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A B S T R A C T   

The economic competitiveness of hydrogen-powered aviation highly depends on the supply costs of green liquid 
hydrogen to enable true-zero CO2 flying. This study uses non-linear energy system optimization to analyze three 
main liquid hydrogen (LH2) supply pathways for five locations. 

Final liquid hydrogen costs at the dispenser could reach 2.04 USD/kgLH2 in a 2050 base case scenario for 
locations with strong renewable energy source conditions. This could lead to cost-competitive flying with 
hydrogen. 

Reflecting techno-economic uncertainties in two additional scenarios, the liquid hydrogen cost span at all five 
airport locations ranges between 1.37 and 3.48 USD/kgLH2, if hydrogen import options from larger hydrogen 
markets are also available. Import setups are of special importance for airports with a weaker renewable energy 
source situation, e.g., selected Central European airports. There, on-site supply might not only be too expensive, 
but space requirements for renewable energy sources could be too large for feasible implementation in densely 
populated regions. 

Furthermore, main costs for liquid hydrogen are caused by renewable energy sources, electrolysis systems, and 
liquefaction plants. Seven detailed design rules are derived for optimized energy systems for these and the 
storage components. This and the cost results should help infrastructure planners and general industry and policy 
players prioritize research and development needs.   

1. Introduction 

Aviation is a hard-to-abate sector without a silver bullet for reducing 
the sector’s climate impact and reaching the industry’s net-zero targets 
[1–7]. Even though the total climate impact of the aviation sector is only 
around 5% today, current air traffic growth scenarios imply an enormous 
increase in aviation’s climate impact in comparison to a future decar
bonized world in most other industries without radical measures [8–11]. 

Currently, two main options are discussed to tackle this challenge. 
First, sustainable aviation fuels (SAFs) like biofuels or e-fuels can be used 
as drop-in fuels for existing aircraft. However, their usage leads to a net 
and not true zero CO2 emission reduction [5,12]. Second, new aircraft 
propulsion and fuel systems using green hydrogen (H2) are promising 
options to achieve true zero CO2 emissions in aviation, but also to reduce 
other climate impacts from NOx emissions or from contrail and cirrus 
cloud creation [1,13–24]. Such systems might be hydrogen-electric 
using fuel cells and electric motors or direct hydrogen combustion jet 
engines. 

Since most of air travel’s emissions stem from commercial aviation 
and aircraft with more than 20 passengers, the scope of this study is on 
larger aircraft. For technological feasibility, these commercial H2-pow
ered aircraft would need to be fueled with and store (onboard) liquefied, 
cryogenic hydrogen (LH2) [25–28]. It has a significantly higher volu
metric energy density compared to compressed gaseous hydrogen (GH2) 
and hence, leads to smaller storages and enables more efficient aircraft 
designs. 

Consequently, deploying a LH2 supply infrastructure is key for 
realizing H2-powered aviation – as soon as possible to enable a broader 
introduction of such aircraft in 10–20 years and to reduce the climate 
impact of the aviation sector [29]. Since LH2 can be generated via 
different production pathways, only green H2 from water electrolysis 
using renewable energy plants is considered in this study. This ensures a 
real total reduction potential of the climate impact (from “well-to- 
wheel”) using H2 propulsion for aircraft [1,30–32]. 

A review article by Hoelzen et al. [33] already emphasized that more 
than 50 years of research focused on H2 aircraft propulsion and partially 
on the required novel H2 fuel infrastructure. However, crucial operating 
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cost metrics for airlines indicate that the highest uncertainty for the 
economic future of H2-powered aviation comes from the future LH2 
supply costs and not the aircraft-related developments. 

Relevant previous work on H2 infrastructure assessments can be 
distinguished by two main aspects: the focus of application and the 
applied methodology. 

Several high-level economic assessments on LH2 infrastructure for 
aviation target the right application. These studies provide good over
views of the topic but focus either only on the refueling system at the 
airport or use simpler techno-economic calculations [1,34–37]. 

Contrary to that, detailed studies offer relevant techno-economic 
depth on single components, such as the design of H2 liquefaction 
plants, but not the overall supply chain. Examples and sources can be 
found in Appendix A.2 where component-specific aspects are described. 

Other studies apply more holistic methodological approaches but do 
not focus on LH2 supply or aircraft use cases, e.g., [38–43]. These 
investigate the integration of H2 energy systems with renewable energy 
supply (RES). While most articles focus on the general supply chain 
design, some also analyze geographical contexts using simplified 
techno-economic models [44,45]. Another broad research field in this 
category is focusing on distributed hydrogen refueling systems for road 
vehicles or industrial applications [46–51]. In most of the studies, linear 
modeling approaches are chosen for energy system optimization to 
ensure reasonable computability [52]. This often leads to the use of 
simplified component models and constant parameters. Hence, such 
analyses cannot fully reflect all techno-economic effects and component 
design rules. 

Only a recent study from Sens et al. [53] analyzes supply chains for a 
LH2 end application, heavy-duty vehicles, applying a comprehensive 
techno-economic study design. Nevertheless, they also use a linear 
modeling approach neglecting dynamic effects and change of effi
ciencies when operating RES and H2 component systems. Furthermore, 
their study does not focus on aviation and significantly larger concen
trated demands at one specific location (airport) which can lead to 
relevant economies of scale effects [37]. 

In the present paper, a detailed optimization study is carried out to 
understand the techno-economics of aviation-dedicated LH2 supply 
chains along three research questions:  

• What are the main techno-economic factors enabling competitive 
green LH2 fuel supply at or near airports and hence, the economic 
competitiveness of H2-powered aviation? 

• Are there general design rules for such LH2 on-site production sys
tems to enable the lowest costs?  

• How do the derived economics and design rules change if also off- 
site, import supply chains are considered? 

A further novelty of this study is that non-linear characteristics of 
relevant components are modeled for optimization. This is important 
because the two main conversion systems, the electrolysis system, and 
liquefaction plant, have variable efficiencies depending on their opera
tional set point. Investigating these aspects might help future studies to 
derive more realistic techno-economic assumptions when less complex 
component descriptions have to be used for computability reasons. 

Nomenclature 

a Annuity payment factor 
b Binary optimization variable 
C Cost in USD2020 
c Specific cost in USD2020 
E Electric energy in Wh/kWh/MWh 
e Specific energy consumption in Wh/kWh/MWh 
f Factor (cost or availability) 
F Fill level of storage 
i Interest rate in % 
k Pipe roughness coefficient 
kBO Self-discharging / boil-off loss factor for LH2 storage 
K Compressibility 
κ Heat capacity ratio 
LR Learning rate 
m Mass in kg 
ṁ Mass flow in kg/s 
n Amount (integer) 
η Efficiency 
P Electric power in W/kW/MW 
p Pressure 
ρ Density 
r Cost reduction factor 
R Universal gas constant 
S Market size 
TDP Depreciation period in years 
T Temperature in K 
t Time in h 
v Speed in km/h 
v̇ Flow speed in m/s 
w Work 
x Design capacity 
Z State of a storage component 
ZH2 Compressibility factor for hydrogen 

λ Friction factor 

Indices 
avail Available 
HEX Heat exchanger 
i Supply component i 
ind Indirect CAPEX 
inst Installation CAPEX 
OM Operation and maintenance 
PL Part-load 
refri Refrigerant 
t Time period/scenario 
TAC Total annual costs 

Abbreviations 
CAPEX Capital expenditures 
ELY Electrolysis system 
ES Electric energy storage system 
GH2 Gaseous hydrogen 
GH2Sto GH2 storage 
GH2comp GH2 compressor 
H2 Hydrogen 
HYB Tag for great hybrid RES location 
LCOE Levelized costs of electricity 
LFP Liquefaction plant 
LH2 Liquid hydrogen 
LH2Sto LH2 storage 
OPEX Operating expenditures 
PV Photovoltaics; tag for PV location 
RES Renewable energy source 
SEC Specific energy consumption 
tpd Tons per day 
WEAK Tag for weaker hybrid RES location 
WOFF Tag for wind off-shore location 
WON Tag for wind on-shore location  
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Therefore, this paper is structured as follows. In Section 2, the 
methodology and the optimization problem are explained. Then, in 
Section 3, the resulting techno-economics of LH2 on-site supply chains 
including design rules and parameter variations in the form of a scenario 
analysis are shown. In Section 4, the costs of LH2/GH2 off-site supply 
chains are determined based on the selected techno-economic scenarios. 
Finally, conclusions as well as limitations and future fields of research 
are derived in Section 5. 

For better readability, detailed component models and more detailed 
overviews of all optimization results are presented in the Appendix and a 
Supplementary Material file, respectively. 

2. Methodology 

For a better understanding of the study results, the study design, the 
optimization methodology, and the scenario definitions are presented in 
this section. 

