
Energy Conversion and Management: X 20 (2023) 100435

Available online 6 August 2023
2590-1745/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Resource requirements for the implementation of a global 
H2-powered aviation 

F. Schenke a, J. Hoelzen a, C. Minke b, A. Bensmann a,*, R. Hanke-Rauschenbach a 

a Leibniz Universität Hannover, Institute for Electric Power Systems, 30167 Hanover, Germany 
b TU Clausthal, Institute of Mineral and Waste Processing, Recycling and Circular Economy Systems, 38678 Clausthal-Zellerfeld, Germany   

A R T I C L E  I N F O   

Keywords: 
Hydrogen aviation 
Liquid hydrogen 
Synthetic aviation fuel 
Critical raw materials 
Desalination 
Green hydrogen 

A B S T R A C T   

In this paper, the resource requirements for the implementation of global H2-powered aviation are investigated 
to answer one of the main questions asked by many stakeholders in the aviation industry: Are there any resource 
limitations for the implementation of H2-powered aviation on a global scale? For this, the raw material, 
renewable energy and water demands for the deployment and operational phase are investigated on a global and 
regional perspective. 

It is found that the iridium demand for a global hydrogen economy could be critical as it would exceed not 
only the current annual production by a factor of 11 but also the current reserves about 1.7 times. The H2- 
powered aviation alone is not the main driver of iridium demand but could increase the limitations. With 
reduced specific raw material demands of further optimized electrolysis technologies and increased annual raw 
material production, the limitations especially for the iridium demand could be overcome. 

Renewable energy capacities and water availability are sufficient for demands from H2-powered aircraft on a 
global perspective. Nevertheless, the limited availability of renewable energy sources in some regions and 
regional water constraints may necessitate hydrogen import for certain airports. 

While water desalination is likely to overcome water constraints in regions close to the sea, for airports located 
in regions with detrimental availability of renewable energy sources the import of hydrogen is the only way to 
ensure a hydrogen supply for H2-powered aviation.   

Introduction 

This paper is about the analysis and evaluation of resource re
quirements for the implementation of hydrogen (H2)-powered aviation. 
While critical raw materials are potentially limiting the deployment of 
an H2 generation and supply infrastructure for the aviation sector, the 
operation of such infrastructure might require a vast amount of 
renewable energy and water. In this paper, the potential limitations and 
critical resources are identified based on selected scenarios and sub
stitutions to deal with the limitations are evaluated. 

Although aviation is responsible for only about 3% of the total CO2 

emissions, the full climate impact measured with the global warming 
potential (GWP) is estimated to be up to 5%, mainly due to NOx emis
sions and contrail formation [1,2]. For a reduction of the climate impact 
of aviation, the industry needs to introduce new technologies or fuels. 
Sustainable aviation fuels (SAF) such as biofuels or H2-based synthetic 
fuels (synfuel), as well as carbon offsets, could play an important role in 
the next decades [1,3–5]. From a long-term perspective, most likely H2- 
based synfuels produced with CO2 from direct air capture (DAC) will be 
an important part of decarbonisation, although research indicates that 
H2-propulsion might reduce more climate impacts than SAFs [1]. The 
use of H2 in aviation can reduce the impact on the climate by 50–75% 
when combusted and 75–90% when a fuel cell is used [1]. The 
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development of H2-powered aircraft advances with companies such as 
Airbus and ZeroAvia developing and testing H2-powered aircraft [6,7]. 
The entry into service for large commercial short-range aircraft is ex
pected to be in 2035 [8]. 

As the estimated demands for H2-powered aviation could make up 
for a significant share of the expected future H2 demand, the resources 
required for the deployment of H2 infrastructure and supply of H2 could 
be critical or in conflict with other decarbonization efforts in several 
applications. The scope of this study is on critical raw materials used for 
the construction of H2 fuel supply infrastructure and on the availability 
of renewable energy sources (RES) and freshwater for water electrolysis. 

In previous research, scenarios for decarbonization of the aviation 
sector were developed with a focus on the demand for H2 and the 
required energy [1,9,10]. In a study by Clean Sky 2 JU and Fuel Cells and 
Hydrogen 2 JU, scenarios for the introduction of H2-powered aviation 
have been developed [1]. Several H2 supply chains were investigated 
and practical supply routes have been found but the research was rather 
concentrated on the environmental impact and economics [11–15]. 
Critical raw materials have been identified for large-scale water elec
trolysis, and several life cycle analyses have been carried out for selected 
H2 supply chains [14,16–19]. Also, research reports can be found on the 
reduction of the specific raw material loading of the electrolyzers to 
reduce the overall demand for critical raw materials [20–22]. Several 
industry and academic research reports investigated the availability of 
RES from a global perspective [23,24] and for selected regions like 
Europe [25]. However, the potentials for RES diverge highly, as no 
consistent method is used for the calculation and the factors used differ, 

such as the space requirements and the suitable areas for RES [23]. In 
contrast to RES, water availability has been analysed with high resolu
tion by the World Resources Institute with forecasting scenarios for the 
next two decades [26,27]. 

Although a lot of previous research has been conducted to develop 
scenarios for H2-powered aviation, no comprehensive studies have been 
carried out to evaluate the raw material and water demands. There is 
also only little data on the raw material demands for a global H2 econ
omy. The potential of RES is much studied, with data for natural con
ditions freely available [28–30] and evaluations of H2 production have 
been carried out [31]. However, these research efforts did not consider 
the high H2 demand of aviation globally and also not at specific loca
tions. Furthermore, the scenarios for global H2 supply rarely include 
consideration of water availability [13,32–34]. 

In this paper, the identified research gaps are addressed to answer 
one of the main questions asked by many stakeholders in the aviation 
industry: Are there any resource limitations for the implementation of 
H2-powered aviation on a global scale? Important aspects to answer this 
overarching question are indicated with the following three sub- 
questions:  

1. What are the resource conflicts and scarcities caused by global H2 
production from a global and regional perspective?  

2. Does the implementation of H2-powered aviation enhance these 
conflicts and scarcities and what is the influence of synfuel 
production?  

3. Are there any substitutions for identified critical resources to deal 
with the limitations? 

To answer these questions, the paper is structured as follows. In 
Section 2, the methodology of the paper is introduced. The used model 
to determine the resource requirements is discussed and the scope of 
components as well as their description are presented. A basis for the 
comparison of the resource requirements for H2-powered aviation and 
synfuel production is provided here. 

Thereafter in Section 3, the resource requirements for the deploy
ment phase of H2 infrastructure – so, installing H2 production and supply 
are evaluated. The raw material demands are compared to the annual 
production and available reserves and a sensitivity analysis is carried out 
for the relevant raw materials. At the end of the section, strategies are 
discussed to deal with the identified limitations. 

In Section 4, the operational phase of H2 supply for H2-powered 
aviation and synfuel production for aviation is evaluated. The evalua
tion is focused on the renewable energy and water demands. For each of 
these, the availability is assessed from a global perspective and 
compared to the estimated future demands. As the global and regional 
perspective varies significantly, selected airports are evaluated to pro
vide a general overview of the suitability of H2 production directly at the 
airport. Then, strategies for regions with constraints in RES and water 

Nomenclature 

d Transport distance in km 
E Energy demand in kWh 
LHV Lower heating value in kWh/kg 
m Mass in kg 
tfullloadhours Electrolysis full load hours in h 
ntechnologyshare Share of electrolysis technology used in % 
P Capacity in kW 

Indices 
H2loss Losses of hydrogen 
i Technology i 
rm Raw material 
H2 Hydrogen 
H2O Water 
s Specific 
synfuel Synthetic fuels  

Fig. 1. Vestigated supply chains for h2-powered aviation.  
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are discussed. 
Conclusions and recommendations are provided in Section 5 and the 

limitations of the study are outlined, as well as an outlook for further 
research opportunities is given. 

Modelling the resource requirements for H2-powered aviation 

In this section, the methodology of this paper is outlined and the used 
components for the H2 supply chain are investigated. The considered 
future H2 demands and the relevant modelled components are discussed 
individually. 

Methodology 

This section shows the general methodology used including adapted 
component descriptions that match the level of relevant detail needed 
for the overall research objectives. As the posed research questions do 
not require detailed modelling of the individual components, a rather 
simple model is used to determine the resource requirements. 

