
ww.sciencedirect.com

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 3 3 0 6 2e3 3 0 7 6
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Green hydrogen cost-potentials for global trade
D. Franzmann a,b,*, H. Heinrichs a, F. Lippkau d, T. Addanki c,
C. Winkler a,b, P. Buchenberg c, T. Hamacher c, M. Blesl d, J. Linßen a,
D. Stolten a,b
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h i g h l i g h t s
� Huge hydrogen potentials (>1500 PWhLHV/a) and 79 PWhLHV/a at costs below 2.3 EUR/kg in 2050.

� Dominated by solar-rich countries in Africa and the Middle East.

� Decentralized PV-based H2 production is always preferred, even in wind-rich countries.

� Low-cost green H2 depends on sustainable water supply via seawater desalination.

� Additional costs for exports from democratic regions 7% higher.
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a b s t r a c t

Green hydrogen is expected to be traded globally in future greenhouse gas neutral energy

systems. However, there is still a lack of temporally- and spatially-explicit cost-potentials

for green hydrogen considering the full process chain, which are necessary for creating

effective global strategies. Therefore, this study provides such detailed cost-potential-

curves for 28 selected countries worldwide until 2050, using an optimizing energy sys-

tems approach based on open-field photovoltaics (PV) and onshore wind. The results reveal

huge hydrogen potentials (>1500 PWhLHV/a) and 79 PWhLHV/a at costs below 2.30 EUR/kg in

2050, dominated by solar-rich countries in Africa and the Middle East. Decentralized PV-

based hydrogen production, even in wind-rich countries, is always preferred. Supplying

sustainable water for hydrogen production is needed while having minor impact on

hydrogen cost. Additional costs for imports from democratic regions are only total 7%

higher. Hence, such regions could boost the geostrategic security of supply for greenhouse

gas neutral energy systems.
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Introduction

Green hydrogen has been advocated by various studies as a

key element in the transformation of the energy system to-

wards greenhouse gas-neutrality [1]. The main reasons for

this are that it can serve as seasonal bulk storage to counteract

the volatility of wind and solar energy technologies [2] and can

be used as a material to support the decarbonization of chal-

lenging sectors like the chemical industry [3]. Although

hydrogen can be produced in various ways, green hydrogen

produced via water electrolysis powered by renewable energy

technologies is preferred in most scenarios thanks to its

minimal carbon footprint [4]. Hence, the regional conditions

for renewable energy sources (RES) determine a large portion

of the achievable hydrogen production costs [5,6]. As wind

speeds, solar irradiation, and suitable locations for both

renewable sources vary largely across the world, the idea

arose tomake use of this difference by trading green hydrogen

internationally [7]. In this context, different transport options

for green hydrogen are currently being discussed [8] and

various bilateral agreements have been signed or are under

consideration [9]. Against this background, knowledge about

spatially-resolved costs and potentials for green hydrogen

production as a potential globally-traded energy carrier is

mandatory.

However, recent studies have primarily focused on the

local or national production of hydrogen [10e12], such as for

Niger in Bhandari [13] or Turkey in Karayel et al. [14]. On the

other hand, most global studies focus on electricity potentials

from renewable energy sources, rather than considering the

potential for hydrogen export or import [15,16]. Only a few

studies have investigated the potentials for green hydrogen on

a global scale as well for carriers based on hydrogen. One

common approach is to divide the world into evenly spaced

gridded cells based on latitude and longitude coordinates and

to calculate green hydrogen cost based on cost optimizations

for each grid cell [6,17,18]. The IRENA Green Hydrogen Report

[6] calculates the costs and potentials for green hydrogen

globally, but does not take into account the total system

necessary for exporting it. Instead, its approach only con-

siders time series for the sizing of photovoltaics (PV), onshore

wind, and electrolysis for 1 � 1km2 stand-alone systems. The

study of Sens et al. [18]. uses a similar approach based on grid

cells to calculate country specific hydrogen potentials within

Europe and the North African/MENA region as well as import

costs for gaseous hydrogen transport to Germany via pipeline.

They find that North Africa can provide gaseous green

hydrogen below 2 EUR/kgH2 in 2050 based on hybrid genera-

tion from onshore wind and PV. Also, they notice a high

curtailment rate of the renewable energy production within

the energy system in general, which drops substantially as

soon as large scale hydrogen storage like salt caverns become

available resulting in parallel to decreasing hydrogen cost.

Fasihi et al. [17] uses the grid cell approach for a global eval-

uation of baseload hydrogen production. For each 0.45� � 0.45�

cell, a cost-optimal energy system including batteries and

underground salt cavern hydrogen storages are utilized,

leading to gaseous hydrogen cost of 1.18 EUR/kg in 2050 in

Africa and South America. Though, the energy system does
not include costs for transportation and effects from spatial

compensation via grids within the countries. A similar

approach from Fasihi [19] is applied for calculating global

ammonia production costs. All gridded approaches neglect

synergies with spatial compensations via grid and often

temporal compensations via storage units. In addition, the

approach does not consider costs for the transportation of

hydrogen to a location of export.

In contrast to the gridded approach, a study from Janssen

et al. [20]. shows cost prognoses for different European

countries. The expected costs for gaseous hydrogen in 2050

are as low as 1.7 EUR/kg in 2050 in Ireland. Yet, the approach

does not consider energy potentials for RES and hydrogen, as

only average capacity factors for onshore wind and PV are

applied at each country. Br€andle [21] proposes a green

hydrogen import cost tool, and considers a similar country

wise approach as Janssen et al. [20]. He utilizes a cost opti-

mization of generation and electrolysis units, which is based

on average capacity factors and synthetic time series opti-

mizing the sizing country wide. Therefore, this approach does

not take the entire hydrogen export energy system into ac-

count and, hence, neglects possible impacts of storage and

grid-balancing needs. The approach was also used by Moritz

et al. [22] to calculate export costs for other hydrogen based

energy carriers. Buchenberg et al. [23]. considers a more

complex energy system designs for synfuel exports, but does

not model spatially resolved transportation. Also, studies

based on integrated assessmentmodels exist like a study from

van der Zwaan et al. [24], which shows a positive economic

impact of energy imports on the European and North African

energy system. Yet, these studies lack a detailed spatial and

temporal resolution.