2.1. General design of study 

As a start, the study objectives, the LH2 supply chain setups that are 
relevant to the aviation use case, and brief component overviews are 
introduced. 

Objectives 
The general aim of the present study is to determine the most 

economically competitive, green LH2 supply pathways for airports based 
on varying LH2 demand sizes. Therefore, a dedicated deployment of RES 
and LH2 supply pathways to an airport is investigated. 

It could be argued that larger LH2 uptake from aviation is not ex
pected before the years 2035 to 2040 [1] 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 [37]. There, a 
dedicated on-site or off-site infrastructure might lead to the lowest 
supply costs. It is also worth investigating dedicated infrastructure 
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 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. 

LH2 supply system: components and pathways 
In general, three component classes are relevant for LH2 energy 

systems: conversion, storage, and transport components. Thus, three 
main supply setups are likely combining the component classes for an 
airport LH2 supply chain [33,37,54,55]. In Fig. 1, an LH2 on-site, LH2 

Fig. 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 2.3). 
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off-site, and a GH2 off-site supply are shown. 
In a LH2 on-site supply scenario (case 1 in Fig. 1) the RES, H2 pro

duction and H2 liquefaction are at or close to the airport and no longer- 
distance transport of H2 is required. 

In that setting, the following conversion components are required: 
green electricity is generated 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 the ELY. Then, the GH2 is cooled down 
to reach its liquid phase, LH2, at ~20 K in an H2 liquefaction 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 storages are considered. For both of 
these options, compressors 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 [34,37]. Another option with high losses 
would be unloading making use of pressure differentials. 

In this study, LH2 refueling systems will not be considered in detail, 
since the main techno-economics and design choices were already dis
cussed in an own analysis [37]. 

Compared to the on-site supply, the RES, ELY, and LFP are now at an 
exporting location in an LH2 off-site scenario (case 2 in Fig. 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 [56]. 

In a GH2 off-site scenario (case 3 in Fig. 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 generation and the LH2 energy 
system. The GH2 pipelines can either be built “greenfield”, so installing 
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 
in a regular distance which depends on several parameters presented in 
Appendix A.2.4 and discussed in Section 4.2 [46,57,58]. In the retro
fitting case, existing stations are replaced and H2-compatible coatings 
are applied to the pipes. This is an option currently planned in Europe, 
called the European Hydrogen Backbone (EHB) [57]. 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 
[57–59]. 

2.2. Methodology and model equations 

The optimization problem is defined by the objective function, 
optimization variables, main constraints, and operating principles. 

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. 1. The total annual costs are determined for a 
specific time period (scenario) : 

min
∑

i
CTAC,i,t = CTAC,CAPEX,i,t +CTAC,OPEX,i,t USD (1) 

The total annual costs are composed of capital expenditures (CAPEX) 
CTAC,CAPEX,i,t, and operating expenditures (OPEX) CTAC,OPEX,i,t . The CAPEX 
depends on the sizing xi of each component (Eq. 2). Applying the an
nuity payment factor method (Eq. 2 & 5), the CAPEX is determined as 
follows: 

CTAC,CAPEX,i,t(xi) = CCAPEX,total,i,t(xi)⋅ai,t USD (2)  

CCAPEX,total,i,t(xi) = CCAPEX,direct,i,t(xi)⋅finst,i⋅find,i⋅
1

favail,i
USD (3)  

CCAPEX,direct,i,t(xi) = ri,t⋅CCAPEX,direct,i,2020(xi) USD (4)  

ai,t =

(
1 + ii,t

)TDP,i,t ⋅ii,t
(
1 + ii,t

)TDP,i,t
− 1

(5) 

In Eq. 3, the total component CAPEX are calculated by multiplying 
the scenario-independent factors for installation costs finst,i, indirect 
project costs find,i, and the availability of each component 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. 4. The direct CAPEX functions are provided 
in Appendix A.1. The cost reduction factors are used to translate costs 
into the specific time period (scenario) while reflecting learning effects 
(see Appendix A.1.1). 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). 

In Eq. 3, the total component CAPEX are calculated by multiplying 
the scenario-independent factors for installation costs finst,i, indirect 
project costs find,i, and the availability of each component 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. 4. The direct CAPEX functions are provided 
in Appendix A.1. The cost reduction factors are used to translate costs 
into the specific time period (scenario) while reflecting learning effects 
(see Appendix A.1.1). 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). 

Total annual costs from OPEX (Eq. 6) are derived based on fixed 
operations and maintenance (OM) cost factors cOM,i,t for most compo
nents. Only the ELY and transport modes have other OM costs COM,other,i,t 

which are described in the Appendix A.2.2 and A.2.4. 

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
(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. 

Optimization variables and main constraints 
In the following, technical aspects are highlighted of how these LH2 

supply pathways are optimized – starting with the optimization 
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variables. 
The optimization variables are shown in Table 1. The sizing of 

compressors and cryopumps are not treated as separate optimization 
variables and are always designed accordingly to the storage size and 
required charging / discharging mass flows. 

In addition to the design sizes, the decision of building a storage 
component or not is optimized using binary variables (row 8). Lastly, the 
pressure level of the GH2 as the output of the ELY is also subject to 
optimization (row 9). 

Main constraints exist for each component system and are discussed 
in detail in Appendix A.2. 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 an electric power, GH2 
mass flow, and LH2 mass flow level as shown in Fig. 1. First, the electric 
power balance is derived in Eq. 7a for the LH2 on– and off-site supply 
pathway, for GH2 off-site cases in Eq. 7b: 

LH2-on-/off-site : PRES = PELY +PLFP +PGH2comp +PESW (7a)  

GH2-off-site : PRES = PELY +PGH2comp +PES W (7b) 

In the LH2 on-site scenario, the RES (PRES) powers all major com
ponents that draw electricity like the ELY (incl. compressors) PELY, the 
LFP PLFP, the compressors of the GH2 storage systems 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 [37]. This is 
important because it enables discharging the LH2 storages to fulfill de
mands 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. 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. 8a-c: 

LH2-on-/off-site : ṁELY = ṁGH2Sto + ṁLFP,in kg/s (8a)  

GH2-off-site : ṁELY = ṁGH2Sto + ṁpipe,inandṁpipe,out = ṁLFP,in kg/s (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. 
8b. However, when realizing such a GH2-off-site system, the GH2 stor
ages 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 A.2.3, the minimal work required for liquefaction 
decreases slightly with higher input feed pressures. Further information 
on the pressure dependencies for the depicted components is presented 
in Appendix A.2.2–4. 

Third, the LH2 mass flow balances are shown in Eq. 9a-d: 

LH2-on-/GH2-off-site : ṁLFP,out = ṁLH2Sto + ṁLH2demand kg/s (9a)  

LH2-off-site : ṁLFP,out = ṁLH2,export + ṁLH2vesseland kg/s (9b)  

LH2-off-site : ṁLH2vessel = ṁLH2,import + ṁLH2truckand (9c)  

LH2-off-site : ṁLH2truck = ṁLH2Sto + ṁLH2demand (9d) 

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. 

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 optimi
zation even with non-linear models. 

The main goal of the energy management system is to maximize the 
utilization of cost-dominating 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 de
mands for aircraft refueling. In addition to that, the given component 
constraints also apply. 

If storage systems are installed, the state of charge / fill level in
fluences 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. 10–12. 

ELY set-value (in W) : PELY,set = min
(
PELY,set,RES,PELY,set,GH2

)
(10)  

with PELY,set,RES =

{
PRES − PLFP − PGH2comp, ZES = 0

PRES + PES,max − PLFP − PGH2comp, ZES ∕= 0 (11)  

with PELY,set,GH2 =

⎧
⎪⎪⎨

⎪⎪⎩

PELY

(

ṁLFP,in + ṁGH2Sto,max

)

,ZGH2Sto ∕= 2

PELY

(

ṁLFP,in

)

,ZGH2Sto = 2
(12) 

The LFP operation ṁLFP,in,set is set similarly (Eq.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 

Table 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 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 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 GH2 

bus 
pGH2bus  
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limit the maximum operation of the LFP: 

LFP set-value (in kg/s) : ṁLFP,in,set = min
(

ṁLFP,in,set,GH2, ṁLFP,in,set,demand

)

(13)  

with ṁLFP,in,set,GH2 =

{
ṁELY, ZGH2Sto = 0

ṁELY + ṁGH2Sto,max,ZGH2Sto < 0 (14)  

with ṁLFP,in,set,demand =

⎧
⎪⎪⎨

⎪⎪⎩

ṁLFP,in

(

ṁLH2demand + ṁLH2Sto,max

)

,ZLH2Sto ∕= 2

ṁLFP,in

(

ṁLH2demand

)

, ZLH2Sto = 2

(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. 12 and 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. 7a/b, 8a-c, and 9a- 

Table 2 
Economic parameters for main components – further details shown in Appendix A.1 and A.2. Note: resulting total specific CAPEX are shown incl. installation and 
indirect project costs, total cost equations are derived in A.1.  