For this model, three supply chains shown in Fig. 1 are investigated. 
H2 transport as ammonia (NH3) or with liquid organic hydrogen carriers 
(LOHC) is not considered since these transport options require signifi
cantly more energy and cost more when the H2 is required to be in a 
liquid state for the application [11,12,35]. For this evaluation, only 
green H2 produced with RES is considered, since the goal of H2-powered 
aviation is to lower aviation’s climate impact as far as possible. There
fore, also other “low-carbon” H2 for example produced with nuclear 
energy is not considered. Hydrogen is generated by means of water 
electrolysis, the exact technologies are discussed later in this section. 
Then, it is converted based on its way of transportation. For the pipeline 
route, H2 is compressed, while it is liquefied for the transport via truck 
and ship. Since H2 as a fuel for larger aircraft is required to be in a liquid 
state, H2 liquefaction is part of every supply path [1]. At the airport, 
storage amounts of the liquid hydrogen (LH2) are assumed to be 
designed to last for three days to ensure the LH2 supply security at the 
airport [36]. For the comparison with synfuel, a shipping route is 
assumed for the import of synfuel using the conventional fuel 
infrastructure. 

To determine the resource requirements, the future H2 demand for 
global aviation is adopted form the literature. Two different demands for 
H2-powered aviation are investigated based on scenarios by Clean Sky 2 
JU and Fuel Cells and Hydrogen 2 JU [1]. The first demand scenario 
represents H2 in aviation where it is the most cost effective means of 
decarbonization with 40% of all aircrafts converted to run on LH2 by 
2050. The second demand represents a maximum decarbonization sce
nario with ambitious assumptions leading to 60% of all aircraft powered 
by LH2 in 2050. For a comparison to synfuel production, besides the H2 
for aviation scenarios, two synfuel scenarios are assumed with the same 
aircraft fleet share powered by synfuel as with H2 in the equivalent 
scenarios. These scenarios serve as a direct comparison between H2 and 
synfuel as a fuel. In contrast to the H2 scenarios, the equivalent synfuel 
demands of the same fleet share as in the H2 scenarios are not taken form 
the literature, but calculated based on the kerosene conversion factors 
from Hoelzen et al. [36]. As a reference for the required resources and to 
put the other scenarios into perspective, the forecasted total H2 demand 
for all sectors by the Hydrogen Council (H2C) is given [37]. The main H2 
demand sectors in this scenario are already existing and new industry 
uses, building and industry heating, mobility and power generation. The 
investigated demands are shown in Table 1. For the calculation of the 
annual raw material demand, a linear increase in H2 demand is assumed. 

Based on these demands for the evaluation of RES availability, the 
total required energy Etotal is calculated with 

Etotal = Edesalination +Eelectrolysis +Ecompression +Etransport +Eliquefaction (1) 

where Eelectrolysis is the required energy for the water electrolysis, 

Ecompression corresponds to the energy required for the compression if 
needed for the transport, Etransport is the energy for H2 transportation, 
Edesalination the required energy for the desalinated water supply and 
Eliquefaction the required energy for liquefying the H2. The calculations of 
the individual energy requirements and the electrolyser capacity are 
shown in Appendix A. 

The individual raw material demands mrm are calculated with 

mrm = ms
rm⋅Pelectrolysis⋅ntechnologyshare (2)  

where ms
rm is the specific raw material demand of the electrolyser, 

Pelectrolysis is the required electrolyser capacity and ntechnologyshare the share 
of used electrolysis technology for H2 production. 

The water demand mH2O,electrolysis is calculated with the total produced 
H2 mH2 to 

mH2O,electrolysis = mH2⋅
∑

ms
H2O,i⋅ntechnologyshare,i (3)  

with the specific water demands ms
H2O,i of the electrolysis technology i. 

For comparison, also the resource requirements for synfuel are 
calculated. The amount of required synfuel is calculated with the fleet 
share and change of specific energy consumption based on Hoelzen et al. 
[36]. Based on these assumptions, the amount of required synfuel is 2.32 
times the equivalent of H2 demand. When producing synfuel in a 
Fischer-Tropsch process besides synfuel also by-products like naphtha 
and liquid propane gas are produced. Therefore, for 1 kg of synfuel for 
aviation, 1.28 kg of syncrude has to be produced. The H2 demand for 
synfuel production mH2demand,synfuel is calculated with the total syncrude 
demand msyncrude and the specific H2 demand mH2/syncrude to 

mH2demand,synfuel = msyncrude⋅ms
H2/syncrude (4)  

With the H2 demand for synfuel production, the required raw materials 
can be calculated with Eq. (2). The total energy demand for the equiv
alent synfuel production is calculated with 

Etotal = Edesalination +Eelectrolysis +EDAC +EFT+RWGS +Etransport (5)  

where EDAC is the energy demand for CO2 separation with DAC and 
EFT+RWGS is the energy demand for the Fischer-Tropsch process. The 
calculation of the individual energy and water demand for synfuel 
production can be found in Appendix A. 

Technological description of the supply chain components 

In this section, the modelled components for the H2 supply chains 
shown in Fig. 1 are discussed briefly. The used input parameters for each 
component are shown in the Appendix in Table B.1. For the main 
comparison to synfuel production in Section 3 and 4, parameters are also 
discussed here. 

Seawater desalination 
If the required water for the water electrolysis cannot be supplied by 

conventional freshwater, desalinated seawater represents a viable 
alternative in regions close to the sea [38]. There are several technolo
gies for seawater desalination of which seawater reverse osmosis 
(SWRO) is the most widely used [39]. This technology uses a semi
permeable membrane that allows water molecules to pass through and 

Table 1 
Considered global annual H2 and synfuel demands for the shown years in Mton.  

Scenario 2030 2035 2040 2050 

H2C forecast for all sectors [37] 140 262 385 660 
H2 for aviation high [1] 0 5 40 130 
Synfuel equivalent high 0 11.58 92.66 290.53 
H2 for aviation low [1] 0 2 10 40 
Synfuel equivalent low 0 4.63 23.17 89.39  
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blocks solids, and a high pressure pump to overcome the osmotic pres
sure [40]. In addition to the freshwater produced by SWRO, also brine is 
discharged which should not be returned to surface waters due to 
environmental concerns as increased salinity can negatively impact 
marine life and the ecosystem [41]. The SWRO is particularly suitable to 
supply water for H2 production, as it has a comparably low energy de
mand (see Table 2) and adds only minor cost to the levelized H2 costs 
[42]. The required raw material for SWRO is mainly steel [43]. 

H2 production 
For H2 production, a combination of the most commonly used elec

trolysis technologies, alkaline water electrolysis (AWE), proton ex
change membrane water electrolysis (PEMWE) and solid oxide 
electrolysis (SOE) is assumed. According to Smolinka et al. [44], all 
three technologies will be used in the future on different applications 
and based on the future technical and cost development none of the 
technologies can be identified as market dominating. The detailed 
technology share assumed in this study is shown in Table 7. Currently, 
AWE has the highest market share because it is the most mature and 
applied technology. An advantage of the AWE compared to other elec
trolysis technologies is the use of raw materials that are durable and 
comparably inexpensive. The relevant considered raw material of AWE 
in this study is nickel. 

In the next 20 years, the PEMWE share is expected to grow with 
advantages in the design, significantly higher current densities and cost 
decreasing. Especially when coupled with RES, the PEMWE is advan
tageous because of its larger partial load range (lower minimum of ~5% 
of the nominal load) [45]. For electrolysis, platinum group metals 
(PGM) are often used as catalyst material. In this study, iridium, plat
inum and titanium are considered. 

In 2050, the AWE and PEMWE are expected to have the same market 
share at each 40% [44]. The SOE is still in the development phase with 
some demonstration plants. It becomes particularly economically ad
vantageous if the waste heat from external processes such as geothermal 
energy, solar thermal energy or power plant processes can be used. This 
could also be beneficial for synfuel production as waste heat from the 
Fischer-Tropsch process could be used. The expected SOE share is lower 

compared to the other technologies due to its late start into the market 
and limited external heat supply [44]. For the SOE lanthanum, nickel, 
and yttrium are considered in this study. 

As shown in Table 2, the energy demand for H2 production with 
electrolysis makes up for the largest share of the total energy demand in 
every investigated path. 