Hence, there remains a gap in knowledge regarding the

impact of the full green hydrogen process chain design on

hydrogen production costs for export needs. Therefore, this

paper attempts to close this gap by investigating highly

temporally- and spatially-resolved green hydrogen produc-

tion costs in countries around the world, including the full

infrastructure necessary for exporting liquid hydrogen. By

this, the impact of the full export infrastructure on cost

distributions across a selected set of suitable countries will

be revealed. Liquid hydrogen is chosen as the exported en-

ergy carrier for hydrogen, as it is expected that this option

will result in the lowest shipping costs in the long term [5].

Also, it has the least environmental impacts [25e27]. The

latter is especially advantageous, as liquid hydrogen is not

toxic, in contrast to, for example, ammonia [28]. As renew-

able energy sources, wind turbines and open-field photovol-

taics (PV) are selected, as both are expected to play a crucial

role in future energy systems due to their comparably low

costs and abundant global potential [1,15,29]. In addition,

they avoid some of the severe environmental impacts that

can occur with renewable energy sources such as hydro-

power and bioenergy [30e32]. The obtained information

regarding potentials and full infrastructure costs for green

hydrogen exports around the world can serve as a basis for

developing import strategies for various countries and,

hence, is provided as open data in the Appendix of this

paper.
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For this purpose, the utilized methodology is shown in full

detail in SectionMethodology. In Section Results, the obtained

results are presented, and a special focus is given to the dis-

tribution of global green hydrogen potentials and energy

system characteristics that support low hydrogen production

costs. In Section Discussion and conclusions, the paper is

complemented by a discussion of the obtained results and

conclusions are drawn therefrom.
Methodology

For this study, an approach is utilized that calculates the

liquid hydrogen export cost based on volatile renewable en-

ergy sources for a given set of countries, including all process

steps along the production chain. The goal is to calculate the

export cost-potential curves for countries with the most

beneficial renewable energy potentials across the world to

determine differences in export cost to serve as a basis for

developing strategies for reliable green hydrogen imports.

An overview of the applied approach is shown in Fig. 1. It

consists of five steps along the process chain, starting with

volatile renewable energy sources and ending within an

export harbor. Each step is described in more detail in the

upcoming subsections. In the first step, countries with high

solar and wind resources are selected. For these, a land eligi-

bility analysis is conducted. Based on the available areas for

renewable energy technologies, the electricity time series of

these renewable energy technologies are simulated hourly

from Merra-2 weather data for open-field PV and onshore

wind. Afterwards, the results are clustered to serve as an input

for the energy system optimizations to design the respective

hydrogen export infrastructures.

To determine the cost-potential curves for liquid hydrogen

exports, for each considered country 36 discrete energy sys-

tems are optimized with nine varying expansion degrees of

renewable energy technologies for four different years,

ranging from 2020 to 2050. The chosen approach is based on

the energy system framework FINE [33,34] and uses a holistic

optimization to minimize the total system costs, which is
Fig. 1 e Visualization of the main steps for calculating

hydrogen export costs.
equal to the liquid hydrogen costs in the harbor. Subsequent

to the energy system optimization, the utilized renewable

energy potentials are allocated to specific locations and clus-

tered into parks. The parks are connected by designing a local

transmission grid for the hydrogen export to account for sub-

regional infrastructure costs as well. Finally, the obtained

single cost-potentials for liquid hydrogen exports are merged

into full cost-potential curves for each exporting harbor.

Deriving the potentials of volatile renewable energy sources

The selection of the considered countries for renewable en-

ergy potentials was based on the Global Wind Atlas [35] for

wind energy and on the Global Solar Atlas [36] for solar energy.

This analysis focuses on wind turbines and open-field PV, as

both are perceived to be cornerstones of a global energy

transformation [1,37] and bear the comparable lowest envi-

ronmental and social impacts amongst renewable energy

technologies [38]. To achieve a good and well-balanced global

coverage, the country selection is based on the world regions

utilized in the global energy system model TIAM [39], which

aims to represent the full global energy system and trans-

formation pathways most properly. Hence, for each region in

TIAM, at least one promising country in terms of volatile

renewable energy potentials is selected. This results in 28

selected countries, as shown in Fig. 2.