Component Parameter Unit 2020 
reference 

2035 
base 

2050 
base 

2050 
progressive 

Sources 

PV (1-axis tracking) Specific total CAPEX USD/kW 650 600 400 300 [61–66] 
Depreciation period Years 30 30 30 40 [61–63,66] 
O&M factor % 2.5% 2.5% 2.5% 2.5% [61–63] 

Wind onshore Specific total CAPEX USD/kW 1,300 1,100 900 675 [61,62,67–69] 
Deprec. period Years 25 25 25 30 [63,67] 
O&M factor % 3.6% 3.6% 2.8% 2.8% [63,67] 

Wind offshore Specific total CAPEX USD/kW 2,900 2,500 2,250 1,687 [61,62,67–69] 
Deprec. period Years 25 25 25 30 [63,66,67] 
O&M factor % 3.2% 3.2% 3.3% 3.3% [61,63,66,67] 

Electric energy storage Specific total CAPEX USD/kWh 350 200 150 112 [53,62,64,70] 
Deprec. period Years 15 15 15 15 [53,62] 
O&M factor % 3.0% 3.0% 3.0% 3.0% [53,62] 

Electrolysis system Specific total CAPEX USD/kW 1,500 438 285 214 [71–76] 
Deprec. period Years 30 30 30 30 [77–83] 
Stack lifetimea Operating hours <90 k 90 k 120 k 120 k [72,75,78,79,81,84] 
O&M factor % 3.0% 3.0% 3.0% 3.0% [77,79,81,85–87] 

GH2 compressor Specific total 
CAPEXb 

USD/kW 1,636 1,489 1,243 1,243 [88–92] 

Deprec. period Years 15 15 15 15 [88,93] 
O&M factor % 2.0% 2.0% 2.0% 2.0% [47,88,92,94–96] 

Liquefaction plant Specific total 
CAPEXb 

Mn USD/ 
tpd 

1.33 1.13 0.84 0.63 [73,89,93,97–103] 

Deprec. period Years 20 20 20 25 [97,104] 
O&M factor % 4.0% 4.0% 4.0% 4.0% [75,104,105] 

GH2 cavern storage Specific total 
CAPEXb 

USD/ 
kgGH2 stored 

18 18 18 18 [47,79,88,106–111] 

Deprec. period Years 30 30 30 40 [108–112] 
O&M factor % 2.0% 2.0% 2.0% 2.0% [47,113] 

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 [53,88,96] 
O&M factor % 1.5% 1.5% 1.5% 1.5% [71,95,96,118] 

LH2 storage Specific total 
CAPEXb 

USD/ 
kgGH2 stored 

41 35 26 26 [88,106,119] 

Deprec. period Years 20 20 20 30 [47,96] 
O&M factor % 2.0% 2.0% 2.0% 2.0% [47] 

LH2 cryopump Specific total CAPEX USD per kg/h 416 354 264 264 [37,93,99] 
Deprec. period Years 10 10 10 10 [37,93] 
O&M factor % 3.0% 3.0% 3.0% 3.0% [37,93,99] 

LH2 truck Specific total CAPEX Mn USD per truck 
system 

1.01 0.86 0.64 0.64 [47,53,75,88,89,100] 

Deprec. period Years 12 12 12 12 [37] 
O&M factorc % 3.0% 3.0% 3.0% 3.0% [37] 

LH2 vessel Specific total 
CAPEXb 

Mn USD per vessel n/a 342 274 274 [53,75,80,101,120–122] 

Deprec. period Years n/a 25 25 25 [53,101] 
O&M factord % n/a 4.0% 4.0% 4.0% [53,80,123] 

GH2 pipeline Specific total 
CAPEXb 

Mn USD/km n/a 3.45 2.76 2.76 [53,80,93] 

Deprec. period Years n/a 40 40 40 [53,80] 
O&M factor % n/a 1.0% 1.0% 1.0% [80] 

a) stack replacement costs are assumed to be 20% of the total CAPEX (incl. installation and indirect costs) [77,80,83,87]. 
b) at largest design scaling – more detailed specific CAPEX curves for different component design sizes to be found in Appendix A.2. 
c) Further variable costs: driver salary of 35 USD/h and fuel costs of 3 USD/kgH2 [37]. 
d) Further variable costs: annual other OPEX costs of 11.3 Mn USD and fuel costs of 2.5 USD/kgH2 [80,124]. 
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d. It has to be noted that for the GH2 storages, no re-allocation of GH2 
mass flows is considered between the two options (cavern and above- 
ground). 

If the supply pathway is changed to an LH2-off-site 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 2.3). 

For GH2-off-site 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 avail
ability 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 statically as described in 
Section 2.1. 

2.3. Scenario definitions 

The optimization problem is solved for several scenarios specified by 
different techno-economic parameters, RES locations, and airport 
settings. 

Techno-economic parameters 
Table 2 shows the main techno-economic parameters of the supply 

components used in this study for three main scenarios. 
Since major LH2 uptake from aviation is rather expected for 2050 

and later [1,2,29,37], the main scenario is called the “2050 base case”. It 
reflects great progress in the deployment of general green H2 infra
structure for main use cases, e.g., chemicals, and 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 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. 

For better readability, further parameters and cost functions are 
derived in Appendix A.1 and A.2. Moreover, all derived costs are 
transferred to USD2020 and cost values from literature are corrected for 
the right currency as well as inflation effects using the Chemical Engi
neering Plant Cost Index (CEPCI) [60]. 

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) [37,47]. 

Water for the electrolysis might come from the local supply or 
desalination if only salt water is available. Costs for the latter are taken 
to have a rather conservative estimate of water costs given the potential 
scarcity of water in specific geographies [125]. As shown by Caldera and 
Breyer (2019) [126], desalinated water including transport costs could 
cost <2.24 USD/m3 of water nearly everywhere. 

Since the annuity payment factor method is used, a fixed interest rate 
(cost of capital) is chosen. In this study, RES and electric energy storages 
have a 4% interest rate [61,67,127]. Markets for these technologies are 
established with lower financing risks. 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 
[37,93]. It has to be noted that the interest rate highly depends on the 
country where the project is planned and executed [59,127]. Since this 
study focuses on more generic analyses of techno-economics, no further 
sensitivities from differing interest rates are considered. This will be part 
of future work. 

RES locations and settings 
The chosen modeling approach is based on a time resolution of 8760 

h per year. Therefore, input profiles of RES availability and the LH2 
demand at the airport are derived. In this part, the choice of RES loca
tions and their characteristics are explained. 

It is the main goal of the paper to derive general design rules for LH2 
energy systems as well as best versus worst potential supply costs. 
Consequently, five generic locations are investigated in this study that 
stand for specific, “archetypical” RES (weather) conditions:  

• PV: strong PV (e.g., Saudi-Arabia),  
• WON: strong wind onshore (e.g., Scotland [128,129]),  
• WOFF: strong wind offshore (e.g., Denmark / Baltic Sea [130,131]),  
• HYB: hybrid location with great wind onshore and PV conditions (e. 

g., Morocco [132]) 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” 
[133,134] – further assumptions are presented in Appendix A.2.1. 
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 International Energy Agency (IEA) 
[135–137]. 

The resulting capacity factors of the RES are shown in Fig. 2. Very 
high capacity factors can be achieved for the wind on- and offshore lo
cations (WON and WOFF). Compared to previous work, e.g., in [44], 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 existing (older) wind turbine power curves that might not 
reflect the technological improvement of larger wind turbines. 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 A.2.1. 

There is no grid connection modeled for the ELY and the LFP for two 
reasons. First, this complies with recent regulations presented by the 
European Commission [138]. For green H2 supply, it will be required to 
have purpose-built renewable energy generation (additionality criteria) 

Fig. 2. Capacity factors of RES at chosen locations for the year 2019 (8760 h) 
incl. array losses for wind parks (see Appendix A.2.1). 
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that has a temporal and geographical correlation to the H2 production. 
Only in a few cases, e.g., when the electricity market already has a share 
of >90% RES, a grid connection for the ELY would fulfill this regulation. 
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 [37]. In that case, grid 
supply might be prioritized for all basic energy consumption applica
tions (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 synergistic integration with local renewable energy 
systems is included in this analysis. 

Airport settings 
Lastly, the airport setting with the resulting LH2 demands from 

aircraft is briefly characterized. A more detailed derivation of demands, 
safety and operational aspects of H2-powered aviation can be found in 
previous papers [34,37]. 