H2 compression 
Because of the comparably low volumetric energy density of H2 at 

atmospheric pressures, H2 compressors are used to ensure more eco
nomic pipeline transportation [46]. There are different technologies 
available of which dry running piston compressors are the most establish 
in the industry and used for the model in this study. When multiple 
compression stages are used, high pressures can be achieved and the 
system is flexible in size and capacity [47]. The main material for 
manufacturing of piston compressors is steel. 

H2 liquefaction 
As the H2 is required to be in a liquid state for the assessed appli

cation in aviation, the H2 needs to be liquefied. For the model, a 
hydrogen Claude cycle is assumed, as this process is discussed and used 
in most larger liquefaction plant concepts. This process consists of a 
combination of compression, recuperative cooling and expansion, for 
which the components mainly need steel as construction material. The 
liquefaction takes a minimum of 2.9 kWh/kg H2 in a thermodynamic 
ideal process [48]. Currently, the energy demand is almost five times 
higher, but for future industrial plants, it is expected to go down to 6 
kWh/kg H2 [49,50]. H2 losses also occur in this model, 1.65% per kg H2 
feed are assumed [36]. 

LH2 storage 
LH2 is stored at the airport to ensure supply security, a three days 

buffer of LH2 can be found in previous studies [36,51]. The LH2 is stored 
in heat-insulated tanks, which consist of an inner tank and an outer 
container made from stainless steel [52]. Between those are a vacuum 
and multilayer insulation made of several layers of aluminium foil 
alternating with fiberglass mats. The main losses during the storage are 
the boil-off losses, which decrease relative to the stored quantity with 
the container volume [53]. The boil-off rates at the airport are assumed 
0.06% per day for vessels with a volume of over 20,000 m3 [53,54]. 

H2 transportation 
There are several options to transport H2. For the import of H2 over 

longer distances, two alternatives are most prominent for a LH2-powered 
end use: GH2 pipelines or LH2 vessels. The first make use of either 
existing pipeline infrastructure or the potential of building new pipe
lines. If a land routing is not possible or beneficial shipping LH2 via ships 
can be another viable transport solution. For short distances the trans
port with a LH2 truck is seen as most economic choice [55]. In the LH2 
transport scenarios, boil-off losses and the H2 transfer losses occur, 
which lead to a higher energy demand. The energy demand for trans
porting H2 is comparably low for the LH2 transport scenario compared to 
the total energy demand and only slightly higher when transported with 
a pipeline due to the compressors as shown in Table 2. The same applies 
to water requirements. The energy and water demand of the transport 
make up for under 2% of the total demand with only minor differences in 
the form of transport. 

Since this difference is negligible and to keep the model outcome 
simple, in the evaluation only the transport with LH2-Tucks are 
considered. The raw materials required for the deployment of the H2 
transport infrastructure are difficult to predict and highly dependent on 
the specific technologies used like electric or H2-powered trucks for 
instance, but most likely the largest share will be steel and aluminium. 
Because of this, in this study the raw material demands for H2 trans
portation are not included. 

Table 2 
Specific energy and water demands for the different transport routes – see Ap
pendix B for further information on energy requirements.  

Pathway LH2: GH2 

pipeline 
transport 

LH2: LH2 

ship 
transport 

LH2: LH2 

truck 
transport 

Synfuel: 
international 
shipping 

Final output / 
end product 

1 kWh fuel 
(LH2) 

1 kWh fuel 
(LH2) 

1 kWh fuel 
(LH2) 

1 kWh fuel 
(Synfuel) 

Transportation 0.023 kWh 0.019 kWh 0.022 kWh 0.01 kWh 
Storage 0.003 kWh 0.003 kWh 0.003 kWh n/a – no losses 
Liquefaction 0.21 kWh 0.21 kWh 0.21 kWh n/a 
H2 generation 

incl. 
compression1 

1.44 kWh 1.44 kWh 1.44 kWh 2.42 kWh 

Seawater 
desalination 

0.03 kWh 0.03 kWh 0.03 kWh 0.0015 kWh 

Direct air 
capture 

n/a n/a n/a 0.41 kWh 

Fischer- 
Tropsch +
RWGS 

n/a n/a n/a 0.04 kWh 

Total energy 
demand 

1.68 kWh 
(¼59.63% 
efficiency) 

1.67 kWh 
(¼59.78% 
efficiency) 

1.68 kWh 
(¼59.67% 
efficiency) 

2.89 kWh2 

(¼36.31% 
efficiency) 

Total water 
demand 

0.3 l 0.3 l 0.3 l 0.51 l  

1 Assuming the same electrolysis technologies for both LH2 and synfuel 
production. 

2 If the LHV of all products of the FT process are considered as usable end 
product, then the requirements are reduced to 2.26 kWh energy and 0.4 l water 
demand. 
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Synfuel production 
As SAF is currently the only viable cleaner alternative besides H2 for 

the larger commercial aviation, H2-based power-to-liquid (PtL) fuel is 
considered to compare the resource requirements for H2-powered 
aviation. Other SAF like biofuels could be an important part of decar
bonisation in the near future but the scalability is limited due to the high 
space requirements for the production of the biomass feedstock. 

For the synfuel, H2 is also produced with the water electrolysis 
technologies introduced earlier in this section. The CO2 necessary for 
synfuel production is provided by low temperature DAC plants as in a 
net zero future it is expected that not enough CO2 is available form point 
sources. For the DAC mostly steel is used and no raw material limitations 
are expected [43]. The synfuel is produced by means of a Fischer- 
Tropsch (FT) process combined with a reverse water gas shift (RWGS) 
process. In this process, ruthenium can be used as a catalyst, which is 
assessed as critical by the European Commission [43,56]. When pro
ducing SAF with the Fischer-Tropsch process also by-products are pro
duced like naphtha and LPG, which could be sold, but for this study are 
assumed losses for the energy efficiency. According to Haldor Topsoe 
and Sasol [57], the share of synfuel production is 78% per kg of 

produced syncrude. The calculation method and the assumed input 
parameters are shown in Appendix A and B. The specific energy de
mands for synfuel production are shown in Table 2. 

Table 3 shows the results of the modelled H2 and synfuel demands for 
the year 2050 with the LH2 truck transport path. Based on these, the raw 
material demands are calculated as discussed at the beginning of this 
section. 

Consideration of the deployment phase of H2 supply 
infrastructure for H2-powered aviation 

In this section, the deployment phase of H2 supply infrastructure for 
H2-powered aviation is investigated in two steps. First, the required raw 
materials are analysed and the demands are compared to the annual 
production as well as current reserves to identify critical raw materials 
for H2-powered aviation. Second, a sensitivity analysis is performed to 
investigate the influence of the share of electrolysis technologies and 
reduced specific raw material demands. Finally, substitutes for critical 
raw materials are discussed and strategies to deal with the limitations 
are evaluated. 

Evaluation of raw material demands for H2 supply infrastructure 

As discussed in Section 2, each individual water electrolysis tech
nology requires different raw materials, which are shown in detail in 
Table 4. 

The relevant raw materials for this evaluation are selected based on 
supply risk (SR) and economical importance (EI). In addition, future 
trends are included, which could change the criticality of the raw ma
terials. The raw materials required for the supply of renewable energy 
are not assessed, as this would exceed the scope of this study. Raw 
material returns gained through recycling of the electrolyzers are also 

Table 3 
Results of the model for the assumed H2 demands in 2050.  

Demand scenarios in 
2050 

Total synfuel demand in 
Mt 

Total produced H2 in 
Mt1 

Total electrolysis capacity in 
GW 

Energy demand in 
PWh 

Water demand in 
Mt 

H2C forecast for all sectors n/a  677.88  6,522.27  36.80  6.85 
H2 for aviation high n/a  133.52  1,284.69  7.25  1.35 
Synfuel equivalent high 290.53  178.50  1,717.47  10.26  1.80 
H2 for aviation low n/a  41.08  395.29  2.23  0.41 
Synfuel equivalent low 89.39  54.92  528.45  3.16  0.55  

1 The H2 produced is calculated from the demands and the H2 losses along the supply chain. 

Table 4 
Specific raw material demands for the evaluated electrolysis technologies.  