For the technical electricity potentials of open-field PV and

onshore wind turbines, results calculated using the open-

source tool pyGRETA [40] from Buchenberg et al. [23] are uti-

lized. Those potentials are derived by converting historical

weather data for 2019 from MERRA-2 [2] and the Global Wind

Atlas [35] at any location into hourly capacity factors of elec-

tricity generation [40]. This results in time series with a spatial

resolution at the equator of 250m� 250m for wind energy and

50 km� 50 km for solar energy allocated to 250m� 250m cells

for those areas, which are assumed to be suitable or available

for the installation of renewable energy technologies. The

applied identification of suitable areas is based on a land

eligibility approach by Ryberg et al. [41]. For this study, 38

different exclusion types for land areas with specific buffer

distances for each generation technology are considered (see

Table 5). The exclusions consist of physical limitations like

slopes, sociopolitical constraints such as distances to settle-

ments, land use conflict with croplands and natural conserva-

tion. Finally, this results in the total technical electricity

potential of open-field PV and onshore wind turbines for the

considered countries as listed in Table 1 and described inmore

detail in Buchenberg et al. [23]. These renewable energy po-

tential data serve as the energy source within the hydrogen

export model. As the model bears a spatial aggregation at the

GID-1 level (see section Designing the infrastructure for green

liquid hydrogen exports), the energy potentials and their time

series are clustered. All available placements for renewable

energy technologies within a GID-1 region are split into 11

clusters each for open-field PV and onshorewind based on their

full load hours. These quantiles split the full potentials per re-

gion first into ten evenly spaced renewable energy potentials in

terms of their full load hours, with an additional cluster being

added representing the best 5% of the potentials to account for

more details amongst the best potentials. Finally, this results in

https://doi.org/10.1016/j.ijhydene.2023.05.012
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Fig. 2 e TIAM regions (colored) and selected countries (striped).

Table 1 eAggregated country potentials for open-field PV
and onshore wind [23].

TIAM region Open-field PV Onshore Wind

Capacity
[TWel]

Energy
[PWhel]

Capacity
[TWel]

Energy
[PWhel]

Libya 139.49 292.93 10.45 15.41

Namibia 16.32 35.75 3.22 4.33

Australia 350.32 734.41 36.61 67.93

Canada 109.45 96.25 39.66 46.16

China 137.74 240.15 40.99 45.89

Argentina 102.49 177.90 14.39 26.84

Chile 22.49 48.75 2.83 2.48

Peru 12.19 27.28 5.10 0.74

Germany 0.34 0.39 0.28 0.56

Bulgaria 0.14 0.22 0.28 0.19

Poland 0.26 0.32 0.41 0.86

Estonia 0.12 0.13 0.16 0.37

Lithuania 0.12 0.13 0.21 0.29

Latvia 0.18 0.20 0.26 0.44

Russia 88.95 73.84 82.49 80.54

Turkmenistan 29.44 50.25 2.79 3.75

India 17.41 31.61 11.12 8.69

Japan 0.27 0.40 0.80 0.83

South Korea 0.05 0.08 0.18 0.19

Oman 25.00 52.11 1.86 2.00

Saudi Arabia 141.95 294.59 10.67 13.8

Mexico 47.24 93.20 8.84 6.1

Pakistan 21.37 42.25 3.59 3.03

USA 111.87 188.40 35.49 49.29

United Kingdom 0.60 0.61 0.33 0.85

Ireland 0.14 0.15 0.15 0.42

Iceland 1.62 1.29 0.35 0.9

Norway 2.39 1.92 0.97 0.94
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13,376 overall clusters across the 28 considered countries,

describing the total technical potential for each country.

Designing the infrastructure for green liquid hydrogen
exports

The aim of the liquid hydrogen export models is to find the

cost-optimal solution to convert renewable electricity from
onshore wind and open-field PV to liquid hydrogen at an

export harbor. Several types of carriers for transporting

hydrogen like gaseous hydrogen (GH2), ammonia (NH3), or

liquid organic hydrogen carriers (LOHCs) can be considered

[42e44]. Based on a study from Heuser et al. [5], liquid

hydrogen (LH2) is chosen as the hydrogen carrier for exporting

hydrogen in future global hydrogen markets for this study,

due to its low shipping and reconversion cost in the long term.

Liquid hydrogen needs most part of its energy for conversion

at the location of export, where the process can utilize low

cost renewable energy of the exporting country, whereas

ammonia and LOHC both have a high demand for high tem-

perature heat occurring within the importing country, which

imports hydrogen or hydrogen carrier mostly due to limits in

local renewable energy expansion at sufficiently low cost.

Hence, this could result in a barrier for ammonia and LOHC

depending on the use in the importing country [6]. Addition-

ally, liquid hydrogen has higher conversion efficiencies and

lower investment costs compared to LOHC and ammonia [45].

The entire structure of the underlying energy system

model is shown in Fig. 3. It consists of the renewable energy

sources on the left. The generated electricity can be converted

via PEM-electrolysis and distributed via hydrogen pipelines

(hydrogen path) or can also be stored in batteries and trans-

ported within an electrical grid to a harbor to supply lique-

faction (electricity path). In the harbor, the hydrogen is

liquefied and stored to be readied for the export of green

hydrogen.

As the spatial resolution of the model highly impacts the

generation and infrastructure in terms of cost and design [46],

each considered country is modeled on a GID-1 level, which

roughly equates to federal states and varies between 85 re-

gions for Russia and four for Great Britain. A higher spatial

resolution would result in excessively challenging computa-

tional efforts. The respective export port for each country is

considered as an additional region within the model. The

assumed hydrogen demand for export is allocated within this

separate region. In all countries apart from Turkmenistan, the

industrial port with the highest freight handling capacity

based on data from marineinsight [47] and worldshipping [48]

is assumed as the export location. For Turkmenistan, which

https://doi.org/10.1016/j.ijhydene.2023.05.012
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Fig. 3 e Overview of the elements of the energy system model.
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has no access to an ocean for global shipping, the Pre-Caspian

gas pipeline highlighted in Balkanabat [49] is assumed as the

point of export. For all points of export, no capacity re-

strictions are applied.

The onshore wind turbines and open-field PV are modeled

as electricity sources within the model. Their temporally-

resolved maximum feed-in is determined by the hourly time

series from the renewable energy potential analysis (see Sec-

tion Deriving the potentials of volatile renewable energy

sources). As the time series, especially for wind energy, vary

strongly even within GID-1 sub-regions, eleven clusters for

both technologies based on their full load hours are consid-

ered within each of these. Based on these clusters, the opti-

mization can choose which to utilize first from an energy

systems perspective.