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). While these demands could reach levels of greater than 
80 k and greater than 300 k tLH2 per annum (p.a.) at medium and larger 
airports in a 2050 base case scenario, demands at smaller, national 
airports could be below 10–20 k tLH2/a [37]. 

In addition to the total size of demands, the monthly and daily de
mands differ by season and daytime, see Fig. 3. 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 are also considered 
for the profile here. 

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 h. The 
variation of total LH2 demand in a month is also applied in this off-site 
setup. 

3. Liquid hydrogen on-site supply chains 

The techno-economics of LH2 on-site supply chains are now inves
tigated. 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 spe
cific 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. 

3.1. 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 100 k tLH2/a. The demand 
point was found to represent a medium to larger sized airport by 
Hoelzen et al. [37]. 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. 4. Great hybrid RES locations provide the best 
techno-economic conditions for LH2 supply chains – costs range from 
2.04 USD/kgLH2 (HYB) to 2.25–2.27 USD/kgLH2 (WON, PV) and be
tween 3.04 and 3.63 USD/kgLH2 at WEAK and WOFF, respectively. 

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 dif
ference 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, respectively. 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 their 
worse capacity factor compared to the wind regions. 

Similar trends are observed analyzing the total investment costs of 
the on-site energy systems. These range from 1.9 Billion (HYB), 2.0 Bn 
(WON & PV), 2.9 Bn (WEAK), and 3.5 Bn USD (WOFF) with main in
vestments 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. 

Analysis of optimization results and derivation of design rules based 
on 100 k tLH2/a demand point 

For a better understanding of the results presented in Fig. 4, the 

Fig. 3. LH2 demand profiles – left: daily profile for airports with night curfew, no night curfew, or export regions (vessel loading); right: annual demand variation for 
an “average” EU airport; plots created based on data from exemplarily chosen airports [139–141] – see a similar approach in [37]. 
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optimization data will be analyzed in more detail and seven design rules 
for LH2 energy systems (for aviation) are derived.  

I. Component selection: Electric energy storage as well as aboveground 
GH2 storage capacities are not installed in the 2050 base case sce
nario (see corresponding columns in Table 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.  

II. RES: Smallest RES capacity installations are required at great wind 
on– and offshore and largest for weaker RES locations (see PRES in 
Fig. 5). 

Great PV conditions still lead to more than factor 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 Fig. 6A. In the hybrid setups, no 
strong preference for PV or wind onshore plant installations is observed 
(Fig. 5). 

Fig. 6a also reveals that 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 [142] 
and 100 MW/km2 [61,143] is assumed for large-scale future wind on- 
shore 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 100 k 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 re
gions with high land constraints despite higher supply costs.  

III. ELY: Ely-system capacities are designed the smallest for locations 
with the least fluctuating RES profiles throughout the day (see 
Fig. 5, Table 3) 

Fig. 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 100 k tLH2/a demand. 

Table 3 
Optimal design for five locations, 2050 base case scenario with 100 k tLH2/a demand.  

LH2 setup/ 
location 

Component ELY 
PELY,max 

LFP 
ṁLFP,in,max 

Electric energy 
storage EES,max 

Cavern storage 
MGH2Sto,cavern 

Aboveground storage 
MGH2Sto,AG 

LH2 

storage 
MLH2Sto 

GH2 pressure behind 
Ely-system 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  
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Since no electric energy storage is installed, the ELY has to be 
operated flexibly following 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 utilization of the ELY underlines this 

design rule, see Fig. 6A and the relative ELY size in relation to average 
daily LH2 demands in Fig. 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 consumption in part-load 
operation in all cases (see Table 3). 

Fig. 5. Design of RES and ELY for five locations, 2050 base case scenario with 100 k tLH2/a demand.  

Fig. 6. Annual utilization of main components for five locations, 2050 base case scenario with 100 k tLH2/a demand – left side, A. RES, ELY; right side, B. LFP.  
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The annual utilization reaches 88–92% (see Fig. 6B) – minor utili
zation “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 decreases in 
part-load operation (see also Fig. 7 for comparison of sizes between LFP 
and ELY). 

Only at the great PV location no electricity is available at night. 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 night (~12 h). The costs for installing ES to enable maximum utili
zation of the LFP are higher than having a more flexible operation of the 
LFP and the penalty 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.  

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 3 and Fig. 7) 

Even though the CAPEX of larger GH2 cavern and LH2 storage sys
tems 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 buff
ering 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 
requirements 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 utiliza
tion 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 dis
charging mass flow rates of the GH2 cavern storage are more limited due 
to maximum allowed pressure changes (see details in Appendix A.2.2) 
than for LH2 storages, 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 de
ployments that are discussed in Europe with capacities of 
2,000–4,000 tGH2 [144]. Hence, such a large cavern might not always 
be available due to other H2 users, even if geological conditions are 
given. Further discussion on this aspect follows in Section 3.2.  

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 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 A.2.3). 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 de
signs 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 
(Fig. 8). These lead to a 15–20% higher average energy con
sumption 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 scenario. 

In general, the total energy consumption is similar for all locations 

Fig. 7. Relative component design sizes compared to the average daily LH2 demand (274 tLH2/d) for five locations, 2050 base case scenario with 100 k tLH2/a 
demand – ELY in kgH2/d output, LFP in kgH2/d intake and storages in kgH2stored capacity. 
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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 con
sumption 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 to 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 remaining 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, 
Fig. 7). 

The total LH2 supply costs shown in Fig. 4 were explained along 
seven design rules. Main techno-economic factors were derived for on- 
site supply pathways at a demand of 100 k tLH2/a that led to econom
ically competitive LH2 supply costs for H2-powered aviation. In the next 
sections, these are further tested and challenged for different demand 
points and techno-economic scenarios. 

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 2.3) are briefly reevaluated: (1) the geological 
availability of GH2 cavern storage, (2) a differing LH2 demand profile to 

an airport without any night flying restrictions (more constant opera
tion, Fig. 3) and (3) different weather data from other years than the 
reference year 2019. Detailed information on the optimization results 
can be found in Supplementary Material Fig. S1-3. 

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 utilization is only moderate, since it was already very low 
(rule IV). Furthermore, the ELY is sized slightly smaller and better uti
lized 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 0.01–0.03 USD/kgLH2. As described in rule III, the 
ELY is best sized when demand or RES availability 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 is 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 for all 
locations and reference weather years. 

Fig. 8. Total and average energy consumptions as well as total H2 losses along supply chain for five locations, 2050 base case scenario with 100 k tLH2/a demand – 
category “other” describes compressors and cryopumps. 
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3.2. Variation of annual LH2 demands 

As a next step the LH2 demand sizes are varied for the five locations 
to analyze scaling effects, see Fig. 9A. 

Only limited cost reduction effects for larger demand settings are 
observed versus the 100 k 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 
reduction 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 100 k 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. 
For smaller demand settings than 100 k tLH2/a, cost effects are sig

nificant and lead to nearly doubling of figures for very low annual de
mands. Lowering the demand from 100 k to 20 k tLH2/a, supply costs 
increase by 15%, 14%, 9%, 15% and 11% for PV, WON, WOFF, HYB, 
and WEAK locations, respectively. From 20 k to 5 k tLH2/a demands (an 
average of ~14 tLH2 demand per day), the cost increase is reaching 
levels of 25–41% compared to the 100 k tLH2/a demand setting. 

The underlying effects are explained along two main design effects 
that apply especially below 20 k tLH2/a settings. Design aspects depicted 
for the 5 k tLH2/a settings are shown in the Supplementary Material 
(Fig. S4-8 and Table S1). 

First, since specific CAPEX for GH2 cavern storages increases 
significantly more for smaller capacities compared to LH2 storages 
(Appendix A.2.2 and A.2.3), only LH2 storages are installed in these 
energy systems. So, even in smaller demand settings, a design without 
electric energy storage or GH2 above-ground storages is more econom
ical (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 3.1 (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 10 
k 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 2.5–10 k tLH2/a and even 13–15 kWh/kgH2 for 1 
k tLH2/a demand. In the latter setting, a very small LFP with 
<10 tLH2pd capacity is installed. Consequently, the part-load dynamics 
of the LFP are even stronger in such settings, as described in design rule 
VII. See also Appendix A.2.3 for detailed cost and efficiency character
istics of the LFP. 

3.3. Scenario analysis of on-site LH2 setups 

As described in Section 2.3, 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 previously discussed, see 
results in Fig. 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 [59]. 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 to 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 100 k 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 5 k 
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 tur
bines 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. 

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 assump

tions, 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. 
Consequently, 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 Supplementary Material Fig. S9-13 and 
Table S2. 