Raw Materials Specific raw material demand in kg/MW [44,59] 

Titanium (PEMWE) 414 
Platinum (PEMWE) 0.3 
Iridium (PEMWE) 0.7 
Nickel (AWE) 1000 
Nickel (SOE) 150 
Lanthanum (SOE) 20 
Yttrium (SOE) 5  

Table 5 
Overview of the investigated raw materials in this paper.  

Raw 
Material 

Country 
concentration  
[43,60] 

Applications [43] Current 
reserves  
[61–65] 

Annual 
production 
2018 [43] 

Estimated additional annual 
demand in 20402 [43] 

Current EOL-RR  
[16,66,67] 

Titanium China 30%, 
South Africa 12%, 
Australia 10% 

Paints and 
plastics 

1,450 Mt 7.46 Mt 0,04 Mt >50% 

Platinum South Africa 72%, 
Russia 12%, 
Zimbabwe 7% 

Automotive, chemical industry, 
jewellery industry, banking sector 

33 kt 0.19 kt 0.06 kt 60–70% 

Iridium South Africa 70%, 
Russia 11%, 
Zimbabwe 7% 

Automotive, chemical 
industries 

1070 t 6.8 t 0 t 20–30% 

Nickel Indonesia 38%, 
Philippines 12%, 
Russia 9% 

nickel-bearing stainless steel, non- 
ferrous alloys, 
surface coatings 

95 Mt 2.33 Mt 2.88 Mt 50–68% 

Lanthanum China 69%, 
Australia 10%, 
Myanmar 9% 

Battery alloys, metal alloys, glass 
additives 

28,550 kt1 25.8 kt 38.63 kt <1% 

Yttrium China 69%, 
Australia 10% 

high resistance ceramics, fluorescent 
tubes, flat panel displays, glass 

500 kt 7.6 kt 1.8 kt <1%  

1 Reserves calculated with the total rare earth element reserves and the ore composition (23.8 wt-%)[68]. 
2 Without electrolysis technologies. 
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not considered since the amount of decommissioned electrolysis ca
pacity is expected to be insignificant before 2050 [58]. 

In the following, the relevant raw materials for the evaluation are 
identified based on criticality and demand for the electrolysis technol
ogies with the help of the EI and the SR [56]. The EI describes the 
importance of a raw material for related end-use applications and the 

performance of its substitutes in these applications. The SR reflects the 
risk of disruption in the supply of the assessed material. In this value, 
among others, the supply concentration, import reliance, governance 
performance and the existence and criticality of substitutes are assessed. 
The supply concentration, which is the share of the raw materials sup
plied by a single country, is an important factor for categorizing a raw 

Fig. 2. Total raw material demands for H2 production until 2050 and current raw material reserves.  
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material as critical. This applies to the share of mining, and the country 
concentration for the refinery. Based on the SR and EI, the raw materials 
iridium, platinum, titanium and yttrium are already identified as critical 
by the European Commission [56]. For this paper additional to the 
identified critical raw materials, lanthanum and nickel are also assessed. 
In Table 4, the investigated raw material quantities for H2 production 
are shown. 

Lanthanum currently has a low EI compared to the other raw ma
terials but a high supply risk mainly due to the high supply concentra
tion with China having a market share of 69% [43]. The EI could 
increase in the future due to its application in solid-state batteries. For a 
sustainable scenario, the German Mineral Resources Agency (German: 
Deutsche Rohstoffagentur = DERA) [43] expects a demand alone for 
future technologies in 2050 higher than the production in 2018. Nickel 
currently has a low SR but the demand is expected to rise significantly 
caused by the ramp-up of electro-mobility. Due to the high specific 
nickel demand for the AWE shown in Table 4, the demand for water 
electrolysis could lead to higher supply risk. 

In Table 5, an overview of the investigated raw materials is shown 
with the country concentrations, main applications, current reserves, 
annual production, forecasted demands for future technologies and 
current end of life recycling rates (EOL-RR). The reserves are the known 
concentration of metal that are economically mineable under today’s 
circumstances [59]. As shown in the table, the estimated annual demand 
for future technologies in 2040 for lanthanum and nickel exceed the 
annual production in 2018, which is considered critical by the DERA 
[43]. The low EOL-RR reinforces this, although it should be noted that 
these could increase in the future, if new recycling processes might have 
been developed. 

Many of the raw materials have a high country concentration leading 
to a high supply risk. The current annual production is highly dependent 
on the demand and can adapt to future demands within certain limits. 
Based on the estimated demands for future technologies including H2 
production and with the development of current applications the annual 
production has to be adapted. 

In the following, for each of the selected raw materials, the demands 
for the investigated H2 and equivalent synfuel scenarios are determined 
as described in Section 2. For the evaluation, the annual and total de
mands until 2050 are compared with the current annual production and 
the current reserves. 

As there are no reliable forecasts of future reserves and annual raw 
material productions, the calculated demands are compared to the 
current reserves and the current annual productions shown in Table 5. 
Fig. 2 shows the calculated total raw material demands and the share of 
the current reserves. The required raw materials for the H2 demands for 
aviation are marked in blue (“A” and “B”), and in turquoise (“C”), the 
raw material demands for the H2C H2 demand forecast for all sectors are 
shown. The percentages next to the bars indicate the share of the current 
reserves. 

These demands are compared to the current reserves that make 
100% of the graph and is labelled with a “D”. If the demands (“A”, “B”, 
“C”) exceed the reserves, then the graph reaches > 100%. 

As shown in the figure, the iridium demands for H2 in all sectors 
exceeds the current reserves, while the other H2 demand scenarios still 
make up for a significant amount of the current iridium reserves. The 
reserve shares of the other assessed raw materials are significantly lower 
with shares under 3%. An important factor for the evaluation of the 
reserve share is the dynamic change of the reserves. The reserves can 
increase significantly due to economic, technological or regulatory 
reasons [69]. The consideration of future reserves is not within the scope 
of this study. Nevertheless, it is important to note that the current re
serves are not definitive. As there is limited data on the iridium mining 
and reserves, the future reserves can only be estimated by comparing to 
other PGM like platinum of which iridium is a by-product. From 1997 to 
2016, the relationship between annual reserve change and production 
was 0.75:1 [69]. That implies that the platinum reserves increased by 3 

tons for every 4 tons mined. If this dynamic would be projected on the 
iridium reserves, the total iridium demands for the largest scenario “H2 
in all sectors” would account for 75.3% of the reserves in 2050. 

Besides the reserves, the calculated demands are also compared to 
the current annual productions rates. The annual iridium demand for the 
H2 demand forecast for all sectors in the year 2050 exceeds the current 
annual production by more than 11 times. For the high H2 demand in 
aviation, the iridium demand in the year 2050 still exceeds the current 
annual production by more than 3.6 times. The other investigated raw 
material demands have significantly lower shares with only titanium 
having a 22.8% and platinum a 17.4% share of the current annual 
production. 

Compared to H2-powered aviation, the raw material demands for 
synfuel production with the same electrolysis technology share would be 
significantly higher with a factor of about 1.34 if the same fleet share 
would be powered by synfuel instead of H2. This follows from higher H2 
demand for synfuel production mainly caused by the synfuel yield for 
aviation of the Fischer-Tropsch process as discussed in Section 2.2. If the 
SOE were used as the only technology for synfuel production, which 
could be beneficial due to waste heat recovery, the lanthanum and 
yttrium demands would increase significantly. 

Sensitivity analysis 

Because the share of water electrolysis technologies is uncertain and 
also the specific raw material demands of the electrolysers are expected 
to go down, in the following, a sensitivity analysis is performed. 

There are three scenarios defined for each factor that will be 
considered now focusing on the used electrolysis technology and the 
underlying raw material demand per capacity installed. 

For the specific raw material demands, the current raw material 
demands are used as the baseline scenario. The second resource scenario 
represents a scenario with a reduction of specific raw material demands 
while the third resource scenario represents an even higher reduction 
case based on estimates by the IEA [59]. For the technology scenario, 
there are two technology combinations from the literature and one 
scenario with a higher PEMWE share, to investigate the influence on the 
iridium demand, which is identified as the most critical raw material. 
The modelled scenarios are shown in Table 6 and 7 and are applied to 
both, the H2 and synfuel scenarios. 

Fig. 3 shows the iridium demand from the sensitivity analysis in 
comparison to the reserves, as iridium was previously determined as the 

Table 6 
Specific raw material demands assumed for the sensitivity analysis.  

