implications for overall research objectives 

 

Addressing the second research question (see 2.3), it becomes clear that H2-powered aviation 

could have a significant impact on airport infrastructure and its role in a broader energy system. 

LH2 demands from aircraft could reach large orders of scale by 2050. Nevertheless, for the 

design of the required supply and refueling systems, the whole context of H2 infrastructure 

around airports has to be considered. Since other sectors might require an H2 supply infra-

structure already one decade earlier than needed for larger commercial aircraft, synergies or 

resource conflicts should always be investigated before deploying LH2 systems at airports.  

 

The two main refueling system setups for LH2 are found to be truck and pipeline & hydrant 

refueling. Furthermore, it can be stated that a decision between these two setups can rarely 

be made on a purely economic basis. Rather safety aspects, space constraints, or existing 

know-how at the airports have to be considered for the design choice of LH2 refueling systems.  

All of the airport infrastructure deployments underlie a general uncertainty and economic 

risk. New refueling systems require new safety and certification standards. Thus, the sizing of 

the systems changes with different LH2 demand scenarios which result from uncertainties of 

aircraft’ EIS dates, manufacturing ramp-ups, and applicability to the different aircraft segments. 

In addition to that, such systems have not been demonstrated on larger scales which leads to 

further techno-economic uncertainties. 

 

Finally, the results of optimizing LH2 refueling systems are applied to the cost results in the 

following analyses on green LH2 supply systems and will not be further explicitly discussed. 
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5 Green LH2 supply costs for airports 
 
This chapter addresses the third research question (see 2.3). Potential green LH2 supply path-

ways are derived as well as the main insights on the supply costs to airports with the required 

methodological depth. Cost dynamics are shown based on the different LH2 supply pathways 

and main energy system design choices (design rules) that lead to competitive costs. While 

the costs are determined for generic locations that are chosen to reflect highly differing pro-

duction conditions, a scenario analysis investigates different assumptions for the main techno-

economic parameters. Furthermore, this approach lays the foundations for further supply cost 

analyses in a realistic air traffic network in Chapter 6. 

The chapter is structured as follows. First, the study design including the investigated supply 

pathways and the optimization methodology is introduced. Second, the supply costs for on-

site LH2 production are discussed and design rules are derived. Thus, varying LH2 demand 

scales and scenarios with different techno-economic assumptions are considered. Third, the 

on-site cost results are compared to the main off-site supply setups, also investigating several 

techno-economic scenarios. In the last section, this chapter is concluded with a very brief sum-

mary. 

 

Disclosure: The following section is based on the publication: J. Hoelzen, L. Koenemann, 

L. Kistner, F. Schenke, A. Bensmann, R. Hanke-Rauschenbach, H2-powered aviation – De-

sign and economics of green LH2 supply for airports, Energy Conversion and Management:X 

(2023) [239]. For a detailed description of the author's contributions see Appendix F. 

 

5.1 Green LH2 supply chain optimization 
 
In this section, an overview is given of the study design, the optimization methodology, and 

generic scenario definitions. This enables a better understanding of the validity of results and 

underlying assumptions. 

 

5.1.1 General design of study 
 

As a start, the study objectives, the main LH2 supply chain setups that are relevant to the 

aviation use case, and brief component overviews are introduced. 

 

Objectives 

 

The general aim of this analysis in this chapter is to determine the most economically compet-

itive, green LH2 supply pathways for airports based on varying LH2 demand sizes. Therefore, 

a dedicated deployment of renewable energy sources (RES) and LH2 supply pathways to an 

airport is investigated.  

It could be argued that larger LH2 uptake from aviation is not expected before the years 

2035 to 2040 [16], as also shown in Chapter 4, and hence, H2 could then be bought from 

existing H2 markets. However, it is assumed that there will be different accessibility to existing 

H2 markets for airports in the future depending on the geography and the size of the airport. 

This justifies the analysis of dedicated LH2 infrastructure installations. Consequently, this 

study’s approach is relevant for larger airports, where the uptake of H2 might dominate other 

close-by H2 demand applications, see Section 4.1. There, a dedicated on-site or off-site infra-

structure might lead to the lowest supply costs. It is also worth investigating dedicated infra-

structure setups for smaller airports without any access to an existing H2 market. On the other 

side, if smaller airports have access to an H2 market i.e. through a GH2 pipeline or a close-by 
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central production hub, dedicated infrastructure deployments might rather not be too relevant. 

Nevertheless, all resulting costs of dedicated LH2 supply chains for aviation should always be 

compared to general H2 market costs to decide on the best supply options. 

 

 
Figure 5.1: Considered LH2 supply pathways to refuel LH2-powered aircraft in this study; naming of supply setups 

based on different renewable energy sources (RES): PV – photovoltaics, WON – wind onshore, WOFF – wind 
offshore, HYB – good hybrid, WEAK – weak hybrid location (see Section 5.1.3) 

 

LH2 supply system: components and pathways  

 

In general, the three component groups shown in Section 2.2 are relevant for LH2 energy sys-

tems. Thus, three main supply setups are likely combining the component classes for an airport 

LH2 supply chain [52,112,240,241]. In Figure 5.1, a LH2 on-site, LH2 off-site, and a GH2 off-site 

supply are shown.  

In a LH2 on-site (LH2ON) supply scenario (case 1 in Figure 5.1) the RES, H2 production 

and H2 liquefaction are at or close to the airport and no longer-distance transport of H2 is re-

quired.  

In that setting, the following conversion components are required: green electricity is gen-

erated from RES which can be photovoltaics (PV), wind onshore (WON), or wind offshore 

(WOFF) plants. These power water electrolysis systems (ELY) convert water into GH2 and 

oxygen. Such a system might also include a compressor to increase the pressure of the GH2 

output – depending on the electrolysis technology chosen and the system requirements behind 
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the ELY. Then, the GH2 is cooled down to reach its liquid phase, LH2, at ~20 K in an H2 lique-

faction plant (LFP).  

Alongside these conversion steps, storage systems can buffer and balance fluctuations in 

production versus demand. Electric energy storage systems (ES) can be combined with the 

RES, while GH2 storage systems are placed behind the ELY. For the latter, either underground 

caverns or aboveground pressurized storage are considered. For both of these options, com-

pressors are installed on the intake side. Given the H2 output pressure of the ELY the GH2 

compressor increases the H2 feed to the required nominal pressure of the storage (e.g., 180 

bar for a cavern). The use of a constant pressure valve is assumed for unloading the GH2 

storages, so no further compressor power is needed. Lastly, an above-ground LH2 storage 

system buffers the liquefied H2, before it enters the LH2 refueling system at the airport. In this 

study, the LH2 storage includes cryogenic H2 pumps to fill and empty the storage most effi-

ciently with the least H2 losses [112,115]. Another option with high losses would be unloading 

making use of pressure differentials (see Section 2.2). 

In this chapter, LH2 refueling systems will not be considered in detail, since the main techno-

economics and design choices were already discussed in Section 4.2. 

 

Compared to the on-site supply, the RES, ELY, and LFP are now at an exporting location in 

an LH2 off-site (LH2OFF) scenario (case 2 in Figure 5.1). LH2 is then transported via large 

oversea vessels and an on-land transport mode (can also be >100 km) to the airport. Export 

and import terminals are installed which consist mainly of LH2 storages and cryopumps for 

loading and unloading of the LH2 vessel. For on-land transportation, only LH2 truck transport 

systems are considered in this study. However, this could also be done using inland vessels 

or train systems, e.g., to avoid road congestion. Such transport modes often come with higher 

costs for very short distances and only similar or lower costs for longer distances above 300 

km [242]. 

 

In a GH2 off-site (GH2OFF) scenario (case 3 in Figure 5.1), gaseous H2 is generated at an 

export region but then transported via GH2 pipeline systems to the receiving airport. In that 

case, the LFP is also placed at the airport which leads to a “disconnect” between the H2 gen-

eration and the LH2 energy system. The GH2 pipelines can either be built “greenfield”, so in-

stalling new pipeline routes, or retrofitting existing natural gas pipelines that are currently or 

will not be operated anymore in the near- to mid-term future. Furthermore, GH2 compressor 

and valve stations are required at a regular distance which depends on several parameters 

[105,163,168], see Appendix D2.4 and Section 5.3.2. In the retrofitting case, existing stations 

are replaced and H2-compatible coatings are applied to the pipes, see EHB in Section 2.2. 

Pipelines are assumed to only transport GH2 and do not function as flexible storage in the 

energy system (static load operation). If H2 is consumed at the importing location, the same 

amount has to be loaded into the pipeline at the origin/export location. Compared to current 

operating principles of larger natural gas pipelines this is a valid approach as shown in 

[163,165,168], see also Section 2.2. 

 

5.1.2 Methodology and model equations 
 

The optimization problem is defined by the objective function, optimization variables, main 

constraints, and operating principles. 
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Optimization objective function 

The overall objective is to minimize total costs for LH2 supply at airports. Therefore, the total 

annual costs 𝐶TAC per component 𝑖 are calculated as shown in Eq. 5.1. The total annual costs 

are determined for a specific time period (scenario) 𝑡 :  

min∑𝐶TAC,CAPEX,𝑖,𝑡 + 𝐶TAC,OPEX,𝑖,𝑡⏟                  
=CTAC,𝑖,𝑡𝑖

 USD (5.1) 

 

The total annual costs are composed of capital expenditures (CAPEX) 𝐶TAC,CAPEX,𝑖,𝑡, and op-

erating expenditures (OPEX) 𝐶TAC,OPEX,𝑖,𝑡. The CAPEX depends on the sizing 𝑥𝑖 of each com-

ponent (Eq. 5.2). Applying the annuity payment factor method (Eq. 5.2 & 5.5), the CAPEX is 

determined as follows: 

 

𝐶TAC,CAPEX,𝑖,𝑡(𝑥𝑖) = 𝐶CAPEX,total,𝑖,𝑡(𝑥𝑖) ⋅ 𝑎𝑖,𝑡    USD (5.2) 

with 𝐶CAPEX,total,𝑖,𝑡(𝑥𝑖) = 𝐶CAPEX,direct,𝑖,𝑡(𝑥𝑖) ⋅ 𝑓inst,𝑖 ⋅ 𝑓ind,𝑖 ⋅
1

𝑓avail,𝑖
 USD (5.3) 

with 𝐶CAPEX,direct,𝑖,𝑡(𝑥𝑖) = 𝑟𝑖,𝑡 ⋅ 𝐶CAPEX,direct,𝑖,2020(𝑥𝑖) USD (5.4) 

with 𝑎𝑖,𝑡 =
(1 + 𝑖𝑖,𝑡)

𝑇𝐷𝑃,𝑖,𝑡
⋅ 𝑖𝑖,𝑡

(1 + 𝑖𝑖,𝑡)
𝑇𝐷𝑃,𝑖,𝑡

− 1
 - (5.5) 

In Eq. 5.3, the total component CAPEX is calculated by multiplying the scenario-independent 

factors for installation costs 𝑓inst,𝑖, indirect project costs 𝑓ind,𝑖, and the availability of each com-

ponent 𝑓avail,𝑖 with the direct CAPEX (𝐶CAPEX,direct,i,t) of the components. Latter is derived based 

on direct CAPEX reference curves in 2020 (𝐶CAPEX,direct,𝑖,2020) and a cost reduction factor 𝑟𝑖,𝑡, 

see Eq. 5.4. The direct CAPEX functions are provided in Appendix D1. The cost reduction 

factors are used to translate costs into the specific time period (scenario) while reflecting learn-

ing effects (see Appendix D1.1). Lastly, the CAPEX calculation uses the annuity factor which 

is calculated with the interest rate 𝑖𝑖,𝑡 and the depreciation period 𝑇𝐷𝑃,𝑖,𝑡 (Eq. 5.5).  

Total annual costs from OPEX (Eq. 5.6) are derived based on fixed operations and mainte-

nance (OM) cost factors 𝑐OM,𝑖,𝑡 for most components. Only the ELY and transport modes have 

other OM costs 𝐶OM,other,𝑖,𝑡 which are described in Appendix D2.2 and D2.4. 

 

𝐶TAC,OPEX,𝑖,𝑡 = 𝐶CAPEX,total,𝑖,𝑡(𝑥𝑖) ⋅ 𝑐OM,𝑖,𝑡 + 𝐶OM,other,𝑖,𝑡 + 𝐶H2O,𝑖,𝑡 + 𝐶refri,𝑖,𝑡
+ 𝐶fuel,𝑖,𝑡 USD (5.6) 

 

Furthermore, costs for water supply 𝐶H2O,𝑖,𝑡, loss of refrigerant fluids 𝐶refri,𝑖,𝑡 and fuel 𝐶fuel,𝑖,𝑡 

are relevant for the ELY, the LFP and transport modes, respectively.  

Since the total energy system optimization already reflects the operational costs of drawing 

electricity by installing RES, electricity costs are accounted for separately and not for each 

component in this study. The same approach is used for accounting costs for H2 losses, which 

are compensated by sizing all required system components bigger.  
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Optimization variables and main constraints 

 

In the following, technical aspects are highlighted of how these LH2 supply pathways are opti-

mized – starting with the optimization variables. 

The optimization variables are shown in Table 5.1. The sizing of compressors and cry-

opumps are not treated as separate optimization variables and are always designed accord-

ingly to the storage size and required charging/discharging mass flows. In addition to the de-

sign sizes, the decision of building a storage component or not is optimized using binary vari-

ables (row 8). Lastly, the pressure level of the GH2 as the output of the ELY is also subject to 

optimization (row 9). 

 
Table 5.1: Optimization variables considered in this study  

Component or systems Optimization variable 

1 Renewable energy sources (PV, WON, WOFF) – maximum 

power rating 

𝑃PV,max, 𝑃WON,max, 𝑃WOFF,max 

2 Electrolysis system – max. power rating 𝑃ELY,max  

3 Electric energy storage – max. electric energy stored 𝐸ES,max  

4 GH2 storage (Sto): cavern, above-ground (AG) – max. mass 

stored and the initial state of charge 

𝑚GH2Sto,cavern,max, 

𝑚GH2Sto,AG,max, 𝐹GH2Sto,0  

5 Liquefaction plant – max. capacity per day 𝑚̇LFP,in,max  

6 LH2 storage (Sto) – max. mass stored and the initial state of 

charge 

𝑚LH2Sto,max, , 𝐹LH2Sto,0  

7 Transportation design – annual departures of LH2 vessels 𝑛vessel,departures  

8 Binary variables for storage systems i 𝑏built,𝑖  (0,1)  

9 Pressure output of GH2 from ELY and on the GH2 bus 𝑝GH2bus  

 

Main constraints exist for each component system and are discussed in detail in Appendix D2. 

In general, constraints are that maximum power or mass flow settings as well as minimum and 

maximum fill levels of all storage systems must not be exceeded. Additionally, storage fill levels 

must be equal or larger at the end of the simulation compared to the initial state of charge. 

Other modeling constraints result from the balance equations of the different components 

that are interconnected on electric power, GH2 mass flow, and LH2 mass flow level as shown 

in Figure 5.1.  

 

First, the electric power balance is derived in Eq. 5.7a for the LH2 on- and off-site supply path-

way, for GH2 off-site cases in Eq. 5.7b: 

 

LH2-on-

/off-site 
𝑃RES = 𝑃ELY + 𝑃LFP + 𝑃GH2comp + 𝑃ES W (5.7a) 

GH2-off-

site 
𝑃RES = 𝑃ELY + 𝑃GH2comp + 𝑃ES W (5.7b) 
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In the LH2 on-site scenario, the RES (𝑃RES) powers all major components that draw electricity 

like the ELY (incl. compressors) 𝑃ELY, the LFP 𝑃LFP, the compressors of the GH2 storage sys-

tems 𝑃GH2comp and the ES 𝑃ES. For all storage components positive power or mass flow values 

are defined as charging (vs. negative for discharging). Only the cryopumps of the LH2 storage 

system are not connected to the RES but to a local electricity grid as described for LH2 refueling 

systems in [112]. This is important because it enables discharging the LH2 storages to fulfill 

demands when no RES availability is given (no wind, no radiation). 

For off-site LH2 supply, the balance equation does not change, since the LFP is still placed 

at the exporting energy system site.  

If off-site GH2 supply (Eq. 5.7b) is analyzed, the LFP is placed at or close to the airport. 

Consequently, the electricity for the LFP is also sourced by grid electricity at the airport directly. 

 

Second, the balance equation regarding GH2 mass flows is defined in Eq. 5.8a-c: 

LH2-on-

/off-site 
𝑚̇ELY = 𝑚̇GH2Sto + 𝑚̇LFP,in kg/s (5.8a) 

GH2-off-

site 
𝑚̇ELY = 𝑚̇GH2Sto + 𝑚̇pipe,in      and        𝑚̇pipe,out = 𝑚̇LFP,in kg/s (5.8b,c) 

 

The GH2 mass flow output of the ELY 𝑚̇ELY feeds either the LFP directly 𝑚̇LFP,in or is stored in 

one of the two storage 𝑚̇GH2Sto options (cavern or above-ground) in an LH2 on- or off-site setup. 

For off-site GH2 supply, the pipeline system is added before the feed enters the LFP, leading 

to the separation of the balance equation in Eq. 5.8b. However, when realizing such a GH2-

off-site system, the GH2 storage could also be placed differently – at the airport side or even 

along the pipeline route. 

Since different GH2 pressure levels are required for filling the GH2 storages (180–200 bar), 

the LFP (30-80 bar), or the pipeline system (intake at 70 bar), the pressure setting of the ELY 

output mass flow is a variable for optimization. With that not only the sizing of compressors 

can be optimized, but also the specific energy consumption of the LFP. As shown in Appendix 

D2.3, the minimal work required for liquefaction decreases slightly with higher input feed pres-

sures. Further information on the pressure dependencies for the depicted components is pre-

sented in Appendix D2.2-4. 

 

Third, the LH2 mass flow balances are shown in Eq. 5.9a-d: 

LH2-on-

/GH2-off-

site 

𝑚̇LFP,out = 𝑚̇LH2Sto + 𝑚̇LH2demand kg/s (5.9a) 

LH2-off-

site 

𝑚̇LFP,out = 𝑚̇LH2,export + 𝑚̇LH2vessel    and 

kg/s 
(5.9b-

d) 𝑚̇LH2vessel = 𝑚̇LH2,import + 𝑚̇LH2truck    and 

𝑚̇LH2truck = 𝑚̇LH2Sto + 𝑚̇LH2demand 

 

In the LH2 on-site and GH2 off-site setups, the LFP mass flow output 𝑚̇LFP,out is directly linked 

with the LH2 demand (𝑚̇LH2demand) and the LH2 buffer storages (𝑚̇LH2Sto) at the airport. Only 

in the off-site LH2 supply case, the LH2 output of the LFP is decoupled with the airport side and 

first transported via vessels (𝑚̇LH2vessel) and then with on-land transport modes (truck in this 

study, 𝑚̇LH2truck). On the export and import side, there are also storage terminals that can be 

used for buffering (𝑚̇LH2,export, 𝑚̇LH2,import). 

 

It has to be noted, that the chosen level of detail of the technical component model does not 

consider differing state variables such as temperatures or LH2 pressures. 
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Operation of components: energy management system and paradigms 

 

To enable the optimization of the previously described systems, operating principles for each 

component have to be defined. Fixed operating rules are chosen to ensure the computability 

of the optimization even with non-linear models. 

 

The main goal of the energy management system is to maximize the utilization of cost-domi-

nating components, which in this study are the ELY and the LFP. In dependence on the RES 

availability 𝑃RES and the LH2 demand 𝑚̇LH2demand at the airport, these two components are 

steered to make maximum use of available RES while always fulfilling LH2 demands for aircraft 

refueling. In addition to that, the given component constraints also apply. 

If storage systems are installed, the state of charge / fill level influences the operation of the 

components, too. The state 𝑍 of the storage component 𝑖 is defined as empty (“0”), full (“2”), 

and flexible (“1”) when the storage can only be charged, discharged, or both, respectively. 

 

In the LH2 on-site supply pathway, the ELY is set (𝑃ELY,set) for maximum usage of RES 

(𝑃ELY,set,RES) or its output is limited, if no further GH2 can be liquefied or stored (𝑃ELY,set,GH2), 

see Eq. 5.10-12.  

 

ELY set-

value 
𝑃ELY,set = min(𝑃ELY,set,RES, 𝑃ELY,set,GH2) (5.10) 

with 𝑃ELY,set,RES = {
𝑃RES − 𝑃LFP − 𝑃GH2comp, 𝑍ES = 0

𝑃RES + 𝑃ES,max − 𝑃LFP − 𝑃GH2comp, 𝑍ES ≠ 0
 (5.11) 

with 𝑃ELY,set,GH2 = {
𝑃ELY(𝑚̇LFP,in + 𝑚̇GH2Sto,max), 𝑍GH2Sto ≠ 2

𝑃ELY(𝑚̇LFP,in), 𝑍GH2Sto = 2
 (5.12) 

 

The LFP operation 𝑚̇LFP,in,set is set similarly (Eq. 5.13-15). Here, also the GH2 feed availability 

from ELY or GH2 storages (𝑚̇LFP,in,set,GH2) or the offtake of LH2 from aircraft or an LH2 storage 

system (𝑚̇LFP,in,set,demand) can limit the maximum operation of the LFP:  

 

LFP set-

value 
𝑚̇LFP,in,set = min(𝑚̇LFP,in,set,GH2, 𝑚̇LFP,in,set,demand) (5.13) 

with 𝑚̇LFP,in,set,GH2 = {
𝑚̇ELY, 𝑍GH2Sto = 0

𝑚̇ELY + 𝑚̇GH2Sto,max, 𝑍GH2Sto < 0
 (5.14) 

with 

𝑚̇LFP,in,set,demand

= {
𝑚̇LFP,in(𝑚̇LH2demand + 𝑚̇LH2Sto,max), 𝑍LH2Sto ≠ 2

𝑚̇LFP,in(𝑚̇LH2demand), 𝑍LH2Sto = 2
 

(5.15) 

 

 

The available RES should be used completely to reach maximum capacity factors and hence, 

minimized levelized costs of electricity (LCOE). However, when the settings of the ELY and 

LFP have to be reduced as described in Eq. 5.12 and 5.15, the renewable energy generation 

will also be capped. 

The operating values for the storage systems are determined based on the ELY and LFP 

settings following the balance Eq. 5.7a/b, 5.8a-c, and 5.9a-d. It has to be noted that for the 

GH2 storages, no re-allocation of GH2 mass flows is considered between the two options (cav-

ern and above-ground). 

 



5 Green LH2 supply costs for airports  46 

    

 

If the supply pathway is changed to an LH2OFF setup, the same operating rules apply for the 

energy system up to the point where LH2 would be fed into the refueling system. The only 

difference is that a specific demand profile is used for the LH2 export terminal (discussed in 

Section 5.1.3). 

For GH2OFF supply pathways, the ELY and GH2 storages are operated also in a similar 

manner as described above. Only the LFP is now steered more independently since it does 

not depend on the availability of RES at the export region but can draw electricity from a local 

grid at the airport flexibly. One limiting factor though is the availability of GH2 from the ELY and 

GH2 storages that are directly fed into the LFP via the pipeline system, which is operated stat-

ically as described in Section 5.1.1.  

 

5.1.3 Scenario definitions 
 

The given optimization problem is solved within the following scenarios. They are defined by 

main techno-economic parameters, RES locations, and airport settings. 

 

Techno-economic parameters 

 

Table 5.2 shows the main techno-economic parameters of the supply components used in this 

study. In total, three main scenarios are discussed based on 2020 cost reference values.  

Since major LH2 uptake from aviation is rather expected for 2050 and later [16,19,112,243], 

the main scenario is called the “2050 base case”. It reflects a great progress in the deployment 

of general green H2 infrastructure for main use cases, e.g., chemicals, industry. With this, the 

cost reduction potential compared to today is already significant for GH2 production, but also 

LH2 components would be installed for hard-to-abate transport modes and for general 

transport/trade of H2. To be able to reflect sensitivities of the cost results from a 2050 base 

case scenario, two other scenarios are considered: a more conservative one, the “2035 base 

case” and a very progressive one, the “2050 progressive case”. Given these three scenarios, 

a valid range of resulting LH2 supply costs in 2050 should result.  

 
Table 5.2: Economic parameters for main components – further details are shown in Appendix D1 and D2. Note: 

resulting total specific CAPEX are shown incl. installation and indirect project costs, total cost equations are de-
rived in D1 

Compo-

nent 
Parameter Unit 

2020 

refer-

ence 

2035 

base 

2050 

base 

2050 

pro-

gres-

sive 

Sources 

PV (1-axis 

tracking) 

Specific total 

CAPEX 
USD/kW 650 600 400 300 [134,244–248] 

Depreciation period Years 30 30 30 40 [134,244,245,248] 

O&M factor % 2.5% 2.5% 2.5% 2.5% [134,244,245] 

Wind on-

shore 

Specific total 

CAPEX 
USD/kW 1,300 1,100 900 675 [80,134,244,249,2

50] 

Deprec. period Years 25 25 25 30 [245,249] 

O&M factor % 3.6% 3.6% 2.8% 2.8% [245,249] 

Wind off-

shore 

Specific total 

CAPEX 
USD/kW 2,900 2,500 2,250 1,687 [80,134,244,249,2

50] 

Deprec. period Years 25 25 25 30 [245,248,249] 

O&M factor % 3.2% 3.2% 3.3% 3.3% [134,245,248,249] 

Specific total 

CAPEX 
USD/kWh 350 200 150 112 [111,244,246,251] 
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Electric 

energy 

storage 

Deprec. period Years 15 15 15 15 [111,244] 

O&M factor % 3.0% 3.0% 3.0% 3.0% [111,244] 

Electroly-

sis system 

Specific total 

CAPEX 
USD/kW 1,500 438 285 214 [44,145,220,252–

254] 

Deprec. period Years 30 30 30 30 [144,164,255–

259] 
Stack lifetimea Operating 

hours 
<90k 90k 120k 120k [144,145,254,256,

257,260] 

O&M factor % 3.0% 3.0% 3.0% 3.0% [143,144,255,257,

261,262] 

GH2 com-

pressor 

Specific total 

CAPEXb 
USD/kW 1,636 1,489 1,243 1,243 [152,263–266] 

Deprec. period Years 15 15 15 15 [152,198] 

O&M factor % 2.0% 2.0% 2.0% 2.0% [106,152,266–

269] 

Liquefac-

tion plant 

Specific total 

CAPEXb 

Mn USD/ 

tpd 
1.33 1.13 0.84 0.63 [59,153,162,187,1

97,198,253,263,2

70,271] Deprec. period Years 20 20 20 25 [182,187] 

O&M factor % 4.0% 4.0% 4.0% 4.0% [182,254,272] 

GH2 cav-

ern stor-

age 

Specific total 

CAPEXb 

USD/ 

kgGH2 

stored 

18 18 18 18 [106,152,155–

157,160,257,273,

274] Deprec. period Years 30 30 30 40 [155,157,160,274,

275] O&M factor % 2.0% 2.0% 2.0% 2.0% [106,276] 

GH2 

above-

ground 

storage 

Specific total 

CAPEXb 

USD/ 

kgGH2 

stored 

581 529 442 442 [65,82,110,111,91

,97, 

99,101,103,107–

109] 

Deprec. period Years 20 20 20 30 [111,152,269] 

O&M factor % 1.5% 1.5% 1.5% 1.5% [252,268,269,279] 

LH2 stor-

age 

Specific total 

CAPEXb 

USD/ 

kgGH2 

stored 

41 35 26 26 [152,156,202] 

Deprec. period Years 20 20 20 30 [106,269] 

O&M factor % 2.0% 2.0% 2.0% 2.0% [106] 

LH2 cry-

opump 

Specific total 

CAPEX 

USD per 

kg/h 
416 354 264 264 [112,197,198] 

Deprec. period Years 10 10 10 10 [112,198] 

O&M factor % 3.0% 3.0% 3.0% 3.0% [112,197,198] 

LH2 truck Specific total 

CAPEX 

Mn USD 

per truck 

system 

1.01 0.86 0.64 0.64 [106,111,152,162,

254,263] 

Deprec. period Years 12 12 12 12 [112] 

O&M factorc % 3.0% 3.0% 3.0% 3.0% [112] 

LH2 vessel Specific total 

CAPEXb 

Mn USD 

per vessel 
n/a 342 274 274 [111,164,254,271,

282–284] 

Deprec. period Years n/a 25 25 25 [111,271] 

O&M factord % n/a 4.0% 4.0% 4.0% [111,164,285] 

GH2 pipe-

line 

Specific total 

CAPEXb 

Mn 

USD/km 
n/a 3.45 2.76 2.76 [111,164,198] 

Deprec. period Years n/a 40 40 40 [111,164] 

O&M factor % n/a 1.0% 1.0% 1.0% [164] 

a) stack replacement costs are assumed to be 20% of the total CAPEX (incl. installation and indirect costs) 

[164,255,259,262] 

b) at largest design scaling – more detailed specific CAPEX curves for different component design sizes to be 

found in the Appendix D2 

c) Further variable costs: driver salary of 35 USD/h and fuel costs of 3 USD/kgH2 [112] 

d) Further variable costs: annual other OPEX costs of 11.3 Mn USD and fuel costs of 2.5 USD/kgH2 [164,286] 
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For better readability, not all cost and efficiency parameters are shown in Table 5.2. These as 

well as specific CAPEX functions and other factors (e.g., described in Eq. 5.3) are derived in 

Appendix D1 and D2.  