PV locations show the largest increase in total costs compared to 
other locations, e.g., 42% for the 100 k 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, RES de
signs, 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 
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 increase, 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 
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Fig. 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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due to larger learning effects in a larger H2 market. Thus, more opti
mistic efficiencies, operation cost factors, and depreciation periods are 
assumed for selected components. This leads to a further decrease in 
total supply costs (Fig. 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 to 
− 30%, see all details in Supplementary Material Figs. S14–S18 and 
Table S3. 

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). 

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. Further
more, LH2 storage systems are sized larger than in the base case scenario 
and larger than the GH2 cavern capacities 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 
further cost reductions are assumed (longer lifetimes) and not for in
stallations of GH2 cavern storages in the 2050 progressive scenario. 

Intermediate summary 

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. 

4. Offsite 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 3). 

First, LH2 import pathways are analyzed (Section 4.1). Then, GH2 
import pathways are derived and compared 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 sce
nario analysis is performed for the supply options for WEAK. 

This study focuses on dedicated infrastructure development for LH2 
in aviation. Consequently, a greenfield approach is chosen for the 
importing supply chain like in the on-site setups. Potentially existing 
infrastructure like an international GH2 pipeline system (European 
Hydrogen Backbone [57]), LH2, or ammonia vessel transport networks 
[145–147] is not reflected in the following analysis. As discussed in 
Section 2, 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) [53]. The con
version process of GH2 to ammonia and vice versa adds costly and 
energy-inefficient process steps to LH2 supply chains. 

4.1. 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. 

Setup of LH2 off-site supply chain 
As described in Section 2, LH2 could be transported via larger over

sea 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 production 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 optimization variable in 
Table 1 and Appendix A.2.4. Hence, for low demands and short dis
tances 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 (48 h). 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 2.1), 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 [74]. 

LH2 transport costs 
Cost results for the optimized system are shown in Fig. 10 for the 

three distances using an LH2 demand mass variation (x-axis). As 
described above, the costs for the LH2 export terminal (storage and 
cryopumps) are considered as part of the main LH2 energy system and 
not shown in the LH2 transport costs. 

For an annual demand of 500 k 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 dis
tance, the cost share of LH2 vessels increases to 58% (import terminal 
with 13% and truck with 29%). In that demand case, required in
vestments would already range from 1.4 Bn USD (696 Mn USD for ves
sels, 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 <100 k tLH2/a to around 
0.5–0.7 USD/kgLH2 for >1,000 k tLH2/a. Costs for short and medium 
transport distances differ only by <0.01 USD/kgLH2 because in both 
cases a minimum number of two vessels is required to utilize the 
transport network (see Appendix A.2.4). 

H2 losses also cause costs in the total energy system but are not 
represented in Fig. 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’ pro
pulsion 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. 

J. Hoelzen et al.                                                                                                                                                                                                                                 



Energy Conversion and Management: X 20 (2023) 100442

16

Total LH2 import costs 
Fig. 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 locations – same as in Section 3 for on-site produc
tion. In addition to that finding, the LH2 import option is less econom
ically competitive compared to on-site supply at WEAK airports for 
smaller annual demands with increasing transport distances. For the 
short and medium distances, LH2 import from an HYB region is the 

economically best option for demands larger than 150 k tLH2/a. In the 
long-distance setup, the break-even demands increase to larger than 
400 k tLH2/a. 

More detailed energy system design effects are explained at the end 
of Section 4.2. 

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 
(100 k 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 

Fig. 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”. 

Fig. 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. 
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between export and import regions and the proximity of the receiving 
airports to the importing port. 

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 study with such a range would not lead to a clear 
picture of whether dedicated 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 
dedicated 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. 

4.2. GH2 off-site setups 

This section follows the same structure as the previous one. Addi
tionally, 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 Section 2, a grid connection (renewable elec
tricity power purchase agreement) 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 recom
missioned natural gas pipelines (see Section 2.1). 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 optimization variable. The 
equations describing the dependencies of these parameters that are 
required for the optimization of the transport network can be found in 
Appendix A.2.4. 

In this study, only on-land pipeline systems and no routing factors 
are considered – otherwise, 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 Sec
tion 2.1). 

GH2 transport costs 
The optimized transport costs for the pipelines differ significantly 

between a new built and a retrofitted system, see Fig. 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. 

Total GH2 import costs 
The resulting total costs for the optimized GH2 off-site supply are 

shown in Fig. 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 pipe
lines 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 newly 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 70 k tLH2/a or larger. 
With medium distances this is the case for demands of ~400 k tLH2/a, 
while for longer distances cost parity with the on-site production is 
never achieved. 

In newly 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, newly built pipelines also never 
lead to better LH2 costs than the on-site supply (see right graphs Fig. 13). 

Contrary to the LH2 off-site scenarios, import costs from WON lo
cations are more expensive than from PV locations in the GH2 off-site 
supply. The cause will be explained in the following. 

Fig. 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. 
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Remarks on energy system designs for LH2 and GH2 off-site pathways 
This study 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 100 k tLH2/a reference base case scenario (see 
Fig. 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 vessels 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 h). 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 Figs. S19–S23 and 

Fig. 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 newly built and retrofitted pipelines; 2050 base case scenario. 

Fig. 14. LH2 energy system costs (transport & import terminal costs shown in bubbles separately, have to be added), 2050 base case scenario with 100 k 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 subject for change for all setups. 
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Table S4). 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 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 compensate for these losses. These additional H2 losses lead to 
an extra cost increase of 0.06 USD/kgLH2 (Fig. 14) for LH2 import and 
0.03–0.04 USD/kgLH2 for GH2 pipeline import. 

Third, GH2 off-site setups come with higher total electricity costs, 
since the LFP at the airport is sourced with a green power purchase 
agreement 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 3.1, 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 ca
pacities. In the GH2 off-site supply, the LFP capacity at 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 Figs. S24–S28 and Table S5. 
Consequently, the GH2 import from stronger PV regions becomes more 
competitive than from WON. 

4.3. Scenario analysis for import options 

In the next step, like in Section 3.3, 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 Fig. 15A and 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 Supplementary Material Figs. S29–S32. 

For the sake of clarity, only the best off-site results – the location and 
supply pathway – are shown for each 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 250 
k tLH2/a or larger in a 2035 base scenario (see the purple line in the top 
left graph of Fig. 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 3.3. 

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 de
mands and short distances in the 2035 base case scenario. For medium 
and long distances this improvement potential is 0.81 USD/kgLH2 and 
0.59 USD/kgLH2, respectively. In addition, the HYB location always 
offers the best export costs in the 2035 base but also the 2050 pro
gressive 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 100 k 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 1,500 k 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 distances, 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 partial also in 
medium-distance scenarios (Fig. 15B). 

Even though the costs for the GH2 off-site energy system increase 
(Section 4.2, Fig. 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 distances 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 [74,148,149]. 

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 500 k tLH2/a due to two 
reasons. First, the specific CAPEX for the retrofitted pipeline deployment 
decreases significantly for larger installed diameters. With these reduced 
CAPEX, the pipeline becomes the optimal transport option compared to 
the LH2 vessels. Second, the specific costs for LH2 storage are signifi
cantly higher than for GH2 storage systems in the 2035 base case sce
nario only. In the LH2 off-site setups, these storages are required with 
high capacities 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 expressed in costs (see 
Fig. 14 or Table S5 in the Supplementary Material). 

Table S5 
For demand scenarios of 100 k 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 retrofitted pipeline import options 
for short distances to 3.59 USD/kgLH2. For the very large demand 
setting of 1,500 k 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 (1,500 k tLH2/a) 
where retrofitted pipelines are available in short and medium distances. 

Implications for resulting LH2 supply costs at airports 
From the presented results, three overarching aspects are highlighted 

for the economic future of H2-powered aviation. 
First, LH2 cost uncertainties can be significantly reduced even at 

airports with weaker weather conditions for renewable energy genera
tion 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 (100 k tLH2/a), and when dedicated infrastructure 
deployment is required (no retrofit available). If larger LH2 import 
markets can be created (1,500 k 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. 
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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, plans exist to 
retrofit large parts of existing natural gas pipeline networks for H2 use 
(“European Hydrogen Backbone”). 

Third, also smaller airports (e.g., with a demand of <100 k tLH2/a) 
might profit from potentially lower H2 market prices through large-scale 
import compared to the costs with a dedicated infrastructure deploy
ment approach discussed earlier. Therefore, aggregation of larger H2 
demands would be required in a broader region driving the previously 
shown economies of scale for H2 import scenarios (>500 k tLH2/a). This 
might especially be the case for GH2 markets with pipeline transport via 
retrofitted systems like the European Hydrogen Backbone. 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. 