Specific raw material 
demand in kg/MW  
[44,59] 

Baseline 
resource 
scenario 

Mean 
resource 
scenario 

Innovative 
resource scenario 

Titanium (PEMWE) 414 223 32 
Platinum (PEMWE) 0.3 0.165 0.03 
Iridium (PEMWE) 0.7 0.385 0.07 
Nickel (AWE) 1000 900 800 
Nickel (SOE) 150 80 10 
Lanthanum (SOE) 20 15 10 
Yttrium (SOE) 5 3.75 2.5  

Table 7 
Electrolysis technology share assumed for the sensitivity analysis.  

Electrolysis 
technology share in 
2050 

High 
PEMWE 
share 

Mean PEMWE share 
(IndWEDe)1 [44] 

Low PEMWE 
share (DERA)1  

[43] 

PEMWE 60% 40% 10% 
AWE 20% 40% 85% 
SOE 20% 20% 5%  

1 The technology shares from these studies are projected to the rest of the 
world. 
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most critical raw material for larger H2 demands. The dotted circle in
dicates the current iridium reserves, while the blue circles represent the 
high H2 for aviation scenarios share of the reserve and the turquoise 
circle the H2C forecast for all sectors. As shown in the figure, the iridium 
demand for H2 production for all sectors exceeds the current reserves in 
three scenario combinations. In the high PEMWE share scenario, the 
iridium demands are exceeding the reserves even in the mean resource 
scenario. The annual iridium demand for H2C forecast for all sectors in 
2050 exceeds in all scenarios the current annual production except for 
the low PEMWE share and innovative resource scenario. When the 
specific iridium demand of the PEMWE or the share of used PEMWE is 
lowered, the share of the reserve is lowered significantly. 

In the worst-case (high PEMWE share and baseline resource sce
nario), the annual iridium demand is more than 17 times higher than the 
current production (the annual production is not illustrated but shown 
in Table 5). For the other investigated raw materials, the share of the 
current reserves is comparatively low with shares of under 4% in the 
worst case. 

When the change of reserves according to Rasmussen et al. [69] is 
assumed to be 0.75:1, for the worst case in Fig. 3, the share of total 
iridium reserves for all sectors would be significantly decreased to 
88.6%. 

The iridium demand for H2-powered aviation on its own is not crit
ical as shown in blue in Fig. 3, but could still be affected by the limited 
reserves. In addition, the annual production needs to be scaled up to 
meet the demands for H2 production. When the specific iridium demand 
is lowered according to [59], the H2 production with a high PEMWE 
share is viable. 

For the other raw materials, the sensitivity analysis showed only low 
shares of the current reserves, with only nickel standing out as with 
lowered PEMWE share the AWE share rises which causes a higher nickel 
demand. So, in the highest demand scenario for nickel (low PEMWE 
share and baseline resource scenario), the total nickel demand is around 
5.8% of the current reserves with only minor changes in the resource 
scenarios. 

Substitutes for critical raw materials and dealing with the limitations 

As the iridium demand for H2 supply has been identified as critical, 
two obvious strategies for dealing with the possible limitations are 
evaluated. 

The first strategy to deal with the limited iridium reserves is to lower 
the PEMWE share in the technology mix. This would lead to a higher 
nickel demand caused by a higher AWE share. As the nickel demand is 
expected to rise due to the ramp-up of electric mobility, this could also 
become a critical issue looking at overarching decarbonization efforts. 
As the PEMWE is advantageous when used in combination with RES, a 
high share is still seen favourable. 

Consequently, a second strategy would be to lower the specific 
iridium demands or develop PGM-free electrolyzers. Especially for 
PEMWE, there is a lot of research to decrease the PGM demand with new 
manufacturing techniques like sequential electrodeposition [20]. In the 
field of PGM-free catalysts, progress has also been made. Moschkowitsch 
et al. [70] state that it is only a matter of time until new materials will be 
competitive for large-scale electrolyzers. Although new materials may 
enable water electrolysis to be completely free of critical raw materials, 
this is expected to be a lengthier process [71]. 

To realize the high demands for H2 in the near future, the reduction 
of critical raw material loadings is crucial to achieving the targeted share 
of PEMWE. If a significant reduction or even a substitution of iridium in 
addition to the assumed reduction of the other raw materials can be 
accomplished, all investigated technology share scenarios are achiev
able regarding the raw material supply. 

Consideration of the operational phase of H2 supply for H2- 
powered aviation 

In this section, the resource requirements for the operational phase of 
the H2 supply for H2-powered aviation are investigated. For the evalu
ation, the availability of renewable energy sources (RES) and the water 
are assessed from a global perspective and for selected airports. 

Fig. 3. Iridium demand depending on the different scenarios compared to the current reserves.  
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Evaluation of a global perspective 

First, the availability of RES is assessed and compared to the ex
pected energy demands. In 2020, the share of renewable energy in 
electricity generation worldwide accounted for 29% [72]. Including 
hydropower, the global renewable energy capacity was 2,838 GW. 
However, a forecast by Teske et al. shows that in a 1.5-degree future, a 
renewable energy capacity of 25,723 GW is needed in 2050 [73]. In such 
decarbonization scenarios, not only the electricity supply sector has to 
be powered by renewable energy as it only accounts for 30% of the 
global CO2 emissions, but also other carbon-intensive sectors like the 
transport and heat sector [74]. 

The technical potential for RES is difficult to determine as it depends 
on many different factors besides natural conditions, for instance, land 
availability. The largest share of all the different RES for electricity 
generation is expected for wind and solar photovoltaic (PV) power, since 
capacity additions for hydropower is very limited [74]. In 2050, wind 
and solar PV power are expected to supply 63% of the total electricity 
needs [75]. The most relevant natural conditions for wind and PV power 
are solar irradiation and wind speed. The solar irradiation can be 
measured with the physical variable of global horizontal irradiation 
(GHI), which is the amount of direct and diffuse irradiation components 
that reach a horizontal surface [76]. For the practical solar PV potential, 
more factors have to be considered such as air temperature, terrain 
horizon, albedo and others that affect the system performance. The GHI 
is mainly determined by geographic latitude but also by the abundance 
of clouds, atmospheric aerosol concentration and moisture content [76]. 
The highest theoretical potential for PV power is located in the north and 
south of Africa, the Arabian Peninsula, Australia, Mexico and Chile. 
Around the equator, the potential is lower due to the frequent occur
rence of clouds. In regions with lower temperatures, the potential is 
reduced due to a lower sun angle as well as a higher concentration of 
aerosols [76]. As for solar PV power, the technical wind power potential 

is depending on many different factors besides the mean power density 
such as land availability, distance regulations or slope inclination. The 
mean power density can be used to assess the wind energy potential in a 
region, as it not only includes wind speed but also the wind directions 
and atmospheric pressure. A low wind power density occurs around the 
equator and a higher power density around the poles. Also, the wind 
power density is higher at offshore sites [29]. 

Based on these factors, the potential for RES is determined. Fig. 4 
shows the technical potential for RES based on an analysis from the 
German Environment Agency (Umweltbundesamt) [23], which esti
mates the global technical potential in 2050 at 2,942 PWh per year. 
Compared to other studies, this estimate is in the middle with the lowest 
estimate being 589 PWh per year and the highest up to 7,803 PWh per 
year [23]. The total world’s primary energy demand in 2015 was about 
154 PWh per year [73], which according to the IRENA [75], could rise to 
around 220 PWh per year in 2050. By just comparing the expected 
primary energy consumption to the technical renewable energy poten
tial, even with the highest demand and the lowest estimates for the 
technical potential, the technical potential for renewable energies is 
more than twice as high. 

As shown in Fig. 4, the largest potential of RES is located in Africa 
and consists mostly of PV power while Europe has a comparably low 
potential. When compared to the primary energy consumption, Africa 
has only one-third of the EU’s demand but almost 50 times higher 
technical potential of RES [77]. This highlights the importance of 
evaluating the availability of renewable energy from a regional 
perspective. 

In the following, the calculated energy requirements for the different 
H2 and equivalent synfuel demands are compared to the technical po
tential of RES. 