Also, it is highlighted that all derived costs are transferred to 2020-USD like in the previous 

chapters and cost values from literature are corrected for the right currency as well as inflation 

effects. For the latter, the Chemical Engineering Plant Cost Index (CEPCI) is used [287]. 

 

Overarching energy or material costs are derived. Renewable electricity costs for the energy 

consumptions of LH2 cryopumps and the LFP in the GH2 off-site pathway are assumed to be 

50 USD/MWh through a Power Purchase Agreement (PPA) [106,112].  

Water for the electrolysis might come from the local supply or from desalination if only salt 

water is available. Costs for the latter are taken to have a rather conservative estimate on water 

costs given the potential scarcity of water in specific geographies. As shown by Caldera and 

Breyer (2019) [288] as well as other studies, desalinated water including transport costs could 

cost less than 2.24 USD/m³ of water nearly everywhere, which is used as a cost assumption 

in this study. 

 

For the application of the annuity payment factor method, a fixed interest rate (cost of capital) 

is derived. In this study, RES incl. ES – technologies with an established market with less 

financing risks – come with a 4% interest rate which is in line with [134,249,289]. H2 generation, 

conversion, and storage components are assumed to have an interest rate of 6% to reflect 

slightly larger risk or higher return expectations in H2 business plans [112,198]. It has to be 

noted that the interest rate highly depends on the country where the project is planned and 

executed [165,289]. Since the analyses in this chapter focus on more generic techno-

economics, no further sensitivities from differing interest rates are considered. This is 

considered in Chapter 6. 

RES locations and settings 

 

The chosen modeling approach is based on a time resolution of 8760 hours per year. There-

fore, input profiles of RES availability and the LH2 demand at the airport are derived accord-

ingly. In this part, the choice of RES locations and their conditions are explained. 

It is one of the main goals in this chapter to derive general design rules for LH2 energy 

systems as well as best versus worst potential supply costs. Consequently, five more generic 

locations are investigated that stand for specific, “archetypical” RES (weather) conditions:  

 PV: strong PV (e.g., Saudi-Arabia), 

 WON: strong wind onshore (e.g., Scotland [290,291]), 

 WOFF: strong wind offshore (e.g., Denmark / Baltic Sea [292,293]), 

 HYB: hybrid location with great wind onshore and PV conditions (e.g., Morocco) and a 

 WEAK: hybrid location with weaker conditions for wind onshore and PV (e.g., Central 

Germany, Frankfurt). 

The solar yield and wind speed weather data for the reference year 2019 is obtained from 

the open-science platform “Renewable.ninja” described in [294,295] – further assumptions are 

presented in Appendix D2.1. Additionally, projections of future wind power performances in the 

form of power curves are used for wind on- and offshore plants. These are also open-source 

and published by the U.S. National Renewable Energy Laboratory (NREL) and the Interna-

tional Energy Agency (IEA) [296–298]. 

 

The resulting capacity factors of the RES are shown in Figure 5.2. For the wind on- and off-

shore locations (WON and WOFF) very high capacity factors can be achieved. Compared to 
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previous work like in [103] the full load hours are higher here and might be more accurate since 

they reflect future wind turbine performance. Many previous energy system studies use exist-

ing (older) wind turbine power curves that might not reflect the technological improvement of 

larger wind turbines (Section 2.2). Great capacity factors at wind locations are followed by the 

hybrid wind onshore location. PV capacity factors are in general lower due to day-night cycles, 

but similarly good for the great PV and the good hybrid (HYB) location. At the weaker (WEAK) 

hybrid location, both capacity factors are significantly lower. 

In addition to that, it is assumed that the RES might be placed in a radius of <100 km around 

the airport to make use of the best local RES sites. This is why costs for very short electricity 

transmission distances are also reflected, explained in Appendix D2.1. 

 

 
Figure 5.2: Capacity factors of RES at chosen locations for the year 2019 (8760 hours) incl. array losses for wind 

parks (see Appendix D.2.1) 

 

There is no grid connection modeled for the ELY and the LFP for two reasons. First, this is in 

compliance with recent regulation presented by the European Commission [132]: For green H2 

supply, it will be required to have purpose-built renewable energy generation (additionality cri-

teria) that has a temporal and geographical correlation to the H2 production, see Section 2.2.1. 

Second, drawing electricity from a grid in times of no wind or solar radiation availability, an LH2 

production system designed for constant (grid) operation might lead to unacceptable loads in 

such a local grid. Especially at medium and larger airports where LH2 production would require 

significant power capacity in that region [112]. In that case, grid supply might be prioritized for 

all basic energy consumption applications (private, commercial, and main industry sectors) 

and not for the use of aviation fuel. Nevertheless, the chosen dedicated infrastructure setup 

without a major grid connection can be seen as a “worst case” cost scenario, since no syner-

gistic integration with local renewable energy systems is included in this analysis. 

 

Airport settings 

 

Lastly, the airport setting with the resulting LH2 demands is briefly characterized for the follow-

ing analyses. A more detailed derivation of demands, safety, and operational aspects of H2-

powered aviation is already presented in Chapter 4.  
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Future LH2 demand projections at airports highly depend on the size of the airport and air travel 

routes from that airport (short vs. long-range flights) as shown in Chapter 4. While it is calcu-

lated that these demands could reach levels of >80k and >300k tLH2 per annum (p.a.) at me-

dium and larger airports in a 2050 base case scenario, demands at smaller, national airports 

could be below 10–20k tLH2/a.  

In addition to the total size of demands, the monthly and daily demands differ by season 

and day time, see Figure 5.3 (built based on input Figure 4.1). Many European airports have 

a night curfew from 10/11 pm to 5/6 am, but there are also some without such a restriction. 

Seasonality of air travel demand with peaks in summer and autumn and lows in the winter 

season is also considered for the profile here, see Section 4.1. 

 

 

Figure 5.3: LH2 demand profiles – left: daily profile for airports with night curfew, no night curfew, or export re-

gions (vessel loading); right: annual demand variation for an “average” EU airport 

 

For the following analysis of LH2 off-site pathways, the demand curve at an export terminal 

(loading the LH2 vessels) is also shown for reference. The vessel is loaded with a constant 

mass flow over 48 hours. The variation of total LH2 demand in a month is also applied in this 

off-site setup. 

 

5.2 LH2 on-site supply chains 
 
The techno-economics of LH2 on-site supply chains are now investigated. The purpose of this 

analysis is to derive design rules for the on-site energy systems based on different geographic 

conditions and annual LH2 demand sizes at airports. Furthermore, the lowest versus highest 

costs for supply chains should be identified to answer the overarching question of the general 

economic implications for H2-powered aviation. 

 

The section is structured into three sections. First, the LH2 costs are computed and general 

design rules are explained in detail for one specific LH2 demand point in the 2050 base case 

scenario. Second, the techno-economic effects of varying LH2 demands are highlighted. Third, 

the sensitivities of the resulting designs and LH2 costs are tested based on scenarios with 

different techno-economic parameter assumptions. 
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5.2.1 LH2 energy system design rules for fixed demand setting 
 

This section showcases the optimization results for the on-site supply chains for a fixed annual 

demand point of 100k tLH2/a. The demand point represents a medium to larger sized airport, 

see Section 4.1. Furthermore, most economy-of-scale effects apply to such larger demands 

and make this point more relevant for deriving general design rules or generic design “recipes” 

for LH2 energy systems. 

 

The resulting total LH2 supply costs at the dispenser (incl. refueling costs) are shown in Fig-

ure 5.4. Great hybrid RES locations provide the best techno-economic conditions for LH2 sup-

ply chains – costs range from 2.04 USD/kgLH2 (HYB) to 2.25–2.27 USD/kgLH2 (WON, PV) 

and between 3.04–3.63 USD/kgLH2 at WEAK and WOFF, respectively.  

 

 
Figure 5.4: LH2 supply costs at the dispenser for on-site setups at five locations: PV, wind onshore (WON), wind 

offshore (WOFF), great hybrid conditions (HYB), weaker hybrid conditions (WEAK); 2050 base case scenario with 
100k tLH2/a demand 

 

At all locations, the RES (electricity) takes the main share of total costs (36–71%). The costs 

for RES also lead to the main economic difference in supply at the five locations. Looking into 

the LCOE of renewable energy generation this is emphasized: at PV, WON, HYB, WEAK, and 

WOFF electricity is generated at levelized costs of 14, 18, 18, 31, and 44 USD/MWh, respec-

tively. While the high RES costs at WEAK locations are caused by low capacity factors, the 

comparably very high CAPEX of wind offshore turbines leads to the highest LCOE in a 2050 

base case scenario at WOFF. Vice versa, the very low CAPEX for PV installations enables the 

lowest LCOE at PV regions even though its worse capacity factor compared to the wind re-

gions. 

Similar trends are observed analyzing the total investment costs of the on-site energy sys-

tems. These range from 1.9 Billion (HYB), 2.0 Bn (WON & PV), 2.9 Bn (WEAK), and 3.5 

Bn USD (WOFF) with main investments required for RES, followed by the LFP and similar 

magnitudes for the ELY. CAPEX for the refueling system incl. all (on-site) LH2 storage systems 

make up for only a 2-5% share of total investments. 
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Analysis of optimization results and derivation of design rules based on 100k tLH2/a 

demand point 

 

For a better understanding of the results presented in Fig. 5.4, the optimization data will be 

analyzed in more detail and seven design rules for LH2 energy systems (for aviation) are de-

rived.  

 

I. Component selection: Electric energy storage as well as aboveground GH2 storage 

capacities are not installed in the 2050 base case scenario (see corresponding columns 

in Table 5.3). 

 

Both storage systems have too high CAPEX per energy stored (150 USD/kWhel for ES, 12-

15 USD/kWhH2 for GH2 above-ground storage) compared to GH2 caverns and LH2 storages 

(both <1 USD/kWhH2). Even though the installation of an ES gives flexibility on the electricity 

balance and hence, would enable higher utilization of the ELY, it leads to very high supply 

costs. 

 
Table 5.3: Optimal design for five locations, 2050 base case scenario with 100k tLH2/a demand 

LH2 

setup / 

loca-

tion 

Com-

ponent 

Ely-system 

𝑃ELY,max 

LFP 

𝑚̇LFP,in,max 

Electric 

energy 

storage 

𝐸ES,max 

Cavern stor-

age 

𝑀GH2Sto,cavern 

Above-

ground 

storage 

𝑀GH2Sto,AG 

LH2  

storage 

𝑀LH2Sto 

GH2 

pres-

sure be-

hind 

Ely-sys-

tem 

𝑝GH2bus 

Unit MW 
tons per 

day (tpd) 
MWh tons GH2 tons GH2 tons LH2 bar 

LH2ON-PV 1,439 642 - 1,498 - 2,066 30 

LH2ON-WON 957 316 - 9,740 - 1,329 61 

LH2ON-WOFF 923 331 - 2,084 - 4,701 44 

LH2ON-HYB 946 304 - 4,091 - 384 73 

LH2ON-WEAK 1,364 314 - 5,672 - 1,018 77 

 

II. RES: Smallest RES capacity installations are required at great wind on- and offshore 

and largest for weaker RES locations (see 𝑃RES in Figure 5.5).  

 

Great PV conditions still lead to more than a factor of 2 higher capacity requirements vs. the 

wind setups, because H2 can only be produced at day times when solar radiation is available. 

For great hybrid locations, RES installations are 1.5 factor higher than at strong wind regions, 

making use of both high PV and wind onshore power yields. This factor increases to 3 for 

WEAK setups due to the low capacity factors, which are also shown as utilization factors in 

Figure 5.6A. In the hybrid setups, no strong preference for PV or wind onshore plant installa-

tions is observed (Figure 5.5). 
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Figure 5.5: Design of RES and ely-system for five locations, 2050 base case scenario with 100k tLH2/a demand 

Figure 5.6A also reveals that the renewable energy generation has to be capped in all regions 

for some time periods, leading to lower realized capacity factors (RES used) than available 

(RES total). The reason for this is that no ES is installed to buffer the electricity when the ELY 

operates at maximum power. 

Besides the costs and installation requirements, also the land use of the different RES has 

to be considered. If a land use of 20 MW/km² [299] and 100 MW/km² [134,300] is assumed for 

large-scale future wind onshore turbines and 1-axis tracking PV systems, respectively, the land 

needs become huge – comparable to the area of ~1,500–6,000 soccer fields. In the 

100k tLH2/a demand setup, 23–83 km² of land would need to be available for RES. Such high 

land uses would justify the existence of wind offshore supply setups with significantly fewer 

turbines for regions with high land constraints despite higher supply costs. 

 

 
Figure 5.6: Annual utilization of main components for five locations, 2050 base case scenario with 100k tLH2/a 

demand – left side, A) RES, ely-system; right side, B) LFP 
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III. ELY: Ely-system capacities are designed the smallest for locations with the least fluc-

tuating RES profiles throughout the day (see Figure 5.5, Table 5.3).  

 

Since no electric energy storage is installed, the ELY has to be operated flexibly in accordance 

with the availability of RES. Consequently, the smallest ELY capacities are installed at WON, 

WOFF, and HYB regions, where RES availability is relatively constant throughout the day. 

So, the ELY is also designed smaller at the WEAK compared to the PV location due to a 

more evenly distributed RES availability (no large day and night difference). The resulting uti-

lization of the ELY underlines this design rule, see Figure 5.6A and the relative ELY size in 

relation to average daily LH2 demands in Figure 5.7.  

 

IV. LFP: Its design is optimized for the smallest capacity and hence, maximum utilization 

due to high costs (mostly CAPEX) and significantly higher specific electricity consump-

tion in part-load operation in all cases (see Table 5.3).  

 

The annual utilization reaches 88–92% (see Figure 5.6B) – minor utilization “losses” are 

caused by time periods with part-load operation. In the case of the ELY (rule III), this is not an 

issue leading to significantly higher costs, since the ELY’s specific energy demand even de-

creases in part-load operation (see also Figure 5.7 for comparison of sizes between LFP and 

ELY).  

Only at the great PV location, no electricity is available at nights. This is why, plus given 

that there is no ES installed, the LFP cannot be designed for the highest utilization (44% only). 

Thus, the LFP is shut off at nights (~12 hours). The costs for installing ES to enable maximum 

utilization of the LFP are higher than having a more flexible operation of the LFP and the pen-

alty of higher electricity consumption. It has to be noted that there is no information available 

on the energy consumption or general feasibility of such an operation of the LFP. Hence, only 

cost penalties for part-load operations but not for “half day on” / “half day off” operations are 

considered in this study. 

 

 
Figure 5.7: Relative component design sizes compared to the average daily LH2 demand (274 tLH2/d) for five lo-

cations, 2050 base case scenario with 100k tLH2/a demand – ely-system in kgH2/d output, LFP in kgH2/d intake 
and storages in kgH2stored capacity 
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V. Storages: Designs highly depend on RES fluctuations (daily and seasonal). In most 

cases, building larger GH2 cavern storages should be preferred versus LH2 storages 

(see Table 5.3 and Figure 5.7). 

 

Even though the CAPEX of larger GH2 cavern and LH2 storage systems do not differ too much, 

the main benefit of having a large GH2 storage is a more constant feeding of the LFP and 

hence, enabling its maximum utilization (rule IV).  

When adding GH2 and LH2 storage sizes, total storage capacities are lowest for the PV 

location where seasonal RES fluctuations are not too distinctive. There, the LH2 storage is 

used for the daily mass flow buffering when the sun is not shining, but air traffic is requiring 

LH2 as a fuel. Then, the hybrid (HYB, WEAK) locations follow with very small sizing require-

ments for daily buffering storage in the LH2 tanks. Wind turbines can supply the energy system 

also at times without sunlight. However, the seasonal storage in the form of the GH2 cavern 

storage has to be sized significantly larger (factor ~3 vs. PV) to compensate for larger seasonal 

fluctuations in RES availability. At WON, both larger seasonal GH2 and larger daily LH2 buffer 

storages are installed to enable the high utilization of the LFP (rule IV). 

Only in the WOFF location, a larger LH2 storage is built than the GH2 cavern storage. It can 

be explained by the annual wind power curve which shows not a large seasonal variation of 

availability over several months in a year, but higher, recurrent fluctuations in each month with 

very low wind power yields over several days mixed with very high wind power yields on other 

days. This profile requires a more flexible storage system with high mass flow rates per hour. 

Since the filling and discharging mass flow rates of the GH2 cavern storage are more limited 

due to maximum allowed pressure changes (see details in Appendix D2.2) than for LH2 stor-

ages, only the latter can be used for this specific requirement in the WOFF setup.  

It has to be noted that the resulting GH2 cavern sizes in this demand setting are already 

very large. They equal or even exceed cavern deployments that are discussed in Europe with 

capacities of 2,000–4,000 tGH2 [301]. Hence, such a large cavern might not always be availa-

ble due to other H2 users, even if geological conditions are given. Further discussion on this 

aspect follows in a remarks section. 

 

VI. GH2 pressure: Higher ELY (GH2) output pressures of >60 bar should be chosen for 

slightly better economics, if larger GH2 storage systems are installed (see Table 5.3 – 

right column). 

 

This leads to synergies in less compression work when filling GH2 storages and lower energy 

consumption for the LFP, because less liquefaction work is required for intake feeds with higher 

pressure (Appendix D2.3). At WON, WOFF, HYB, and WEAK, this is the case. In the PV setup, 

smaller cavern storages and lower utilization of the LFP lead to no additional compression at 

the output of the ELY (30 bar). 

Overall, the cost effects of this choice of GH2 pressure are limited. Optimizations with fixed 

pressures show that the resulting costs of designs with not optimized pressures lead to small 

cost increases of around 0.02–0.04 USD/kgLH2. 

 

VII. Part-load dynamics & H2 losses: Non-linear (part-load) effects have to be considered 

when designing LH2 energy systems (Figure 5.8). These lead to a 15–20% higher av-

erage energy consumption of LFP than in its design point (~6 kWh/kgH2). H2 losses do 

not significantly influence the optimized design in a 2050 base case on-site supply sce-

nario. 
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Figure 5.8: Total and average energy consumptions as well as total H2 losses along the supply chain for five loca-

tions, 2050 base case scenario with 100k tLH2/a demand – category “other” describes compressors and cry-
opumps 

In general, the total energy consumption is similar for all locations with 5.7–6.0 GWh per year 

which equals 57–60 kWh of electricity required for the supply of 1 kgLH2. This means that the 

total energy efficiency on the infrastructure side is 56–58% (based on the LHV of H2 and for 

on-site pathways). Also, the relative share of ELY vs. LFP consumption is similar with 86–87% 

to 13% for all analyzed regions.  

However, the average energy consumptions of the ELY and the LFP differ depending on 

the location. This regional variation is smaller for the LFP with slightly higher consumption for 

WOFF (see design rule V explanation), for PV and WEAK (see design rule IV). But the average 

energy consumption of the ELY ranges from 48.1-49.2 kWh/kgH2. The ELY’s specific energy 

consumption decreases in part-load operation, which leads to lower average energy demand 

for HYB and WEAK setups with more flexible ELY operation (rules III & IV). Only in the WON, 

WOFF, and PV setups, the ELY is operated more continuously in its design point over the day 

(shut off at night at the PV location) which leads to a slightly higher average energy demand.  

 

Most H2 losses along the supply chain stem from the refueling system (~1/3) and the LFP 

(~1/3) and are very similar for all on-site regions (2.8–3.1% of total supplied LH2). The remain-

ing losses occur at the compressors and storages – both amounts depending on the designs 

of the components described in the previous design rules. This is why in the WOFF supply the 

H2 mass losses are slightly higher vs. the other regions due to boil-off losses in the LH2 storage 

(largest LH2 storage installed, Figure 5.7).  

 

The total LH2 supply costs shown in Figure 5.4 were explained along seven design rules. Main 

techno-economic factors were derived for on-site supply pathways at a demand of 100k tLH2/a 

that led to economically competitive LH2 supply costs for H2-powered aviation. In the next sec-

tions, these are further tested and challenged for different demand points and techno-eco-

nomic scenarios. 
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Remarks on dependencies of the study design 

 

Small changes in the main study design could affect the discussed results. Therefore, in the 

following, three main aspects of the scenario definition (in Section 5.1.3) are briefly reevalu-

ated: (1) the geological availability of GH2 cavern storage, (2) a differing LH2 demand profile to 

an airport without any night flying restrictions (more constant operation, Figure 5.3) and (3) 

different weather data from other years than the reference year 2019. Detailed information on 

the optimization results can be found in the Supplementary Material (SM) Figures S1-3 of [239]. 

First, the unavailability of GH2 caverns does not have a larger impact on the LH2 supply 

costs at PV, WOFF, and HYB regions. However, cost increases are observed for the WEAK 

setup with a 9% total cost increase – at WON it is more moderate with 5% higher costs. 

In all cases, rule I is still valid and no ES or GH2 aboveground storages are installed but 

larger LH2 storages. This leads to minor changes in design rules III and IV, since the utilization 

of the LFP cannot be realized without a constant GH2 feed anymore (no GH2 storage). The 

utilization decreases from ~90% to 70% and less. Only in the PV location, that change in utili-

zation is only moderate, since it was already very low (rule IV). Furthermore, the ELY is sized 

slightly smaller and better utilized as fluctuations in RES availability are compensated by the 

larger LFP and the LH2 buffer storage. In the WEAK region, the oversizing of the LFP leads 

not only to higher CAPEX and energy costs (part-load operation) for the LFP, but also to a 

14% cost increase for RES to enable the flexible operation of the LFP. 

Second, a study design without a night curfew at the LH2 demanding airport affects the 

costs insignificantly at all five locations. The supply costs only change by 0.01 to 

0.03 USD/kgLH2. As described in rule III, the ELY is best sized when demand or RES availa-

bility is least fluctuating throughout the day, ELY costs slightly decrease with more constant 

demand profiles. Only in the PV setup, where no RES is available at night, this leads to minor 

cost increases. 

Third, different weather years have a high cost impact at the stronger wind (WON, WOFF, 

HYB) locations. There the costs change by -1% to +10% in the WON, +5 to +11% in the WOFF, 

and +4 to +6% in the HYB setup, if weather data is taken from 2017 or 2018. In regions with 

only or primarily reliance on PV electricity generation, the costs only differ by 1–2%. The main 

reason for the cost changes are the differences in RES fluctuations and seasonality which 

cause both changes in design as well as costs for the RES and storages. However, all design 

rules hold true for all locations and reference weather years. 

 

5.2.2 Variation of annual LH2 demands 
 

As a next step, the LH2 demand sizes are varied for the five locations to analyze scaling effects, 

see Figure 5.9A. 

 

Only limited cost reduction effects for larger demand settings are observed versus the 

100k tLH2/a demand. Further cost reductions of 0.05–0.07 USD/kgLH2 are gained in the WON, 

WOFF, HYB, and WEAK setups. At the best location, HYB, costs decrease to 

1.98 USD/kgLH2. The reason for this trend in these four regions is a further specific cost re-

duction for the LFP. In this study, it is assumed that the LFP reaches all economies of scale 

effects at a capacity rating of 500 tLH2 per day (tpd). Consequently, less cost decreases are 

achieved for larger demands in the PV location with 0.02 USD/kgLH2, because the LFP is 

already designed larger than 500 tpd in the 100k tLH2/a demand setting. Only a few further 

improvements in specific CAPEX for storage are reached. In all these setups, no changes in 

design rules are observed. 
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For smaller demand settings than 100k tLH2/a, cost effects are significant and lead to nearly 

doubling of figures for very low annual demands. Lowering the demand from 100k to 

20k tLH2/a, supply costs increase by 15%, 14%, 9%, 15%, and 11% for PV, WON, WOFF, 

HYB, and WEAK locations, respectively. From 20k to 5k tLH2/a demands (an average of ~14 

tLH2 demand per day), the cost increase is reaching levels of 25–41% compared to the 

100k tLH2/a demand setting.  

 

A LH2 costs at dispenser for selected locations (2050 base scenario) 

  
B LH2 costs at dispenser for best (2050 progressive) and worst scenario (2035 base) 

 
Figure 5.9: LH2 supply costs at the dispenser for on-site setups at five locations for variable annual LH2 demands 

at the airport – A) 2050 base case scenario, B) 2035 base, and 2050 progressive case scenarios 
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The underlying effects are explained along two main design effects that apply especially below 

20k tLH2/a settings. Design aspects depicted for the 5k tLH2/a settings are shown in the Sup-

plementary Material (Figures S4-8 and Table S1) of [239]. 

First, since specific CAPEX for GH2 cavern storages increases significantly more for smaller 

capacities compared to LH2 storages (Appendix D2.2 and D2.3), only LH2 storages are in-

stalled in these energy systems. So, even in smaller demand settings, a design without ES or 

GH2 above-ground storages is more economical (design rule I). Only for the WEAK location 

the flexibility of having a cavern buffer storage in the GH2 balance between ELY and LFP, is 

still slightly less expensive than oversizing the LFP and other systems.  

This is why the utilization of the LFP decreases again from ~90% to ~70% and hence, the 

oversizing of RES and LFP increases for the regions without a GH2 storage installation – as 

already described in the remarks aspect in Section 5.2.1 (rules II, IV). In addition to that, the 

ELY output pressure is designed to be the default setting (30 bar), not requiring a compressor 

in the ELY which is in line with design rule VI.  

Second, for all regions, the LFP is designed below a 100 tpd capacity except for PV where 

this effect applies for demands at and below 10k tLH2/a. In this smaller sizing, the CAPEX 

increase significantly as well as the specific energy consumption from an average of ~7 

kWh/kgH2 to 10–12 kWh/kgH2 for 2.5–10k tLH2/a and even 13–15 kWh/kgH2 for 1k tLH2/a de-

mand. In the latter setting, a very small LFP with less than 10 tLH2pd capacity is installed. 

Consequently, the part-load dynamics of the LFP are even stronger in such settings, as de-

scribed in design rule VII. See also Appendix D2.3 for detailed cost and efficiency characteris-

tics of the LFP. 
 

5.2.3 Scenario analysis of on-site LH2 setups 
 

As described in Section 5.1.3, there is a high uncertainty for the techno-economic parameter 

assumptions for the year 2050. In the present model setup, the number of uncertain techno-

economic parameters is too large for a comprehensive sensitivity analysis. This is why, the 

impact is analyzed based on two additional scenarios – one worse (2035 base) and the other 

very optimistic (2050 progressive) than the parameter set of the 2050 base case scenario pre-

viously discussed, see results in Figure 5.9B. It has to be noted that in this work only the 

techno-economic assumptions for each component are varied. An important other cost aspect 

in the annuity payment factor method is the interest rate/cost of capital. This parameter often 

differs by country and the project which has to be financed [165]. The analysis of the LH2 cost 

impact from changing the interest rate will be the subject of future work. 

The resulting cost bands for each location around the 2050 base case range from 1.56–

3.22 (-31%/+42%), 1.59–3.00 (-28%/+33%), 2.53–4.25 (-29%/+17%), 1.37–2.77 (-

31%/+36%), 2.06–4.16 USD/kgLH2 (-31%/+37%) for demands of 100k tLH2/a or more at PV, 

WON, WOFF, HYB, and WEAK, respectively. This shows that at the best sites (WON, HYB) 

costs are always below 3 USD/kgLH2 and could even reach levels of 1.40–1.60 USD/kgLH2 in 

a very optimistic scenario.  

The cost bands are significantly larger for very small demands at 5k tLH2/a with 2.21–4.47, 

2.24–4.20, 3.32–5.44, 1.94–3.80, 2.84–5.47 USD/kgLH2 for the PV, WON, WOFF, HYB, and 

WEAK sites, respectively. At WOFF sites, the high CAPEX assumptions of wind turbines in all 

scenarios compared to the other setups still cause the highest LH2 costs. Even with more 

optimistic wind offshore CAPEX in the 2050 progressive case, LH2 supply costs at WOFF are 

more expensive than from PV, WON, or HYB locations in the 2050 base case. 

The future supply costs at WEAK also represent a large uncertainty for the economics of 

H2-powered aviation with cost levels above 4 USD/kgLH2 for larger and more than 5 

USD/kgLH2 for very small demands. 
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In any of the scenarios and sites, design rule I is not changing, and no electric energy and GH2 

above-ground storages are installed even if they become less costly. Further design and cost 

effects are discussed for both scenarios separately. 

 

Scenario: 2035 base case 

 

This scenario depicts more conservative techno-economic assumptions, mostly for the CAPEX 

projections of all components including the RES plants. This is why the total LH2 supply costs 

increase to 2.77–4.25 USD/kgLH2. The main factor behind this is higher costs for electricity 

supply with LCOEs of 20, 24, 24, 43, and 47 USD/MWh for the PV, WON, HYB, WEAK, and 

WOFF locations, respectively. Relative CAPEX reductions between the 2035 and the 2050 

base case scenarios are lowest for wind offshore parks and highest for PV installations. Con-

sequently, total investment needs increase less at WOFF by 13% and more drastically at the 

other sites by 28–44% compared to the 2050 base case. All information on costs and design 

of the resulting LH2 energy systems are presented in the Supplementary Material Figures S9-

13 and Table S2 of [239]. 

PV locations show the largest increase in total costs compared to other locations, e.g., 42% 

for the 100k tLH2/a setting. In the base case 2050, already high cost penalties apply at PV sites 

for oversizing the LFP and ELY. For the 2035 base scenario with higher specific CAPEX for 

both components, it is leading to the highest supply cost increase, proving that design rules III 

and IV are still valid. In addition to that, the costs for RES are 44% higher and hence, cause 

more expensive LH2 supply (design rule II). 

The contrary is applying to the WOFF location with the smallest total cost increase (17%). 