The electricity of the renewable energy technologies is

partially converted into green hydrogen by means of PEM

electrolysis within the region of the renewable electricity

generation (decentralized) or at the export location (central-

ized). As the aim of this study is to derive the maximum

technical liquid hydrogen potential associated with its costs

based on renewable potentials, restrictions for ramp up and

material use etc. are not considered and the model is allowed

to expand electrolysis infinitely if required. The water usage

for the hydrogen production is assumed to be from ground-

water and costs are therefore already included in the techno-

economic assumptions (see Table 2). In the future, ground-

water will most probably not be available as an unlimited

resource [50]. Yet, the additional cost of seawater desalination

on hydrogen production is marginal, as Yates et al. [51] and
Table 2eAssumed techno-economic parameters for the consid
to EUR2022. The cost assumptions are calculated as total annua

CAPEX [EUR/kW]

2020 2030 2040 2050

Onshore wind 1257 1137 987 923

PV 703 395 340 326

Battery 277 147 124 102

LH2 storage 0.85 0.85 0.85 0.85

PEM electrolysis 900 700 575 450

Liquefaction 610 MEUR/GW^(0.66)*

(Plant SIZE)^-0.34

CAPEX [MEUR/km/GW]

Electrical grid 0.9 0.9 0.9 0.9

H2 pipeline 0.185 0.185 0.185 0.185

CAPEX [MEUR/km]

Local transmission grid (500MVA) 0.45 0.45 0.45 0.45
Heinrichs et al. [52]. showed. For the grid, the model can

choose between an AC electric grid and gaseous hydrogen

pipelines (see Table 2). Based on the fact that in most cases,

decentralized hydrogen production and transport via

hydrogen pipeline is expected to be the comparably cheaper

option in accordance with Reub et al. [53], the electric grid

primarily serves the purpose of supplying the electricity de-

mand of the liquefaction of about 0.205 kWhel/kWhH2,LHV [53]

within the harbors. Both grids are modeled using a greenfield

approach due to the vast required infrastructure expansions,

allowing grid connections between neighboring sub-regions

from centroid to centroid with a detour factor of 1.3 [54] and

connecting remote parts to the nearest locations on the

mainland.

The hydrogen is liquefied and stored in the export location.

As was shown in Reub et al. [53], the cost of liquefaction

greatly depends on the system size. Currently, there are only

plants available at a capacity below 100 tons per day [44,55,56].

For the large-scale applications in this study, higher capacities

are needed. Therefore, the investment costs are modeled as a

function of the liquefaction plant size (see Table 2). As there

are currently no large-scale liquefaction plants available, the

limitation of scaling effect is set as the largest LNG liquefac-

tion train at about 20,000 tons per day [57]. As hydrogen export

via ship is assumed to be constant throughout the entire year,

the storage is needed to account for fluctuations in hydrogen

generation.

The hydrogen energy system model is formulated and

solved using the open energy system model framework FINE

[33,34] as a holistic linear optimization, taking into account all
ered green hydrogen export chain process steps. EUR refers
l costs with an interest rate of 8%.

OPEX [% capex/a] Efficiency Lifetime Source

[%] [years]

3.0 100 25 [60]

1.0 100 25

2.5 95 15 [61]

2.0 100 20 [53]

1.5 2020:64 2030:69

2040:72 2050:74

19 [62]

1.5 82 20 [53]

1.5 99%/1000 km 60 [63]

2.0 100 40 [29]

2.0 99%/1000 km 60 [63]

https://doi.org/10.1016/j.ijhydene.2023.05.012
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of the design and operation of the export process chain in one

approach. The optimization itself is carried out with the gur-

obi solver [58], and is solved for one year. As the model itself

only considers spatial differences for transport on the GID-1

level, all transport costs below that spatial resolution are not

accounted for within the optimization. Therefore, this is

considered through a post-processing step following the

optimization. In this step, the local transmission grid to con-

nect the wind turbines and PV modules first to the parks and

second to the electrolysis units is calculated. This is done by

deriving the actual used placements by choosing the best

placements from the potentials in terms of full load hours

until the capacity from the optimization is reached. All

placements within a 5 km radius are clustered to wind or PV

parks. Subsequently, each park is connected to the electrical

grid on the GID-1 level obtained within the optimization using

a minimum spanning tree [59]. Fig. 4 depicts this step for a

random example in which all parks are connected to the

electrolysis units of the respective GID-1 region. Finally, the

cost for the local transmission grid is calculated assuming the

parameter from Table 2. The resulting hydrogen export costs

are calculated as: cH2 ¼ TACoptþClocal grid

mH2 ;export
where TACopt is the total

annual energy system costs from the optimization, Clocal grid

the cost for the local transmission grids, and mH2 ;export the

exported amount of hydrogen for the simulated year.

Hydrogen cost-potential curve generation

Based on the derived hydrogen export costs as described

above, the export cost-potential curves for liquid hydrogen are

calculated. This is done for the years 2020, 2030, 2040, and 2050

based on the techno-economic assumptions from Table 2. For

each year and country, nine different hydrogen export

amounts are calculated to discretize the hydrogen cost-

potential-curve. The export amounts are evenly spaced to

95% of the maximum exportable hydrogen. Above this

threshold the optimization is limited in flexibility options like

curtailment and storage capacities due to energy losses,

which would lead to artificial system designs. By this, the

most expensive 5% of the technical potential are neglected

due to the effects above. Themaximum is derived by applying
Fig. 4 e Geospatial design of the energy system, including

local transmission grids and the export harbor.
the conversion efficiencies for electrolysis and liquefaction to

the maximum electrical potential from Table 1. For each

country, the combination of exported hydrogen amount and

total system cost across all export variations form the cost-

potential curve. In this study, from the 1008 possible config-

urations (28 countries, 9 export demands, 4 years), 957 com-

binations are calculated to derive a detailed cost-potential

curve for each considered country. 51 energy systems ach-

ieved only suboptimality by the used optimization problem

solver gurobi and, hence, were dropped. As these costs ac-

count for all energy system costs for each discrete assumed

hydrogen export, the cost-potential curves are based on the

absolute costs and not themarginal cost, which are often seen

in economic evaluations of price models [64].
Results

This section presents the cost-potential curves for the liquid

green hydrogen export of all considered countries. The

countries are categorized into three groups based on different

characteristics of their hydrogen export energy systems.