Fig. 5 shows the calculated energy and water demand for the 
different H2 demand scenarios. The energy demand for the high H2 
demand in aviation with the baseline scenario calculates to 7.2 PWh, 

Fig. 4. Technical potential of RES divided into regions [23].  
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which makes up for 0.24% of the estimated global technical potential for 
RES. The energy demand corresponds to 4.2% of the current global 
energy demand [73] and to about 96.7% of the current renewable en
ergy production including hydro power [78]. For comparison, the global 
kerosene demand in 2050 is estimated to 6.67 PWh [79]. While the 
energy demand seems feasible compared to the technical potential for 
RES, it still makes up for a large share of the current energy demand, 
which in a net-zero scenario needs to be supplied mostly by renewable 
energies in 2050. If the same aircraft fleet share as in the high H2 for 
aviation scenario were to be powered by H2-based synfuel, the energy 
demand would be 1.4 times higher. In the H2 demand forecast for all 
sectors, the energy demand makes up for 1.3% of the technical potential. 

When the efficiency of the electrolysis technologies increases as 
shown in Table B.1, the total energy demand is reduced by 11% as 
shown as “higher efficiency”-scenario in Fig. 5. The energy demand for 
synfuel production is reduced by almost 14% caused due to the higher 
electrolysis and DAC efficiency. 

As the other main resource for the operational phase of H2-powered 
aviation, the global water availability is assessed as well. Fig. 5 com
pares the modelled water demand for H2 production to the current 
freshwater use, to evaluate the influence of H2-powered aviation on the 
water demand. 

The water stress, shown in Fig. 6(a), is particularly relevant for the 
implementation of H2-powered aviation with H2 produced by water 
electrolysis. The water availability is investigated based on the current 
water stress and the expected future change. 

The water stress indicator, given in Fig. 6(a), compares water with
drawals with available renewable surface and groundwater resources. 
Water withdrawals in this case include consumptive and non- 
consumptive uses by households, industry, irrigation, and livestock. 

High water stress leads to environmental problems and can hinder the 
economic development of a country or region. Also, countries and re
gions with a water stress level above 40% are vulnerable to fluctuations 
such as droughts or increased water withdrawals [80]. As shown in 
Fig. 6(a), high and extremely high water stress occurs especially in re
gions with high population density. The global water stress level in 2019 
was about 19%, which indicates that 19% of the world’s renewable 
water is withdrawn after accounting for environmental flow re
quirements [81]. Currently, 2.3 billion people live in water-stressed 
countries of which 733 million live in countries with extremely high 
water stress [82]. 

Even if the water stress at a country level is low or low to medium, 
locally it can be high or even extremely high mostly in metropolitan 
regions. Future trends in water stress are subject to many uncertainties. 
In 60–75% of river basins, water stress is estimated to increase by 2050, 
while in a small part it will decrease or remain constant. Increasing 
water stress is mainly related to higher water withdrawals with the most 
important factor being the increase in household water use followed by 
increasing industrial and agricultural water use. Although population 
growth is an important factor, rising income has a higher impact on per 
capita household water use [27]. 

Fig. 6(b) shows the change of global water stress in 2040. When 
comparing the current water stress in Fig. 6(a) to the change of water 
stress, in many regions currently affected by high or extremely high 
water stress the level is expected to increase. The global Alliance Pow
erfuels states, that the water electrolysis should not increase the risk of 
declining water levels or negatively affect the existing water supply and 
therefore should not be installed in regions with “high” or “extremely 
high” water stress [38]. 

Again, the results of the demand modeling are compared to the 

Fig. 5. Total annual energy (a) and water (b) demand for H2 and synfuel supply in 2050.  
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current water use, to determine the influence of H2 production for 
aviation. As shown in Fig. 5, in the high H2 demand scenario for avia
tion, 1.4 billion m3 of water are necessary in 2050. This would account 
for 0.04% of the global freshwater used in 2014, which was 3990 billion 
m3. The water demand for the equivalent synfuel production is about 
17.6% higher caused by a higher H2 demand and water demand for the 
Fischer-Tropsch process. 

Compared to the availabilities, water demand of H2-powered avia
tion could be supplied by freshwater from a global perspective. 

The sensitivity analysis carried out for the raw material evaluation 
has only minimal influence on the water demand, which is why it is not 
included for the evaluation of water availability. As H2 production is 
dependent on the availability of RES in the region, the water stress has to 
be evaluated in combination with the availability of RES. As shown in 
Fig. 4 and Fig. 6, the regional availability of RES and freshwater varies 
significantly, which is why the conditions for H2 production have to be 
evaluated individually from a regional perspective. 

Evaluation of a regional perspective: selected airports 

Finally, the implementation of H2-powered aviation at selected air
ports is evaluated to derive general insights into the regional perspec
tive. The water stress at the airports and the conditions for RES in the 
airport’s countries are assessed to evaluate the potential for local H2 

production. The selection of airports was made to assess different airport 
scenarios, where these are located in areas with varying potential for 
RES, varying freshwater availability and distance to the sea. 

First, the water stress and the distance to the sea of the selected 
airports are investigated. 

The water availability for H2 production with water electrolysis is 
highly dependent on the region. Even if the overall water stress in a 
country is at a low to medium level like for instance in the UK, the local 
water stress in the region around London is high. For over 600 large 
airports, the water stress has been evaluated based on the Aqueduct’s 
water stress data [26]. Therefore, all airports with over a million pas
sengers per year from scheduled commercial flights have been assessed. 
Due to a lack of data regarding the other considered conditions at the 
airport, the evaluation of these airports was limited to assessing only 
water stress. Of the assessed airports, 31.4% are located in regions with 
high or extremely high water stress. Of the biggest 30 airports ranked by 
passengers per year, 36.7% are located in regions with a high or 
extremely high water stress level (>40%). 

The water stress in the regions of the selected airports is shown in 
Table 8. Five of the investigated regions have high or extremely high 
water stress. As discussed by Khan et al. [42] seawater desalination is a 
viable option for water electrolysis in regions with detrimental avail
ability of freshwater. More than half of the largest 30 airports that are in 
water stressed regions are located 100 km or farther away from the sea, 

Fig. 6. Global water stress in 2019 in (a) and estimated change of global water stress 2040 in (b) [26].  
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so even if seawater is used and desalinated, the water would have to be 
transported to the H2 production site. 

In addition, the conditions for RES in the airports countries are 
investigated. 

Since there is no detailed and comparable data available to evaluate 
the renewable energy potential at the airport’s surrounding regions, the 
countries Energy Transition Index (ETI) score based on Singh et al. 
[83,84] is used. The ETI score rates countries based on their energy 
systems performance and readiness for transition to a secure, sustain
able, affordable and reliable energy future. 

The ETI score ranges from 0 to 100 with Sweden scoring highest with 
79 and Zimbabwe scoring lowest with 39. The global average ETI score 
is 59, so most of the selected airports shown in Table 8 are in countries 
scoring higher than average. The table also shows the calculated energy 
and water demand based on the estimated H2 demand of the airports in 
2050. 

Fig. 7 shows a clustering of the selected airports based on their water 
availability and ETI score from Table 8. As shown in the figure, none of 
the selected airports has ideal conditions (i.e. high water availability and 
good conditions for RES – upper right area of the graph) for local H2 

Table 8 
Overview of the conditions for water and RES at the selected airports and energy and water demand for H2 in 2050.  

Airport (IATA 
airport code) 

Water stress at the 
airport [26] 

Distance to 
seawater 

Local water demand for onsite H2 

production in kt1 
ETI score  
[84] 

Local energy demand for onsite H2 

production in TWh/yr1 

Chengdu/China 
(CTU) 

Low (<10%) 1069 km  3.86 57  20.90 

Delhi/India (DEL) Extremely High (>80%) 930 km  4.47 53  24.21 
Denver/USA (DEN) Extremely High (>80%) 1232 km  6.48 67  35.06 
London/UK (LHR) High (40–80%) 62 km  4.42 72  23.93 
Los Angeles/USA 

(LAX) 
Extremely High (>80%) 3 km  10.02 67  54.26 

Madrid/Spain (MAD) Extremely High (>80%) 300 km  4.01 68  21.69 
Santiago/Chile (SCL) Extremely High (>80%) 75 km  2.01 65  10.86 
Tokyo/Japan (HND) Medium - High 

(20–40%) 
0.25 km  2.27 64  12.27  

1 Calculated with high H2 demands based on Hoelzen et al.[36]. 

Fig. 6. (continued). 
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production at the airport. Airports with low water availability and high 
ETI score which are located close to the sea like LAX and SCL could use 
desalinated seawater for local H2 productions. For airports located in 
regions with detrimental conditions for RES like CTU and DEL, the 
import of H2 from more suitable regions is a viable alternative. 