Since RES costs increase only moderately and the LFP has a high utilization again, the more 

conservative techno-economic assumptions do not lead to drastically higher LH2 costs for 

WOFF regions.  

The energy efficiencies of the ELY and LFP do not change compared to the reference case 

(2050 base). Hence, installed capacities, the RES designs, utilizations, and resulting average 

energy consumptions are very similar to the 2050 base case (design rules III, IV, VII). 

Regarding storages, design rule V proves to be still valid. Larger GH2 storages are installed 

for the PV setting since both higher RES and LFP costs make it more economical to buffer 

more GH2 and hence, enable a slightly higher utilization of the LFP (design rule IV). At WOFF 

now also larger GH2 cavern storages are installed, since the specific CAPEX does not in-

crease, but for the LH2 storages, they do. However, larger LH2 buffer storages are still required 

to compensate for seasonal and daily fluctuations in both strong wind locations.  

 

Scenario: 2050 progressive case 

 

In this scenario, all CAPEX of RES and H2 components are reduced due to larger learning 

effects in a larger H2 market. Thus, more optimistic efficiencies, operation cost factors, and 

depreciation periods are assumed for selected components. This leads to a further decrease 

in total supply costs (Figure 5.9B), mostly driven by lower RES costs with LCOEs of 10, 12, 

14, 22, and 34 USD/MWh for the PV, HYB, WON, WEAK, and WOFF locations, respectively. 

Total investments decrease by -23–30%, see all details in Supplementary Material Figures 

S14-S18 and Table S3 of [239]. 

At nearly all sites, the RES and ELY capacity is designed smaller due to an increase of 

energy efficiency of the ELY by 11% (design rules II and III are still valid). This can also be 

seen in the new average energy consumption of 43–44 kWh/kgH2 due to part-load operation 

(design rule VII).  
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Since specific CAPEX for LFP is lower, it is generally a bit oversized for more flexible operation 

compared to the 2050 base case, also leading to decreased storage demands and costs. This 

is why, storages in total are sized slightly smaller (0–27%) – the effect is largest for WOFF and 

WON locations with larger seasonal fluctuations in RES availability. Furthermore, LH2 storage 

systems are sized larger than in the base case scenario and larger than the GH2 cavern ca-

pacities at WON/WOFF. This strengthens the findings from design rule V for WOFF, but also 

WON. One main reason for the preference of LH2 storages is that only for them a further cost 

reductions are assumed (longer lifetimes) and not for installations of GH2 cavern storages in 

the 2050 progressive scenario.  

 

Intermediate summary 

 
In this section, seven design rules were derived for five locations of which the HYB followed 

by the PV and WON regions are best suited for lowest cost on-site LH2 production for H2-

powered aviation. The WOFF location has great RES potential for efficient and not oversized 

LH2 energy system designs. However, due to the very high specific CAPEX of offshore wind 

turbines, its economic LH2 supply potential might only be given, if space constraints for other 

RES (e.g., wind onshore) are too high or other supply options are not available.  

Contrary to that, the weaker hybrid location does not offer highly efficient and potentially 

low-cost designs of LH2 energy systems. Consequently, larger RES capacity installations by a 

factor of 3 would be required to realize such a WEAK setup which might lead to infeasibility 

due to limited land availability. As a result, LH2 off-site (import) options that could leverage 

more economic LH2 supply costs at airports within WEAK regions are considered in the next 

section. 

 

5.3 Off-site supply chains 
 

In the following, off-site (import) options are investigated for an airport located in the WEAK 

region, which might enable lower costs than with an on-site LH2 supply pathway (see previous 

section).  

First, LH2 import pathways are analyzed. Then, GH2 import pathways are derived and com-

pared to the LH2 import options. In a brief comparison, the effects on the LH2 energy system 

design by adding transport options are also explained. As a last step, again a scenario analysis 

is performed for the supply options for WEAK. 

This chapter focuses on dedicated infrastructure development for LH2 in aviation. Conse-

quently, a greenfield approach is chosen for the importing supply chain like in the on-site set-

ups. Potentially existing infrastructure like an international GH2 pipeline system (European Hy-

drogen Backbone [163]), LH2, or ammonia vessel transport networks [199,227,302] is not re-

flected in the following analysis. As discussed in Section 4.1, H2-powered aviation might create 

new magnitudes of scale for H2 demands at selected regions around the airport and therefore 

lead to further cost reduction effects. Furthermore, the transport of hydrogen as ammonia is in 

most cases costlier than shipping LH2, if it is the final aggregate of H2 required at the end 

consumer (airport) [111]. The conversion process of GH2 to ammonia and vice versa adds 

costly and energy-inefficient process steps to LH2 supply chains. 

 

5.3.1 LH2 off-site setups 
 

In this section, the chosen LH2 off-site setup is described, transport costs are calculated as 

well as resulting total LH2 supply costs are discussed. 
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Setup of LH2 off-site supply chain 

 

As described in Section 5.1.1, LH2 could be transported via larger oversea vessels on longer 

distances. In that case, import and export terminals are required as well as on-land truck 

transport from the importing port to the targeted airport. Thus, it is assumed that the LH2 pro-

duction is close to a port where the LH2 vessel would be loaded in the three exporting regions 

(PV, WON, HYB).  

Since the transport costs depend on the utilization of the export terminal, the LH2 transport 

capacity per vessel is optimized as a main aspect of the transport network design (see optimi-

zation variable in Table 5.1 and Appendix D2.4. Hence, for low demands and short distances, 

there can be setups with only one vessel arriving at the export site per week vs. a continuous 

arrival of vessels, once the previous vessel has been loaded (48h). The LH2 truck on-land 

transport is calculated based on the optimization of the transport network.  

While the energy system setup at the export location does not differ significantly from the 

on-site production case (see Section 5.1.1), the need for the LH2 storage system changes 

slightly. In on-site setups, it is mostly used as a buffer between the daily liquefaction of H2 and 

the direct use of LH2 at the airport. For the LH2 export system, the LH2 storages are required 

to buffer LH2 until the next vessel arrives. So, depending on the number of vessels in the 

transport network, this LH2 export terminal buffer can be significantly larger. 

 

For a better overview of data, the focus is set on three different trip lengths: short (1,000 km), 

medium (3,000 km), and long (7,500 km). Exemplary trips could be from Southern Europe to 

the next northern countries (short distance), from Northern African countries to Central Europe 

(medium distance), or from the Middle East to Central Europe (longer distance).  

In addition, the on-land transport is assumed to be on average 300 km long, because this 

study looks at generic supply pathways. This length is also used in other studies, e.g., in [44].  

 

LH2 transport costs 

 

Cost results for the optimized system are shown in Figure 5.10 for the three distances using 

an LH2 demand mass variation (x-axis). As described above, the costs for the LH2 export ter-

minal (storage and cryopumps) are considered part of the main LH2 energy system and are 

not shown in the LH2 transport costs. 

For an annual demand of 500k tLH2, the transport costs over 1,000 and 3,000 km stem from 

41% for vessels, 19% for the import terminal (storage and cryopumps), and 40% for the trucks. 

In the 7,500 km distance, the cost share of LH2 vessels increases to 58% (import terminal with 

13% and truck with 29%). In that demand case, required investments would already range 

from 1.4 Bn USD (696 Mn USD for vessels, 413 Mn USD for import terminal, and 292 Mn USD 

for LH2 trucks) for 1,000 km to 2.1 Bn USD for 7,500 km for the transport network only. 

In general, the transport costs decrease significantly with larger LH2 demands from more 

than 2.5 USD/kgLH2 for <100k tLH2/a to around 0.5–0.7 USD/kgLH2 for >1,000k tLH2/a. Costs 

for short and medium transport distances differ only by less than 0.01 USD/kgLH2, because in 

both cases a minimum number of two vessels is required to utilize the transport network (see 

Appendix D2.4).  

H2 losses also cause costs in the total energy system, but are not represented in Figure 

5.10. They occur in the form of flash losses while loading the vessel and the LH2 truck. For all 

transport distances, boil-off losses on the vessel trip are nearly sufficient to power the vessels’ 

propulsion system. On the truck transport part, nearly no boil-off losses are observed on such 

shorter distances and fast turnarounds. Hence, the trucks require extra fuel which is accounted 

for in this study. 
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Figure 5.10: Transport costs in the 2050 base case scenario for three distances (short: 1,000 km, medium: 3,000 

km, long: 7,500 km) with LH2 oversea vessels and a fixed 300 km truck transport on land from the importing port 

to the destination airport – costs for importing LH2 terminal included, export terminal costs excluded and part of 

“LH2 energy system” 

 

Total LH2 import costs 

 

Figure 5.11 shows the resulting total LH2 import costs at the dispenser for an airport at a WEAK 

location and the 2050 base case scenario. In total, LH2 costs at the WEAK location can be 

reduced by up to 0.5.–0.6 USD/kgLH2 with LH2 off-site supply, if a vessel transport over 

1,000 km or 3,000 km from HYB locations at very high annual demands is available.  

Generally, LH2 import from HYB is always more competitive than from WON and PV loca-

tions – same as in Section 5.2 for on-site production. In addition to that finding, the LH2 import 

option is less economically competitive compared to on-site supply at WEAK airports for 

smaller annual demands with increasing transport distances. For the short and medium dis-

tances, LH2 import from an HYB region is the economically best option for demands larger 

than 150k tLH2/a. In the long-distance setup, the break-even demands increase to larger than 

400k tLH2/a.   

More detailed energy system design effects are explained at the end of Section 5.3.2.  

 

The total cost curves for LH2 import already show that if very large annual demands are 

reached, more competitive delivery costs would result vs. the dedicated on-site LH2 production 

at the WEAK location (100k tLH2/a) with 3.04 USD/kgLH2. To reach such demand levels, an 

accumulation of demands might be required from several airports or even other H2-demanding 

applications in one broader region. It has to be noted that such a deployment highly depends 

on transport distances between export and import regions and the proximity of the receiving 

airports to the importing port. 
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Figure 5.11: Costs at the dispenser for receiving airport at WEAK location with LH2 import (off-site) pathway over 

three distances compared to costs of on-site LH2 production, 2050 base case scenario 

Several studies project H2 market costs for importing H2 in several forms (GH2, NH3, etc.). 

However, these do not create a homogenous picture of future H2 market costs, e.g., in Central 

Europe, but rather a broad range of future cost projections. Consequently, a comparison of the 

results of this dissertation with such a range would not lead to a clear picture of whether dedi-

cated LH2 import scenarios for H2-powered aviation might be less or more expensive than 

another H2 market. Nevertheless, these “greenfield” calculations show the lowest costs of ded-

icated LH2 supply (on-site and off-site) infrastructure that has to be underbid by a general H2 

market (plus costs for liquefying GH2) to be a more economically competitive option.  

 

5.3.2 GH2 off-site setups 
 

This section follows the same structure as the previous one. Additionally, a brief overview is 

given of changes in the energy system design setups for both off-site pathways. 

 

Setup of GH2 off-site supply chain 

 

The main characteristic of this supply chain setup is the placing of the LFP at the receiving 

airport and not the exporting H2 production center. As described in Chapter 5.1.1, a grid con-

nection (renewable electricity PPA) is used to power the LFP at the airport in this case.  

Gaseous H2 from the export region is then transported through pipeline systems that are 

either newly built or retrofitted and recommissioned natural gas pipelines (see Section 5.1.1). 

For the latter, new coatings, valves, and compressor stations suitable for H2 usage have to be 

installed. The need for compressor stations depends on the chosen input and output pressure, 

the length of the pipeline, its diameter, and the design flow speed of GH2 – which is an optimi-

zation variable. The equations describing the dependencies of these parameters that are re-

quired for the optimization of the transport network can be found in Appendix D2.4. 

In this chapter, only on-land pipeline systems and no routing factors are considered – oth-

erwise, the specific CAPEX factor for newly built pipelines would further increase for undersea 

pipeline installations. Furthermore, the pipeline is modeled without any storage functionality 

which is in line with current natural gas operating principles (see Sections 2.2 and 5.1.1). 
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GH2 transport costs 

 

The optimized transport costs for the pipelines differ significantly between a new built and a 

retrofitted system, see Figure 5.12. Additionally, a very large cost increase by a factor of 3–4 

and 8–11 results from longer pipeline lengths over 3,000 and 7,500 km compared to 1,000 km. 

A similar effect can be observed for smaller annual H2 demands – higher specific CAPEX per 

installed pipeline diameter per kilometer lead to very high transport costs. 

 

 
Figure 5.12: Transport costs in the 2050 base case scenario for three distances (short: 1,000 km, medium: 

3,000 km, long: 7,500 km) with GH2 pipelines on land (new and retrofitted pipelines) from the importing site to the 
destination airport – costs for compressor systems included 

 

Total GH2 import costs 

 

The resulting total costs for the optimized GH2 off-site supply are shown in Figure 5.13. In total, 

costs at the WEAK location can be reduced by up to 0.70 USD/kgLH2 with GH2 off-site supply 

when retrofitted pipelines are available over 1,000 km in a 2050 base case scenario from HYB 

at very high annual demands.   

As expected, the GH2 import costs are lower for retrofitted pipeline setups versus new built 

ones, if this option is available. If retrofitted systems for short distances can be used, GH2 

import underbids LH2 on-site supply costs at WEAK already for demands of 70k tLH2/a or 

larger. With medium distances this is the case for demands of ~400k tLH2/a, while for longer 

distances cost parity with the on-site production is never achieved. 

In new built setups, GH2 import only becomes an economically more attractive option for 

very large annual LH2 demands. For short and medium distances from HYB, PV, or WON 

export regions, LH2 supply costs at WEAK could be reduced by up to 0.58 USD/kgLH2 for very 

large demands. In long-distance import cases, new built pipelines also never lead to better LH2 

costs than the on-site supply (see right graphs Figure 5.13). 

Contrary to the LH2 off-site scenarios, import costs from WON locations are more expensive 

than from PV locations in the GH2 off-site supply. The cause will be explained in the following.  
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Figure 5.13: Costs at the dispenser for receiving airport at WEAK location with GH2 import (off-site) pathway over 

three distances compared to costs of on-site LH2 production; two options with new built and retrofitted pipelines; 
2050 base case scenario 
 

Remarks on energy system designs for LH2 and GH2 off-site pathways 

 

This chapter does not aim to answer the economics of LH2 supply at five generic locations 

only, but also to investigate design aspects and main factors leading to less costly supply. The 

energy system design effects for off-site supply differ from on-site pathways and are analyzed 

in the following for the 100k tLH2/a reference base case scenario (see Figure 5.14).  

First, LH2 import requires larger export buffer storages as part of the LH2 production site, 

costs for LH2 storages increase by 0.07–0.15 USD/kgLH2. As mentioned earlier, only two ves-

sels would be required to establish such a transport network and these would only be loaded 

once per week at the export region. Hence, the produced LH2 has to be stored at the export 

terminal for five days until the next vessel arrives and is loaded (48 hours). This even leads to 

a change in design rule V (storages), because in the HYB location the preference switches to 

the installation of LH2 storages only (see also Supplementary Material Figures S19-23 and 

Table S4 of [239]). Since LH2 storages are required for buffering for export, it becomes slightly 

less expensive to operate the LFP more flexibly with a lower utilization than installing also a 

GH2 cavern storage – whose specific CAPEX increase significantly for smaller installation 

sizes. Other design rules are not affected in the LH2 off-site setups. 

Second, both import setups have higher total H2 losses along the supply chain, especially 

in LH2 off-site cases over longer distances. These are caused by flash losses while filling LH2 

from the terminal to a vessel and to a truck as well as boil-off losses in LH2 storages and GH2 

losses in pipeline compressor stations. Hence, the LH2 energy system is sized larger to com-

pensate for these losses. These additional H2 losses lead to an extra cost increase of 

0.06 USD/kgLH2 (Figure 5.14) for LH2 import and 0.03–0.04 USD/kgLH2 for GH2 pipeline im-

port.  

Third, GH2 off-site setups come with higher total electricity costs, since the LFP at the airport 

is sourced with a green PPA at fixed costs of 50 USD/MWh. If a deployment of dedicated RES 

at the airport would be the only solution to power the LFP, total electricity costs would increase 

even more. Only for the GH2 off-site supply pathways from PV locations, this effect is not as 

strong. As explained in Section 5.2.1, the LFP is oversized for on-site PV setups, since no RES 

is available at night (design rule IV). Hence, the LFP can only be operated during the day which 

requires nearly doubling of design capacities. In the GH2 off-site supply, the LFP capacity at 
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the WEAK airport can be sized smallest with constant electricity availability from a local grid. 

This is why, the LFP utilization increases to 90% also for the PV GH2 off-site pathway and 

smaller LH2 buffer storages are built (design rule V), see also Supplementary Material Figures 

S24-28 and Table S5 of [239]. Consequently, the GH2 import from stronger PV regions be-

comes more competitive than from WON.  

 

 
 

Figure 5.14: LH2 energy system costs (transport & import terminal costs shown in bubbles separately, have to be 

added), 2050 base case scenario with 100k tLH2/a demand – comparing energy system designs: reference LH2 
on-site system at WEAK location (left) and comparison of LH2ON, LH2OFF and GH2OFF systems at PV, WON 
and HYB location; tag for the 0.1 USD/kgLH2 refueling costs not shown, because the refueling costs are not sub-
ject for change for all setups 
 

5.3.3 Scenario analysis for import options 
 

In the next step, like in Section 5.2.3, not only the 2050 base but also the 2035 base and the 

2050 progressive case scenarios are considered for supply options to or at the WEAK location. 

Combining all scenarios and all supply pathway options enables a comprehensive evaluation 

of the future LH2 cost ranges at an airport with weaker RES conditions and hence, the techno-

economic potential for H2-powered aviation from an LH2 fuel perspective.  

In Figure 5.15A and 5.15B, the costs of the LH2 on-site WEAK setups are compared to the 

best off-site supply for all three scenarios, three transport distances and given that only new 

pipeline installations (A) or also retrofitted pipeline options (B) are available, respectively. All 

detailed results can be found in the Supplementary Material Figures S.29-32 of [239]. 

For the sake of clarity, only the best off-site results – the location and supply pathway – are 

shown for each scenario. 
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A   New pipeline 

 
B   Retrofitted pipeline available 

 

Figure 5.15: Total LH2 supply costs at the dispenser for three transport distances considering only a GH2 off-site 

supply pathway with A) new pipeline system installations (top) or B) with retrofitted pipeline systems (bottom); in 
each graph, only the best off-site (LH2/GH2) supply cost curve to WEAK for each scenario (2035 base, 2050 base, 
2050 progressive) is shown and compared to the LH2 on-site cost curve at the WEAK location; three cost bands 
highlighted in each sub-figure (“I” for the cost range of the LH2ON-WEAK setups, “II” for reduced costs in the 
2035 base scenario due to import options, “III” for the cost range in which import pathways underbid the 2050 pro-
gressive LH2ON-WEAK scenario)   
 

Best off-site supply pathways without availability of retrofitted pipelines 

 

If new pipelines need to be installed, then only an LH2 import setup is the most economical 

choice for all demands and all distances. Only for short distances the GH2 import is the best 

option for demands of 250k tLH2/a or larger in a 2035 base scenario (see the purple line in the 

top left graph of Figure 5.15A that changes from a solid to a dotted line). 

The figure can be characterized by three cost bands that create one final cost interval for 

future LH2 costs at WEAK airports. Cost band “I” (includes also improved upper-cost band “II”) 

shows the on-site LH2 cost range at the WEAK airport location when no import options would 

be available, explained in Section 5.2.3.  

On the upper end of the cost band “I”, LH2 off-site supply could reduce the costs at WEAK 

by up to 1.04 USD/kgLH2 for very large demands and short distances in the 2035 base case 

scenario. For medium and long distances this improvement potential is 0.81 USD/kgLH2 and 
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0.59 USD/kgLH2, respectively. In addition, the HYB location always offers the best export costs 

in the 2035 base but also the 2050 progressive scenario.  

On the other side, with optimistic cost assumptions (2050 progressive), LH2 off-site supply 

costs are decreased only slightly (lower cost band “III”). While in a short-distance setup, the 

costs can be reduced by 0.35 USD/kgLH2, cost reductions are lower for long-distance import 

supply with 0.09 USD/kgLH2.  

 

In total and for demand scenarios of 100k tLH2/a, the best resulting supply costs at the airport 

in a weak RES region would be 2.09 USD/kgLH2 for all distances as a result of on-site supply 

deployment and 2050 progressive techno-economic assumptions. Furthermore, the highest 

cost range in a 2035 base case can be decreased from 4.16 USD/kgLH2 (on-site) to 4.07 and 

4.08 USD/kgLH2 for short and medium import transport distances and LH2 import, respectively. 

If large demands of 1,500k tLH2/a or import for a broader H2 market are considered, off-site 

scenarios always lead to the best costs. Then, for short distances, the cost range at WEAK 

airports decreases to 1.71–3.04 USD/kgLH2 with LH2 off-site in the progressive and with GH2 

off-site supply (new pipeline) in the more conservative scenario. For medium and long dis-

tances, LH2 off-site supply always leads to best cost ranges of 1.79–3.27 and 1.97–

3.48 USD/kgLH2, respectively. 

 

Best off-site supply pathways including retrofitted pipelines 

 

If a retrofit pipeline option exists, GH2 off-site supply chains become more economical than 

LH2 off-site setups in all short and partially also in medium-distance scenarios (Figure 5.15B).  

Even though the costs for the GH2 off-site energy system increases (Section 5.3.2, Fig-

ure 5.14), the total LH2 supply costs decrease in combination with the significantly lower 

transport costs for retrofitted pipelines compared to LH2 vessel imports. Only for longer dis-

tances the LH2 off-site supply chain is still the best option in all scenarios. This result is also in 

alignment with other studies considering H2 transport options, e.g., in [44,303,304].  

For medium distances, both LH2 and GH2 import can play a leading role. In the 2035 base 

case scenario, import via retrofitted pipelines is more economical for larger demands above 

500k tLH2/a due to two reasons. First, the specific CAPEX for the retrofitted pipeline deploy-

ment decreases significantly for larger installed diameters. With these reduced CAPEX, the 

pipeline becomes the optimal transport option compared to the LH2 vessels. Second, the spe-

cific costs for LH2 storage are significantly higher than for GH2 storage systems in the 2035 

base case scenario only. In the LH2 off-site setups, these storages are required with high ca-

pacities for the export and import terminals. On the contrary, only smaller LH2 storages are 

installed in the GH2 off-site scenario at the airport, which is sized comparably small as ex-

pressed in costs (see Figure 5.14 or Table S5 in the Supplementary Material of [239]). 

 

For demand scenarios of 100k tLH2/a, on-site supply is still the most economical choice in a 

2050 progressive case. However, the upper cost range can be further decreased with retrofit-

ted pipeline import options for short distances to 3.59 USD/kgLH2. For the very large demand 

setting of 1,500k tLH2/a, costs can be reduced with GH2 import setups to 1.68 USD/kgLH2 in 

the best case for short distances. 

So, total cost uncertainties can be reduced to a maximum of 2.91 or 3.16 USD/kgLH2 in a 

region with a large H2 market (1,500k tLH2/a) where retrofitted pipelines are available in short 

and medium distances. 
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5.4 Implications for overall research objectives 
 

Addressing the third research question (see 2.3), three general green LH2 supply pathways 

are identified in this chapter. These can be differentiated by the position of the liquefaction 

plant and the electrolysis system (off-site vs. on-site).  

Furthermore, a non-linear optimization approach is developed to reflect dynamic character-

istics of the main conversion components. It reveals that, e.g., average energy consumptions 

of the electrolysis and liquefaction deviate by ~10-20% from the nominal values.  

To better understand the resulting energy systems, seven rules are derived that explain the 

optimized system designs. The seven recipes are also tested and evaluated for different geo-

graphic conditions and techno-economic sensitivities.  

 

If these sensitivities are considered, a broad LH2 supply cost range can be found for on-site 

green LH2 production. Then, the costs differ between ~1.40 USD/kgLH2 and 6.00 USD/kgLH2, 

in a more conservative techno-economic scenario with very small LH2 demands. Building on 

that, three overarching aspects are highlighted for the economic future of H2-powered aviation 

from this first in-depth, generic, green LH2 cost optimization.  

First, if import options are available, LH2 cost uncertainties can be significantly reduced 

even at airports with weaker weather conditions for renewable energy generation and hence, 

H2 production. Also, LH2 costs at the dispenser are most likely below 4 USD/kgLH2 in a more 

conservative scenario, lower import demands (100k tLH2/a), and when dedicated infrastructure 

deployment is required (no retrofit available). If larger LH2 import markets can be created 

(1,500k tLH2/a), then the highest cost mark might be even reduced to below 3.05 or 

3.30 USD/kgLH2 due to import options via short and medium distances, respectively.  

Second, in regions with main air travel markets like Central Europe, “worst case” LH2 supply 

costs could even be lower than in other regions where no retrofitting option would be available. 

In Europe, such plans exist to retrofit large parts of existing natural gas pipeline networks for 

H2 use with the European Hydrogen Backbone.  

Third, also smaller airports (e.g., with a demand of <100k tLH2/a) might profit from poten-

tially lower H2 market prices through large-scale import compared to the costs with a dedicated 

infrastructure deployment approach discussed earlier. Therefore, aggregation of larger H2 de-

mands would be required in a broader region driving the previously shown economies of scale 

for H2 import scenarios (>500k tLH2/a). This might especially be the case for GH2 markets with 

pipeline transport via retrofitted systems like the EHB. However, if only LH2 import supply would 

be available in a region (e.g., for islands or no existing pipelines), LH2 market assumptions are 

more critical. Since most other large-scale H2 applications do not require LH2 for end use, other 

forms (aggregates) for H2 import like ammonia shipping might already be implemented which 

would then hinder achieving beneficial LH2 market masses for LH2 import deployments in such 

regions. 

 

 

 



6 Green LH2 supply in air traffic networks  71 

    

 

6 Green LH2 supply in air traffic networks 
 

In this last chapter of results, the fourth and fifth overarching research questions are addressed 

in one larger case study. For that, all approaches from the previous chapters are brought to-

gether: the DOC evaluation as well as the aircraft, the airport infrastructure, and the green LH2 

supply optimization methodology. Hence, the following assessments combine three main as-

pects in one holistic evaluation: green LH2 infrastructure at airports, H2-powered aircraft, and 

an exemplified air traffic network.  

Based on representative input data, the impact of H2-powered aviation on airline operation 

and profitability is investigated (research question 4). Furthermore, the analyses also target 

the general industry and policy perspective in research question 5 (rephrased): Should H2-

powered single-aisle aircraft or other decarbonization options be prioritized in the sector to 

fulfill its 2050 net-zero objective? 

While the airline-related lens focuses more on the possible integration of H2-powered air-

craft in air traffic networks, the broader sector lens requires a general comparison of the H2-

powered aviation options to other net-zero pathways. This does not only include economic but 

also other sector-relevant criteria that are introduced at the end of the chapter. 

Consequently, the chapter is structured as follows. The reference air traffic network is intro-

duced in Section 6.1. Then, green LH2 supply pathways and best costs are calculated for the 

airports of the air traffic network. In Section 6.3, more specific H2-powered aircraft characteris-

tics are derived and different operational strategies are discussed. In Section 6.4, both aspects 

are combined and total DOC are calculated for the given network to compare H2-powered 

aircraft to different fuel options. 

 

Disclosure: The following section is based on the publication: J. Hoelzen, D. Silberhorn, 

F. Schenke, E. Stabenow, A. Bensmann, T. Zill, R. Hanke-Rauschenbach, H2-powered avia-

tion – Optimized aircraft designs and green LH2 supply chains in air transport networks, In 

publication process (2023) [305]. For a detailed description of the author's contributions see 

Appendix F. 

 

6.1 Reference air traffic network 
 

In this section, the reference air traffic network is introduced which determines the chosen 

airports for the LH2 supply infrastructure analysis and the distribution of trip lengths for the 

operation of H2-powered aircraft. 

 

6.1.1 Main characteristics of chosen air traffic network 
 

There are two main forms of airline operation characterizing the resulting air traffic network. In 

a hub-and-spoke operation, the airline has a central hub, from which all flights start followed 

by a return flight to that hub. Contrary to that, airlines with a point-to-point operation fly from 

one destination to another based on optimized networks, but without a repeating main airport 

[306]. For the present analysis, a hub-and-spoke air traffic network offers more options to test 

different operational strategies such as central refueling at the main hub, which is further ex-

plained in Section 6.3.  

Here, Lufthansa is chosen as an exemplary airline that operates with a classic hub-and-

spoke network and is in the top five most-flown airlines in Europe [307]. Their largest hub is 

Frankfurt, which is selected for the analysis. Flight data was collected for one representative 

week, September 5th-11th 2022 from Flightradar24 [308]. In total, 108 larger single-aisle aircraft 

were tracked: 19 Airbus A319, 42 A320, and 47 A321. These aircraft flew from Frankfurt to 
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103 additional airports, which therefore present the main airports of this study. Of these air-

ports, ten destinations lay outside Europe in the MENA region – a list of all airports can be 

found in Appendix Table E1.1. Figure 6.1 gives an overview of all flights in the chosen network 

and the cumulative frequency distribution of these flights sorted by different performance indi-

cators. It shows that a single-aisle aircraft with a design range of 1,500 NM could cover already 

97% of all departures, which translates into 89% of all CO2 emissions of the chosen network. 