5. Conclusion 

Three LH2 supply pathways were analyzed at five generic RES lo
cations. The novelty of this study is a detailed techno-economic assess
ment with non-linear energy system optimization. The targeted 
application is aviation and H2-powered aircraft, but the cost results 
could also be useful for supply economics of other applications with 
larger (central) uses of LH2. 

Main insights for designing LH2 energy systems 

The major share of costs is caused by the renewable electricity sup
ply, which results from costs for RES plants and their capacity factor 

Fig. 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 progressive LH2ON-WEAK scenario). 
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depending on the weather at the generation site. In very good condi
tions, on-site LH2 production could be economically competitive with 
final costs of 2.04 USD/kgLH2 at a medium-large airport in a 2050 base 
case scenario. Then, LH2 costs would still be 21% more expensive than 
equivalent kerosene costs from 2019 (1.70 USD/kgLH2) as shown in 
Hoelzen et al. [33]. However, this cost difference might not be given in 
20–30 years, if oil costs and carbon or even novel climate impact taxes 
for kerosene usage increase. If kerosene costs would stay as low as 
assumed in [33] (0.60 USD/kg kerosene), a carbon tax of 111 USD/tCO2 
would lead to parity of LH2 and kerosene costs in the 2050 base case. 

Wind offshore sites have great weather conditions that enable very 
high utilization of all energy system components. Nevertheless, resulting 
LH2 supply costs are least competitive compared to the four other re
gions examined due to the very high CAPEX for the offshore wind park. 

Besides RES conditions, CAPEX reductions and efficient designs for 
the LFP and ELY are key for lower LH2 supply costs, both having similar 
total cost shares. As part of the derived design rules, it is found that LFP 
should always be designed for the highest possible utilization (~90%), 
while the ELY is operated more flexibly. 

The lowest cost shares account for storages and the refueling system. 
In addition, ES or GH2 aboveground storages are not installed in any 
scenario and hence, not influencing optimal energy system designs. 

Uncertainties are coming from all techno-economic assumptions, but 
are mostly driven by the CAPEX of RES causing supply cost ranges at 
best LH2 on-site production spots of 1.37–4.19 USD/kgLH2 in a more 
conservative vs. a more optimistic scenario. Furthermore, weather year 
data also influences cost uncertainties by up to 11% of the supply costs. 
Demand profiles at the airport do not have a larger design and cost 
impact as well as the availability of GH2 cavern storages. Only at weaker 
RES locations, a clear cost impact is found with a 9% increase if no 
cavern is available. 

Nevertheless, import (off-site production) pathways might be a more 
economical supply solution for airports in the WEAK region. Besides the 
economics, another justification for import is the onsite availability of 
space for RES or cavern storage. Since installed RES capacities at WEAK 
are factor three larger (83 km2) than at most locations, resulting space 
requirements would be a significant constraint. However, if import op
tions are available from regions within short or medium transport dis
tances and for high LH2 demands, supply costs might be reduced to 
<3.30 (LH2 import) or 3.20 USD/kgLH2 (retrofitted pipeline import) at 
WEAK. 

Furthermore, the investigation of import pathways also shows po
tential cost trends in H2 markets. In that case, smaller airports with low 
LH2 demands could profit from such a market, if accessible. This is also 
in line with the justification of the chosen study design that does not 
focus on dedicated LH2 supply chain deployment for smaller airports 
that have access to local H2 markets. 

Limitations of study and research agenda 

The results of this paper are highly dependent on the techno- 
economic assumptions. While there are many studies on future cost 
developments for RES and ELY, limited research is available for the 
other components. More detailed studies and demonstrations are needed 
to reduce high uncertainties in the cost projections until 2050. This is 
especially the case for the LFP and H2 transport. The assumptions of the 
LFP’s performance rely on three main authoring groups: the IDEALHY 
project [97], Linde Kryotechnik [150], and SINTEF [151]. Real perfor
mance data from an operating large-scale LFP would help future LH2 
energy system studies validate their results. Furthermore, the lifetime 
effects of operating an LFP in part-load or the energy consumption of 
shutting it off for 12 h per day (see PV results in this study) should be 
tested. 

Thus, the development of safe and high-performing loading and 

unloading equipment for LH2 vessels or trucks is needed. Only when H2 
losses can be minimized, off-site supply chains over longer distances 
should be realized. On the GH2 transport side, the operational principle 
incl. a potential storage function of the pipelines should be further 
investigated to potentially reduce storage costs. 

Another limitation of this study is that the costs are derived from 
generic RES and airport setups. More detailed studies on specific geog
raphies could be based on this study to determine future costs of oper
ating H2-powered aircraft more precisely, see for example the HyNEAT 
project [152]. Given a more geospatial approach to determining LH2 
supply costs, also the impact of existing/future RES and H2 markets 
should be reflected. While this study focuses on dedicated, nearly iso
lated infrastructure deployment to ensure computability, the general or 
even time-resolved (hourly) influence of buying RES, GH2, or even LH2 
at markets might then lead to further cost reductions. Otherwise, a case 
study approach for selected airports might also provide relevant insights 
into future economics of H2-powered aviation. 

With a focus on airports, three further aspects should be looked into. 
First, business modeling of LH2 infrastructure at the airport and 
financing of such new projects could play an important role. This could 
affect main techno-economic parameters such as an interest rate in the 
here chosen annuity payment factor method. Second, H2 market designs 
at and around specific airports. In Germany, an auction platform 
(H2GLOBAL) is currently being designed to drive down H2 costs, espe
cially for import options which could lead to even lower costs of H2 at 
airports [153]. Third and last, safety and operational studies for LH2 
infrastructure deployments at airports are needed. It has to be ensured 
that the concepts, e.g., of on-site production, are feasible for safe 
implementation at airports. 

Overall, this study not only contributes to a better understanding of 
techno-economics and the design of LH2 energy systems for airports but 
also reduces very high cost uncertainties that were derived in a previous 
study [33]: average LH2 supply cost uncertainties were as high as 5.00 
and 8.20 USD/kgLH2 based on literature reviews. Since such values 
could not be reproduced in this study with the more conservative 
techno-economic scenarios, they can be evaluated as unrealistic. Hence, 
economic competitiveness for H2-powered aviation from an LH2 supply 
perspective might be given at most airports in this world, if previously 
defined assumptions and research and development goals can be ach
ieved. This can be seen as another step towards true-zero carbon emis
sions for aviation. 
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Appendix 

The appendix is divided into two parts. First, further information is given on the methodology to derive CAPEX and future cost projections. Second, 
detailed techno-economics are derived for each component group described in Section 2. 

A.1.1. 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., [154–158]. 
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. In Eq. 4 (Section 2.2), they are represented by the cost reduction factor ri,t for each component i. 

A.1.1.1. Reference 2020 direct CAPEX 
Direct CAPEX CCAPEX,direct,i,2020(xi) are derived in detail for each component in Appendix A.2. As a summary, the 2020 direct CAPEX cost functions 

are based on the following Eq. A1 and A2: 

CCAPEX,direct,i,2020(xi) = ci,2020(xi)*xi (A1) 

with 

ci,2020(xi) = fa,i*x− fb,i
i (A2) 

The specific cost factor ci,2020(xi) for each component depends on the scaling factors fa,i and fb,i, both shown in Table A1 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 A1 
Specific direct CAPEX functions in 2020 for selected components from regressions shown in Appendix A.2.  

Component i Cost scaling factor f a,i for ci,2020 Cost scaling factor f b,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 aboveground 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  

Furthermore, the CAPEX functions do not apply for very large design sizes, but a fixed cost value is used, see Table A1. 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 [99]. Cost effects for salt and rock cavern are kept fixed above 4 Mn 
kgGH2 as shown by [106]. 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 
[159]. 

A.1.1.2. Cost reduction factors due to learning rate concept 
Projection of CAPEX functions (Eq. 4, Section 2.2) 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 A2): 

ri,t =

(
Si,t

Si,2020

)bi,t

(A3) 

with 

bi,t =
log
(
1 − LRi,t

)

log(2)
(A4)  

Table A2 
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.  