Subsequently, these energy systems are analyzed in terms of

their specific designs obtained within the optimization and

their cost development through 2050 is shown.

Global green liquid hydrogen cost-potential curves

The obtained hydrogen cost-potential curves are shown Fig. 5.

In total, the exportable amount of liquid hydrogen for the

considered 28 countries sums up to over 1540 PWhLHV/a,

which is about nine times the world primary energy con-

sumption for 2019 (173 PWhLHV) [65]. Investigating the result-

ing energy system designs in greater detail reveals three

distinct country groups, as displayed in Fig. 5.

Group I comprises countries with comparably cheap large-

scale solar energy potentials. The hydrogen energy systems of

those countries are dominated by solar energy, which leads to

nearly stable hydrogen costs for the entire hydrogen potential

(see the typical country of Oman in Fig. 6). The small cost in-

crease over the exported hydrogen stems mainly from trans-

port, especially hydrogen grid costs, whose impact is

constrained by decreasing liquefaction cost from scaling ef-

fects. The cost share of open-field PV and electrolysis as the

main cost factors account for 53e65% for these countries.

With high full load hours of open-field PV of up to and over

2000 h/a and minimal electricity generation costs of 1.63

EURct/kWhel in 2050 in Oman, a hydrogen cost of 2.07 EUR/

kgH2 can be achieved. In total, 79 PWhLHV/a of liquid hydrogen

for export can be produced at a hydrogen cost below 2.30 EUR/

kg in 2050 within group I.

Group II includes the medium-to high-cost, large potential

countries between 2.50 and 7,50 EUR/kgH2. For some countries

of this group, the effects of stable potential costs as described

in group I also applies for the first part of their cost-potential

curve (India, Turkmenistan and Australia with PV, and

Argentina with wind). These parts sum up to 129 PWhLHV/a

hydrogen production and represent roughly 12% of the total

potential of group II. Additionally, all of them exhibit a steep

increase in their costs at a certain point (see Fig. 6 for the
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Fig. 5 e Green liquid hydrogen export cost-potential curves for each considered country in 2050. (For interpretation of the

references to color in this figure legend, the reader is referred to the Web version of this article.)
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typical country of Canada). This is primarily due to an increase

of storage and grid costs with increasing exploitation of

hydrogen potentials from 0.84 to 2.52 EUR/kgH2 and an in-

crease in electricity cost due to uneven distributed potentials

with higher needs for comparably longer grid distances from

4.70 to 5.29EURct/kWhel.

Group III describes countries with smaller generation po-

tentials below 1 PWhLHV/a. As the 11 renewable energy clus-

ters per GID-1 region are distributed over smaller potentials,

more details can be observed. One example of this is the

impact of scaling liquefaction costs, leading to a drop with

increasing exploitation of the hydrogen potential for countries

with steady potentials at low export rates such as South Korea

and Bulgaria. In general, these countries see a substantial in-

crease in costs with increasing hydrogen exports (see Fig. 6 for

South Korea) resulting from a reduction in wind full load

hours from, e.g., over 2600 to below 1300 h per year in South

Korea. Iceland shows the same effect but resulting, in

contrast, from constant high wind full load hours and low full

load hours for PV placements. Only Germany and Ireland

exhibit steady costs for green hydrogen because of their more

constant RES full load hours. The distribution and storage

costs exhibit a share of about 17% and are therefore the lowest

of all the groups.

Impact on optimal energy system design

Analyzing the resulting energy system designs in more detail

reveals further patterns across the three country groups, as

can be seen in Table 3. From the three available flexibility

options (battery usage, grid balance, and curtailment) within

themodel, the option preferred by themodel is curtailment of

solar power combined with decentralized hydrogen produc-

tion in the GID-1 regions for group I. The only countries uti-

lizing batteries to a larger extent are from group II, resulting in

a cost share of ca. 12% compared to less than 4% in the other
country groups. In contrast, the larger countries of groups I

and II require larger grid connections to exploit their full po-

tentials stretched over their entire areas, resulting in a cost

share for grids of roughly 18% and 24%, respectively, for

groups I and II and only for 10% for the small countries of

group III.

Although the interpretation of high grid costs for large

countries is fairly trivial, the high utilization of batteries in

group II derives from a combination of high transport costs

due to long distances and comparably low full load hours of

renewable energy technologies. This implies that the usage of

batteries to decrease green hydrogen costs is only beneficial in

comparable uneconomical hydrogen energy systems with

hydrogen costs above 2.50 EUR/kg. Therefore, they will prob-

ably not be part of an optimal global solution for hydrogen

supply, as other regions most likely offer a sufficient amount

of potential green hydrogen. Moreover, the hydrogen energy

systems from groups II and III typically utilize a combination

of wind and solar power (see Fig. 6) tomake use of synergies in

the different feed-in time series, ultimately leading to higher

full load hours of the electrolysis (3140 h/a for group I and over

4000 h/a for groups II and III). Yet, the impact on the PEM cost

reduction from the full load hour increase is minor, at only

0.02 to 0.09 EUR/kgH2.