 

 
Figure 6.1: Characteristics of selected air traffic network considering Lufthansa flights from Frankfurt-Main in the 

week of September 5th-11th 2022 and only flights of larger single-aisle aircraft (Airbus A320 family aircraft: all ver-
sions of A319, A320, A321 aircraft), based on data from [308] 

This study investigates H2-powered aircraft which are especially discussed for smaller up to 

larger single-aisle aircraft [18]. Such aircraft caused around 85 Mt CO2 emissions in Europe 

only [228]. This accounts for ~9% of the global air travel emissions from passenger transport 

(785 Mt CO2 emissions) and 77% of all intra-European commercial air traffic [7]. Of the 85 Mt 

CO2 emissions, 68% were emitted by single-aisle and smaller aircraft departing at the 104 

airports in the reference network. If also neighboring airports are included, e.g., London Gat-

wick, Stansted, and others next to London Heathrow Airport, the share increases to 80%. 

 

6.1.2 Relevant airport categories 
 

The 104 considered airports are categorized by their size and potential future LH2 demands 

which serve as main inputs for the cost optimization of the fuel supply. As found in Chapter 5, 

larger annual LH2 demands have significant supply cost impacts due to economies of scale. 

Hence, the categorization for the case study differs slightly from the airport archetypes defined 

in Chapter 4. In this analysis, total annual passenger handling statistics are used as a reference 

to distinguish between airport sizes, see Table 6.1. This enables a more sensitive cost optimi-

zation also distinguishing potential demands at smaller airports more precisely. Hence, five 

categories are introduced to calculate realistic supply costs at each of the airports. Neverthe-

less, the same LH2 demand projection methodology from Chapter 4 is used.  
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The first projection refers to the years 2035-2040, see also Section 4.1. These mark the 

planned potential entry-into-service for larger single-aisle aircraft, while regional H2-powered 

aircraft could already be in use by then [16]. However, very low demands would be expected 

in these first years [17,18]. Only at very large airports/airline hubs several flights per day could 

already take off in this “early” timeframe. This is different for the reference time frame around 

the year 2050. After 15 years of manufacturing ramp-up and fleet renewing, larger H2-powered 

fleets and hence, larger LH2 demands are expected.  

 
Table 6.1: Overview of commercial airport categories used for LH2 demand calculations in this study 

Commercial air-

port category  

(# of airports) 

Total annual 

passenger 

(PAX), Mn 

LH2 demand range 

in 2035/40, tLH2/a 

LH2 demand range 

in 2050, tLH2/a 
Exemplary airports 

Very large (25) >10 5,000–10,000 100,000–300,000 
London Heathrow Air-

port, Frankfurt Airport 

Large (21) 5-10 1,000–5,000 50,000–100,000 
Hamburg Airport, Bir-

mingham Airport 

Medium (28) 2.5-5 1,000–5,000 20,000–50,000 
Valencia Airport, 

Gothenburg Airport 

Small (19) 1-2.5 1,000–5,000 10,000–20,000 
Bremen Airport, Ma-

deira Airport 

Regional (11) <1  1,000–5,000 5,000–10,000 
Graz Airport, Mykonos 

Airport 

 

It has to be noted that the total PAX size for the very large airport category is set relatively low. 

However, no further cost scaling effects can be achieved for demands above 100k–

200k tLH2/a as shown in Section 5.2.2. In total, LH2 demands at the 104 airports in 2050 would 

sum up to a range between 4.4 to 11.5 MtLH2/a. 

 

6.2 Optimized LH2 supply costs at selected airports 
 

In the first part of the analysis in this chapter, the optimal LH2 supply costs at the 104 airports 

are investigated. Therefore, the methodology from Chapter 5 is re-defined with case-specific 

techno-economic assumptions. Then, the optimization results are presented. 

 

6.2.1 Assumptions for LH2 infrastructure optimization 
 

This section introduces the study’s scope of LH2 supply and refueling setups for the given case 

study and the relevant techno-economic assumptions. The optimization approach for the LH2 

supply chains is kept the same as described in detail in Section 5.1. 

 

Possible LH2 supply chains and refueling setups 

 

To the three supply pathways introduced in Section 5.1 (LH2ON, LH2OFF, GH2OFF) one ad-

ditional supply option is added: LH2 off-site supply over shorter distances via truck if the export 

hub is close to the receiving airport or is even a neighboring airport (2b-LH2OFF-A in Fig 6.1). 

Consequently, the known pathway LH2OFF from Chapter 5 with longer distance vessel supply 
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is called LH2OFF-V in the following (see 2a in Fig. 6.2). All options including 1-LH2ON and 3-

GH2OFF are shown for two exemplarily displayed airports A and B in Figure 6.2. 

Such as in Chapter 5, the two options for designing the LH2 refueling system are also taken 

for the following analyses: a hydrant & pipeline system or a truck refueling system with all 

parameters from Section 4.1 (and [112]).  

 

Optimization of LH2 supply chains 

 

The optimization approach to select the opti-

mal supply chain for a specific airport and the 

related dimension of all supply components is 

taken from Section 5.1. Here, only the main 

aspects are presented that are relevant for the 

specific investigations in this case study. 

The chosen methodology to reflect interest 

rate (see also Eq. 5.5) is often called weighted 

average cost of capital (WACC). In Chapter 5, 

the interest rate is considered constant for all 

generic locations. In the present Chapter, spe-

cific input is available on the capital costs in 

each country, especially for RES projects. 

Consequently, the financial costs considered 

for the interest rate for each country in the 

given network are derived, see Table E1.1 in 

the Appendix.  

Based on the modeling, the three main 

supply chain setups (LH2ON, LH2OFF-V, 

GH2OFF) and the underlying energy systems 

are optimized for each of the 104 airports in-

dependently. In the second step, the LH2OFF-

A option is tested for all airports taking the pre-

vious LH2ON results and adding costs for the 

LH2 truck to the neighboring airport calculated 

with the road distances between the different 

airports. 

 

Study-specific techno-economic assump-

tions 

 

The chosen optimization approach is built on 

three levels of techno-economic assumptions.  

 

General parameters for the techno-economics 

of each component are location-independent but vary with different time-dependent scenarios, 

see Chapter 5. In the present analysis, the base case 2050 scenario assumptions are chosen 

for the main analysis and will be compared to the 2035 base case scenario.  

 

The next level focuses on LH2 on-site relevant assumptions, see Table E1.1 in the Appendix. 

The RES site is selected based on the best weather conditions in no larger distance than 100 

km to the airport and given space availability – as possible to detect this based on satellite 

Figure 6.2: Exemplary LH2 supply pathways shown for 

an Airport A; 1 – LH2 on-site supply at/close to the airport, 
2a- LH2 off-site import via vessels, 2b – LH2 off-site import 
via road from a neighboring Airport B, 3 – GH2 off-site im-
port via pipelines and a LFP at the receiving Airport A; 
export hub perspective shown on bottom of map 
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image research and not considering local regulations. Therefore, weather data is required to 

calculate the hourly resolved availability of RES. Here, data is taken from [294,295] for the 

reference year 2019, which is based on the MERRA-2 database. For an analysis of the uncer-

tainties using one specific weather year for the chosen optimization approach, see Section 5.2. 

At some sites only very limited land is available for RES, these airports are highlighted in Table 

E1.1. At two airports, Bergen and Tromsø in Norway, no possibility is seen to install wind or 

PV plants locally. Current legislation shows that H2 production could also be labeled as green 

when produced from electricity in a grid where more than 90% of electricity stems from RES 

(mostly hydropower), see also Section 2.2.1. So, at airports like these two without any space 

for RES but a grid qualifying for green H2 generation, the grid option is also considered 

[132,309]. For Norway, which already fulfills these regulatory criteria today [310], the grid sup-

ply option is feasible and is used for the two airports with an assumed future electricity price of 

50 USD/MWh [311]. RES generation from wind offshore turbines is not considered in this chap-

ter, since it is often more expensive than RES from hybrid wind onshore and PV plants as 

shown in Section 5.2. 

Besides the RES side, again hourly-resolved demand profiles for LH2 at the airports are 

inputs for the modeling. These are already shown in Sections 4.2 and 5.1 and are not further 

individualized for each airport. Furthermore, as found in Chapter 5, the availability of large-

scale GH2 underground storage can lead to significant cost reductions of the LH2 supply costs, 

especially at weaker RES sites. Their assumed availability is also mapped for each airport in 

Table E1.1. 

 

The last level of assumptions concerns off-site production and transport. Seven locations are 

chosen as potential export hubs: Scotland, Ireland, Portugal, Spain, Morocco, Saudi, and Aus-

tralia. It is expected that these countries will have a surplus of green electricity to generate H2 

compared to their green electricity consumption in 2050 [312]. While the chosen sites in Scot-

land and Ireland qualify for a pure wind onshore RES setup, the other sites have a hybrid setup 

with wind onshore and PV plants. In addition to that, all hubs except Ireland should have geo-

logical preconditions to exploit the potential of integrating local GH2 underground storages. For 

more information on the characteristics of all hubs see Table E1.2.  

On the transport side, the distances between airports, ports, and the hubs for LH2 vessel 

import are shown in the Supplementary Material Table S1.1 of [305]. Costs for the LH2 vessel 

and truck transports are based on [239] and a cost range results from varying future market 

sizes of 0.5–1.5 MtH2 for such transport networks [304].  

For GH2 pipeline transport, all transport distances are given in Supplementary Material Ta-

ble S1.2 of [305]. These are based on the 2040 picture of the planned European Hydrogen 

Backbone (EHB) pipeline network [166]. As the market size, a 1.5 MtH2 GH2 pipeline system 

is considered for transmission routes using the pipeline cost function from [239] and a share 

of 40% new and 60% retrofitted pipelines [164]. For the distribution pipeline connecting the 

airport with the EHB, on average a 0.15 MtH2 pipeline and a 0.05 MtH2 pipeline are considered 

to supply very large and large airports and all other airports, respectively. For the subsea trans-

mission sections, an additional cost factor of 1.7 is used vs. land pipelines [164]. 

Assumptions on the interest rates were selected individually for the component systems in 

the off-site pathways. All annual capital costs for the systems at the export hub are determined 

by the local interest rates. The GH2 and LH2 transport systems are seen as “international” 

encounters and hence, a central European interest rate of 6% for H2 systems is taken [239]. 

The truck transport in the receiving country, as well as the refueling systems (incl. airport stor-

age) at the airports, are calculated using the local interest rates, see Table E1.1. 
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6.2.2 LH2 cost results in 2050 scenario 
 

Based on the considerations made in Chapter 5, the LH2 cost optimization results are shown 

for the selected airports. This is done for the 2050 base scenario as it represents a time frame 

of already established H2-powered aviation. As a start, the overall results and then, the results 

for three selected airports are explained. 

 

Optimized supply pathways 

 

Figure 6.3 shows the optimized LH2 supply costs at the dispenser at each airport. In the fol-

lowing, average values of the optimized supply cost ranges are discussed for simpler compa-

rability. The cost ranges result from low and high demand assumptions at the airport (Ta-

ble 6.1) as well as from smaller or larger import market sizes as discussed above. 

 

  
Figure 6.3: Optimized LH2 supply costs at all selected 104 airports and 6 hubs – Australian hub not shown, costs 

at the dispenser (incl. LH2 refueling system) in USD/kgLH2, LH2ON – LH2 on-site supply at/close to the airport, 
LH2OFF V - LH2 off-site supply from central hubs via vessel transport, LH2OFF A – LH2 off-site supply from a 
neighboring airport/export hub via LH2 trucks, GH2OFF – GH2 off-site supply via pipelines  
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Based on the optimization results, on-site production (LH2ON) is the most economical supply 

pathway at 14 airports. These are mostly larger airports with high LH2 demands leading to 

economies of scale for the CAPEX and efficiencies of main components like the LFP. The 

airports are either located close to export sites or in Northern-West European regions with 

good RES conditions. Some of these very large airports would also function as a broader H2 

hub for neighboring airports or other use cases, e.g., Edinburgh, Lisbon, Vienna, and Tel-Aviv 

airport. At the smaller neighboring airports, LH2 on-site supply would also be a competitive 

option. However, due to smaller demand scales driving up costs, especially for the LFP, it is 

less costly to import from the next very large airport with similar RES conditions. In total, 10 

airports are supplied by this “neighboring” option with 6 airports sourcing from a larger airport 

and 4 airports from a closely located hub (Portugal, Spain). Due to the very short distances to 

these hubs, it would be less costly to transport LH2 via trucks to the smaller airports (LH2OFF-

A) than using larger-scale off-site supply setups (pipelines or vessels).  

 

In general, the chosen hubs reach the best economies of scale due to the very large demand 

scales above 0.5 MtH2/a. Plus, they will most likely function as main exporters for all H2 markets 

and not only aviation. Australia, Portugal, and Scotland are the most competitive hubs with 

exporting costs of 2.06–2.13 USD/kgLH2 before losses, the transport and refueling system 

costs. However, the results indicate that no airport would be supplied from Australia given the 

very long LH2 transport distances. At the sites in Saudi Arabia and Morocco, supply costs could 

also be slightly higher due to interest rates of 6% and 9% for RES projects, respectively. This 

leads to exporting costs of 2.34 and 2.65 USD/kgLH2. In the Morocco example, which was also 

investigated in Chapter 5 (HYB location), the cost increased by 24% due to higher costs of 

financing. Hence, it remains uncertain whether countries with currently higher costs of financ-

ing like Morocco will play an important exporting role in a global H2 economy in the next 10-

30 years. If these financing risks decrease in the future as indicated by [313,314], then imports 

from such countries could become superior to the other European options. 

From such central hubs, 69 airports would be supplied via LH2 vessels (LH2OFF-V), most 

of them being located in more coastal areas or also being inland airports that might have very 

low LH2 demands. 17 airports would import from Scotland and 52 from the Portugal hub. As 

an extreme, results from the Iraqi airport EBL and Azerbaijan airport GYD indicate that even 

though distances from the import harbor to the airport are nearly 1,000 km, it might be less 

costly to import via LH2 vessels and then trucks than having dedicated infrastructure due to 

weaker local RES and also high interest rates. For larger coastal sites such as Barcelona 

Airport, there is an exception to the rule, since it is closely located to the Spanish H2 hub and 

it is cheaper to connect via the GH2 pipeline system than importing LH2. 

GH2 off-site supply (GH2OFF) is the best option for 11 airports, which are located farther 

inland and have higher LH2 demands. Consequently, scaling effects for the LFP and storage 

at the airport are driving down costs as already explained previously.  

This trend can be emphasized when investigating similarly located airports but with smaller 

demands like Dresden Airport. While surrounding airports like Berlin and Prague would be 

supplied by the GH2 pipeline, the on-site LFP in Dresden would be very small, and hence, 

specific CAPEX and energy consumption are significantly higher. With higher energy require-

ments and more expensive grid electricity costs for the LFP, this trend is even more significant. 

This is why, longer LH2 truck transport from a central LH2 import terminal is still the more eco-

nomical choice for such smaller inland airports.  
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Comparison of costs with LH2 on-site supply only 

 

To provide a perspective on the importance of such import supply options, the previous results 

are compared to a 2050 LH2 fuel network where only on-site supply (LH2ON) would be avail-

able, see Figure 6.4.  

The cumulative frequency distribution of optimal results shows that if import options are 

available, only for 2% of airports or less than 0.5% of LH2 amounts the supply costs would be 

above 3 USD/kgLH2 (blue markers in Figure 6.4). On the contrary, for on-site supply only LH2 

costs in the network would increase significantly. In that case, 50% of airports would have 

higher supply costs at the dispenser than 3 USD/kgLH2. Considering the amount of delivered 

LH2 this would be 26% (see orange markers). All on-site cost results are shown in Table S1.3 

and a comparison between all supply options for each airport is in Figures S1.2-S1.10 in the 

Supplementary Material of [305]. 

 

 
Figure 6.4: Cumulative frequency distribution of cost results for the best-supply-cost-pathways and LH2ON only 

supply, either weighted by the LH2 demand scale of each airport or only by the number of airports 

Besides the higher costs in the on-site-only network, also the required resources like RES 

capacities differ. Since RES would be installed at even weaker weather sites, 44% larger on-

shore wind and PV capacities would then have to be installed. However, since fewer H2 losses 

occur in on-site setups (no longer distance transport), the total energy efficiency per fuel deliv-

ered increases slightly. 

 

Three airport case studies 

 

To give an impression of the cost breakdown of different supply pathways and effects at dif-

ferent locations, the results are briefly discussed for three exemplarily selected airports, see 

Figure 6.5. 

At Vienna Airport, LH2 on-site production achieves the lowest costs due to very good RES 

conditions and the availability of space in a 100-km radius around the airport. Otherwise, if 

RES availability would be limited, GH2 off-site supply is the second best option like at Munich 
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Airport. Due to the long distances to the next importing harbor, LH2 off-site supply is the cost-

liest. 

Graz Airport has a smaller LH2 demand scale (5–10k t/a vs. VIE with 100–300k t/a) which 

would lead to high costs for the LFP in the GH2 pipeline setup. Even though LH2 vessel import 

routes would be cheaper, the best option would be to transport LH2 with trucks from Vienna to 

Graz (ca. 200 km distance). Then, Graz Airport could also profit from economies of scale at 

the central Vienna hub.  

As the last site, Ibiza as an island airport without a potential connection to a GH2 grid is 

presented. On-site production costs are comparably low because the levelized costs of elec-

tricity (LCOE) are already competitive and the medium-sized demand category leads to the 

before-mentioned cost scaling effects. However, large-scale LH2 import via vessels would en-

able the lowest supply costs for Ibiza where the truck distance for the “last mile transport” is 

also very short (<10 km from potential import terminal to airport). An overview of the LCOE at 

or nearby all airports is shown in Figure S1.1 in the Supplementary Material of [305]. 

 

 
Figure 6.5: LH2 costs at dispenser for three selected airports, LH2OFF-V import for all cases from Portugal for best 

costs, GH2OFF import from Scotland but not available for Ibiza (island); Graz Airport with LH2OFF-A supply from 
neighboring airport VIE; RES airport grid means that LFP at the airport in GH2OFF setups is supplied with green 
grid electricity, see [239] 

6.3 H2-powered aircraft fleets 
 

In the second step, the aircraft-related cost aspects are considered. As a start, the underlying 

aircraft design methodology is briefly introduced. Then, the resulting H2-powered aircraft de-

signs and potential operational strategies with these are investigated to evaluate the opera-

tional cost impact of green LH2 supply for aviation. 

 

6.3.1 Aircraft design results 
 

As shown in Section 3.1, calculating direct operating costs (DOC) is a common approach to 

evaluating new aircraft technologies and designs. DOC consists of five cost categories: (1) 

fees for air traffic control and airport services, (2) crew, (3) aircraft CAPEX, (4) aircraft mainte-
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nance, and (5) energy costs. While fees and crew costs are not affected by changing the air-

craft propulsion from kerosene- to, e.g., H2-powered, the impacts on the latter three categories 

are investigated in this study. 

 

Existing airlines’ single-aisle fleets are often built on one aircraft type with slightly different 

performances for specified use in the airline’s network, e.g., different flight lengths. In the ref-

erence case study, the airline’s fleet consists of Airbus A320-family-aircraft (A319, A320, 

A321). To reflect a similar family-aircraft approach, three additional single-aisle aircraft with 

differing design ranges but constant payload (PAX) capabilities are analyzed with both propul-

sion options, i.e. kerosene/synfuel and H2 direct combustion. This is done in addition to the H2-

powered aircraft presented in Chapter 3 and using the same aircraft design optimization meth-

odology. As part of this, general fuel efficiency improvements are accounted for all propulsion 

types, because a new technology should be compared to a similarly advanced kerosene-pow-

ered aircraft with entry-into-service in 2035, see Section 3.1.  

 

Flight trips in the reference air traffic network are below 2,000 NM, shown in Section 6.1. How-

ever, the four chosen aircraft designs differ in their design ranges from 1,500 NM to even 

3,000 NM. The reason is that there is an operational strategy, called tankering, which might 

make use of these different design ranges. Tankering means that instead of refueling the air-

craft for the return trip at the destination airport, it is already loaded with enough fuel at the 

origin airport for both flights. Such a strategy is used today already when the fuel costs between 

the origin and destination airport differ greatly. To enable longer flight trips with a tankering 

strategy, aircraft with longer design ranges are needed.  

First analyses showed that this strategy might be of interest when operating H2-powered 

aircraft in a network with highly differing LH2 fuel costs at airports [21,121,122,129,130]. The 

underlying logic is that H2-powered aircraft require a heavy LH2 tank onboard while the mass 

of the LH2 itself takes only a small portion of the total weight when the aircraft is fully fueled. 

Consequently, the increase in fuel consumption for longer distances vs. shorter distances due 

to the fuel weight is relatively low. This is different for kerosene-powered aircraft. First, kero-

sene is stored in the wings of the aircraft and does not require an extra heavy tank. Second, 

the kerosene weight is roughly three times higher for the same energy content vs. LH2, be-

cause of its lower gravimetric energy density. This is why for kerosene-powered aircraft the 

fuel consumption for the outbound trip can increase significantly due to the higher take-off 

weight when a tankering strategy is applied [315]. 

Therefore, in the present study, designs with longer single trip lengths (>2,000 NM) are 

modeled enabling tankering over distances up to 1,425/1,430 NM.  

 

All resulting aircraft designs and their performances are presented in Table 6.2. For the four 

kerosene-powered aircraft, no significant change in the block energy demand can be observed 

for a fixed trip length (here 800 NM). This is because the kerosene is stored in the wings and 

thus, the maximum take-off mass does not increase too much between a 1,500 NM and a 

3,000 NM design. However, for the H2-powered aircraft, this effect is stronger. Due to the heavy 

and volume-consuming LH2 tank integration, the fuselage has to be extended and total effi-

ciencies decrease. Further aircraft design parameters are shown in Appendix Table E2. 

Figure 6.6 shows the resulting DOC for the four aircraft designs at a fixed trip length of 

800 NM. It underlines the same trend – no big changes for kerosene- but for H2-powered air-

craft – for the DOC from aircraft CAPEX and maintenance when comparing both fuel technol-

ogies. Due to the larger LH2 tanks, and increasing aircraft size and mass, these two DOC 

factors become costlier. Crew costs and fees stay constant for all designs. 
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Table 6.2: Future kerosene vs. H2-powered aircraft specifications for the four single-aisle (SA) designs; MTOM: 

maximum take-off mass, OEM: operating empty mass (no payload, no fuel on board the aircraft) 
 

 Unit SA-1,500 NM SA-2,000 NM SA-2,500 NM SA-3,000 NM 

Input parameters valid for both aircraft technologies 

 
Design Entry-Into-Ser-

vice 
- 2035 2035 2035 2035 

 
Design PAX (Single 

class layout) 
- 180 180 180 180 

 
Design Cruise Mach-

Number 
- 0.78 0.78 0.78 0.78 

 Design Rangea NM 1,500 2,000 2,500 3,000 

Results for kerosene-powered reference aircraft 

 Calculated MTOM t 65.6 68.1 70.6 73.2 

 Calculated OEM t 39.7 40.0 40.3 40.6 

 
Block-Energy for design 

mission 
GJ 286 376 470 567 

 
Block-Energy for typical 

800 NM mission 
GJ 166 167 167 168 

 
Calculated annual flight 

cycles (800 NM) 
- 1,512 1,512 1,512 1,512 

 
Max. trip length for 

tankeringb 
NM 670 920 1,170 1,425 

Results for H2-powered reference aircraft 

 Calculated MTOM t 68.7 71.6 74.7 77.7 

 Calculated OEM t 48.2 50.5 52.3 54.3 

 
Block-Energy for design 

mission 
GJ 303 408 522 641 

 
Block-Energy for typical 

800 NM mission 
GJ 177 183 190 196 

 
Calculated annual flight 

cycles (800 NM) 
- 1,514 1,515 1,516 1,516 

 
Max. trip length for 

tankeringb 
NM 675 925 1,175 1,430 

a) Considering 200 NM, 30 minutes loiter, and 3% contingency reserves that are on top of the shown design range 

b) Assuming no additional losses at the intermediate airport 

 

 
Figure 6.6: Change of selected DOC factors excluding energy costs and energy consumption for kerosene- (K-

XXXX) vs. H2-powered aircraft (H2-XXXX), XXXX representing the design range of the aircraft – grey bubbles show 

relative cost increase for the aircraft DOC levers 
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6.3.2 Operation of H2-powered aircraft 
 

Next, the impacts of the operational strategy, tankering, are investigated for the previously 

derived four aircraft designs. While tankering could lead to better fuel costs with H2-powered 

aircraft, the changes in the aircraft's performance and operating costs have to be investigated.  

 

In Figure 6.7A, the four individual H2-powered aircraft cost curves (DOC excluding energy 

costs) are shown concerning the kerosene reference. Two general trends can be observed. 

First, the cost increase is lower for each aircraft when flying longer distances. The underlying 

cause is that the cost increase of aircraft CAPEX and maintenance for H2-powered versions 

weighs more on very short trips. With shorter trips, the ground time of the aircraft increases, 

and fewer annual flight cycles can be flown. Hence, the costs per available seat kilometer 

(ASK) increase. Second, the longer the aircraft’s design ranges the higher the cost change vs. 

kerosene. This is also due to the heavy LH2 tank weight and related enlargement of the aircraft 

design explained in the previous section. 

Evaluating the results on a fleet level, this study assumes that always the smallest aircraft 

is used to fly the specific trip distance, see the resulting blue line in Figure 6.7A. It has to be 

noted that this assumption is required as a simplification for the total DOC calculations in Sec-

tion 6.4. However, in reality, this rule is not fully realizable when optimizing flexibilities in the 

fleet portfolio and the network routes. 

 

In the next step (Figure 6.7B), the tankering option is compared to the normal single-trip oper-

ation on the fleet level. So, the DOC for tankering is always mapped against the DOC of the 

smallest required aircraft operated on single trips without tankering. Since the maximum flight 

distance between the origin and destination airport can be 675 NM with the SA-1,500 aircraft, 

a drastic increase in the DOC result from longer flight trips with tankering using larger, more 

expensive aircraft (see orange line). So, the benefit of lower energy costs must be even greater 

for such trips to compensate for the higher aircraft-related operating costs. 

 

Similar effects are found when comparing the specific energy consumption (SEC) as a function 

of the trip distance in Figure 6.7C. Here, the SEC change vs. kerosene increases for the larger 

H2-powered aircraft. Furthermore, the tankering option up to 675 NM leads to slight increases 

in SEC and very high increases for tankering flights (up to 8% increase in SEC).  

In general, the SEC with the tankering strategy increases by 4% for a kerosene- vs. less 

than 1.5% for an H2-powered aircraft compared to the non-tankering flight on a 1,430 NM trip 

with the SA-3,000 NM designs. This explains why tankering is not too often considered with 

kerosene-powered aircraft but might be a valid option when introducing H2 propulsion in avia-

tion. Additional data on the aircraft design optimization are given in Supplementary Material 

Table S2 and Figures S2.1-S2.2 of [305]. 

 

As a brief intermediate conclusion, it can be emphasized that the aircraft-related cost increase 

of flying with H2 is lowest for aircraft with the shortest design ranges. Furthermore, tankering 

strategies could lead to significant cost penalties for flights above 675 NM – requiring high 

benefits in saving LH2 fuel costs at a destination airport to compensate for the additional aircraft 

costs. Consequently, the supply and aircraft cost perspectives have to be evaluated together. 
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A Annual DOC excluding energy costs for four different H2-powered aircraft  

 
B Annual DOC excluding energy costs on a fleet level with and without tankering 

 
C Resulting in specific energy (fuel) consumption per trip for H2-powered aircraft  

 
Figure 6.7: H2-powered aircraft results (design ranges indicated by boxes) compared to kerosene equivalent de-

signs – A) DOC excl. energy costs comparison, B) DOC excl. energy costs comparison against best kerosene 

aircraft option, C) SEC comparison against best kerosene aircraft option 
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6.4 Resulting operating costs for H2-powered aircraft 
 

In this final step, the costs for the LH2 supply infrastructure at the selected airports and the H2-

powered aircraft are combined. This is done with the calculation of total DOC for all flights in 

the given network, which are discussed in comparison with kerosene and synfuel cost bench-

marks. This should enable a more holistic answer on the competitiveness of H2-powered sin-

gle-aisle aircraft based on the 2050 scenario assumptions. Then, the analyses are repeated 

for a different scenario representing an early phase (2035-2040) of the introduction of H2 in 

aviation to also evaluate economics in such a scenario. Lastly, resource efficiency aspects are 

investigated for conclusions on the future of single-aisle H2-powered aircraft. 

 

6.4.1 Comparison of decarbonized aircraft options in 2050 scenario 
 

The direct operating costs are calculated based on the flight data of the reference air traffic 

network for the one exemplary week (see Section 6.1). Then, the sum of all flights’ costs is 

divided by the total flown available seat kilometers to derive an average DOC value. Moreover, 

the tankering strategy is analyzed reflecting the change in aircraft-related DOC and higher 

energy consumption per flight.  

For the technology comparison, the energy cost benchmarks are derived for the calculation 

of the total DOC in the given network for also kerosene- and synfuel-powered aircraft. 

 

Energy cost benchmarks for kerosene and synfuels 

 

While the oil price is highly volatile and hence, the future cost development of kerosene is very 

uncertain, costs of 0.60 USD/kg kerosene at the dispenser are assumed, see Sections 2.1 and 

3.1. Additionally, European commercial aviation is increasingly becoming a subject for regu-

lating CO2 emissions with the European Trading Scheme (ETS) in the future [316]. In this 

study, three mid- to long-term ETS cost scenarios are assumed – 50, 100, and 200 USD/tCO2 

– which are in line with investigations in [317]. The CO2 emissions for kerosene-powered air-

craft can be calculated using a factor of 3.16 kgCO2/kg kerosene consumption [16]. This mech-

anism and calculation does however not consider any non-CO2 emission effects caused by 

conventional aircraft. 