This matrix only provides a general overview of the situation at the 
investigated airports and no statements can be made about the feasi
bility of local green H2 production for the individual airports. Even if the 
country’s renewable energy availability is rated low, it could be entirely 
possible to produce the required H2 with RES at the airport. The matrix 
should help as a methodology for the assessment of industrial policy 
strategies. 

The synfuel production will most likely not be located directly at the 
airport as high production volumes and economies of scale are required 
to be economically. In addition, the existing international fuel supply 
chain could be used for transport [85]. Therefore, production is ex
pected to take place at locations with very good conditions for RES, 
which are also discussed in the following section. 

Regions where a high H2 import reliance is likely 

Based on previous considerations, regions with a high import reli
ance for H2 aviation are identified and compared to the country’s con
ditions for RES. 

Fig. 8 shows a world map with the suitability for aviation-dedicated 
H2 production in each country. Unlike in the previous section, the po
tential for RES is not shown with the ETI, but with the natural conditions 
based on the global horizontal irradiation (GHI) and mean wind power 

density [28,29]. This sets focus on the country’s potential for H2 pro
duction without considering circumstances like the county’s political 
agenda or GDP. Since the map only shows the natural conditions and 
does not include the land availability and other factors that influence the 
potential for RES, it displays only a general overview of the country’s 
suitability for green H2 production for aviation. Countries with more 
than 900.000 annual commercial flights correspond to the label “high 
H2 demand in aviation”. 

The countries are categorized qualitatively into four groups. The first 
group (marked orange in Fig. 8 represents countries with standard 
conditions for RES and a high amount of flights corresponding to a 
potentially high H2 demand for aviation. These countries are likely to 
import H2 from regions with better conditions for RES. The second group 
(beige) of countries has standard conditions for RES and also a low H2 
demand for aviation. These countries could be self-sufficient or could 
also import the required H2. The third group (turquoise) has good 
conditions for RES and is therefore suitable for producing H2. This group 
has also a low H2 demand for aviation, so an export of H2 to other 
demanding countries might be possible. The last group (blue) has in 
addition to good conditions for RES a high H2 demand in aviation so the 
countries could be self-sufficient or even export H2, too. All evaluated 
countries are shown in Fig. 8 under consideration of countries affected 
by high water stress marked accordingly. 

As it can be seen, from all countries where the main aviation market 
takes place, only the USA and Spain are labelled as possible self- 
sufficient with Spain affected by high water stress. These results are 
only a first indication, which of course has to be evaluated in detail for 
each country or even location. In large countries like Canada for 

Fig. 7. Clustering of selected airports based on water availability at the airport and countries ETI score.  
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example, the conditions for RES vary highly throughout the country 
leading to standard conditions in this study, while in reality there might 
be enough potential to even export H2. The map also highlights the 
importance of strategies for low water availability, as many countries 
with good natural conditions are exposed to high or extremely high 
water stress. In India, for instance, the International Renewable Energy 
Agency (IRENA) estimates that in 2050 less than 5% of the H2 demand 
could be produced domestically when including water availability [34]. 
In addition, some of the possible export countries like Bolivia for 
instance could be constrained by the status of its existing infrastructure 
[33]. 

As stated before, for synfuel transport, the existing fuel supply 
infrastructure could be used [85]. For synfuel, it is most likely that the 
production will take place in regions where it is most cost efficient, 
which are regions with a high potential for RES shown in Fig. 8. 

It has to be noted that this study does not include an economic 
evaluation of H2 production. Therefore, even if the potential for 
renewable energies in some regions like the USA or Spain would allow 
domestic H2 production, it might be more economical to import from 
other regions. 

Dealing with the limitations 

In this section, strategies for regions with low potential for RES and 
high water stress are discussed. 

In the case of green H2 production by means of water electrolysis, 
there is no sustainable and CO2-neutral substitution for RES to power the 
electrolysis. For regions with low available RES, either the transmission 
of renewable energy via a grid or the import of H2 are a possibility to 
meet the H2 demand for aviation and other sectors. As power trans
mission makes up for a large amount of investment costs, it is only an 

option for limited distances [86]. Wang et al. [87] compared the cost of 
electricity transmission infrastructure to that of H2 pipeline infrastruc
ture over various distances. According to their analysis, the transport of 
H2 with a pipeline is the most cost-effective for the investigated dis
tances up to 2,500 km, regardless of the type of electric transmission or 
pipeline used. Because of this, for regions with detrimental natural 
conditions and large distances to regions with high renewable energy 
potential, the import of H2 might be the most viable option to supply H2- 
powered aviation. For the international or intercontinental import of H2, 
transport by ship is more economic than pipelines for distances over 
4,000 km [87]. Even though the shipping conditions of H2 when con
verted into NH3 might be more advantageous and less costly compared 
to L H2, when H2 is required to be in a liquid state for the end-use, LH2 
shipping is a more economic choice [35,86,87]. According to the 
Hydrogen Council [88], imported LH2 from Latin American countries 
could be less costly than domestic production in the United States. The 
main reason for the lower costs is the achievable load factor for the 
electrolyzers [88]. The full load hours for the electrolysis and related 
RES determine the load factor. For example, Chile has the highest load 
factors for solar PV in the world and high load factors for wind, which 
could decrease H2 production costs significantly [89]. 

Oceania, Africa, the Middle East and Latin America are likely to be 
the main H2 export regions, where already 28 export projects have been 
announced [66]. The Fraunhofer Institute for Energy Economics and 
Energy System Technology (Fraunhofer IEE) has calculated the potential 
for producing and exporting H2 in different countries outside of Europe 
[31]. In the analysis, besides the natural conditions, also land avail
ability, water stress, political conditions and other factors have been 
included. In South America, especially Chile and Argentina have a high 
potential to be major H2 export countries. According to the Fraunhofer 
IEE analysis, the two countries could produce more than 460 million 

Fig. 8. Global natural conditions for RES, H2 demand for aviation and highlighted water-stressed countries.  
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tons of LH2 per year, which is almost 70% of the Hydrogen Council’s 
forecasted global H2 demand in 2050 [37] and could supply the high H2 
demand for aviation assumed in this study’s model. Also in Oceania, 
Australia and New Zealand have a high export potential, which is 
especially relevant for countries in Asia like Japan because of the ex
pected high H2 import demand [33]. 

In contrast to RES, for the water supply, there are several strategies 
for regions with low availability. In the following, four strategies for 
substituting conventional freshwater supply are discussed. First and as 
also implemented in the model, seawater desalination represents a good 
option for water supply in water stressed regions close to the sea. The 
seawater reverse osmosis (SWRO) requires less than 0.1% of the energy 
demand for H2 production with water electrolysis. Also, the cost makes 
up for about 0.6% of the levelized H2 costs [42]. With the water demand 
for electrolysis assumed in the model, the SWRO makes up for about 
0.008 USD/kg H2. 

Second, another method of using seawater is the direct electrolysis of 
low-grade and saline water [38]. In contrast to the SWRO, direct 
seawater electrolysis is at an early stage of development [90]. A major 
challenge in the development is the design of selective catalysts for the 
oxygen evolution reaction to reach stable and industrial relevant current 
densities. Furthermore, bacteria, microbes and small particles limit the 
long-term stability of the catalysts and membranes. Due to these chal
lenges, direct seawater electrolysis is still far away from commerciali
zation. [42]. 

Third and for regions with low availability of freshwater supply and 
large distances to the sea, water could be transported from regions with 
low water stress or desalinated from the coast. There is only little in
formation about the transport costs of water available in the literature. 
The costs are highly dependent on the elevation that has to be overcome 
and also on the way of transport, as transportation by pipeline would 
almost triple the water costs [91]. Also, the specific transportation costs 
rise with lower demands of water to be transported. Zhou et al. [91] 
found the cost of transporting 100 million m3 of water per year to New 
Delhi, whose airport was investigated earlier in this section, would cost 
0.9 USD/m3. That would account for a cost increase of 0.01 USD per 
produced kg of LH2, which is 1.5 times the cost of desalination. For the 
airport in New Delhi in the modelled ambitious scenario, 5 million m3 of 
water would be necessary every year for H2 production. That would 
increase the cost if the water would be only transported for H2 pro
duction and no synergies with other high water demanding sectors are 
used to increase the total amount of transported water. As the water 
demand for most single airports is comparatively low, the costs for water 
transport could make up for a significant share of the overall H2 costs – 
hence, might not be a preferable option. 