Component i Relevant 
market size 
today Si,2020 

Forecasted market 
size in 2035 Si,2035 

Forecasted market 
size in 2050 Si,2050 

Learning rate 
until 2035 
LRi,2035 

Learning rate 
2035–2050 base 
LRi,2050 

Resulting cost 
reduction in 2035 
base vs. 2020 costs 
(1-ri,2035) 

Resulting cost 
reduction in 2050 
base vs. 2020 costs 
(1-ri,2050) 

ELY 0.29 GW ELY 
cap. installed 
[82] 

230 GW 
[76,82,84,160] 

3,800 GW 
[76,82,84,160] 

12% 10% 71% 81% 

GH2 
compressor 

90 Mn tGH2 p. 
a. [82] 

150 Mn tGH2 p. a. 
[76,82,84,148,160] 

500 Mn tGH2 p. a. 
[76,82,84,148,160] 

12% 10% 9% 24% 

GH2 above- 
ground 
storage 

Same market assumptions as for GH2 compressor 12% 10% 9% 24% 

(continued on next page) 
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Table A2 (continued ) 

Component i Relevant 
market size 
today Si,2020 

Forecasted market 
size in 2035 Si,2035 

Forecasted market 
size in 2050 Si,2050 

Learning rate 
until 2035 
LRi,2035 

Learning rate 
2035–2050 base 
LRi,2050 

Resulting cost 
reduction in 2035 
base vs. 2020 costs 
(1-ri,2035) 

Resulting cost 
reduction in 2050 
base vs. 2020 costs 
(1-ri,2050) 

LFP 0.2 Mn tLH2 p. 
a. [149] 

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%  

For the ELY, installed capacities of water electrolysis systems are considered – excluding grey GH2 production. Learning rates for such systems vary 
largely [72,74,82,161], 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 follows. In 2015, the global H2 liquefaction capacity was 
around 350 tpd capacity [119] with another 250 tpd announced until 2020 [149]. 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. [82,148,160] 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 [1,13] 
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 2030 s, 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 and 
2035 and 10% for 2035–2050. Such an approach of different learning rates distinguishing between an early, intermediate and mature market phase is 
also used in previous studies, e.g., by CSIRO [162]. 

All resulting cost reduction factors are well in line with other reports like from ANL [89] or the Hydrogen Council [74]. 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). 

A.1.2. 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 contingencies 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 A3 and Eq. 3 in Section 2.2. 

Several literature sources are found on installation and indirect CAPEX cost factors. In most cases, installation CAPEX factors vary between 1.1 and 
1.3 [73,83,87,116,163]. 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 to 1.3 for different applications [73,83,87]. 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 assumed that storage components have a slightly higher 
availability than conversion components. Latter often require shorter maintenance intervals. An availability factor of 98% for conversion components 
is taken in [83] for the ELY, in [99] also for the LFP and in [164] for the RES components. Hence, the availability of storages is assumed to be around 
99% which is in accordance with [83].  

Table A3 
Further economic assumptions for selected supply chain component – parameters not changing over considered time periods.  

Component i Installation CAPEX factor 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  

A.2. 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 explicitly discussed in the following are shown in Section 2.3 Table 2. 
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A.2.1. 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” [133,134]. 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 A4. 

Wind on- and offshore. In general, land use of wind turbines is a limiting factor for new installations [165]. 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 [67] 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 [63,67,137].  

Table A4 
Coordinates for weather data sourcing via open-source tool “Renewable.ninja” [133,134].  

Location Coordinates for solar yield data Coordinates for wind speed data 

PV 28.1759, 36.0174 – 
Wind on-shore (WON) – 57.4890, − 2.2560 
Wind off-shore (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 [135], 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 A4. 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 [130,131]. 

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 [166]. 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 [167–175]. 

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 [176–179]. Based on values 
from [178] and [179] costs for HVAC cables are 0.3 USD/kW/km which is also in line with [180,181]. Furthermore, substations incl. transformers are 
needed which cost 7.8 USD/kW [178]. This results in total transmission 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 [178,182]. Electricity losses for the 75 km due to the cables 
and the substations are 2.5% [178,183]. 

Electric energy storages. There are several electric energy storage technologies available. Here, a Lithium-Ion based grid storage with a 4-hours-dura
bility is chosen. It is modelled via an energy balance. The efficiency is assumed to be 95% for charging and discharging (~90% total efficiency) 
[53,62]. 

A.2.2. Gaseous hydrogen equipment 
Techno-economics of the ELY, compressors and GH2 storages are explained in this section. 

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 Fig. A2.1, 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 charac
teristics are derived based on a realized Siemens PEMEL (excluding compressors) [184]. The absolute energy consumption for the stack and system 
energy consumption (around 50 kWh/kgH2 at rated power) are in line with values found in several sources [76,78,81,83,84,108,185,186]. The chosen 
consumption also represents the degradation of the stacks leading to 3–5% less performance on average over the whole ELY lifetime [85]. More 
progressive assumptions (green graph) leading to a system energy consumption of 45 kWh/kg are based on values from [72,82,87]. 
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Fig. A2.1. Electric energy efficiency of chosen electrolysis system in dependence of the relative system power rating – left: system efficiency (LHV) with base ef
ficiency 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 L per kg H2 generated is taken from [53,187]. 

Regarding the economics of the ELY, CAPEX scaling factors are limited, if plant sizes are larger than 5–10 MW [72,76,78,82,188,189]. 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, respectively. 

The operating cost factor cOM,ELY,t (Eq.6) for the ELY is calculated based on a fixed operations & maintenance (OM) factor cOM,ELY,fixed,t and a 
lifetime depending OM factor cOM,ELY,stack,t, see Eq. A(5). 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 on the total CAPEX, the operating hours in the specific year of investigation ton and 
lifetime of the ELY stacks tELY,stack,life (Eq. A6): 

cOM,ELY,t = cOM,ELY,fixed,t + cOM,ELY,stack,t (A5) 

with 

cOM,ELY,stack,t = cELY,stack*
ton

tELY,stack,life
(A6) 

Main parameters are shown in Table 2 (Section 2.3). 

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 
compressors are often used. The required electric power rating of the compressor PGH2comp is calculated as shown in Eq. A7 and A8: 

PGH2comp =
1
η⋅

κ
κ − 1

⋅
R⋅ZH2⋅Tin

nH2
⋅

((
pout

pin

)

(

1− 1
κ

)

− 1

)

⋅ṁGH2comp,in (A7) 

with 

η = ηisen⋅ηele⋅ηmotor (A8) 

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 [190]. Further constants are κ (1.4), 
the molar mass of H2 nH2 (2.01588 g/mol), the isentropic efficiency ηisen (85%) [92,99], the electric efficiency ηele (95%) [99] and the motor efficiency 
ηmotor (91%) [99]. 
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Fig. A2.2. Direct CAPEX functions for GH2 compressor systems based on DOE [88], Argonne National Laboratory [89], Stolzenburg et al. [79], Concepts NREC 
report [191], DLR [90,112], Léon [91], Yang & Ogden [92]. 

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 [47,53], which is reduced to 0.4% in the 2050 progressive 
scenario [88]. 

Direct CAPEX are derived from sources that focus on lower-pressure compressors (120–200 bar target pressures), shown in Fig. A2.2. 

Gaseous hydrogen storage. GH2 is stored in underground caverns or aboveground pressure tanks that store H2 at maximum 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 balance which is an optimization variable (Section 2.2). The stored mass mGH2Sto is computed as follows 
(Eq. A(9)): 

d
dt

mGH2Sto = ṁGH2Sto,in − ṁGH2Sto,out (A9) 

Furthermore, maximum loading and unloading mass flows constraint the operation of the storages. While this is of minor importance for the 
aboveground tanks (several hours for full loading/unloading assumed), the mass flow into/out of the underground storage is limited to a maximum 
pressure change of 10 bar per day inside the cavern [79,108,192]. 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 Figs. A2.3–A2.4.

Fig. A2.3. Direct and installation CAPEX functions for GH2 cavern systems based on DOE [88], Argonne National Laboratory [89], HySecure project [107], Buenger 
et al. [108], Michalski et al. [109], HyUnder project [110], Stolzenburg et al. [79], Reuß et al. [47] and Lord et al. [111].  
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Fig. A2.4. Direct CAPEX functions for GH2 aboveground systems based on DOE [88], Argonne National Laboratory [89], Buenger et al. [108], HyUnder project 
[110], Stolzenburg et al. [79], Parks et al. [116], DNV [117], Zoulias et al. [118], Ulleberg et al. [95], Karellas and Tzouganatos [114], Carr et al. [115] and Reuß 
et al. [47]. 