 

Synfuel costs are calculated based on the same energy system assumptions discussed in 

Section 6.2. Since synfuel production also requires green H2 and a well-utilized fuel conversion 

afterward – which has a comparable power/energy consumption share like the LFP – energy 

system design and cost assumptions are taken from the LH2 calculations. In [239] it was shown 

that utilization of the LFP of ~90% is achievable with RES and GH2 storages. The conversion 

of hydrogen to its liquid form is comparable to the fuel conversion in the synfuel process. 

Hence, the same utilization is taken for the synfuel processes behind the electrolysis. The 

calculation method and techno-economic assumptions are shown in Appendix E3 including 

the costs for direct air capture, the Fischer-Tropsch synthesis, fuel transportation, and refuel-

ing. 

The resulting costs for the 2050 base case assumptions [239] range from 1.25–1.43 USD 

per kg synfuel at central production hubs like Scotland, Portugal, Saudi Arabia, or Australia. 

This includes transport and refueling to the 104 selected airports. Based on that an average 

synfuel cost of 1.31 USD/kg synfuel is assumed in the following. 
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Cost of aircraft operation in the 2050 scenario 

 

Both synfuel- and H2-powered single-aisle aircraft would be costlier to operate in this air traffic 

network compared to a future kerosene-powered aircraft, if the costs for CO2 emissions are 

100 USD/tCO2 or lower, see Figure 6.8A. In a scenario with 200 USD/tCO2 costs in the EU, 

synfuel-powered aircraft would still be slightly (2%) more expensive while LH2-fueled aircraft 

would be 1% less expensive. In all cases, the energy costs for kerosene plus ETS, synfuel, or 

LH2 have a major share of the total DOC. For LH2 fuel costs, the main lever to achieve com-

petitive energy costs is the availability of import supply pathways with 0.17 USD/100ASK cost 

reduction potential. Then energy DOC costs with H2 propulsion would be 24% lower than with 

synfuels including the change in aircraft efficiency. Nevertheless, the switch to novel aircraft 

with H2 propulsion causes a cost increase of 0.28 USD/100ASK in the DOC aircraft categories 

compared to the kerosene and synfuel versions. Combining both fuel cost and aircraft per-

spectives, the H2 aircraft would be 3% less expensive to operate than a synfuel alternative. 

 

In total, the energy costs still account for only 22% of the operating costs with H2- and 28% 

with synfuel-powered aircraft. This is a typical characteristic when considering DOC for single-

aisle aircraft operated on shorter routes where fixed costs for crew or each landing plus pas-

senger handling are the main cost drivers. 

The DOC dependency on the trip length is also emphasized in Figure 6.8B. While the costs 

for synfuel-powered flying do not change drastically with longer trip distances (slight increase 

only; also highlighted in Section 6.3), this is different for H2-powered operation. Three effects 

explain this: first, the share of energy costs for total DOC is decreasing for short vs. longer trips 

as explained before. The LH2 costs account for 19% of the total DOC for all flights below 

675 NM, but for 27% for flight lengths between 1,000–1,500 NM, see also Figure S3.1 in the 

Supplementary Material of [305]. Since the H2 aircraft has significantly lower energy costs vs. 

synfuel alternatives, this advantage only leads to greater cost-saving potentials for longer dis-

tances. Second, the cost increase for H2 aircraft CAPEX and maintenance is higher for shorter 

distances as shown in Figure 6.7A. Next to the fuel costs, this also increases total DOC for 

shorter flights. Moreover, the DOC further increases when switching to the next larger aircraft 

with a design range >1,500 NM (Fig. 6.8B). Third, the variation of total DOC for H2-powered 

aircraft can be explained by the highly differing LH2 supply costs whereas synfuel costs are 

assumed to be constant at all airports. Another effect explaining higher energy costs for the 

three airport pairs above 1,600 NM is that these non-EU destination airports come with signif-

icantly higher LH2 fuel costs (Fig. 6.3: EBL, EVN, GYD).  

Overall, this means that H2-powered single-aisle aircraft is an economic choice for air traffic 

networks which do not only consist of very short trip lengths. 

 

In the 2050 scenario, the role of tankering is found to be minor in reducing total DOC 

(0.02 USD/100ASK in Fig. 6.8A), if all supply pathways including the import options are avail-

able. In this case, tankering would be economically eligible only on shorter trips below 700 NM 

and on 59 routes with minor energy cost savings, see also Figure S3.2 in the Supplementary 

Material of [305]. On 14 of the 59 routes aircraft would be refueled at the hub in Frankfurt, not 

requiring LH2 fuel supply at the destination airports. Otherwise (45 routes), the aircraft would 

be refueled at the destination airports and not in Frankfurt. The tankering trips could still be 

flown with the smallest and most economical H2-powered aircraft (1,500 NM) design with only 

minor cost penalties coming from a slightly higher SEC. Consequently, the aircraft design 

ranges in the optimized fleet are identical for kerosene-/synfuel-powered aircraft and the H2 

versions.  
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A Total average DOC for all flights in the given network 

 
B Comparison of total DOC for each flight pair in the given network 

 

 
Figure 6.8: A) Average total DOC of kerosene-powered aircraft in a given air traffic network including different ETS-

CO2-cost scenarios in USD/tCO2 compared to synfuel- and H2-powered aircraft operation; B) Total DOC for H2- and 
synfuel-powered aircraft for each flight pair concerning kerosene-powered aircraft operation incl. 200 USD/tCO2 
costs 

However, if no import supply options would be available, tankering becomes more relevant. 

Then, tankering from Frankfurt could be applied to 28 destination airports not requiring a fuel 

supply over single-trip lengths up to ~925 NM. This leads to an average DOC for H2-powered 

aircraft of 7.49 USD/100ASK and a DOC fuel cost reduction due to tankering of 
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0.08 USD/100ASK. Further information on tankering routes and DOC cost-saving potentials 

are presented in the Supplementary Material. 

 

6.4.2 Re-evaluation of results in 2035-2040 (early adoption) scenario 
 

In an early deployment phase, the DOC for H2 aircraft CAPEX and maintenance do not change 

while techno-economic assumptions for green LH2 infrastructure would be more conservative. 

Also, the LH2 demands at airports, as shown in Table 6.1, are significantly lower, since it would 

be the beginning of fleet renewal with the first H2-powered aircraft entering into service. This 

is why, the analyses from Sections 6.2 and 6.4.1 are repeated for the 2035 base case de-

scribed in [239] to re-evaluate the economics of H2-powered aviation versus the other options 

in that time frame. All results are shown in Table S1.4, Figures S1.11-S.1.12, and Figures 

S3.4-S3.6 in the Supplementary Material of [305]. Here, only the main findings are briefly de-

scribed. 
 

LH2 supply costs increase significantly above 3 to even 5 USD/kgLH2. The main driver for these 

results is not only the higher costs for each component. It is also the smaller installation sizes 

at an airport and hence, only LH2 off-site supply pathways would be an economic choice – if 

available in this early adoption phase. Then, LH2 would be supplied via vessels from Scotland, 

Portugal (97 airports) or via truck around the European hubs (7 airports). In an on-site and GH2 

off-site supply setup, limited to no economies of scale could be achieved for on-site compo-

nents (e.g., the LFP). The average LH2 costs would then increase by 53% compared to the 

import supply to beyond 5 USD/kgLH2. 

 

The total DOC (analogous to Figure 6.8) for flying with H2 increased by 8% due to higher fuel 

costs in 2035-2040. Despite the higher costs, the comparison with synfuels shows even greater 

advantages in that case for H2-powered aircraft. Taking the same techno-economic assump-

tions for synfuels with the best production setups in this earlier scenario, synfuel would cost on 

average 2.14 USD/kg. This leads to an 11% decrease in total DOC with H2- compared to 

synfuel-powered aircraft. 

Similarly to the 2050 picture, tankering is only a relevant cost improvement option for H2-

powered aircraft, when no LH2 import options would be available. That might be more likely in 

such an early adoption phase with not too many other large LH2 markets. In that case, tanker-

ing reduces energy DOC by 0.37 USD/100ASK – with the availability of LH2 import supply it 

would be 0.97 USD/100ASK though. 

 

6.4.3 Resource perspectives for the future of H2-powered aviation 
 

Lastly, the implications of deploying green LH2 vs. synfuel supply are discussed from a re-

source efficiency perspective. Besides the cost results, this is another important aspect since 

resources like RES capacities will always be a constraint [16,318].  

Comparing both decarbonization options based on the fuel supply perspective (well-to-tank) 

and the same 2050 scenario assumptions, the energy efficiency is significantly higher with 

green LH2 vs. synfuel supply, see Table 6.3. This already includes all H2 losses like boil-off 

and flash losses when transporting LH2 over longer distances – on average 4.3% in the total 

supply network. Furthermore, in the given optimization, 40% less renewable energy generation 

is required for the LH2 supply setup including import described in Section 6.2 compared to the 

synfuel option. In that comparison, synfuels would be produced for best costs purely at central 

sites like Portugal, Scotland, Saudi, and Australia and distributed via ship like most of the fossil 

kerosene/oil products are traded today. The same trend can also be observed for the needed 
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electrolysis capacity installation for synfuel vs. the LH2 supply network for the 104 airports, see 

Table 6.3. As a side fact, the LH2 supply network for the 104 airports would then require the 

installation of liquefaction plants with a capacity of approximately 26,000 tpd in 2050. 

Resulting from the lower capacity deployments, also the required capital expenditures are 

lower for green LH2 fuel supply. The CAPEX required for the synfuel production is 73% higher 

than for green LH2 supply, not including the extra-CAPEX for the H2-powered aircraft develop-

ment vs. a 2035-updated aircraft design as well as the transport and refueling system CAPEX 

for both fuels. 

From a fleet-level perspective, which includes the slightly lower efficiencies of the H2-pow-

ered aircraft, the differences between green LH2 and synfuels are slightly reduced but still 

significant. On average (considering all trips flown in the network), 11% more fuel energy is 

required for 100 ASK when flying with hydrogen. However, still, 34% less renewable electricity 

is required for the H2-powered aircraft fleet when all losses are considered (fuel and flight effi-

ciencies). 

 
Table 6.3: Comparison of fuel technologies for decarbonizing the existing air traffic network, so LH2 demands at 

all 104 airports – for all techno-economic assumptions on green LH2 supply, see [239]; for synfuel supply, see Ap-
pendix E3 

Decarboni-

zation op-

tion for sin-

gle-aisle air-

craft 

Impact on 

average 

DOC vs. 

kerosene 

(ETS-200) 

– Fig. 7A 

Fuel supply perspective (well-to-tank) 
Fleet perspective (well-

to-thrust) 

Well-to-

tank av. 

energy ef-

ficiency, 

before air-

craft pro-

pulsion 

RES ca-

pacity re-

quire-

ment per 

annual 

MWh out-

put of fuela 

ELY ca-

pacity re-

quirement 

per annual 

MWh out-

put of fuela 

Total cap-

ital costsb 

per annual 

MWh out-

put of fuela 

Fuel re-

quire-

ments for 

aircraft 

fleet per 

100ASK 

RES en-

ergy for 

aircraft 

fleet (well-

to-thrust) 

per 100 

ASK 

H2-powered 

aircraft – 

best supply 

setups 

-1% 56% 52 kW 31 kW 602 USD 21 kWh 37 kWh 

Synfuel 

supply 
+1%  35% 87 kW 51 kW 1,041 USD 19 kWh 56 kWh 

a) using the lower heating value of each fuel 

b) excluding CAPEX for transportation and refueling systems for both fuels 

 

 

Implications for overall research objectives 

 

All in all, the present case study of this chapter addressed both final research questions (4 and 

5 from Section 2.3).  

From an airline operations perspective, it is shown that the introduction of H2-powered air-

craft leads to slightly higher direct operating costs compared to conventional kerosene opera-

tions in case of lower CO2 taxation. If costs for CO2 emissions increase to around 

200 USD/tCO2, H2-powered will become the most economic choice.  

Furthermore, a family aircraft concept is required for most economic operation and to enable 

all flights in the given airline network. These different H2-powered aircraft could also be used 

for tankering operation, but in a 2050 LH2 supply network projection, the economic advantages 

would be limited. The tankering operation only achieves more significant cost savings when 

an early infrastructure setup around the years 2035-2040 is considered. 
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Regarding the broader sector research question, the analyses showed that the total DOC 

picture and also resource efficiency could be more positive for H2-powered aircraft in the sin-

gle-aisle segment than for synfuel. However, this is not an argumentation against synfuels or 

SAF in general. Since decarbonization of air travel is needed as soon as possible and the 

entry-into-service of H2-powered aircraft and a meaningful renewal of existing fleets will take 

longer than until the year 2050, SAF is also required to power these “smaller” commercial 

aircraft – at least in the intermediate time period. Also, there is still no holistic, clear perspective 

on DOC and resource efficiency for wide-body aircraft. In such larger segments, SAF including 

synfuels will most likely be the main decarbonization choice. 
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7 Conclusions 
 

The present thesis investigates the future role of H2-powered aviation as part of the sector’s 

journey to a future with decarbonized, potentially climate-neutral, air travel. This is done along 

five main research questions (see 2.3). The corresponding results are summarized in the fol-

lowing section. Furthermore, Section 7.2 provides a perspective on the methodology used in 

this thesis and its limitations. Then, Section 7.3 closes this work with an outlook and list of 

recommendations for industry players and policy makers. 

 

7.1 Perspectives on research problem 
 
This study investigates H2-powered propulsion as decarbonization option for commercial air-

craft which caused ~85% of all aviation CO2 emissions worldwide in 2019 [7]. Moreover, the 

focus of analysis is set on (larger) single-aisle aircraft which account for 50% of the above-

mentioned global CO2 emissions. Such aircraft require a liquid H2 fuel system due to the highly 

constraint volume and weight onboard the aircraft (see Chapter 3).  

Consequently, liquid H2 is needed as a new fuel for these aircraft. In this thesis, the focus 

is set on green hydrogen production, because of its low carbon lifecycle emissions compared 

to other production methods of H2. In contrast to the aircraft analyses, the LH2 fuel cost as-

sessments are independent of the chosen aircraft segment and apply to all airport sizes. 

 

In the following, the five overarching research questions from Section 2.3 are addressed. 

 

1. How to assess the operating costs flying with H2-powered aircraft and what is a first 

high-level estimate of the economic impact coming from green LH2 supply? 

 

A frequently used economic benchmarking methodology is the calculation of total direct oper-

ating costs of aircraft. This method distinguishes between five cost categories and is adjusted 

and applied to H2-powered aircraft in this thesis. 

 

In general, three of the five cost factors would change when introducing H2-powered aircraft, 

since both aircraft-related costs and the costs for energy and airport supply infrastructure are 

affected significantly. 

However, it is found that single-aisle aircraft are often operated on relatively short trips, e.g., 

800 NM, that come with relatively low energy demands. Hence and as a first high-level esti-

mate, only 17% of the total direct operating costs are caused by the fuel demand for a conven-

tional kerosene reference aircraft. This cost share would be affected when switching the air-

craft’ propulsion system to hydrogen. For further comparison, the reference kerosene cost as-

sumption can be translated into 1.70 USD/kg LH2-energy-equivalent fuel costs. A literature 

review in Chapter 2 then clarified that only few studies project such low costs for green LH2 in 

the long-term. Future LH2 costs could be even several factors larger than that. Consequently, 

the cost effect from changing the fuel for single-aisle aircraft could be significant with hydrogen 

and should not be neglected. 

On the opposite, 44% of the total direct operating costs come from aircraft-related aspects 

such as aircraft CAPEX and maintenance. This distribution of shares with lower importance of 

fuel/energy costs is typical for the aircraft segment compared to the next larger segments of 

aircraft (see [52] for more information on wide-body H2-powered aircraft).  

Regarding the other two cost factors (39% of total direct costs for kerosene reference), no 

effects are found for crew costs and fees (for air traffic control and airport handling), if H2-
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powered single-aisle aircraft can be operated with the same turnaround times as the conven-

tional one. Then, the aircraft utilization does not change due to similar amounts of annual flight 

cycles which otherwise would affect the direct operating costs.  

 

2. What is the impact on airport infrastructure when introducing H2-powered aircraft? 

 

Overall, LH2 demands at airports could become significant by 2050. The scenario analysis 

derived demands at intercontinental hubs and major national airports with 300–600 ktLH2 p.a. 

and 80–150 ktLH2 p.a., respectively. Such airports could qualify to form central H2 distribution 

hubs for other H2 applications around the airport in a specific region. Given the projections that 

a future H2-powered aircraft fleet would further increase after 2050, the scales of demand could 

even play a more important role in local H2 hubs. However, LH2 supply chains for aviation might 

be the latest realized application when compared to other H2 use cases. Consequently, the 

future role of airports as H2 hubs in the 2050s must actively be anticipated early on, while other 

H2 applications are already commercialized and scaled in the next decade. 

 

It is also found that refueling including the LH2 storages for supply reliability might only account 

for a very minor share of the total green LH2 energy costs delivered to an aircraft. In a base 

case 2050 scenario, this section of the fuel supply chain causes a 3–5% cost share only, 

around 0.09–0.12 USD/kgLH2 at most airport size categories. In contrast to that, the costs for 

H2 production and liquefaction dominate the economics of green LH2 supply. 

Two refueling systems are identified as most relevant for H2-powered aircraft: truck and 

pipeline & hydrant refueling. The right choice of one of the systems depends on the airport and 

hence, the LH2 demand sizes and can save 0.01–0.02 USD/kgLH2. Thus, a design switch point 

from truck to pipeline & hydrant refueling is identified around 125 ktLH2/a at an exemplary 

airport. Nevertheless, it is found that other criteria such as operational practicability, economic 

risk, and safety might influence choice of the refueling system more. While a pipeline & hydrant 

system could reduce apron traffic and human errors when driving, it requires high up-front 

capital costs and gives less flexibility in scaling LH2 demands. Only for smaller national airports 

the preferred refueling system choice is more certain with a clear recommendation for LH2 

truck refueling.  

Lastly, a sensitivity analysis highlighted the techno-economic uncertainties when designing 

LH2 refueling systems. These are not only driven by heterogeneous CAPEX projections for 

LH2 pipelines but also by highly uncertain H2 loss rates for both refueling setups. Hence, this 

part of the LH2 costs at the dispenser will depend on future developments and demonstrations 

in this field. 

 

3. What are the costs of supplying green LH2 to airports? 

 

Three main green LH2 supply pathways are identified: LH2 on-site, LH2 off-site, and GH2 off-

site supply. While the H2 production and also liquefaction plants are all centered at one site 

(airport or export site), the H2 liquefaction plant is separated from the electrolysis system in the 

GH2 off-site pathway. Additionally, GH2 pipeline systems are then required, whereas transport 

of LH2 would be done via roads, rail, or oceans/rivers.  

 

The major share of LH2 supply costs is caused by the renewable electricity supply, which re-

sults from costs for renewable energy plants and their capacity factor depending on the 

weather at the generation site. Given very good renewable energy conditions, on-site LH2 pro-

duction could become as economical as possible with final costs of 2.04 USD/kgLH2 at a major 

national airport in a 2050 base case scenario. In that case, LH2 costs would still be 21% more 



7 Conclusions  92 

    

 

expensive than the equivalent kerosene costs presented above. In a future world with carbon 

or even climate impact taxes for kerosene usage, the cost difference might disappear: given 

constant kerosene costs (0.60 USD/kg kerosene), cost parity between LH2 and kerosene fuel 

is achieved with a carbon tax of 111 USD/tCO2.  

 

Seven design rules are derived from the optimization results. These show that a hybrid renew-

able energy system setup, PV and onshore wind turbines, leads to the lowest supply costs due 

to the best-utilized liquefaction plants and relatively small GH2 and LH2 storages. Compared to 

the liquefaction plant, the electrolysis system is operated relatively flexibly in most setups 

though. Moreover, all optimization results emphasize that neither electric energy nor above-

ground, containerized GH2 storage would be built. These are costlier than other storage, even 

if no underground storage option is available. Thus, the results show that LH2 supply from wind 

offshore sites is rather not competitive despite high, constant wind speeds that enable a very 

high utilization of all energy system components. The main reason for that is the high CAPEX 

for the offshore wind park.  

The non-linear modeling approach also clarified that some dynamic effects should not be 

neglected when designing LH2 energy systems. It revealed that especially part-load character-

istics of the electrolysis system and liquefaction plant influence the techno-economics signifi-

cantly. On the one side, this approach proves better average energy efficiencies for the elec-

trolysis system and hence, lower renewable energy requirements. On the other side, the aver-

age renewable energy consumption increases for the liquefaction plant by 10–20%, because 

part-load operation cannot be prevented in some periods with highly fluctuating renewable 

energy availability and demand profiles. 

 

A scenario analysis of the supply costs derives uncertainties due to different techno-economic 

assumptions. The supply cost ranges are mostly impacted by the CAPEX of the renewable 

energy plants – in total, LH2 costs range from 1.37–4.19 USD/kgLH2 at best LH2 on-site pro-

duction spots in a more conservative vs. a more optimistic scenario. In addition to the techno-

economic uncertainties, weather records from different years also influences cost uncertainties 

by up to 11% of the supply costs. Thus, the demand profiles at airports and the availability of 

GH2 cavern storages do not have a larger design and cost impact. Only at weaker renewable 

energy locations, LH2 costs increase clearly by 9% if no cavern storage is available.  

A main lever to reduce the relatively high cost uncertainties is the import of LH2 with the 

described off-site supply pathways. This is of special importance for locations with weaker 

renewable energy conditions. If import options are available from regions with great renewable 

energy conditions within short or medium transport distances, supply costs might be reduced 

to less than 3.30 (LH2 import) or 3.20 USD/kgLH2 (retrofitted GH2 pipeline import). However, 

these costs can only be achieved for large exporting demands as high as 0.5 or even 1.5 Mt 

of GH2 or LH2. This implies that demands from several airports or other H2 markets might need 

to be aggregated to reach such demand scales and the related cost benefits. Then, also 

smaller national airports with lower LH2 demands could profit from such a market, if accessible.  

Besides the economics, another reason for importing GH2 or LH2 is potentially constrained 

space availabilities for renewable energy systems or cavern storages. Since required renewa-

ble energy capacity installations at weaker renewable energy locations are factor three larger 

than at the other generic locations, resulting space requirements could become a significant 

constraint.  
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4. How do green LH2 supply options and H2-powered aircraft designs interlink in real-

istic airline operations? 

 

An airline case study with a focus on one central air traffic market, Europe, is chosen in this 

thesis. Based on that the individual assessments of evaluating H2-powered aircraft, the airport 

context, and LH2 supply infrastructure are brought together. However, it is important to highlight 

that there are many more air traffic markets with different characteristics than the selected 

region. Hence, the transferability of the following results might only be limited to other case 

studies.  

 

The study is based on the single-aisle aircraft network from Lufthansa with their base at Frank-

furt-Main Airport. In total, 104 airports and all supply setups to these airports are considered.  

As a result, it is found that LH2 fuel costs might be between 2–3 USD/kgLH2 in that air traffic 

network if the airports have access to larger H2 import markets or great renewable energy 

conditions for on-site fuel production. Moreover, it is calculated that it could be less expensive 

for smaller airports to import H2 via the LH2 off-site pathway than produce it on-site despite 

great local renewable energy conditions. This is due to high economies of scale effects for the 

export production site which cannot be reached at smaller airports for their production. Another 

insight is that availability of GH2 import is less important for such smaller airports. Only at larger 

airports, this is a viable option because there the larger sizing of the on-site liquefaction plant 

reaches scales with significant economies of scale. At medium or smaller airports, higher spe-

cific CAPEX and energy consumption for smaller liquefaction plant capacities cause higher 

LH2 costs than importing LH2 directly, e.g., via vessels and trucks. 

 

Regarding the single-aisle aircraft designs, four versions of the single-aisle aircraft are opti-

mized with the same passenger capability but different design ranges. This enables airlines to 

operate longer-distance trips with such aircraft. Of course, it also comes with increasing costs. 

On an 800-NM-long reference mission, the total H2-powered aircraft-related direct operating 

costs increase by 8% with the 3,000 NM design range instead of 5% with the 1,500 NM version 

compared to a respective kerosene-fueled aircraft. This effect is even stronger for the specific 

energy consumption which increases compared to the kerosene aircraft by 16% versus 7% for 

the H2-powered aircraft with 3,000 NM vs. 1,500 NM design range, respectively.  

 

As a main operational strategy for airlines, tankering is identified as an option to reduce infra-

structure deployment needs. Nevertheless, the increase in the aircraft’s fuel consumption and 

aircraft-related direct operating costs can only be outbalanced, if the LH2 fuel cost savings are 

large enough. This is not too significant for destinations within a 700 NM distance from the 

main airport hub. On longer distances, the larger aircraft designs are required to enable tanker-

ing strategies, which leads to an even greater cost penalty compared to a single-trip-fueling 

operation with a reference aircraft. 

Consequently, the total cost perspective revealed no larger economic leverage for tankering 

strategies in the given air traffic network with LH2 supply costs as low as presented above for 

2050. However, this conclusion changes in an early adoption time frame (2035-2040), if no 

LH2 import options would be available. In that case, tankering could reduce the energy direct 

operating costs by 12% on trips with distances below 1,000 NM which would lead to a com-

petitive advantage for H2-powered aircraft. 
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5. To inform industry and policy makers, what are the overall arguments for H2-pow-

ered aircraft compared to other decarbonization options? 

 

The average total direct operating costs for the single-aisle fleets is calculated for H2-, and the 

reference kerosene-powered aircraft based on the flight distribution in the given air traffic net-

work. Furthermore, this holistic evaluation method is also applied to the main other decarbon-

ization option for this larger commercial aircraft segment: synfuels. These have the best net 

carbon footprint of all sustainable aviation fuels and are also the most scalable such as LH2. 

Therefore, and for comparability, synfuel costs are determined based on the same techno-

economic inputs and optimization results for the energy system design as for green LH2 supply 

systems. The resulting costs range between 1.25–1.43 USD per kg synfuel at central produc-

tion hubs like Scotland, Portugal, Saudi Arabia, or Australia in the 2050 base case scenario. 

The analysis revealed a potential average cost benefit over all flights of 3% for H2- versus 

synfuel-powered aircraft. The main underlying factor for this is the 24%-lower direct operating 

costs for energy with LH2 compared to synfuel supply. In an early adoption phase (2035 base 

case scenario), the total direct operating cost benefit vs. synfuels even increases from 3% to 

11%. In both cases, the energy cost difference outweighs the higher aircraft-related costs for 

the H2 version while these do not change for a synfuel- compared to a kerosene-powered 

aircraft.  

In comparison with the latter, the H2-powered aircraft fleet could lead to a 1%-decrease in 

total direct operating costs, if a carbon or climate impact tax of 200 USD/tCO2 is added to the 

kerosene fuel costs. Synfuel would still be 2% more expensive given the same carbon tax 

assumption.  

 

From a resource perspective, the case study emphasized the advantage of using LH2 versus 

synfuel as fuel for this aircraft segment. The H2-powered aircraft fleet would require 34% less 

renewable energy per 100 available seat kilometers flown than the synfuel-powered fleet. This 

is mostly driven by the higher fuel production and delivery efficiency (well-to-tank) which is 

56% for all airports with on- and off-site LH2 supply compared to only 35% for the central off-

site synfuel production. Hence, also less renewable energy and electrolysis capacities would 

need to be installed and capital costs would be 42% lower per MWh of fuel produced when 

using H2-powered single-aisle aircraft.  

 

Final remarks 

 

Beyond the above results, the consequences of the sector’s journey to decarbonize by 2050 

are briefly discussed.  

Even though the results of this dissertation emphasize the potentially more economic and 

resource-efficient role of H2-powered aircraft in the single-aisle aircraft segment, this comes 

with a caveat: The LH2 demand projections (Chapter 4) revealed that a larger fleet penetration 

of H2-powered single-aisle aircraft is only achievable in ambitious scenarios by 2050. The rea-

son for this are the long development cycles and fleet penetration times. As a consequence, 

other main climate impact mitigations are also required to be implemented as mitigation 

measures already in the next years. 

Sustainable aviation fuels such as synfuels will be needed in most aircraft segments as net-

zero CO2 options – either for the transition period or even as a long-term solution. However, 

this creates a significant challenge, since the resource efficiency debate might be very central, 

especially in the next decades. Then, most sectors are likely to demand as many renewable 

electricity capacities as possible for each sector’s decarbonization roadmaps while renewable 

energy capacity expansions would still be ongoing. So, renewable energy sources would be a 
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very precious resource. This is why, all further incremental aircraft, operations, and fuel supply 

efficiency improvements must be targeted to reduce the resource requirements. Moreover, 

measures such as re-routing to avoid contrails will be needed to reduce the full climate impact 

of aviation in the mid- and long-term.  

 

Nevertheless, the development of H2-powered aviation might lead to positive long-term effects 

(even beyond 2050) for the socio-/macro-economics of most countries with a strong aviation 

market/industry. As indicated in [240,241], fossil kerosene and most likely also synfuels are 

and would be imported from a few exporting countries. This leads to high political dependence 

on these countries and only minor value creation including employment potential for the im-

porting countries. This could change with more distributed, decentralized, and local LH2 supply 

infrastructures – further studies are required to investigate such effects. 