Forth, another option for the water supply in regions with limited 
access to freshwater could be water from direct air capture (DAC). With 
a low-temperature DAC based on alkaline solid sorbents, about 1 kg of 
water is extracted per kg of CO2 captured [38]. As water is collected as a 
by-product low additional costs result from the utilization of the 
collected water. Since the DAC process is associated with high costs, it is 
not expected to be deployed for water supply but the water from 
installed DAC plants for other uses like the discussed use of synfuel or 
even high-quality compensation could be utilized for H2 production. It is 
also possible to win water directly out of the air with a hygroscopic 
electrolyte although the technology is not yet mature [92]. 

Conclusion and outlook 

Focus of the present study was the analysis of resource limitations for 
the implementation of H2-powered aviation on a global scale. 

For this purpose, the resource requirements for H2 and synfuel pro
duction were calculated based on selected demand scenarios and 
compared to the resource availabilities from a global and regional 
perspective. 

Our analysis of the deployment phase identifies iridium used as 

catalyst for PEMWE to be possibly a critical raw material for a global H2 
supply of all sectors if a high PEMWE share is assumed and the specific 
raw material loading is not reduced. For iridium, both the annual pro
duction and the current reserves might be exceeded. 

Based on the estimated demand for other future technologies also the 
annual lanthanum and nickel demand for H2 production could be critical 
if the annual raw material production cannot be increased. Aviation’s 
share in this global H2 supply picture is about a maximum of 20% in a 
high-demand scenario and even higher for the equivalent synfuel pro
duction, which could enhance the raw material limitations. 

The development of PGM-free catalysts could solve the resource 
conflicts for the PEMWE, although it is not expected to reach industrial 
relevance soon. To meet future demands, efficient recycling infrastruc
ture and increased iridium production are essential. If significantly 
lower raw material loadings for the electrolyzers are achieved and the 
annual raw material production can be increased, besides a possible 
supply dependency no further limitations are identified for installing the 
required electrolysis capacity from the raw material perspective. 

For the renewable energy required in the operational phase, no 
conflicts have been found on a global level. Aviation’s share of the 
estimated technical renewable energy potential by the German Envi
ronment Agency in 2050 is about 0.24% at a high H2 demand scenario. 
For water demand, also no conflicts have been found from a global 
perspective, as H2-powered aviation in 2050 could be accountable for 
0.04% of the current global freshwater used. 

Additionally, the evaluation of regional cases provides a general 
overview of H2 supply at airports. It was found that conditions for RES 
and freshwater supply vary significantly. High H2 demand at certain 
airports could conflict with other sectors due to limited RES and fresh
water availability. Of over 600 large airports, 31.4% face high water 
stress, making conventional freshwater supply unsuitable. In such cases, 
importing H2 becomes the most sensible option (e.g., Indira Gandhi 
International Airport in Delhi). Alternatively, H2 production in the 
airport’s region is possible when water is available from alternative 
sources (e.g., Madrid airport). Desalination is a viable alternative for 
regions with water scarcity near the sea. 

The resource requirements for synfuel production are even higher 
compared to H2-powered aviation due to high H2 and energy demands. 
As the existing fuel transport infrastructure could be used, the regional 
varying resource limitations are not as crucial as for the H2-powered 
aviation, but nonetheless high amounts of RES, water and raw materials 
are required. An import of synfuel from a few large production sites 
could also entail a high supply dependency. 

Besides the findings of this study, also the limitations of the work are 
reflected and future research opportunities are discussed. As there is no 
reliable data available for the forecasted annual production of raw 
materials, the modelled demands are compared to the current mining 
capacities and reserves. However, future raw material productions are 
uncertain and potential conflicts between countries, or new extraction 
methods could significantly alter production levels. A more detailed 
evaluation of future production and reserves needs to be provided to 
better anticipate possible conflicts regarding the raw material demands. 
Additionally, considering the technical potential for RES depends on 
various factors, requiring more data for an in-depth evaluation of 
available potential at airports. 

A unified evaluation method for the airport regions needs to be 
developed, to investigate the local H2 production potential or the need to 
implement a supply chain for H2 import. Besides the resource re
quirements, also the levelized costs of H2 need to be evaluated to 
identify economical H2 production locations with sufficient availability 
of RES and water. For the installation of water electrolysis plants, reg
ulations should be implemented to ensure that H2 production does not 
exacerbate local water stress. 

Overall, potential resource conflicts have been determined and the 
importance of an individual analysis for every airport has been high
lighted. For the decarbonization of the aviation sector, airports need to 
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be evaluated for the suitability of local H2 production, so that possible 
conflicts can be identified and H2 transport routes can be developed. The 
ambitious scenarios and strategies need to be translated into concrete 
measures to enable the introduction of H2-powered aviation. Green H2 
production needs to be scaled up and transport routes have to be 
implemented to lower the cost of H2 and enable competitiveness with 
conventional jet fuels. Although synfuel has many benefits when 
handling, for a carbon neutral aviation, H2-powered and synfuel- 
powered aviation could be complementary to make efficient use out of 
the limited resources. While realising the supply of carbon neutral fuels, 
the sustainable use of raw materials, renewable energy and water must 
not be neglected, so aviation in the future will not only be carbon neutral 
but also truly sustainable. 
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Appendix 

A. Model 

The energy demand for the electrolysis Eelectrolysis is calculated with the total amount of H2 to be produced mH2 and the specific energy demand 
Es

technology,i for the electrolysis technology i with 

Eelectrolysis = mH2⋅
∑

(Es
technology,i⋅ntechnologyshare,i) (A.1) 

The ntechnologyshare in Eq. (4) is the share of the individual technology assumed for the H2 production. The total amount of H2, which needs to be 
produced with the water electrolysis, is calculated with the H2 demands mH2demand discussed in Section 2.1 and the H2 losses along the supply chain to 

mH2 = mH2demand +mH2demand⋅
(

ms
H2loss,fueling +ms

H2loss,boiloff +ms
H2loss,liquefaction

)
. (A.2) 

The specific losses during fueling ms
H2loss,fueling, the boil-off losses ms

H2loss,boiloff and the losses during liquefaction ms
H2loss,liquefaction are stated in percent. To 

calculate the total raw material demands, the necessary electrolyser capacity Pelectrolysis has to be calculated with the required energy and the full load 
hours tfullloadhours to 

Pelectrolysis =
Eelectrolysis

tfullloadhours
. (A.3) 

The energy demand of the other components is calculated analogous to Eq. (A.1) with their specific energy demand and the total H2 demand. 
The energy demand for the electrolysis for synfuel production is calculated with Eq. (A.1). The amount of required CO2 mCO2 and the resulting 

energy demand for its production are calculated with 

mCO2 = msyncrude⋅ms
CO2/syncrude (A.4)  

EDAC = mCO2⋅Es
DAC . (A.5) 

ms
CO2/syncrude is the specific CO2 demand for syncrude production and Es

DAC is the specific energy demand for the DAC. The energy demand for the 
Fischer-Tropsch process is calculated with the specific energy demand Es

FT+RWGS to 

EFT+RWGS = msyncrude⋅Es
FT+RWGS (A.6) 

The water demand for synfuel production mH2O, synfuel is calculated with 

mH2O,synfuel = mH2O +ms
H2O,FT⋅msyncrude (A.7)  

with the water demand for H2 production mH2O, the specific water demand of the Fischer Tropsch process ms
H2O,FT and the total syncrude demand. With 

this and the specific energy demand for the desalination process, the energy demand for seawater desalination is calculated with 

Edesalination = mH2O,synfuel⋅Es
desalination. (A.8) 

At last, the energy demand for the transport is calculated with the distance to be covered d, the specific energy demand of the transport medium 
Es

transport and the amount to be transported mfuel to 

Etransport = mfuel⋅d⋅Es
transport. (A.9)  
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B. Input Parameter for the Model  
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