Fig. 7 shows the impact of the share of PV utilization on the

electricity generation costs. Firstly, it can be seen that all low-

cost solutions (group I) only utilize solar energy primarily as a

result of the higher costs of wind turbines. The average elec-

tricity generation cost in the considered regions results in

roughly 0.062 EUR/kWhel for wind turbines and 0.026 EUR/

kWhel for open-field PV. This difference mainly stems from

the assumed cost of wind turbines and open-field PV and the

different weather conditions. Secondly, all countries, even

those with the best onshore wind placements in the world,

utilize a higher capacity of PV than wind power in their

hydrogen energy systems. This explains why some countries
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Fig. 6 e Cost share per technology for the liquid hydrogen costs for typical countries of each group (Oman: group I; Canada:

group II; South Korea: group III).

Table 3 e Technology cost per hydrogen generation and curtailment for each group.

Group Total [EUR/kg] Absolute costs [EUR/kg] Curtail-ment

RES PEM Batteries LH2 tank elec. grid Pipelines Lique-factiona

I 2.41 0.92 0.54 0.10 0.11 0.24 0.20 0.29 8.8%

II 3.70 1.57 0.45 0.45 0.19 0.30 0.50 0.24 10.1%

III 3.65 2.22 0.52 0.04 0.21 0.24 0.13 0.29 5.9%

a Electricity costs for liquefaction are modeled endogenously and therefore are not separately included here but are included within the RES

and grid costs (~0.2 EUR/kg at 3 EURct/kWhel).
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with highwind full load hours, such as Norway, still have high

hydrogen generation costs due to comparably low full load

hours of PV.

In addition, it must be noted that the lowest supporting

points of the derived cost-potential curves in this study are at

10% of the maximum hydrogen export of each country, which

already represent large-scale hydrogen production. Hence,

smaller competitive wind energy potentials might be over-

looked, which could contribute to local small-scale hydrogen
production. However, the focus of this study is on the global

exchange of hydrogen, for which large scale production units

will be required to make use of scaling effects.

Cost development

In this study, the optimal energy systems were derived for

2020 to 2050. The results are shown in Fig. 8. It can be seen that

in most cases, costs homogeneously drop. The only difference
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Fig. 7 e Impact of PV and wind combinations on hydrogen

production costs for each country at 20% export in 2050.
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observed is between countries with rich solar and wind re-

sources, where the average electricity costs between 2020 and

2050 drop by 52% for PV and 20% for onshore wind. This stems

from assumptions regarding cost developments for onshore

wind and solar PV, with solar countries experiencing a larger

drop compared to wind countries between 2020 and 2030.

Apart from that, the results do not indicate region-specific

preferences for cost digressions for the observed countries.
Fig. 8 e Liquid hydrogen cost development from
The biggest drop in costs for green liquid hydrogen of about

1.40 EUR/kgH2 is expected to happen between 2020 and 2030.

The first time that costs for green hydrogen production drop

below 2.50 EUR/kg occurs in Oman and Namibia in 2040. Other

countries only follow between 2040 and 2050 (see also Fig. 5). It

must be noted that these costs are still export costs in the

harbor. Hence, the final hydrogen cost for local supply within

the considered regions will not include the liquefaction cost,

whereas imported hydrogen will bear additional shipping

costs.

Cost sensitivity analysis

As the cost parameters for future technologies are forecasted,

the assumptions from Table 2 underlie uncertainties. To

tackle the impact of uncertainty in these costs a sensitivity

analysis concerning the investment costs for PV, onshore

wind, electrolysis, and liquefaction costs is conducted. The

results for three exemplary countries, Oman for group I,

Argentina for group II and Germany for group III are shown in

Fig. 9, where the investment cost for PV, onshore wind and

PEM are varied by þ -30% for an exemplary expansion rate of

10% of the country-wise maximum export in 2050. This

expansion rate was chosen as it allows for most freedom in

system design while already representing a global hydrogen

market beyond a ramp-up. For the liquefaction, themaximum

plant size is compared to a minimum of 700 t/d as a derived

future plant capacity used by IRENA [66] and a theoretical

unlimited scaling of the liquefaction costs.

There is a significant impact on liquid hydrogen export

costs in Oman, particularly regarding liquefaction costs,

which have an average impact of 19%. Oman's large export

amounts result in the largest drop of hydrogen costs across all
2020 to 2050 at 20% of the maximum export.
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Fig. 9 e Investment cost sensitivity analysis for Oman (group I), Argentina (group II) and Germany (group III) exemplarily for

10% of the country-wise maximum export in 2050.
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sensitivities, when infinite liquefaction scaling is applied, as

the liquefaction plant is scaled from 20 kt/d to 808 kt/d. The

corresponding cost are reduced by�0.22 EUR/kgH2 to 1.85 EUR/

kgH2. However, Oman utilizes only solar resources which have

lower full load hours than the wind resources of countries in

groups II and III. As a result, limiting liquefaction to 700 t/

d leads to the highest increase in liquefaction costs, making

Oman and other countries in group I more sensitive to lique-

faction costs than the other groups. Also, because Oman

solely relies on solar resources, it shows the highest de-

pendency on PV costs among all groups as seen in Table 4.

Argentina shows the lowest dependency of all countries on

specific changes in costs (below 11% for all sensitivities). This

is due to the utilization of solar and wind resources, allowing

the energy system to change the primary source of energy

with changes in renewable costs without a significant change

in electricity costs. In addition, the higher full load hours of

the electrolysis and liquefaction due to the utilization of wind

turbinesmake the energy systemmore robust to cost changes

in electrolysis and liquefaction investments.