 

Overall, the time is now for starting the development and commercialization of H2-powered 

aircraft that might contribute significantly to a lower climate impact from aviation in 2050 – but 

also later on, because it must not be neglected that achieving long-term climate goals after 

2050 should be equally important due to the projected growth in air travel for the next decades. 

 

7.2 Perspectives on methodology 
 

In this section, the relevant research progress achieved by this dissertation for the general 

academic landscape is highlighted. Thus, limitations are derived here which lead to an outlook 

in Section 7.3. 

 

Scientific novelty of this thesis 

 

The novelty of this thesis is not only the holistically evaluated economics and efficiencies of H2 

propulsion and supply for aviation but also six developed methodologies that could be used in 

future research: 

1. Evaluation of direct operating costs: In this dissertation, the direct operating cost meth-

odology is adjusted to evaluate not only conventional but also H2-powered aircraft which 

could be applied in future studies. Cost effects caused by the H2 aircraft development with 

new propulsion systems and different maintenance aspects as well as different fuel costs 

are included. 

2. H2-powered aircraft design optimization: While the exact aircraft design methodology is 

out of scope of the present thesis and handled by the colleagues of the German Aerospace 

Center (see CRediTs statement in Appendix F), the approach for modeling H2-powered 

aircraft is derived. Furthermore, all relevant insights and data on these aircraft are pre-

sented that could be used by others for further analyses. 

3. LH2 demand modeling for aviation: A process is presented on forecasting future air traffic 

demand and translating it to LH2 demands. For this, adjustable assumptions for the devel-

opment of H2-powered aircraft, e.g., entry-into-service years, are given. This enables re-

searchers to study broader H2 forecasts or hub-forming approaches including aviation as 

a potential application for H2. 

4. Techno-economic optimization of LH2 refueling systems: An optimization approach is 

presented to minimize the costs of future LH2 refueling systems at airports. It combines a 

first-of-its-kind techno-economic data collection with an outlook on the optimization choices 

to select the most suitable refueling setup for any airport. This methodology is a solid start 

to be further advanced by other researchers. These could further elaborate, e.g., on the 

detailed thermodynamic efficiency effects of refueling. 
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5. Green LH2 supply optimization: This thesis combines a detailed techno-economic as-

sessment of three different green LH2 supply chains with energy system optimization. To 

the best of the author’s knowledge, it is the first attempt to not only evaluate green LH2 

supply costs end-to-end, but also to reflect the operational dynamics of the required com-

ponents. Furthermore, a manual on design rules for such systems is derived. The targeted 

application is aviation, but the methodology and design rules could also be useful for re-

search on other applications requiring LH2. 

6. Holistic evaluation of aircraft decarbonization options in realistic case studies: An 

approach is shown that can be used to benchmark the economics and resource efficiency 

of H2-powered aircraft compared to other fuel technologies. Based on three steps –  opti-

mization of supply costs, aircraft designs, and integration into existing air traffic networks 

– the direct operating costs and operational strategies are determined. The approach might 

be used and modified for further investigations with slightly adjusted research scopes (see 

“outlook” part below).  

 

Limitations  

 

There are three fields of limitations of the presented analyses and methodologies.  

 

In the first field, the high uncertainties behind the future techno-economics and operational 

procedures of the investigated supply components are highlighted.  

The development of the components’ CAPEX, OPEX, and efficiencies for the next decades 

is highly dependent on the technology development, material costs, and large-scale deploy-

ment of H2 infrastructure. As shown in Chapter 5, the cost results further depend on the re-

newable energy costs which are largely influenced by the reliability of the weather data taken 

into account.  

Moreover, the analyses evaluate costs but not prices for green LH2. Due to the lack of data 

on the profit margins of relevant energy companies or H2 component manufacturers, this is not 

considered in this thesis. 

Furthermore, the technological feasibility of economic transportation for LH2 with efficient 

loading and unloading processes is still a scientific debate. Inefficiencies along the whole sup-

ply chain must be minimized, but the size of the potential and its costs of reducing or reusing 

the H2 losses has still not been characterized for most components yet. 

Additionally, operational procedures, e.g., for the liquefaction plant or the GH2 pipeline sys-

tems, have only been simulated but actual data from realized plants are not publically availa-

ble. Thus, most simulation efforts for the liquefaction plant stem from one research consortium 

of the IDEALHY project [187] with Linde Kryotechnik [186] and SINTEF [201]. Hence, the as-

sumed inefficiencies in operating an H2 liquefier in part-load (see design options with less LFP 

utilization in Chapter 5) or even shutting it down for the night (at PV-only locations, Section 

5.2) must be further validated. 

This field of limitations highlights the clear need for technology demonstration and develop-

ment for the components/processes that are not developed on a technology readiness level 

(TRL) 9 or not offered with the required large-scale capacities. Only then, new studies with 

more realistic techno-economic parameters, price perspectives, and operational procedures 

can be conducted. Such demonstrations will also support the certification of LH2 infrastructure 

systems at airports to ensure safe operations. 

 

The second field centers around the geospatial aspects of green LH2 supply networks. While 

the analyses in Chapter 6 consider routing distances for GH2 and LH2 transport, the placement 

of components such as the liquefaction plant is not kept flexible for optimization. This means 
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that e.g., in a GH2 off-site setup, the liquefaction plant is only located either at the production 

or the consumption (airport) site. A central placement in between or causing a detour is not 

considered, even though it might enable optimized transport costs from that central place to 

several airports. This would require an optimization approach that ensures computability with 

detailed techno-economic considerations and geographic information. Most often this would 

be done using linear models [225]. Then, existing H2 production and renewable energy plants 

as well as future H2 markets could also be reflected. Thus, the transport modes such as rail or 

inland vessels, which are not in the scope of this thesis, might be modeled, too. 

 

The third field focuses on transition-optimized modeling. The thesis investigates cost bench-

marks at a specific point in time/scenarios, e.g., 2035 or 2050. This is a valid approach to 

comparing the economics of different technologies. However, for the calculation of business 

cases and investment decisions, the deployment must be evaluated over a longer relevant 

period of time. This includes the transition years where large investments are required, but the 

LH2 demand is ramping up slowly. In that case, computability with non-linear modeling is often 

not given, and linear models are needed [96]. Nevertheless, the insights from the design rules 

(Chapter 5) can be used as an informed decision for more realistic linear assumptions. 

 

7.3 Outlook 
 

Building on the limitations, this work is concluded with an outlook on future research topics as 

well as industry and policy recommendations derived from the previously shown methodology 

and results. 

 

Research agenda 

 

Three research fields could be addressed based on this thesis to further increase the scope of 

investigation or the depth of the techno-economic analyses.  

First, a more holistic evaluation of the economics of decarbonizing other aircraft segments 

with hydrogen should be of interest. For example, the investigation of LH2 supply chains for 

smaller airports and operating costs for regional-sized aircraft (i.e. below 100 passengers) 

would give a perspective of the business cases for regional H2-powered aviation before 2035.  

Second, the case study approach of Chapter 6 might be used for other relevant regions with 

their specific techno-economic assumptions or air traffic network characteristics. Since other 

major air traffic markets, e.g., Northern America or Asia, also cause high climate impacts, eval-

uating the future of single-aisle H2-powered aircraft in that markets would be very relevant for 

the sector’s journey to net zero.  

Third, modeling the access to existing renewable electricity markets or even H2 markets, 

including also blue hydrogen, might positively influence the resulting LH2 supply costs. Then, 

H2 might be procured from such markets in times of low renewable energy production to avoid 

over-designing such plants. Next to local H2 markets, also international trade schemes could 

be included in the analysis. As an example, an auction-based platform (H2GLOBAL) is cur-

rently being discussed to reduce H2 import costs in Germany [319]. 

 

Recommendations 

This thesis contributes to more informed decision-making for main stakeholders in the aviation 

sector and their actions for decarbonizing air travel. The main insights and recommendations 

for seven relevant stakeholders are briefly summarized.  
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For airlines, it is derived that green LH2 might be a more economical fuel choice for decar-

bonizing single-aisle and smaller aircraft compared to synfuels. This holds also in comparison 

with fossil kerosene if carbon/climate impact taxes are applied. Furthermore, this insight means 

to aircraft manufacturers that the development of H2-powered aircraft might be an interesting 

business opportunity given the technological and economic feasibility of aircraft manufacturing. 

Since medium to larger airports could then become hydrogen hubs, LH2 for aviation and de-

signing supply networks around these airports might be growth markets for energy providers 

and H2 component manufacturers. But also airport operators and refueling companies should 

prepare and acquire relevant knowledge on the topic and design potential business cases that 

enable LH2 handling at airports. 

For governments, this study derives that clear regulation or incentives are required to get 

past fossil-fueled aviation, e.g., carbon or climate impact taxes. Also, strategies for import or 

export roles for each country are needed as soon as possible to secure economic supply al-

ready when H2-powered aircraft would enter the market. 

Research institutions also play an important role in enabling the development of H2-powered 

aviation. As derived above, there is still a lot of research required to go into more details of the 

LH2 supply chain designs and economics including the investigation of synergies with other H2 

markets/applications. 

For end consumers, the thesis shows that climate-friendlier aviation with H2 propulsion 

might be possible in 10–20 years, but that ticket costs compared to today might increase – 

e.g., by at least 14% on average in the selected flight network. 

  

Overall, this thesis shows that H2-powered single-aisle aircraft could be a key option to decar-

bonize the segment while saving costs and resources compared to a synfuel option. Therefore, 

clear regulations, cost mechanisms, or incentivize are needed now to steer industry action 

accordingly. Since processes for large-scale deployment of new fuels might take 5–10 years, 

investment decisions have to be taken by the main stakeholders as soon as possible. 
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Appendix 

A Direct Operating Cost modelling 

The Direct Operating Cost (DOC) model was taken from Thorbeck [209] and modified to en-

sure the proper comparison between kerosene- and hydrogen-powered aircraft. The main as-

pects considered are already described in Eq. 3.1 (Chapter 3). The different DOC shares are 

laid out in the following. Thus, modifications for measuring DOC for H2-powered aircraft are 

highlighted. 

In comparison to DOC, COC (cash operating cost) – DOC without capital expenditures 

(CAPEX) for aircraft manufacturing – are often used to compare rather conventional technolo-

gies or aircraft concepts. However, if more radical changes such as new energy carriers are 

applied, the capital costs should be included since they have a major influence. 

 

DOC energy 

 

The only difference to the method from Thorbeck [209] is that instead of mass specific costs, 

energy specific costs are implemented. The energy DOC are affected by both the vehicle’s 

performance and the energy specific costs. The interface is the refueling dispenser or fueling 

adapter. Every losses and efforts before are accounted within the energy price. 

 

DOC fees 

 

The strong dependency on maximum take-off mass of air traffic control and airport landing 

fees is correct for conventional aircraft powered with kerosene since it roughly correlates with 

the profitability of the vehicle. However, if new energy carriers are applied, this correlation is 

not given, and new cost structures are likely to be implemented. To cope with this, the same 

fees are assumed for the kerosene baseline and the H2 concepts. However, this must be seen 

carefully since todays “conventional” airport fee structures highly depend on the maximum 

take-off mass. 

 

DOC crew 

 

There is no reason to expect differences in crew DOC from a methodology standpoint. This is 

why the method from Thorbeck [209] is applied in this work. Since the cruise speed and ground 

times are assumed to be similar as for conventional kerosene-powered aircraft, there is no 

effect at crew DOC. 

 

DOC maintenance 

 

Due to the absence of literature dealing with aviation-specific LH2 tank maintenance processes 

and costs, the same mass related approach for the averaged airframe, including systems, is 

applied for the LH2 tanks, see [209]. In other words, the LH2 tank and fuel system have the 

same maintenance expenditures per mass as the rest of the airframe.  

The combustion of H2 instead of kerosene also causes different engine maintenance costs 

especially because of changing turbine inlet temperatures. Since these changes are consid-

ered as rather small and due to the lack of literature, the same approach is applied. 
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DOC CAPEX 

 

As shown in Eq. A1, CAPEX consist of the depreciation (annuity factor 𝑎) and the insurance 

(𝑓ins) of the aircraft’s delivery price (𝑝AC) which again assembles of Recurring Costs (RC) and 

Non-Recurring Costs (NRC) multiplied by the miscellaneous factor (𝑓misc) which includes ad-

ditional costs such as spare parts, see Eq. A2. In addition, an absolute Profit Margin 

(𝑃𝑀AC,absolute ) is added – instead of a relative calculated profit margin, which penalizes more 

expensive aircraft.  

  

 𝐷𝑂𝐶CAPEX = 𝑝AC ∙ (𝑎 + 𝑓ins) (A1) 

 
𝑝AC = (𝑅𝐶 +

𝑁𝑅𝐶

𝑛AC
) ∙ (1 + 𝑓misc) + 𝑃𝑀AC,absolute 

(A2) 

 𝑅𝐶kerosene = ∑𝐶𝑖 + 𝐶load&handling + 𝐶finalAssembly&delivery + 𝑛engine ∙ 𝑝engine 
(A3) 

 

The share of the NRC per aircraft produced (𝑛AC) which mainly consists of development, flight 

testing and prototype expenditures, is rather small for successful commercial aircraft families. 

The RC, shown in Eq. A3, represent the major part of the aircraft price and consist of the 

production related costs. They are calculated by applying the RC method from Beltramo et al. 

[320]. It consists of the sum of each individual component and system costs (𝐶𝑖) as well as 

additional terms for loading and handling (𝐶load&handling) and final assembly 

(𝐶finalAssembly&delivery). The equations for each component can be found in [320]. Since the 

engine is a purchased part, the price per engine (𝑝engine) is added and multiplied by the number 

of engines (𝑛engine). This approach allows an aircraft component wise evaluation and is espe-

cially important for the manufacturer’s competitiveness. 

Even if there are many unknowns in estimating the aircraft delivery price, which often 

strongly differs from list prices, the described approach provides much more realistic capital 

cost sensitivities than the operating empty mass (OEM) related approach, described in 

[209,321]. If more radical changes in propulsion technology or energy carrier are compared 

with conventional aircraft, the described approach is mandatory. 

 

 𝑅𝐶LH2 =  𝑅𝐶kerosene + 𝑛LH2tank ∙ 𝑝LH2tank (A4) 

 with 𝑝LH2tank = 𝐸stored,max ∙ 𝑘LH2tank (A5) 

 

For the LH2 application, the RCs described in Eq. A3 are extended by the LH2 tank price 

(𝑝LH2tank) multiplied by the number of tanks (𝑛LH2tank), see Eq. A4. It is approximated by the 

maximum energy stored in the tank (𝐸stored,max) multiplied by the factor 𝑘LH2tank in USD per 

kWh LH2, see Eq. A5. An averaged factor of 𝑘LH2tank = 650 USD/kWhLH2 from [322] is used. 

Differences between the kerosene and the hydrogen concepts in terms of additional non-re-

curring factors like development expenditures are not considered. 

 

DOC related uncertainties 

 

If the costs for fuel are excluded, key uncertainties for the economic evaluation of H2-powered 

aircraft arise from the main assumptions around the LH2 tank in two ways. First, aircraft CAPEX 

and maintenance costs depend on different cost assumption for the LH2 tank. Considering the 

most conservative and optimistic tank CAPEX factors from [322], the uncertainty in total 

CAPEX are ±6% for the single-aisle concept. Based on the total DOC, this results in a variation 

of around ±1%. However, if the LH2 tanks need to be removed and replaced during the lifespan 
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of the aircraft due to cycle limitations, much higher costs arise. The uncertainties for the mainte-

nance costs cannot be properly predicted yet due to the missing research in this field. 

Second, the LH2 tank mass also influences the performance of the single-aisle H2 aircraft. 

By varying the LH2 tank mass assumptions between very optimistic and pessimistic scenarios, 

the design block energy consumption increases between increases by 5% in a best and 25% 

in a worst case compared to the kerosene baseline. This indicates the importance of detailed 

aviation-specific LH2 tank research.  
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B Aircraft design methodology 

The aircraft design has been conducted with a multidisciplinary sizing loop build in RCE (Re-

mote Component Environment) [323] including the conceptual design tool openAD [324]. Ad-

ditionally, higher fidelity methods comprising aerodynamics, engine performance, mission per-

formance as well as liquid hydrogen (LH2) tank thermodynamics and structural sizing are im-

plemented. To assure a seamless communication within the sizing process, the data scheme 

CPACS [325] is applied. 

The single-aisle design is based on a recalculated Airbus A320neo. This aircraft has been 

projected to the Entry-Into-Service year 2035 by applying new conventional technologies such 

as Carbon Fiber Reinforced Polymer (CFRP) wing and new high-bypass ratio geared turbofan 

engines. Furthermore, the cabin layouts are applied for the design case and the cost evaluation 

case. The single-aisle concept is equipped with a 180 PAX single class standard layout with a 

seat pitch of 28/29 inch which is described in [326].  

 

For H2-powered aircraft, the propulsion system can be either fuel cell systems paired with elec-

tric motors creating thrust through fans or propellers, direct hydrogen combustion in a com-

bustion engine or turbine, or a hybrid system of both fuel cells and H2 combustion [42]. 

In general, it can be stated that the lower the power class of the air-vehicle, the higher the 

potentials for fuel-cell propulsion since the core efficiency of gas turbines highly depend on the 

overall maximum power rating whereas fuel-cells hardly show sensitivities to scaling. However, 

the contrary behavior of efficiency versus throttle settings offers new hybrid potentials: 

Whereas high throttle settings result in high efficiencies and vice versa for gas turbines, the 

opposite is true for fuel cells [327].  

The LH2 tank sizing is conducted with conceptual tank structural and thermodynamic design 

methodologies [49,328].  

Characteristic mid. cruise parameters as well as total LH2 tank volumes and gravimetric 

indexes are listed in Table B1. The gravimetric index is defined as LH2 mass divided by total 

tank structural and maximum LH2 mass, including the fuel delivery and subsystems mass. 

 

 
Table B1: Hydrogen aircraft specifications – Performance characteristics 

  

Parameter Unit Single-aisle (1,500 NM) 

Lift to Drag (mid. cruise) - 17.5 

TSFC (mid. cruise) kg/s/N 4.90e-06 

Total propulsion efficiency (mid. cruise) 
- 39.2% 

Total LH2 tank volume m3 59 

LH2 tank gravimetric index - 42% 
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C LH2 demand projections 

In this part, the approach, sources and assumptions for projecting LH2 demands for aircraft 

propulsion at airports in 2050 are explained. All calculations and detailed results can be found 

in the supplementary material. 

Four steps are taken to derive the LH2 demand scenarios for four different aircraft size 

segments presented in Chapter 4:  

The kerosene demand for aircraft propulsion is calculated for the reference year 2019 at 

three exemplary airports. These airports are meant to be archetypes for intercontinental hubs, 

major national and smaller national airports. 

Based on the results, traffic growth projections reflecting the impact of the COVID health 

crisis are used to determine potential fuel demands at these airports from 2019 to 2050. 

The development of aircraft fleet from 2019 to 2050 is projected in a next step. This enables 

the calculation of the share H2-powered aircraft might have of all flights at the selected airports 

in 2050. Two different introduction scenarios for the introduction of H2-powered aircraft are 

used to reflect more and less progressive assumptions. 

Finally, LH2 demand projections at these airports are calculated based on the kerosene 

forecast, the share of H2-powered aircraft in each aircraft category and energy conversion fac-

tors. 

The underlying methodology and assumptions are detailed out in the following. 

 

Kerosene baseline 2019 

 

In this step, historic air traffic data is used to derive the kerosene demand at three selected 

airports that represent intercontinental hubs, major national and smaller national airport arche-

types. As reference year 2019 is selected to have an undistorted view of traffic data without 

any influences of the COVID health crisis.  

The German Airports Association (ADV) publishes monthly and annual air traffic reports 

including number of passengers and movements at German airports [211]. Since this data is 

not reported by the defined aircraft segments used in this study but by length of the flights 

(national, international), these are translated accordingly. Therefore, it is assumed that national 

flights are flown with regional and single-aisle, international-European flights with single-aisle 

and medium wide-body and international-non-European flights with medium and large wide-

body aircraft. Thus, the assumptions for the relative splits of the aircraft segments in each flight 

category are derived from company reports such as from Frankfurt Airport [329] and flight pro-

files from Flightradar24 [308]. These splits can be very specific for the region that is focused 

on in this work. In countries with very high air traffic demand on short routes (e.g., China) also 

wide-body aircraft could be used for national, short-range flights [7].  

Based on average passenger (PAX) capacities per aircraft segment from [16] and load fac-

tors (here load factors reported for flights departing or arriving in Europe are used) from [330] 

the number of passengers are translated into aircraft departures per each segment.  

Then, average flight distances that are assumed to be specific to the size of airport are 

determined from ICCT average traffic data [7] and reported flight profiles [308]. 

In a final calculation step, the total flight kilometers flown per aircraft segment are multiplied 

by reported average kerosene consumption data (kg kerosene per aircraft km) from the Euro-

pean Environment Agency [331] to derive total kerosene demands in 2019 at the selected 

airports – shown in Chapter 4. 
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Kerosene forecast 2050 

 

Since the projection of future LH2 demands in 2050 is targeted in this work, air traffic growth 

projections are used to calculate a kerosene demand forecast as a reference.  

As part of the WeCare project of the German Aerospace Center air traffic growth forecasts 

were developed [27]. In a recent publication from Grewe et al. [9] these were used to model 

climate impact from aviation over the next 30 years. Their publication including all relevant 

data sets is used in this work to forecast air traffic growth in terms of global revenue passenger 

kilometers (RPK) and the annual improvement of aircraft efficiency over the global fleet. In 

addition to that, a recent market forecast from the International Air Transport Association 

(IATA) is incorporated to reflect the different growth perspectives between domestic and inter-

national aviation [8]. It is assumed that domestic air traffic growth affects regional and single-

aisle aircraft segments and international air traffic growth the wide-body segments. Thus, the 

IATA report also provides insights on the effects of the COVID health crisis on air traffic de-

mand, which are built into this forecast by assuming no air traffic growth between 2020 to 2023. 

Compared to an average annual growth rate of air traffic between 2020 to 2050 of 3.7% without 

the COVID-“shock”, the calculated average growth rate in this work is 3.0% per annum. So, 

the used air traffic projections for the next 10 to 30 years are 16% lower than a projection 

without a COVID-“shock”, which might be a more conservative estimation but is in line with a 

forecast by Embraer [332]. 

Last, the kerosene demand from 2019 to 2050 is projected for the three different airports 

taking the kerosene baseline for 2019 and applying the air traffic growth rates and efficiency 

changes discussed. Results are shown in Table 4.2 and the Supplementary Material of [112]. 

 

Aircraft fleet forecast and H2-powered aircraft scenarios 

 

Next, a forecast is determined for the selected commercial aircraft fleets from 2019 to 2050 for 

each aircraft segment. This is required to calculate potential penetration scenarios of H2-pow-

ered aircraft in relation to the total fleet and new aircraft deliveries. 

As a starting point the global existing fleet of active and temporary parked aircraft in the four 

segments is determined using data available on the open source data base Airfleets.net [333]. 

The fleet numbers are cross-checked with the Commercial Aircraft Market Analysis from Avi-

ation Week Intelligence Network (AWIN) [334] and used as a reference for 2019.  

The development of the commercial aircraft fleet and aircraft deliveries is taken from market 

forecasts published by Boeing [213], Airbus [335] and Embraer [332]. Since Boeing’s and Em-

braer’s market analysis already mention COVID effects, their projected annual fleet growth 

from 2019 to 2029 and 2039 as well as total aircraft delivery units are used for this modeling. 

Furthermore, the growth rates were extrapolated to 2050, since no contradictory indicators or 

forecasts are available for that time period.  

To account for less deliveries and more retirements of aircraft due to COVID effects the 

fleet projection from 2019 to 2024 is adjusted to fit reported market data from AWIN for 2020 

and 2021 [334]. 

In a second part, two different scenarios for the market introduction of H2-powered aircraft 

are derived and the resulting penetration in relation of the total aircraft fleet is calculated. 

Therefore, assumptions for three main parameters are determined for each aircraft segment: 

the entry-into-service (EIS) year, the time for full manufacturing ramp-up – when an aircraft 

manufacturer would be able to fully utilize their production with H2-powered aircraft – and the 

take-rate. The latter describes the quota of H2 aircraft that are sold to airlines or lessors com-

pared to all aircraft deliveries including non-H2 aircraft. 
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As a base case it is assumed that H2-powered regional aircraft will be available from 2030 on. 

Manufacturers would reach full production capacity of regional aircraft by 2034 and 80% of 

these new delivered aircraft would be equipped with H2 propulsion. Assumptions for all seg-

ments are shown in Table C1. In general, these reflect a scenario which already counts on the 

introduction of H2-powered aircraft and that major technological and economic barriers can be 

overcome. While regional and single-aisle aircraft would be a viable purchase option for oper-

ators, H2-powered medium-range aircraft do not play a larger role in the total aircraft fleet by 

2050 mainly due to late EIS and long manufacturing ramp-up times. Here, other decarbonized 

options such as synthetic fuels would be a main option for such aircraft operators in this sce-

nario at least until 2050 as also highlighted by [16,19].  

 
Table C1: Assumptions for fleet projection of H2-powered aircraft – base case 

Aircraft segment 
Entry-into-service 

(EIS) year 

Time for full manu-

facturing ramp-up, 

in years 

Take-rate of H2 aircraft 

vs. all aircraft deliver-

ies in segment 

Regional (jet and turboprop) 2030 4 80% 

Single-aisle 2035 5 67% 

Medium wide-body 2040 6 50% 

Large wide-body >2050  n/a n/a 

 

In a significantly more progressive scenario, called ambitious case, a radical transition to true 

zero emission aircraft concepts is assumed. This could be caused by regulation limiting emis-

sions and emission-related climate effects or by the introduction of very high emission taxes. 

Furthermore, this scenario reflects that H2 propulsion could be the dominant true zero propul-

sion option for regional and single-aisle aircraft – only commuter aircraft with less than 20 PAX, 

which are not considered in this study, might be powered by battery-electric propulsion. In such 

a scenario, a LH2 supply and refueling infrastructure would be available at all airports and also 

medium wide-body aircraft would be available for purchase in the late 2030s to early 2040s. 

All assumptions are summarized in Table C2. 

 
Table C2: Assumptions for fleet projection of H2-powered aircraft – ambitious case 

Aircraft segment 
Entry-into-service 

(EIS) year 

Time for full manu-

facturing ramp-up, 

in years 

Take-rate of H2 aircraft 

vs. all aircraft deliver-

ies in segment 

Regional (jet and turboprop) 2028 2 100% 

Single-aisle 2033  3 100% 

Medium wide-body 2038  4 67% 

Large wide-body >2050  n/a n/a 

 

As shown in both tables and explained in Chapter 4, an EIS of a large wide-body aircraft pow-

ered by H2 propulsion is not assumed to happen before 2050. 

The resulting H2 aircraft fleet penetrations are displayed in Figure C1A for the base case 

and Figure C1B for the ambitious case scenario. These clearly show that the share of H2 air-

craft is relatively low in a base case scenario in 2050. Only in the regional and single-aisle 
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segments, fleet shares of 50% or more would be achieved. Since larger wide-body aircraft that 

account for a major share of emissions from commercial aviation would not be powered by H2 

propulsion, H2 aircraft would be still a “minority” compared to other aircraft at larger airports. 

This is also in accordance with a statement from Airbus saying that traditional aircraft concepts 

will be dominating until 2050 [17].  

 

 
Figure C1: Assumption-based H2 aircraft fleet penetration until 2050 in A) a base case and B) an ambitious case 

scenario 

 

It is important to highlight that more conservative scenarios with lower adoption rates of H2 

aircraft could also be likely. However, these were not further considered for this energy system 

design study. Nevertheless, readers could derive their own scenarios with the help of the Sup-

plementary Material of [112] and see resulting LH2 refueling costs in Chapter 4 where a broad 

range of LH2 demands are investigated. 

 

LH2 demand projections 

 

Based on the kerosene demand projections 2019-2050 and the fleet penetration scenarios of 

H2-powered aircraft the resulting LH2 demands at the selected airports are calculated. There-

fore, the equivalent energy demand of H2-powered aircraft compared to kerosene powered 

aircraft is determined for each aircraft segment. Based on relative changes of the specific en-

ergy consumptions (SEC) of H2 aircraft and the different gravimetric energy densities of the 

fuels (H2 with 33.3 kWh/kg, kerosene with 12 kWh/kg lower heating values) LH2 fuel substitu-

tion factors are derived, see Table C3. Changes of aircraft efficiencies for single-aisle and 

medium wide-body aircraft are taken from [52] – for large wide-body aircraft from [16]. Since 

the regional aircraft segment comprises of jet and turboprop aircraft, a synthesis is taken from 

[16] with an decrease of SEC for turboprop and from [336] with an increase of SEC for jet 

variants.  
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Table C3: Efficiency factors for novel H2-powered compared to kerosene-powered aircraft used to calculate LH2 

demand scenarios 

Commercial air-

craft category 

Relative change of spe-

cific energy consumption 

for H2-powered aircraft vs. 

kerosene reference 

Resulting calcula-

tion factor for sub-

stitution, kg LH2 per 

substituted kg kero-

sene 

Sources 

Regional (jet and 

turboprop) 
~0% 0.36 

Seeckt and Scholz [336] and Clean 

Sky JU and FCH JU [16] 

Single-aisle +12% 0.40 Hoelzen et al. [52] 

Medium wide-

body 
+18% 0.42 Hoelzen et al. [52] 

Large wide-body +42% 0.51 Clean Sky JU and FCH JU [16] 

 

 

The resulting LH2 demands at the three selected airports are shown in Figure C2A-C. Since 

large wide-body aircraft are not assumed to be powered by H2 propulsion in 2050, the total 

LH2-equivalent fuel demand at the airports does not consider this segment. 
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Figure C2: Calculated annual LH2 fuel demand scenarios at A) Frankfurt airport (FRA), B) Hamburg airport 

(HAM), C) Bremen airport (BRE) 
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D Modeling of LH2 energy systems 

D1 Overview 

 

The modeling appendix is divided into two parts. First, further information is given on the meth-

odology to derive CAPEX and future cost projections. Second, detailed techno-economics are 

derived for each component group described in Chapter 2 and Section 5.1. 