A.2.3. 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 [193]. When the GH2 feed is between 1 and 100 bar at a temperature of 288.15 K (as in [194]) with 
standard saturation of ortho- to para-H2 molecules, the ideal work to reach saturated LH2 is between 2 and 3 kWh/kgLH2 plus 0.625 kWh/kgLH2 for 
the ortho- to para-H2-conversion [195]. 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 Fig. A2.5 using the regression in Eq. A10: 

wLFP,ideal(288.15 K, pGH2bus) = 4.0596⋅p− 0.117
GH2bus [kWh/kgH2] (A10) 

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 [102,196,197]. The SEC of this cycle eLFP,cycle is calculated based on its coefficient of 
performance COP (0.46) and the ideal liquefaction work [102]. 

eLFP,cycle(pGH2bus) =
wLFP,ideal(pGH2bus)

COP
⋅
(
COP+ 0.25⋅fLFP,HEX(pGH2bus)+ 0.29

)
(A11) 

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 heat exchanger volumes – 
an effect that requires the use of turbo expanders and which is limited to maximum feed pressures of 80 bar [102,198]. 

fLFP,HEX(pGH2bus) = 1.005 − 0.0002⋅pGH2bus (A12) 

Fig. A2.5. Ideal work for H2 liquefaction depending on the pressure of the GH2 feed, data from [190,199]. 
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 cal

culations were adjusted to a GH2 feed pressure of 30 bar, see Fig. A2.6. A regression for smaller plants of 100 tpd capacity and below is shown in Eq. 
A13, above this threshold a fixed optimized SEC is considered. 

eLFP,size(xLFP) =

{
− 1.85⋅ln(xLFP) + 15 − 0.41kWh/kgH2, forxLFP ≤ 100tpd

6.1kWh/kgH2, forxLFP > 100tpd (A13) 

The final rated specific energy consumption at full load operation is calculated with the results from Eq. A11 and Eq. A13: 
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eLFP,rated
(
pGH2bus,xLFP

)
=

eLFP,cycle(pGH2bus)

eLFP,cycle
(
pGH2bus,ref = 30bar

)⋅eLFP,size(xLFP) (A14) 

Fig. A2.6. Size-depending SEC of LFP based on [73,93,97–103,194,200–206]. 
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 [198] 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 
Fig. A2.7 and described in Eq. A15: 

eLFP,PL

(

ṁLFP,in

)

= 1+

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

2641
(

ṁLFP,in
ṁLFP,in,max

⋅100
)1.154 − 12.84

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

⋅0.01 (A15) 

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 determined: 

eLFP

(

pGH2bus, xLFP, ṁLFP,in

)

= eLFP,rated(pGH2bus, xLFP)⋅eLFP,PL(ṁLFP,in) (A16) 

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 [46,97,102], 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 assumed 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 [102]. Costs for the MR are 
taken from [102,207] with 0.50 USD/kgMR. Seal gas losses are very small and already part of the fixed OM costs.

Fig. A2.7. Factor for SEC change in part-load operation depending on the LFP’s mass flow setting from [198].  

The specific total CAPEX cCAPEX,total,LFP,t of the LFP are shown in Fig. A2.8. 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 in a LFP that is designed for 80 bar vs. a standard 30 bar feed pressure 
[102,208]. The total CAPEX for the LFP are calculated as follows with the additional cost factor for the heat exchanger 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) (A17)  
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with 

fLFP,HEX(pGH2bus) = 0.0003⋅pGH2bus + 0.991 (A18) 

Fig. A2.8. Total CAPEX function for LFP depending on the design capacity, values based on DOE [200], ANL [89], IDEALHY project [97], H21 report [73], Hank 
et al. [98], Nexant report [99], Reuß [93], Yang & Ogden [100], Teichmann [101], Cardella [102], Alder [103]. 

Liquid hydrogen storage systems. There are different sizes and applications of LH2 storages realized today. In this study, spherical 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) [209]. Even though the storages are double-wall vacuum insulated, boil-off occurs. The boil-off (BO), self-discharging factor 
kBO,LH2Sto can be calculated using this regression in dependence of the storage size (Eq. A19) which is derived from literature values shown in Fig. A2.9: 

kBO,LH2Sto = 0.014x− 0.255
LH2Sto (A19) 

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 (A20) 

The specific direct CAPEX functions for LH2 storages are shown in Fig. A2.10. 
For cryopumps, only limited information is available due to few realized products yet [34,37,93]. 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 [47,93,99]. Due to learning effects this is assumed to decrease to 218 and 
162 USD per kg/h in 2035 and both 2050 scenarios, respectively.

Fig. A2.9. Boil-off losses for LH2 storages depending on storage size, values from Decker [209], NASA [159], Barckholtz et al. [210] and Zuettel [211].   
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Fig. A2.10. Direct CAPEX function for LH2 storages (excl. cryopumps) based on DOE [88] and ANL [106].  

A.2.4. 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 pipelines. 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 [57,80]. 

In a first step, the required diameter of the pipes has to be calculated with the cross-sectional 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. A21). 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 [190] in Eq. A22 and the mean pressure in the pipeline pm (Eq. A23): 

Dpipe = 2⋅
̅̅̅̅̅̅̅̅̅
Apipe

π

√

= 2⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ṁpipe,in, max

π⋅ρm⋅v̇pipe,m

√

(A21)  

With 

ρm(pm) = − 5⋅10− 5⋅p2
m + 0.0841⋅pm + 0.0007 (A22) 

With 

pm =
2
3

⋅
p3

pipe,1 − p3
pipe,2

p2
pipe,1 − p2

pipe,2
(A23) 

In a second step, the maximum length between two compressor stations LGH2pipe,comp is derived in Eq. A24 (Darcy–Weisbach-equation [212]) with 
the friction factor λpipe (Eq. A25 – Nikuradse-equation [213]), mean compressibility Km (Eq. A26, [190]) and the norm volume flow rate V̇n (Eq. A27): 

Lpipe,comp =
(

p2
pipe,1 − p2

pipe,2

)
⋅

⎛

⎝
D5

pipe

λpipe
⋅
π2

16
⋅
Tn

Tm
⋅

1
ρn⋅pn⋅V̇2

n⋅Km

⎞

⎠ (A24)  

with 

λpipe =

(

2⋅log
(

Dpipe

kpipe

)

+ 1.138
)− 2

(A25) 

with 

Km =
1

ZH2,n

pm

ρm(pm)⋅Rs⋅Tm
(A26) 

with 
V̇n =

ṁpipe,in,max
ρn 

(A27)V 
Parameters are the pipe roughness coefficient kpipe = 0.0002 m, the norm compressibility factor 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). 
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In a last step, the number of required compressors npipe,comp (Eq. A28) 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 (A28) 

Then, the GH2 mass losses ṁpipe,losses via these compressor stations are derived (Eq. A29): 

ṁpipe,losses = ṁpipe,in − ṁpipe,in⋅0.995npipe,comp (A29) 

The specific total CAPEX functions for installing new pipelines (excl. compressors – see A2.2) or retrofitting existing pipelines depend on the 
diameter size of the pipes and are shown in Fig. A2.11.

Fig. A2.11. Total CAPEX function for GH2 pipelines (excl. compressors), new-built and retrofitted based on the EHB report [80], Sens [53] and Reuß [93].  

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. A30), the 

capacity of the vessels mvessel (Eq. A31) 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. A32) given its trip performance (Eq. A33). The number of annual vessel departures is an opti
mization variable and characterizes the transport network design. As a constraint, a minimum of weekly departures is taken to ensure a supply 
reliability at the importing 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
(A30)  

mvessel =
mLH2demand⋅fLH2demand,peak

nvessel,departures
(A31) 

The trip characteristics are determined with the availability of the vessel favail,vessel (0.91) (8,000 h per year [53,214]), the trip distance Lvessel,trip and 
the speed of the vessel vvessel = 33.33 km/h [53,123,214,215]. 

nvessel, trips =
8760h

tvessel,roundtrip
⋅favail,vessel (A32)  

with 

tvessel,roundtrip = 2⋅
(

Lvessel,trip

vvessel
+ tvessel,terminal

)

(A33) 

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. A19, Fig. A2.9). This is in accordance with values from [53,75,120,123,214]. 

The specific total CAPEX per vessel are shown in Fig. A2.12 and depend on the LH2 transport capacity. 
As part of the OPEX, costs are accounted for the fuel consumption (if BO mass is not sufficient), fixed OM for the vessel and other annual OPEX for 

crew, port or navigation fees. The fuel consumption of 0.0189 kWh/tonscapacity/km [216] and the other OPEX of 11.3 Mn USD [80,124] are for a 
vessel with 11,000 tLH2 capacity and are computed proportionally to the changing vessel sizes. 
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Fig. A2.12. Total CAPEX function defined for LH2 vessels with 1,000–14,000 tLH2 max. capacity, data from European Commission [120], IEA [75], Niermann et al. 
[121], Sens et al. [53], Teichmann et al. [101], EHB report/Wang et al. [80] and the Wuppertal Institut [122]. 

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 
A.2.3 for LH2 storages and cryopumps. 

LH2 transport via trucks 
The truck carries a 4.5 tLH2 trailer storage and an availability of 3,500 h per year [101]. The number of trips with one LH2 truck system are 

calculated as for the vessel in Eq. A32 and A33. The mean truck speed is assumed to be 50 km/h [47,53]. The loading and unloading takes 45 min each 
[34,37]. 

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 [37]. Thus, a 0.07 kgH2/km fuel consumption is chosen for the truck system [47]. 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ecmx.2023.100442. 
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