In Germany, the largest change in hydrogen costs occurs

with varying onshore wind costs (13% change), as the energy

system mainly utilizes onshore wind resources for electricity
Table 4 e Average impact of sensitivities on liquid
hydrogen export costs by technology for exemplary
countries.

PV Onshore wind PEM Liquefaction

Oman (group I) 12% 1% 8% 19%

Argentina (group II) 8% 5% 5% 11%

Germany (group III) 6% 13% 4% 7%
generation. Consequently, it shows the lowest change in

hydrogen costs when PV costs change (6%). Because of the

high full load hours of wind turbines in Germany, the change

of electrolysis and liquefaction costs is low compared to the

other countries, with the same reasoning as in Argentina.

Furthermore, due to the small hydrogen export amount of

Germany, as well as all countries in group III, infinite scaling of

the liquefaction plant does not affect the hydrogen costs

because the liquefaction plant is already below the maximum

scaling of 20 kt/d in the reference case. Countries from group II

and group III show lower dependency of hydrogen export cost

on costs assumptions compared to countries from group I

apart from the dependency due to high shares of wind in

Germany. Another notable finding is that all energy systems

tend to exhibit a high increase in batteries in the case of small

and expensive liquefaction plants. This is due to the higher

costs of liquefaction for smaller plant sizes, which favors

higher full load hours of the liquefaction, which can be ach-

ieved by utilizing batteries. In the reference case without

batteries, the full load hours of the liquefaction are at 2996 h/a,

which rise to 4250 h/a in the case for higher liquefaction costs.

In this case, the system purpose of batteries is balancing the

diurnal fluctuations of electricity supply.

Geostrategic security of hydrogen supply and water risk
levels

Although the results presented before focus on cost and po-

tentials, other aspects can impact future global hydrogen ex-

change. In this context, the diversification of supply andwater

risk levels in particular are important. As the considered

export countries exhibit all types of political regimes, the

question can arise of whether this might impact the security
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Fig. 10 e Global hydrogen supply in 2050 by government

type, based on [52].
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of supply. By sorting all cost-potential curves in accordance

with the underlying political regime of each export country,

cumulative curves revealing the impact of sourcing liquid

hydrogen from different regime types becomes apparent. For

this sorting, the State of Democracy map of Lauth et al. [67] is

utilized in its most recent version from 2019. The map clas-

sifies political regimes into five types (namely working and

deficient democracies, hybrid regimes, moderate and hard

autocracies). The resulting cumulative cost-potential curves

(see Fig. 10) show that the export costs of autocratic countries

are cheapest up to 500 PWhLHV/a, whereas the export cost

premiums of democratic countries account for roughly 7% at a

hydrogen expansion equal to the global primary energy sup-

ply in 2019 [65]. However, differences in transport cost are

likely to further increase this difference; especially for Ger-

many and Europe more widely, this can increase the cost

premium to ~20e24%. It must be noted that the assumed po-

litical situation might change until 2050, as this study only

evaluates the political situation based on 2019.
Fig. 11 e Global hydrogen potentials in 2050 by water

stress level, according to Ref. [54].
In addition to the diversification aspects, the water supply

for hydrogen must also be considered in terms of sustain-

ability and security of supply. This is especially true, as water

electrolysis consumes water instead of using it, as do many

other types of water demands. Water stress scenarios from

the World Resources Institute [68] reveal that even under the

optimistic water stress scenario for 2040, most green

hydrogen potential, and especially cheap solar-based

hydrogen potential, is concentrated in regions that are

already water-stressed, without imposing further burdens on

water through hydrogen production (Fig. 11). Water stress is

assumed to start at the latest with a high water risk level [69].

As each kg of hydrogen roughly requires 9 L of water [50],

the water demand for hydrogen production only in regions

with high and extreme water risk alone adds up to more than

1.8 times Europe's water withdrawal in 2019 [70]. However,

utilizing seawater desalination in countries with sufficient

coastal access can offer an alternative if installed in accor-

dance with best practices so as to avoid environmental issues

in coastal regions. Nevertheless, the impact of this additional

process step on costs is only around 0.01 EUR/kgH2, as a study

by Heinrichs et al. [52] showed that utilizing sea water desa-

lination for water for hydrogen energy systems adds little to

no cost surplus to green hydrogen costs.
Discussion and conclusions

The conducted analysis shows that the global green liquid

hydrogen potentials of more than 1540 PWhLHV/a in 28 coun-

tries exceed the world primary energy consumption by a

factor of 9 [65]. Over 79 PWhLHV/a of this green liquid hydrogen

will be available at costs below 2,30 EUR/kg in 2050. There-

from, the highest cost contributors will be the renewable en-

ergy sources and electrolysis, amounting to about 65% of the

total hydrogen costs. Hence, future hydrogen costs are highly

sensitive to the decreasing costs of such technologies.

Compared to the results from IRENA [6], the costs reported

in this study are generally higher. For example, in Australia,

IRENA [6] estimates a cost of 0.8 EUR/kg in 2050, whereas this

report projects over 2.6 EUR/kg. This is mainly explicable due

differences in cost assumptions for CAPEX, WACC, and elec-

trolysis efficiency (electrolysis: CAPEX ¼ ~0.4 EUR/kg,

efficiency ¼ ~0.15 EUR/kg), as well as additionally considered

energy system components in this study such as liquefaction,

grids, and storage (~1.2 EUR/kg). Furthermore, Br€andle et al.