 

D1.1 Direct CAPEX incl. scaling approach and concept of learning rates 

The learning rate concept is a standard approach to project future costs in energy technologies 

and is frequently done in research, e.g., [337–341]. For a 2050 cost forecast, the direct CAPEX 

for the reference year 2020 are calculated and then translated into 2050-CAPEX based on 

specific learning rates. It is important to highlight that the learning rate approach does not 

reflect any inflation or interest rate effects. In Eq. 5.4 (Chapter 5), they are represented by the 

cost reduction factor 𝑟𝑖,𝑡 for each component 𝑖. 

 

Reference 2020 direct CAPEX 

 

Direct CAPEX 𝐶CAPEX,direct,𝑖,2020(𝑥𝑖) are derived in detail for each component in Appendix D2. 

As a summary, the 2020 direct CAPEX cost functions are based on the following Eq. D1 and 

D2:  

𝐶CAPEX,direct,𝑖,2020(𝑥𝑖) = 𝑐𝑖,2020(𝑥𝑖) ∗ 𝑥𝑖 (D1) 

with 𝑐𝑖,2020(𝑥𝑖) = 𝑓a,𝑖 ∗ 𝑥𝑖
−𝑓b,𝑖 (D2) 

 

The specific cost factor 𝑐𝑖,2020(𝑥𝑖) for each component depends on the scaling factors 𝑓a,𝑖 and 

𝑓b,𝑖, both shown in Table D1.1 for all relevant components. While this scaling approach is used 

for most H2 components, it is assumed that the RES plants and the electrolysis will not scale 

with larger design capacities. Reasoning is that these components are built modularly and 

hence, only learning rate effects apply. 

  
Table D1.1: Specific direct CAPEX functions in 2020 for selected components from regressions shown in Appen-

dix D2 

Component 𝑖 
Cost scaling fac-

tor 𝒇𝐚,𝒊 for 𝑐𝑖,2020 

Cost scaling fac-

tor 𝒇𝐛,𝒊 for 𝑐𝑖,2020 

Cost function 

defined for 

𝑥𝑖 ≤ 

Fixed cost value 

𝑐𝑖,2020 for 𝑥𝑖 > (see left) 

GH2 compressor 16.3 USD2020/Wel 0.163 16 MWel power 1.1 USD2020/Wel 

GH2 salt cavern 
3,239 

USD2020/kgGH2 
0.355 

4,000 tGH2 

stored 
15 USD2020/kgGH2 

GH2 above-

ground storage 

776.9 

USD2020/kgGH2 
0.053 500 tGH2 stored  385 USD2020/kgGH2 

H2 liquefaction 

plant (LFP) 

7,389,583 

USD2020/tpdLH2 
0.276 500 tpdLH2 

1,330,000 

USD2020/tpdLH2 

LH2 storage 126 USD2020/kgLH2 0.125 400tLH2 stored 25 USD2020/kgLH2 
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Furthermore, the CAPEX functions do not apply for very large design sizes, but a fixed cost 

value is used, see Table D1.1. Otherwise, the cost functions would lead to further decrease of 

costs, which might not be realistic and such large plants might never be realized. The GH2 

compressor size is limited to 16 MWel which is a maximum size found in the report of the H2A 

Delivery Model [197]. Cost effects for salt and rock cavern are kept fixed above 4 Mn kgGH2 

as shown by [156]. For GH2 aboveground storages, no larger facilities were found in literature. 

Largest size of a planned LFP is around 300 tpd, so a limit of 500 tpd is chosen. Above that 

design, it is more likely to see a modularization of LFP plants, since cost savings might be 

limited and modular plants could allow a more flexible operation. For LH2 storages, the largest 

installed projects are at the NASA site with around 300 tLH2 stored [193].  

 

Cost reduction factors due to learning rate concept 

 

Projection of CAPEX functions (Eq. 5.4, Chapter 5) for a scenario or future point in time 𝑡 are 

calculated with cost reduction factors, the learning rate 𝐿𝑅𝑖,𝑡 and the relevant market sizes 𝑆𝑖,𝑡 

(see Table D1.2):  

𝑟𝑖,𝑡 = (
𝑆𝑖,𝑡
𝑆𝑖,2020

)

𝑏𝑖,𝑡

 (D3) 

with 𝑏𝑖,𝑡 =
log(1 − 𝐿𝑅𝑖,𝑡)

log(2)
 (D4) 

Table D1.2: Overview of this study’s assumptions for learning rate effects behind all components and underlying 

sources; mean values of market sizes are calculated based on the values found in indicated studies 

Compo-

nent 𝑖 

Relevant mar-

ket size today 

𝑆𝑖,2020 

Forecasted mar-

ket size in 2035 

𝑆𝑖,2035 

Forecasted mar-

ket size in 2050 

𝑆𝑖,2050 

Learn-

ing rate 

until 

2035 

𝐿𝑅𝑖,2035 

Learn-

ing rate 

2035-

2050 

base 

𝐿𝑅𝑖,2050 

Result-

ing 

cost 

reduc-

tion in 

2035 

base 

vs. 

2020 

costs 

(1-

𝑟𝑖,2035) 

Result-

ing 

cost 

reduc-

tion in 

2050 

base 

vs. 

2020 

costs 

(1-

𝑟𝑖,2050) 

ELY 

0.29 GW ELY 

cap. installed 

[258] 

230 GW 

[220,258,260,342] 

3,800 GW  

[220,258,260,342] 
12% 10% 71% 81% 

GH2 

com-

pressor 

90 Mn tGH2 p. 

a. [258] 

150 Mn tGH2 p. a.  

[220,258,260,303,3

42] 

500 Mn tGH2 p. a. 

[220,258,260,303,

342] 

12% 10% 9% 24% 

GH2 AG 

storage 
Same market assumptions as for GH2 compressor 12% 10% 9% 24% 

LFP 
0.2 Mn tLH2 p. 

a. [304] 
2 Mn tLH2 p. a. 105 Mn tLH2 p. a. 5% 10% 15% 54% 

LH2 

storage 
Same market assumptions as for LFP 5% 10% 15% 54% 
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For the ELY, installed capacities of water electrolysis systems are considered – excluding grey 

GH2 production. Learning rates for such systems vary largely [44,142,145,258], here 12% is 

assumed for the main growth period until 2035 and 10% later on. 

GH2 compressor and GH2 aboveground storages are already in use today for the current 

H2 production capacities and distribution equipment. Consequently, the total H2 market is taken 

to calculate cost reduction factors. Since, GH2 cavern storages are highly individual for each 

project, no learning rates based on market sizes are used. 

 

For LH2 components, no specific market reports are found. The market size is derived as fol-

lows. In 2015, the global H2 liquefaction capacity was around 350 tpd capacity [202] with an-

other 250 tpd announced until 2020 [304]. If it is assumed that 600 tpd LFP capacity were 

operated on 365 days, this results in an annual LH2 production amount of around 0.2 Mn tLH2 

for 2020. As a next step, H2 market forecasts are screened for demands that might require LH2 

and not compressed GH2 in the future. Next to aviation, this could be heavy-duty trucking and 

the maritime sector. It is assumed that 20% of these applications could be either fueled by LH2 

or the supply to refueling stations would be via the LH2 route. With an average demand of 

10 Mn tH2 p.a. [258,303,342] the LH2 share would be 2 Mn tLH2 in 2035. 

In 2050, this study includes further LH2 demands from H2-powered aircraft. An average 

value of 70 Mn tLH2 p.a. is taken from two studies [16,128] predicting demand values of 20–

130 Mn tLH2 for H2 in aviation in 2050. Thus, again 20% of the average market size of H2-

powered trucks and maritime applications (about 170 Mn tH2 p.a.) are added – a total resulting 

LH2 market size of around 105 Mn tLH2. 

Since relevant LH2 markets are not expected to grow significantly before the 2030s, but 

rather between 2035 and 2050, the learning rates are estimated to be higher for the second 

period than for the first. Consequently, a learning rate of 5% is assumed for the time period 

between 2020-2035 and 10% for 2035-2050. Such an approach of different learning rates dis-

tinguishing between an early, intermediate and mature market phase is also used in previous 

studies, e.g., by CSIRO [343]. 

All resulting cost reduction factors are well in line with other reports like from ANL [263] or 

the Hydrogen Council [44]. For the 2050 progressive scenario, the CAPEX are further reduced 

by 25% in all relevant cases compared to the 2050 base case (see Table 2, Section 2.3). 

 

D1.2 Installation, indirect CAPEX and other economic parameters 

Direct CAPEX only consider the equipment costs. However, the supply components need to 

be installed and the project also includes further costs like for engineering design, project con-

tingencies and owner’s costs, e.g., for financing the project. These costs are reflected by the 

cost factors 𝑓inst,𝑖 and 𝑓ind,𝑖 for each component, see Table D1.3 and Eq. 5.3 in Chapter 5.  

 

Several literature sources are found on installation and indirect CAPEX cost factors. In most 

cases, installation CAPEX factors vary between 1.1–1.3 [253,259,262,277,344]. In this study, 

factor 1.2 is taken for all GH2 and 1.3 for more (thermodynamically) complex LH2 components. 

The RES, ES and LFP CAPEX functions already describe total CAPEX.  

Indirect CAPEX factor assumptions mostly range from 1.2–1.3 for different applications 

[253,259,262]. Consequently, an average value of 1.25 is chosen for all components. 

On the availability factor, only a limited amount of sources is available. In general, it is as-

sumed that storage components have a slightly higher availability than conversion compo-

nents. Latter often require shorter maintenance intervals. An availability factor of 98% for con-

version components is taken in [259] for the ELY, in [197] also for the LFP and in [345] for the 
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RES components. Hence, the availability of storages is assumed to be around 99% which is 

in accordance with [259]. 

 

Table D1.3: Further economic assumptions for selected supply chain component – parameters not changing over 

considered time periods 

Component 𝑖 
Installation CAPEX fac-

tor 𝑓inst,𝑖  

Indirect CAPEX factor 𝑓ind,𝑖 

(incl. engineering & design, 

project contingency etc.) 

Availability rate 𝑓avail,𝑖 

Electrolysis system 1.2 1.25 98% 

GH2 compressor 1.2 1.25 98% 

GH2 cavern storage 
Already included in 

CAPEX function 
1.25 99% 

GH2 aboveground storage 1.2 1.25 99% 

H2 liquefaction plant (LFP) Already included in CAPEX function 98%  

LH2 storage & cryopumps 1.3 1.25 
99% for storage and 98% 

for cryopumps 

  

D2 Component specific assumptions and models 

In this part, all relevant techno-economic parameters and models are derived along the three 

energy balances of electricity, GH2 and LH2. All techno-economic parameters that are not ex-

plicitly discussed in the following are shown in Section 5.1.3 Table 5.2.  

 

D2.1 Renewable energy supply, transmission and electric energy storage  

Renewable electricity is generated via utility/large-scale PV, onshore and offshore wind parks. 

For all three options, an availability curve for a specific location is generated with data from the 

open-source platform “Renewable.ninjas” [294,295]. Furthermore, AC electricity transmission 

is assumed for the short distances between best locations for the RES and the H2 energy 

system. Thus, an ES can increase flexibility of operating electricity sourced components. 

 

Photovoltaics (PV) 

 

In this study, one-axis azimuth tracking PV systems with 5% system losses are used, since 

they offer the best cost to output value at the chosen locations. While the azimuth value is fixed 

at 180 degrees, the tilt value differs for each site. Coordinates for the weather data profiles 

(solar yield) are shown in Table D2.1.  

 

Wind on- and offshore 

 
In general, land use of wind turbines is a limiting factor for new installations [346]. Therefore, 

a trade-off between larger power ratings of the turbines and its performance must be made for 

wind onshore plants. Hence, a 7 MW turbine is selected as suggested in [249] for the 2050 

technology projection (today the average is around 4 MW). This turbine is characterized by a 

150 m hub height, 200 m rotor diameter and a resulting specific power around 225 W/m² are 

selected in accordance with [245,249,298].  
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Table D2.1: Coordinates for weather data sourcing via open-source tool “Renewable.ninja” [294,295] 

Location Coordinates for solar yield data  Coordinates for wind speed data 

PV 28.1759, 36.0174 - 

Wind onshore (WON) - 57.4890, -2.2560 

Wind offshore (WOFF) - 55.9211, 7.5256 

Great hybrid (HYB) 27.9459, -10.4636 28.3574, -11.2906 

Weak hybrid (WEAK) 50.2205, 8.7154 50.2205, 8.7154 

  

For offshore wind parks, the IEA/NREL reference offshore turbine for 2050 is taken [296], 

which has a power rating of 15 MW with a 150 m hub height, 240 m rotor diameter and a 

specific power of 330 W/m². 

The locations for the wind power plants are also shown in Table D2.1. Scotland is chosen 

for WON due to its great potential and space availabilities compared to other countries like 

Denmark and Germany (<5–10 GW). For offshore wind parks there is still great potential at 

many sites, here, a space in the Northern Sea is selected [292,293].  

The LH2 energy systems considered in this study require the installation of several wind 

turbines already for very small annual LH2 demands. Previous studies highlight that forming 

such wind parks at sites with limited availability of space can cause significant aerodynamic 

losses for all wind turbines (on average) in that park. Such array losses are highly dependent 

on several park parameters (number, placing, height or rotor diameters of turbines) and the 

specific geography that is investigated [347]. In this study, an representative average energy 

loss for on- and offshore wind parks of 10% is chosen for all sites, a mean value based on 

[348–355]. 

 

Electricity transmission 

 

Since space availability for RES is not always directly at the airport or not both PV and wind 

sites are directly co-located, electricity transmission over 50 to 100 km is assumed on average.  

On short distances, high voltage AC (HVAC) transmission is less expensive than HVDC 

due to costly converter stations [356–359]. Based on values from [358] and [359] costs for 

HVAC cables are 0.3 USD/kW/km which is also in line with [360,361]. Furthermore, substa-

tions incl. transformers are needed which cost 7.8 USD/kW [358]. This results in total trans-

mission costs of 30 USD/kW for 75 km distances. Since this technology is state-of-the-art, no 

cost differences are assumed for the different techno-economic scenarios.  

For the depreciation period, a lifetime of 40 years is assumed with 100% availability 

[358,362]. Electricity losses for the 75 km due to the cables and the substations are 2.5% 

[358,363]. 

 

Electric energy storages 

 

There are several electric energy storage technologies available. Here, a Lithium-Ion based 

grid storage with a 4-hours-durability is chosen. It is modelled via an energy balance. The 

efficiency is assumed to be 95% for charging and discharging (~90% total efficiency) [111,244].  

 

 

D2.2 Gaseous hydrogen equipment 

Techno-economics of the ELY, compressors and GH2 storages are explained in this section. 
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Electrolysis systems 

 

Several water electrolysis technologies are available, but only two low-temperature ELY are 

currently discussed for H2 generation in combination with RES and without making use of any 

heat sources: polymer electrolyte membrane (PEMEL) and alkaline electrolysis (AEL). Long-

term projections of both technologies’ performances are quite similar, which is why generic 

techno-economic assumptions are derived in the following.  

In Figure D2.1, the system efficiency of low-temperature water electrolysis and the relative 

GH2 mass output are shown for rated power and part-load operations. The system describes 

the electrolysis stacks, cooling, purification, drying and control, but not compression of GH2. 

The curve characteristics are derived based on a realized Siemens PEMEL (excluding com-

pressors) [364]. The absolute energy consumption for the stack and system energy consump-

tion (around 50 kWh/kgH2 at rated power) are in line with values found in several sources 

[144,148,155,220,256,259,260,365]. The chosen consumption also represents the degrada-

tion of the stacks leading to 3-5% less performance on average over the whole ELY lifetime 

[143]. More progressive assumptions (green graph) leading to a system energy consumption 

of 45 kWh/kg are based on values from [145,258,262]. 

 

 
Figure D2.1: Electric energy efficiency of chosen electrolysis system in dependence of the relative system power 

rating – left: system efficiency (LHV) with base efficiency of 50 kWh/kgH2 on a system level for 2035 base, 2050 
base case scenarios and progressive efficiency of 45 kWh/kgH2 for 2050 progressive case scenario; right: relative 
GH2 mass flow rate in dependence of power setting 

The default pressure output behind the electrolysis stacks and before a potentially installed 

ELY-compressor is 30 bar. The freshwater consumption of 13 liters per kg H2 generated is 

taken from [111,366]. 

Regarding the economics of the ELY, CAPEX scaling factors are limited, if plant sizes are 

larger than 5–10 MW [145–147,220,256,258]. Hence, fixed direct CAPEX are considered – 

1,000 USD/kWel in the reference year (2020). Based on the learning rates, these decrease to 

292, 190 and 143 USD/kWel in the 2035 base, 2050 base and 2050 progressive cases, re-

spectively. 

The operating cost factor 𝑐OM,ELY,𝑡 (Eq.5.6) for the ELY is calculated based on a fixed oper-

ations & maintenance (OM) factor 𝑐OM,ELY,fixed,𝑡 and a lifetime depending OM factor 

𝑐OM,ELY,stack,𝑡, see Eq. D5. The latter accounts for replacement costs of ELY stacks, when their 

end of lifetime is reached. Therefore, the cost factor for replacing the stacks 𝑐ELY,stack depends 



D Modeling of LH2 energy systems  115 

    

 

on the total CAPEX, the operating hours in the specific year of investigation 𝑡on and lifetime of 

the ELY stacks 𝑡ELY,stack,life (Eq. D6):  

 

𝑐OM,ELY,𝑡 = 𝑐OM,ELY,fixed,t + 𝑐OM,ELY,stack,𝑡 (D5) 

with 𝑐OM,ELY,stack,𝑡 = 𝑐ELY,stack ∗
𝑡on

𝑡ELY,stack,life
 

(D6) 

Main parameters are shown in Table 5.2 (Chapter 5). 

 

Gaseous hydrogen compressors 

 

Compressors are installed as part of the electrolysis system to increase the pressure of the 

GH2 mass flow and as part of the GH2 storages or the GH2 pipeline for loading them at the 

right input pressure. For larger mass flows, which are required in this study, reciprocating com-

pressors are often used. The required electric power rating of the compressor 𝑃GH2comp is cal-

culated as shown in Eq. D7 and D8: 

 

𝑃GH2comp =
1

𝜂
 ⋅

𝜅

𝜅 − 1
⋅
𝑅 ⋅ 𝑍H2 ⋅ 𝑇in

𝑛H2
⋅ ((

𝑝out
𝑝in

)
(1−

1
𝜅
)

− 1) ⋅ 𝑚̇GH2comp,in (D7) 

with 𝜂 = 𝜂isen ⋅ 𝜂ele ⋅ 𝜂motor (D8) 

 

Inputs are the universal gas constant 𝑅 (8.314 J/(mol*K)) and the temperature of the GH2 feed 

𝑇in which is assumed to be equal to an average ambient temperature of 288.15 K. Multi-stage 

compressors and cooling of these compressors stages should lead to constant temperatures 

for GH2 compression. The compressibility factor 𝑍H2 (1.0059) is relatively constant in a GH2 

pressure range of 30-200 bar [170]. Further constants are 𝜅 (1.4), the molar mass of H2 𝑛H2 

(2.01588 g/mol), the isentropic efficiency 𝜂isen (85%) [197,266], the electric efficiency  𝜂ele 

(95%) [197] and the motor efficiency 𝜂motor (91%) [197]. 

 

The input pressure 𝑝in for the incoming GH2 feed is an optimization variable. The resulting 

output pressure 𝑝out behind the compressor is given by the operating pressure of the storages 

or the pipeline.  

Furthermore, H2 losses occur at every compressor station with 0.5% per kgGH2 feed 

[106,111], which is reduced to 0.4% in the 2050 progressive scenario [152]. 

Direct CAPEX are derived from sources that focus on lower-pressure compressors (120-200 

bar target pressures), shown in Figure D2.2.  
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Figure D2.2: Direct CAPEX functions for GH2 compressor systems based on DOE [152], Argonne National Labor-

atory [263], Stolzenburg et al. [257], Concepts NREC report [154], DLR [264,275], Léon [265], Yang & Ogden 
[266] 

Gaseous hydrogen storage 

 

GH2 is stored in underground caverns or aboveground pressure tanks that store H2 at maxi-

mum pressures of 180 bar and 200 bar, respectively. For both, only H2 losses are computed 

for the compressors when filling the storages (𝑚̇GH2Sto,in) – no losses are assumed for storing 

GH2 or unloading (𝑚̇GH2Sto,out). A constant throttle valve is used for unloading at the minimum 

allowable storage pressure. This minimum pressure is equal to the pressure on the GH2 bal-

ance which is an optimization variable (Section 5.1.2). The stored mass 𝑚GH2Sto is computed 

as follows (Eq. D9):  

 
𝑑

𝑑𝑡
𝑚GH2Sto = 𝑚̇GH2Sto,in − 𝑚̇GH2Sto,out (D9) 

Furthermore, maximum loading and unloading mass flows constraint the operation of the stor-

ages. While this is of minor importance for the aboveground tanks (several hours for full load-

ing/unloading assumed), the mass flow into/out of the underground storage is limited to a max-

imum pressure change of 10 bar per day inside the cavern [155,257,367]. This equals a 

change of around 8% of the total mass in the storage per day. Reason for this constraint is the 

thermo-mechanical stress in the geological formation when loading/unloading, which has to be 

limited for stable operation and long lifetimes.  

 

CAPEX functions for the storage systems (excl. compressors) are shown in Figures D2.3-4. 
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Figure D2.3: Direct and installation CAPEX functions for GH2 cavern systems based on DOE [152], Argonne Na-

tional Laboratory [263], HySecure project [273], Buenger et al. [155], Michalski et al. [160], HyUnder project [274], 
Stolzenburg et al. [257], Reuß et al. [106] and Lord et al. [157] 

 

Figure D2.4: Direct CAPEX functions for GH2 aboveground systems based on DOE [152], Argonne National La-

boratory [263], Buenger et al. [155], HyUnder project [274], Stolzenburg et al. [257], Parks et al. [277], DNV [278], 
Zoulias et al. [279], Ulleberg et al. [268], Karellas and Tzouganatos [280], Carr et al. [281] and Reuß et al. [106] 

 

D2.3 Liquid hydrogen equipment 

This section describes all stationary LH2 equipment, the LFP and storage systems. 

 

Liquefaction plants 

 

In the following, the specific energy consumption (SEC), losses and CAPEX are derived for 

the LFP.  

The SEC depends on the ideal, minimal theoretical, liquefaction work 𝑤LFP,ideal which 

changes with different conditions of the GH2 feed and the targeted end state of LH2 after the 

liquefaction [181]. When the GH2 feed is between 1–100 bar at a temperature of 288.15 K (as 

in [188]) with standard saturation of ortho- to para-H2 molecules, the ideal work to reach satu-

rated LH2 is between 2–3 kWh/kgLH2 plus 0.625 kWh/kgLH2 for the ortho- to para-H2-conver-

sion [368]. This improvement potential also emphasizes why the optimization of the pressure 

on the GH2 balance is of interest which feeds into the LFP. The ideal work characteristics are 

shown in Figure D2.5 using the regression in Eq. D10: 
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𝑤LFP,ideal(288.15 K, 𝑝GH2bus) = 4.0596 ⋅ 𝑝GH2bus
−0.117   [kWh/kgH2] (D10) 

 

A second aspect influencing the LFP’s SEC is the process design of the LFP. In this study, a 

very efficient Claude Cycle process with a mixed refrigerant pre-cooling cycle is selected for 

larger plants based on [153,369,370]. The SEC of this cycle 𝑒LFP,cycle is calculated based on 

its coefficient of performance 𝐶𝑂𝑃 (0.46) and the ideal liquefaction work [153]. 

 

𝑒LFP,cycle(𝑝GH2bus) =
𝑤LFP,ideal(𝑝GH2bus)

𝐶𝑂𝑃
⋅ (𝐶𝑂𝑃 + 0.25 ⋅ 𝑓LFP,HEX(𝑝GH2bus) + 0.29) (D11) 

The equation describes that the exergy losses for the liquefaction process are proportional to 

the change of ideal work, but not for the factor of exergy losses in the heat exchangers 𝑓LFP,HEX. 

It decreases by 1% for a feed pressure increase from 25 to 75 bar due to smaller HEX volumes 

– an effect that requires the use of turbo expanders and which is limited to maximum feed 

pressures of 80 bar [153,174]. 

 

𝑓LFP,HEX(𝑝GH2bus) = 1.005 − 0.0002 ⋅ 𝑝GH2bus (D12) 

 

 
Figure D2.5: Ideal work for H2 liquefaction depending on the pressure of the GH2 feed, data from [170,371] 

 

The SEC also depends on the size of the plant 𝑥LFP. Values for 𝑒LFP,size(𝑥LFP) are derived from 

a literature overview where all process exergy calculations were adjusted to a GH2 feed pres-

sure of 30 bar, see Figure D2.6. A regression for smaller plants of 100 tpd capacity and below 

is shown in Eq. D13, above this threshold a fixed optimized SEC is considered. 

 

𝑒LFP,size(𝑥LFP) = {
−1.85 ⋅ ln(𝑥LFP) + 15 − 0.41 kWh/kgH2,   for 𝑥LFP ≤ 100 tpd
6.1 kWh/kgH2,                                                    for 𝑥LFP > 100 tpd

    (D13) 

The final rated specific energy consumption at full load operation is calculated with the results 

from Eq. D11 and Eq. D13: 

 

𝑒LFP,rated(𝑝GH2bus,𝑥LFP) =
𝑒LFP,cycle(𝑝GH2bus)

𝑒LFP,cycle(𝑝GH2bus,ref = 30 bar)
⋅ 𝑒LFP,size(𝑥LFP) (D14) 
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Figure D2.6: Size-depending SEC of LFP based on [59,153,270,271,372–376,162,184,187–189,197,198,253] 

The last aspect, which is considered for the calculation of the LFP’s performance is the change 

of efficiency when operated in part-load. Even though data on the characteristic for part-load 

operation is only provided by the IDEALHY project [174] and a slightly different liquefaction 

process design, it is assumed to be relevant and applicable for the process chosen in this 

study, too. The increase of SEC for each mass flow setting is shown in Figure D2.7 and de-

scribed in Eq. D15: 

𝑒LFP,PL(𝑚̇LFP,in) = 1 +

(

 
 2641

(
𝑚̇LFP,in

𝑚̇LFP,in,max
⋅ 100)

1.154 − 12.84

)

 
 
⋅ 0.01 (D15) 

Finally, the resulting SEC for the LFP and a given design pressure on the GH2 balance, the 

design capacity of the LFP and the current operational point in terms of mass flow is deter-

mined: 

 

𝑒𝐿𝐹𝑃(𝑝GH2bus, 𝑥LFP, 𝑚̇LFP,in) = 𝑒LFP,rated(𝑝GH2bus, 𝑥LFP) ⋅ 𝑒LFP,PL(𝑚̇LFP,in) (D16) 

 

In a next step, losses of the LFP are considered. H2 losses occur mostly in compression and 

expansion steps. While literature values indicate a range of 0.5–1.65% losses per kgH2 feed 

[153,167,187], these often include losses due to a compression of H2 from 1 to 30 bar. Since 

this study excludes this compression step from the LFP (part of the ELY), H2 losses are as-

sumed to be 1% in the 2035 and 2050 base and 0.5% in the 2050 progressive scenarios. In 

addition to that, losses of the mixed-refrigerant (MR) occur: 0.5% of MR per kgH2 feed going 

through the LFP [153]. Costs for the MR are taken from [153,377] with 0.50 USD/kgMR. Seal 

gas losses are very small and already part of the fixed OM costs. 
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Figure D2.7: Factor for SEC change in part-load operation depending on the LFP’s mass flow setting from [174] 

 

The specific total CAPEX 𝑐CAPEX,total,LFP,𝑡 of the LFP are shown in Figure D2.8. In contrary to 

the CAPEX functions of other components, one additional effect has to be reflected for the 

LFP. The increase of the GH2 feed pressure comes at a cost for more robust heat exchangers. 

In terms of the total CAPEX 𝐶CAPEX,LFP,𝑖(𝑥LFP, 𝑝GH2bus), this causes an increase of 1.5% for a 

heat exchanger (HEX) in a LFP that is designed for 80 bar vs. a standard 30 bar feed pressure 

[153,378]. The total CAPEX for the LFP are calculated as follows with the additional cost factor 

for the HEX pressure adoptions 𝑓LFP,HEX, which is valid for 30 bar ≤ 𝑝GH2bus ≤ 80 bar: 

 

𝐶CAPEX,LFP,𝑖(𝑥LFP, 𝑝GH2bus) = 𝑟LFP,𝑖 ⋅ 𝑓LFP,HEX(𝑝GH2bus) ⋅ 𝐶CAPEX,total,LFP,2020(𝑥LFP) (D17) 

with 𝑓LFP,HEX(𝑝GH2bus) = 0.0003 ⋅ 𝑝GH2bus + 0.991 (D18) 

 

 

Figure D2.8: Total CAPEX function for LFP depending on the design capacity, values based on DOE [372], ANL 

[263], IDEALHY project [187], H21 report [253], Hank et al. [270], Nexant report [197], Reuß [198], Yang & Ogden 
[162], Teichmann [271], Cardella [153], Alder [59] 

 

 

 

 



D Modeling of LH2 energy systems  121 

    

 

Liquid hydrogen storage systems 

 

There are different sizes and applications of LH2 storages realized today. In this study, spher-

ical shapes are considered. Such tanks come with a slightly higher ullage (not usable mass to 

ensure stable cryo-temperatures) of 10% compared to around 5% for cylindrical tanks (e.g., 

on LH2 trucks) [379]. Even though the storages are double-wall vacuum insulated, boil-off oc-

curs. The boil-off (BO), self-discharging factor 𝑘BO,LH2Sto can be calculated using this regres-

sion in dependence of the storage size (Eq. D19) which is derived from literature values shown 

in Figure D2.9: 

 

𝑘BO,LH2Sto = 0.014𝑥LH2Sto
−0.255  (D19) 

The total stored mass 𝑚LH2Sto in the LH2 storages can be determined with the fill level of the 

storage 𝐹LH2Sto, all LH2 storage mass flows and the maximum capacity of the tank 𝑚LH2Sto,max: 
𝑑

𝑑𝑡
𝑚LH2Sto = 𝑚̇LH2Sto,in − 𝑚̇LH2Sto,out − 𝑘BO,LH2Sto ⋅ 𝐹LH2Sto ⋅ 𝑚LH2Sto,max (D20) 

The specific direct CAPEX functions for LH2 storages are shown in Figure D2.10. 

For cryopumps, only limited information is available due to few realized products yet 

[112,115,198]. The pumps are designed based on maximum loading and unloading flow rates 

required for the LH2 storages. They have a fixed electric energy consumption of 0.1 kWh/kgLH2 

flow rate and also a constant specific direct CAPEX factor of 256 USD per kg/h capacity in 

2020 [106,197,198]. Due to learning effects this is assumed to decrease to 218 and 162 USD 

per kg/h in 2035 and both 2050 scenarios, respectively. 

 

 
Figure D2.9: Boil-off losses for LH2 storages depending on storage size, values from Decker [379], NASA [193], 

Barckholtz et al. [380] and Zuettel [381] 

 



D Modeling of LH2 energy systems  122 

    

 

 

Figure D2.10: Direct CAPEX function for LH2 storages (excl. cryopumps) based on DOE [152] and ANL [156] 

 

D2.4 Hydrogen transport equipment 

GH2 pipelines and LH2 vessels in combination with LH2 trucks are the main H2 transport modes 

in scope of this study. All relevant techno-economics are derived in this section. 

 

GH2 transport via pipelines 

 

The GH2 pipelines can be new built or retrofitted based on decommissioned natural gas pipe-

lines. A pipeline system consists of many components – however, CAPEX are mainly caused 

by the pipes and the compressor stations. The number of compressor stations required for a 

given pipeline system is determined based on several design parameters like the mean flow 

speed through the pipeline 𝑣̇pipe,m.  

The pipeline input pressure 𝑝pipe,1 is set to 70 bar and the final output pressure 𝑝pipe,2 to 30 

bar, which is in line for the design of medium to larger transmission pipelines [163,164].  

In a first step, the required diameter of the pipes has to be calculated with the cross-sec-

tional area of the pipe 𝐴pipe, the maximum flow rate 𝑚̇pipe,in,max, the mean density of H2 in the 

pipes 𝜌𝑚 and the mean flow speed (Eq. D21). The maximum flow rate is sized according to 

the maximum intake capacity of the LFP 𝑚̇LFP,in,max, while the mean flow speed must be at 

least 10 m/s and must not exceed 20 m/s. Further inputs for computation of the mean density 

is a regression from [170] in Eq. D22 and the mean pressure in the pipeline 𝑝m (Eq. D23):  

 

𝐷pipe = 2 ⋅ √
𝐴pipe

𝜋
= 2 ⋅ √

𝑚̇pipe,in,max

𝜋 ⋅ 𝜌m ⋅ 𝑣̇pipe,m
 (D21) 

with 𝜌m(𝑝m) =  −5 ⋅ 10
−5 ⋅ 𝑝m

2 + 0.0841 ⋅ 𝑝m + 0.0007 (D22) 

with 𝑝m =
2

3
 ⋅
𝑝pipe,1
3 − 𝑝pipe,2

3

𝑝pipe,1
2 − 𝑝pipe,2

2  (D23) 
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In a second step, the maximum length between two compressor stations 𝐿GH2pipe,comp is de-

rived in Eq. D24 (Darcy-Weisbach-equation [382]) with the friction factor 𝜆pipe (Eq. D25 – Niku-

radse-equation [383]), mean compressibility 𝐾m (Eq. D26, [170]) and the norm volume flow 

rate 𝑉̇n (Eq. D27): 

𝐿pipe,comp = (𝑝pipe,1
2 − 𝑝pipe,2

2 ) ⋅ (
𝐷pipe
5

𝜆pipe
⋅
𝜋2

16
⋅
𝑇n
𝑇m
⋅

1

𝜌n ⋅ 𝑝n ⋅ 𝑉̇n
2 ⋅ 𝐾m

) (D24) 

with 𝜆pipe = (2 ⋅ log (
𝐷pipe

𝑘pipe
) + 1.138)

−2

 (D25) 

with 𝐾m =
1

𝑍H2,n

𝑝m
𝜌m(𝑝m) ⋅ 𝑅s ⋅ 𝑇m

 (D26) 

with 𝑉̇n =
𝑚̇pipe,in,max

𝜌n
 (D27) 

Parameters are the pipe roughness coefficient 𝑘pipe= 0.0002 m, the norm compressibility fac-

tor 𝑍H2,n(1.0005), norm and mean temperatures of GH2 𝑇n (273.15 K), 𝑇m (288.15 K), norm 

density and pressure of GH2 𝜌n (0.0889 kg/m³), 𝑝n (101,325 Pa), and the specific gas constant 

𝑅s (4,124.2 J/kgK). 

In a last step, the number of required compressors 𝑛pipe,comp (Eq. D28) is determined based 

on the total length of the pipes 𝐿pipe,total and the above calculated length between compressor 

stations: 

𝑛pipe,comp =
𝐿pipe,total

𝐿pipe,comp
− 1 (D28) 

Then, the GH2 mass losses 𝑚̇pipe,losses via these compressor stations are derived (Eq. D29): 

 

𝑚̇pipe,losses = 𝑚̇pipe,in − 𝑚̇pipe,in ⋅ 0.995
𝑛pipe,comp (D29) 

 

The specific total CAPEX functions for installing new pipelines (excl. compressors – see D2.2) 

or retrofitting existing pipelines depend on the diameter size of the pipes and are shown in 

Figure D2.11.  

 

 
Figure D2.11: Total CAPEX function for GH2 pipelines (excl. compressors), new-built and retrofitted based on the 

EHB report [164], Sens [111] and Reuß [198] 



D Modeling of LH2 energy systems  124 

    

 

LH2 transport via vessels 

 

The main techno-economics of LH2 vessel transport depend on the number of vessels 𝑛vessel 

required to operate the transport network (Eq. D30), the capacity of the vessels 𝑚vessel 
(Eq. D31) and the trip characteristics.  

In general, the amount of needed vessels is calculated with the number of possible annual 

departures 𝑛vessel,departures and the number of annual trips 𝑛vessel,trips that can be operated 

with one vessel (Eq. D32) given its trip performance (Eq. D33). The number of annual vessel 

departures is an optimization variable and characterizes the transport network design. As a 

constraint, a minimum of weekly departures is taken to ensure a supply reliability at the import-

ing location. Thus, a maximum departure amount caps this optimization variable on the upper 

end – only sequential loading of vessels is assumed at the export terminal. With a loading and 

unloading time at the terminal 𝑡vessel,terminal of 48 h, only 3.5 vessels can be handled per week 

as a maximum. 

𝑛vessel =
𝑛vessel,departures

𝑛vessel,trips
 

(D30) 

𝑚vessel =
𝑚LH2demand ⋅ 𝑓LH2demand,peak

𝑛vessel,departures
 (D31) 

The trip characteristics are determined with the availability of the vessel 𝑓avail,vessel (0.91) 

(8,000 h per year [111,203]), the trip distance 𝐿vessel,trip and the speed of the vessel 𝑣vessel = 

33.33 km/h [111,203,204,285]. 

 

𝑛vessel,trips =
8760 h

𝑡vessel,roundtrip
⋅ 𝑓avail,vessel (D32) 

with 𝑡vessel,roundtrip = 2 ⋅ (
𝐿vessel,trip

𝑣vessel
+ 𝑡vessel,terminal) (D33) 

While loading the vessel, H2 flash losses might occur. In the 2035 and 2050 base cases, this 

is assumed to be 1% of the total mass being filled into the vessel. In the 2050 progressive 

scenario, solutions are available to eliminate such losses. On trips, BO occurs in the storages 

– the GH2 is used for propulsion. Due to the mobile use of the LH2 tanks on the vessel, a BO 

rate with a factor 2.5 is assumed compared to the BO characteristics of the stationary storages 

(Eq. D19, Figure D2.9). This is in accordance with values from [111,203,254,282,285].  

 

The specific total CAPEX per vessel are shown in Figure D2.12 and depend on the LH2 

transport capacity.  

As part of the OPEX, costs are accounted for the fuel consumption (if BO mass is not suffi-

cient), fixed OM for the vessel and other annual OPEX for crew, port or navigation fees. The 

fuel consumption of 0.0189 kWh/tonscapacity/km [384] and the other OPEX of 11.3 Mn USD 

[164,286] are for a vessel with 11,000 tLH2 capacity and are computed proportionally to the 

changing vessel sizes. 
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Figure D2.12: Total CAPEX function defined for LH2 vessels with 1,000-14,000 tLH2 max. capacity, data from Eu-

ropean Commission [282], IEA [254], Niermann et al. [283], Sens et al. [111], Teichmann et al. [271], EHB re-
port/Wang et al. [164] and the Wuppertal Institut [284] 

The design and costs of the import terminals are as large as the capacity of the vessels. 

Techno-economics are calculated as previously described in D2.3 for LH2 storages and cry-

opumps.  

 

LH2 transport via trucks 

 
The truck carries a 4.5 tLH2 trailer storage and an availability of 3,500 h per year [271]. The 

number of trips with one LH2 truck system are calculated as for the vessel in Eq. D32 and D33. 

The mean truck speed is assumed to be 50 km/h [106,111]. The loading and unloading takes 

45 minutes each [112,115].  

As for the LH2 vessel loading, same size of flash losses is assumed when loading the LH2 

truck storages. For the BO rate of the cylindrical tank 0.1% is taken [112]. Thus, a 0.07 kgH2/km 

fuel consumption is chosen for the truck system [106]. 
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E Case study data and calculations 

E1 Data on LH2 supply network 

Table E1.1: 104 airports, country-wise interest rate for renewable energy projects based on [165,385–387], coor-

dinates based on renewable.ninja [294,295], cavern storage availability based on [158,161,164,166,388,389] 

City 
IATA 

code 
Country 

Demand 

category 

Inter-

est 

rate 

Coordinates 

for RES site 

Space 

con-

straints 

Cavern 

storage 

Tirana TIA Albania Small 8% 41.182, 19.507   

Sofia SOF Bulgaria Medium 5% 42.647, 23.567  Yes 

Prague PRG Czech R. Large 6% 50.016, 14.925  Yes 

Tallinn TLL Estonia Small 8% 59.422, 24.994   

Budapest BUD Hungary Large 5% 47.320, 18.630  Yes 

Riga RIX Latvia Medium 9% 57.055, 24.796  Yes 

Vilnius VNO Lithuania Medium 10% 54.583, 25.376   

Krakow KRK Poland Medium 6% 50.171, 20.068  Yes 

Warsaw WAW Poland Large 6% 52.114, 20.109  Yes 

Bucharest OTP Romania Large 8% 44.388, 26.489  Yes 

Algiers ALG Algeria Medium 16% 36.615, 2.851  Yes 

Zvartnots EVN Armenia Small 8% 40.335, 44.473  Yes 

Baku GYD Azerbaijan Small 8% 40.377, 49.625   

Cairo CAI Egypt Large 10% 29.754, 30.855  Yes 

Erbil EBL Iraq Regional 18% 36.231, 43.915  Yes 

Tel Aviv TLV Israel Very large 4% 31.245, 35.183  Yes 

Amman AMM Jordan Medium 12% 31.452, 36.305   

Beirut BEY Lebanon Medium 22% 33.835, 36.013  Yes 

Casablanca CMN Morocco Large 9% 33.283, -8.053  Yes 

Tunis TUN Tunisia Medium 11% 36.418, 10.038  Yes 

Billund BLL Denmark Small 4% 55.747, 9.243 Yes Yes 

Copenhagen CPH Denmark Very large 4% 55.766, 12.004 Yes Yes 

Birmingham BHX England Large 4% 52.546, -1.634  Yes 

London LHR England Very large 4% 51.770, -0.853  Yes 

Manchester MAN England Very large 4% 53.571, -3.008  Yes 

Helsinki HEL Finland Very large 4% 60.374, 24.917 Yes  

Keflavik KEF Iceland Medium 4% 64.035, -22.658   

Dublin DUB Ireland Very large 4% 53.228, -6.212   

Bergen BGO Norway Medium 4% Grid connection Yes  

Oslo OSL Norway Very large 4% 59.629, 10.666 Yes  

Stavanger SVG Norway Small 4% 58.826, 5.608 Yes  

Tromso TOS Norway Small 4% Grid connection Yes  

Edinburgh EDI Scotland Large 4% 57.489, -2.256  Yes 

Glasgow GLA Scotland Medium 4% 55.660, -4.783  Yes 

Stockholm ARN Sweden Very large 4% 59.695, 18.083   

Gothenburg GOT Sweden Medium 4% 58.257, 12.877  Yes 

Sarajevo SJJ Bosnia-Herzegovina Regional 8% 43.979, 17.217 Yes Yes 

Dubrovnik DBV Croatia Small 8% 42.567, 18.264 Yes  

Pula PUY Croatia Regional 8% 44.884, 13.920   

Rijeka RJK Croatia Regional 8% 45.199, 14.583   

Split SPU Croatia Small 8% 43.669, 16.703   

Zadar ZAD Croatia Regional 8% 44.045, 15.469   

Zagreb ZAG Croatia Small 8% 45.795, 16.439   

Larnaca LCA Cyprus Medium 5% 35.030, 33.892   

Athens ATH Greece Very large 6% 37.939, 23.915   

Chania CHQ Greece Small 6% 35.528, 24.114   

Heraklion HER Greece Medium 6% 35.178, 25.312   

Mykonos JMK Greece Regional 6% 37.447, 25.359 Yes  

Santorini JTR Greece Small 6% 36.358, 25.434   

Kos KGS Greece Small 6% 36.788, 27.085   
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Rhodes RHO Greece Medium 6% 35.945, 27.781   

Thessaloniki SKG Greece Medium 6% 40.448, 22.892   

Bologna BLQ Italy Medium 4% 44.561, 11.073  Yes 

Bari BRI Italy Medium 4% 40.953, 17.163  Yes 

Cagliari CAG Italy Small 4% 39.374, 8.982   

Catania CTA Italy Large 4% 37.477, 14.867 Yes Yes 

Rome FCO Italy Very large 4% 41.86, 12.221  Yes 

Milan LIN Italy Large 4% 45.299, 10.241  Yes 

Milan MXP Italy Very large 4% 45.299, 10.241  Yes 

Naples NAP Italy Large 4% 40.965, 14.464  Yes 

Olbia OLB Italy Small 4% 40.885, 9.521 Yes  

Venice VCE Italy Large 4% 45.085, 11.900  Yes 

Malta MLA Malta Medium 5% 35.875, 14.376 Yes  

Faro FAO Portugal Medium 5% 37.197, -8.307 Yes Yes 

Funchal FNC Portugal Small 5% 32.809, -17.252   

Lisbon LIS Portugal Very large 5% 38.676, -8.172  Yes 

Porto OPO Portugal Large 5% 41.267, -8.679  Yes 

Belgrade BEG Serbia Medium 8% 44.918, 20.992   

Ljubljana LJU Slovenia Regional 5% 46.015, 14.469   

Malaga AGP Spain Large 5% 36.684, -4.746  Yes 

Alicante ALC Spain Large 5% 38.533, -1.536  Yes 

Barcelona BCN Spain Very large 5% 41.332, 1.269  Yes 

Bilbao BIO Spain Medium 5% 42.971, -3.218  Yes 

Ibiza IBZ Spain Medium 5% 39.022, 1.423 Yes  

Madrid MAD Spain Very large 5% 40.165, -3.244  Yes 

Mahon MAH Spain Small 5% 39.852, 4.234   

Palma de 

Mallorca PMI Spain Very large 5% 39.41, 2.796   

Santiago de 

Compostela SCQ Spain Small 5% 42.956, -8.467   

Seville SVQ Spain Medium 5% 37.085, -6.619  Yes 

Valencia VLC Spain Medium 5% 39.505, -1.254  Yes 

Istanbul IST Turkey Very large 8% 41.168, 28.310   

Graz GRZ Austria Regional 4% 46.965, 15.821  Yes 

Salzburg SZG Austria Regional 4% 47.899, 13.041  Yes 

Vienna VIE Austria Very large 4% 48.085, 16.745  Yes 

Brussels BRU Belgium Very large 4% 50.687, 3.521  Yes 

Bastia BIA France Regional 4% 42.191, 9.500   

Bordeaux BOD France Medium 4% 44.745, -0.853  Yes 

Paris CDG France Very large 4% 49.033, 2.600  Yes 

Lyon LYS France Large 4% 45.798, 4.276  Yes 

Marseille MRS France Large 4% 43.517, 4.903  Yes 

Nice NCE France Large 4% 43.350, 6.220 Yes Yes 

Toulouse TLS France Medium 4% 43.243, 1.972  Yes 

Berlin BER Germany Very large 4% 52.699, 13.681  Yes 

Bremen BRE Germany Small 4% 53.003, 8.747  Yes 

Dresden DRS Germany Regional 4% 51.173, 13.769  Yes 

Dusseldorf DUS Germany Very large 4% 51.063, 6.439  Yes 

Frankfurt FRA Germany Very large 4% 50.221, 8.715  Yes 

Hannover HAJ Germany Medium 4% 52.470, 9.561  Yes 

Hamburg HAM Germany Large 4% 54.016, 9.091  Yes 

Munich MUC Germany Very large 4% 48.474, 11.791  Yes 

Stuttgart STR Germany Large 4% 48.640, 8.857  Yes 

Amsterdam AMS Netherlands Very large 4% 52.256, 4.670  Yes 

Geneva GVA Switzerland Large 4% 46.693, 6.592  Yes 

Zurich ZRH Switzerland Very large 4% 47.573, 8.727  Yes 
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Table E1.2: 7 export hubs; same sources as in Table E1.1 for interest rates, coordinates and cavern availability 

Port for ex-

port 
Country Demands 

Interest rate 

for RESa Coordinates for RES site 
Cavern 

storage 

Rosslare Ireland 0.5–1.5 MtH2/a 4% 52.265, -6.620  

Aberdeen Scotland 0.5–1.5 MtH2/a 4% 57.489, -2.256 Yes 

Faro/Olhao Portugal 0.5–1.5 MtH2/a 5% 37.459, -8.200 Yes 

Alicante Spain 0.5–1.5 MtH2/a 5% 37.804, -2.426 Yes 

New Morocco 0.5–1.5 MtH2/a 9%b 28.357, -11.291 Yes 

Duba Saudi Arabia 0.5–1.5 MtH2/a 6% 29.048, 37.169 Yes 

Port Hedland Australia 0.5–1.5 MtH2/a 5% -25.42, 113.964 Yes 

a) Interest rate 2 percentage points higher for hydrogen projects due to higher risks [239]  

b) Moroccan pipeline built to connect with EHB (see Table S1.2 in the Supplementary Material of [305]) calculated 

with the Moroccan-specific interest rate 

 

E2 Data on aircraft design  

Table E2 shows all performance parameters of the H2-powered aircraft modeling. The Lift-to-

Drag (LoD) ratio in mid cruise conditions decreases with increasing design range due to the 

increasing maximum LH2 tank volume and hence, the increasing fuselage length. The thrust 

specific fuel consumption (TSFC) in mid cruise decreases and the total propulsion efficiency 

increases with increasing design range due to the higher thrust requirements and engine size. 

The gravimetric index of the LH2 tank structure and fuel systems is increasing from 42% up to 

48% due to scaling effects. The thermodynamic and structural methods for the LH2 tank design 

are described in [390,391]. 

 
Table E2: Hydrogen aircraft specifications – performance characteristics for four design ranges 

 

Parameter Unit H2-1,500 NM H2-2,000 NM H2-2,500 NM H2-3,000 NM 

Lift to Drag (mid. 

cruise) 
- 17.5 17.3 17.2 17.1 

TSFC (mid. cruise) kg/s/

N 
4.90e-06 4.88e-06 4.86e-06 4.84e-06 

Total propulsion effi-

ciency (mid. cruise) 
- 39.2% 39.4% 39.6% 39.8% 

Total thrust required 

(mid. cruise) 
kN 37.7 39.6 41.3 43.0 

Fuselage length m 41.3 43.4 45.3 46.4 

Total LH2 tank vol-

ume 
m3 59 75 93 110 

LH2 tank gravimetric 

index including fuel 

systems 

- 42% 44% 46% 48% 

 

E3 Calculations and techno-economic assumptions for synthetic kerosene benchmark 

For the benchmark in Section 6.4, synthetic kerosene produced with green H2 and CO2 from a 

direct air capture plant (DAC) is used. Therefore, techno-economic assumptions and optimi-

zation results from the LH2 calculations are used (see also Table E3.1): the RES, electrolysis, 

GH2 tanks and compressors. Then, the GH2 is converted into syngas with the reverse water 

gas shift (RWGS) reaction. In the Fischer-Tropsch-synthesis (FT), it is advanced into long-

chain hydrocarbons. These are also called syncrude and can be separated into kerosene-like 

jet fuel and by-products, which also result from the process. In this cost calculation, the by-

products naphtha and liquid petroleum gas (LPG) are resold at a constant market price (see 

Table E3.2). 
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As the synfuel will most likely be produced at a main hub and then imported like it is currently 

done in the kerosene supply chain, only off-site production of synfuel is assumed in this study. 

The synfuel is transported via vessels and then via fuel-cell-powered trucks to the airport. 

Same transport cost models are used than for the LH2 calculations which are described in 

[239]. Since the conventional refueling infrastructure can be used, fixed refueling costs of 

0.01 USD/kg synfuel are assumed for this last step in the supply to the aircraft [16]. Table E3.2 

shows the techno-economic assumptions for synfuel production as well as for the transporta-

tion. The TAC of the individual components 𝑖 are calculated with sum of the specific CAPEX 

𝑐CAPEX,𝑖 multiplied by the annuity factor 𝑎𝑖 and the specific OPEX 𝑐OPEX,𝑖 with 

𝑐TAC,𝑖 = 𝑐CAPEX,𝑖 ⋅ 𝑎𝑖 + 𝑐OPEX,𝑖 . (E1) 

 

The synfuel costs are calculated analogous to the LH2 models using the annuity factor from 

Eq. 3. The specific synfuel costs 𝑐𝑇𝐴𝐶 are calculated as shown in Eq. E2 to E4: 

 

 𝑐TAC = (𝑐TAC,H2 ⋅ 𝑓H2 + 𝑐TAC,DAC ⋅ 𝑓CO2 + 𝑐TAC,synfuel) ⋅ 𝑓syncrude (E2) 

   

with 𝑐TAC,H2 = 𝑐TAC,Ely + 𝑐TAC,GH2storage + 𝑐TAC,H2comp (E3) 

   

and 𝑐TAC,synfuel = 𝑐TAC,FT+RWGS + 𝑐TAC,synfueltank (E4) 

 

The specific costs of the H2, CO2 and synfuel components 𝑐TAC,H2, 𝑐TAC,CO2 and  𝑐TAC,synfuel are 

multiplied by the factors for the H2 and CO2 demand 𝑓H2 and 𝑓CO2 which are shown in Ta-

ble E3.2. More than 1 kg syncrude has to be produced to get 1 kg synfuel because of the by-

products. This effect is taken into account by the factor 𝑓syncrude, which is also shown in Ta-

ble E3.2. The specific energy demand for the synfuel production 𝑒synfuel is calculated with 

 

𝑒synfuel = (𝑒Ely ⋅ 𝑓H2 + 𝑒DAC ⋅ 𝑓CO2 + 𝑒FT+RWGS) ⋅ 𝑓syncrude (E5) 

 

where the energy demands for the H2 and CO2 production, 𝑒Ely and  𝑒DAC, are multiplied by the 

corresponding factors (Table E3.2). Then, also the energy demands of the Fischer-Tropsch 

and RWGS process  𝐸FT+RWGS are accounted to determine the overall total specific energy 

demand for the syncrude production. Finally, the specific energy demand for synfuel produc-

tion is derived by multiplying with the syncrude-to-synfuel-factor (Eq. E5). 

It is important to note that the lower heating value of synfuel is 12.28 kWh/kg which differs 

slightly from conventional kerosene [392,393]. 
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Table E3.1: Utilization of the synfuel components for four locations in 2035 and 2050 – results from LH2 off-site 

system optimization 

Component Unit 
Scotland Portugal Saudi Arabia Australia 

2035 2050 2035 2050 2035 2050 2035 2050 

Utilization          

Electrolysis 

system 

h/a 5,619 5,242  5,309 4,602  4,942 4,483  5,396 5,619  

DAC h/a 7,833 7,920  7,993 7,911  7,929 7,639  7,884 7,724  

Fischer-Trop-

sch + RWGS 

h/a 7,833 7,920  7,993 7,911  7,929 7,639  7,884 7,724  

Energy  

demand 

         

Electrolysis 

system 

kWh/ 

kgH2 

49.09 48.95 47.83 47.89 48.03 48.52 47.70 47.62 

DAC kWh/ 

kgCO2 

1.73 1.28 1.73 1.28 1.73 1.28 1.73 1.28 

Fischer-Trop-

sch + RWGS 

kWh/ 

kgsyn-

crude 

0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37 

LCOE USD/ 

MWh 

24 18 28 20 32 22 27 21 

 

Table E3.2: Techno-economic assumptions for the synfuel production 

Component 2035 2050 Sources 

DAC (low temperature)    

Specific CAPEX 1 USD/kgCO2 per year 0.60 USD/kgCO2 per year [394–396] 

Depreciation period 25 years 25 years [394–396] 

O&M factor 4% 4% [394–396] 

Electricity consumption 

(electricity demand + heat 

demanda) 

1.73 kWh/kgCO2 1.28 kWh/kgCO2 [394–398] 

Fischer-Tropsch + RWGS    

Specific CAPEX 0.46 USD/kg syncrude p.a. 0.40 USD/kg syncrude p.a. [394,399,400] 

Depreciation period 30 years 30 years [399–401] 

O&M factor 4% 4% [399,400,402] 

Electricity consumptiona 0.37 kWh/kg syncrude 0.37 kWh/kg syncrude [392,399] 

Specific H2 demand 𝑓H2 0.48 kgH2/kg syncrude 0.48 kgH2/kg syncrude [392,393] 

Specific CO2 demand 𝑓CO2 3.06 kgCO2/kg syncrude 3.06 kgCO2/kg syncrude [392,393] 
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Product shares    

Naphtha 24% 19% [403] 

LPG 6% 3% [403] 

Synfuel 70% 78% [403] 

Factor for synfuel produc-

tion 𝑓syncrude 

1.43 kg syncrude per kg 

synfuel 

1.28 kg syncrude per kg 

synfuel 

 

Naphtha selling price 0.50 USD/kg naphtha 0.50 USD/kg naphtha  

LPG selling price 0.50 USD/kg LPG 0.50 USD/kg LPG  

Synfuel tank    

Specific CAPEX 0.24 USD/kg synfuel capacity 0.24 USD/kg synfuel capacity [402] 

Depreciation period 20 years 20 years [106,402] 

O&M factor 3% 3% [402] 

Synfuel truck transport    

Total CAPEX truck 305,500 USD 305,500 USD [106,404] 

Depreciation period 12 years 12 years [106,112,239] 

Availability 40% 40% [271] 

O&M factor 3% 3% [112,239] 

Capacity 30,000 kg synfuel 30,000 kg synfuel  

Synfuel vessel transport    

Total CAPEX vessel 48 Mn USD 48 Mn USD [405] 

Depreciation period 25 years 25 years [405] 

Availability 95% 95% [405] 

Capacity 90,000 t synfuel 90,000 t synfuel [405] 

Ullage 0.1% 0.1% [405] 

O&M 3% 3% [405] 

Other OPEX (crew etc.) 5,000 USD/d 5,000 USD/d [405] 

Specified maximum contin-

uous rating 

11,500 kW 11,500 kW [406] 

Fuel consumption 449.96 kWh/km 449.96 kWh/km [406] 

Fuel costs synthetic diesel 0.16 USD/kWh 0.16 USD/kWh [404,407] 

Speed 25.56 km/h 25.56 km/h [406] 

Loading & unloading time 48 h 48 h [405] 

Maximal distance 13,400 km 13,400 km [405] 

a) Full electric heat supply assumed – not enough excess heat in 2050 
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