[21] calculates a lower cost for liquid hydrogen generation

with, e.g., 1.8 EUR/kg in Australia for the same reason of not

accounting for transportation and storage costs. Looking at

hydrogen costs for Australia minus such costs for trans-

portation and storage, the liquid hydrogen costs of this study

would result in 1.74 EUR/kg, which is even below the estimates

of Br€andle et al. [21]. The study from Janssen et al. [20]. shows

cost for gaseous hydrogen starting from 1.66 EUR/kg in Ireland

in 2050, whereas this study projects 2.79 EUR/kg. As Janssen

does not include the costs for a complex transport infra-

structure, the hydrogen costs from this study for only RES and

electrolysis account to 2.09 EUR/kg. The residual difference in

costs is arising from higher assumptions of the lifetime of 30

years in Janssen et al. [20]. for onshore wind, PV and PEM
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resulting in lower total hydrogen costs. This shows the high

impact of considering the full process chain in high temporal

and spatial resolutions on the resulting hydrogen cost in

addition to differences in cost assumptions.

For 2050, the IEA [71] states that the costs for hydrogen

from natural gas with carbon capture and storage (CCS)

technology will be between 1.15 and 2.02 EUR/kg based on a

price assumption of 2 EUR/MWh for natural gas and for coal

gasification with carbon capture and storage at about 2.12e2.4

EUR/kg. Compared to the costs for green hydrogen, starting at

2.07 EUR/kg in this study, it can be concluded that green

hydrogen could become cost-competitive with hydrogen from

coal with CCS in 2040, whereas hydrogen from natural gas

with CCS heavily depends on the price developments of nat-

ural gas. Yet, another important point for both technologies is

the availability of cheap and secure CO2 storage, as well as

acceptance of such storage capacities.

The lowest cost for hydrogen potentials will be available

from PV-rich countries. Additionally, countries with goodwind

resources also depend on having good PV resources to achieve

competitive hydrogen costs. This strong tendency towards PV-

utilization facilitating low hydrogen costs can be seen in the

literature [6,21] as well. In accordance with this study, IRENA

[6] found PV to be the dominant electricity source for green

hydrogen over onshore wind sources. However, the results in

this study go even further and suggest that even countrieswith

high wind potentials will need to utilize at least 57% of the

build capacity from PV to achieve low-cost green hydrogen

production. Contrary to this, Janssen et al. [20] found, that the

cheapest hydrogen in Europe can be produced from wind

turbines and not PV. The main difference lies in the average

full load hours for PV and onshore wind. This study calculates

1000 h/a for PV and 3575 h/a for onshore wind in Ireland

including endogenously optimized curtailment, while Janssen

et al. uses 788 for PV and 3942 h/a for onshore wind. This

comparison indicates that there are tipping points in energy

systems for favoring wind or solar generation for green

hydrogen based on the cost prognosis of PV-modules, wind

turbines and electrolysis as well as variations of RES input full

load hours. As this study showed, capacity results for Oman

and Germany are robust against costs variations, whereas

Argentina shows a larger shift in capacity utilization with cost

variations. Therefore, the implied tipping points in energy

systems are country specific and not occurring in every coun-

try. Future work could be done in further examining these

tipping points for green hydrogen production.

Moreover, for the PV-rich countries, the model actively

chooses an optimal curtailment with direct and decentral

electrolysis over storing and distributing electricity. The

studies from IRENA [6] and Br€andle et al. [21] show the same

utilization of curtailment of renewable energy sources to in-

crease the full load hours of electrolysis and, hence, decrease

hydrogen costs. In contrast, this study finds a utilization of

storage systems for wind-rich regions that has not been used

in other studies [6,21] due to their chosen approaches.

In general, the presented results are heavily dependent on

the techno-economic assumptions from Table 2. The expan-

sion of hydrogen- and renewable-based energy systems will

foster decreasing costs due to learning effects. This learning
effect can be endogenously modeled, as in Br€andle et al. [21],

but still depends on exogenous assumptions regarding

expansion scenarios containing their own type of uncertainty.

Although the focus of this study is on the impact of PV and

onshore wind potentials, in some regions renewables like

offshore wind and hydropower have an impact on hydrogen

generation costs. Given the focus of this study on the large-

scale export of hydrogen, all statements are only valid for

such large-scale deployment of green liquid hydrogen gener-

ation. Based on the discretization of the models used, there

might still be some small-scale applications for hydrogen

generation that exhibit different characteristics, such as

smaller wind farms with high full load hours with direct

electrolysis utilization. Further, the local demand for

hydrogen and electricity is not considered in this study, as

only the exportable amount of hydrogen is calculated. While

this will have an impact on some smaller countries from

group 1 with an average electricity demand of 35% of the

renewable potentials, the impact of local demands is signifi-

cantly lower in larger countries of group 1 (<0.3%) or countries

from group 2 (<3%) [72], as seen in Table 7.

Future green hydrogen will be needed to decarbonize the

shipping and aviation sectors in particular, as well as the

ammonia, methanol, and iron industries, as shown in Lippkau

et al. [73]. Those demand centers are usually geographically

separated from the sun-rich regions that can produce

hydrogen at a low cost, as presented in this study. Based on the

supply curves, global trading with sun-poor regions would be

conceivable and cost-optimal [73]. LH2 shipping would be a

suitable technology for both long and short distances if gaseous

pipeline transport is not an option [53]. In addition, LH2 ship-

ping could be possible starting at 0.52 EUR/(PJ 1000 km) in 2030

and could decrease to 0.26 EU/(PJ 1000 km) in 2100 [52]. The

results of a TIMES-based energy system analysis with TIAM

from Lippkau et al. [73] show that the main oil-exporting na-

tions (e.g., Middle Eastern, Asian, African, and South American

countries) could shift their economies towards a hydrogen

basis. Yet, as stated in the analysis above, aspects of geostra-

tegic security of supply should be taken into consideration.
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