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Summary
With over seventy countries setting net-zero commitments by or around 
mid-century, low-carbon hydrogen is expected to play a pivotal role in the 
decarbonization of the global economy, especially in sectors that are less 
dependent on electricity, often termed hard-to-abate industries. Unlike most 
fossil fuels, H2 does not produce greenhouse gas emissions when burned. 
Instead, it yields water, making it a suitable substitute for fossil fuels, especially 
in hard-to-abate sectors such as steel and cement. However, to effectively 
decarbonize end uses, the source of H2 production must also be free from 
any associated carbon footprint. H2 produced from water electrolysis using 
renewable energy (RE) can fulfill this criterion, thereby earning it the name 
“green H2.”

This paper assesses the competitiveness of producing 
green H2 in Saudi Arabia and Germany using a power-
to-carrier modeling framework in PLEXOS. The only 
constraint provided in the model is the amount of green 
H2 to be produced annually. The model, running on an 
hourly temporal resolution, then (i) optimizes for the 
electrolyzer technology (alkaline, proton exchange 
membrane (PEM) or solid oxide electrolyzer cell (SOEC)), 
(ii) the capacity of the electrolyzer to be built and (iii) the 
optimal carbon-free energy mix. The significant findings 
from the analysis are highlighted below:

•	� To produce 600 tons of green hydrogen per day in 
2030, solar-based hydrogen production in Saudi 
Arabia will require ~25% fewer investments than wind-
based H2 production in Germany. The need for fewer 
investments is influenced by the higher values of solar 
radiation observed in most parts of Saudi Arabia, 
making solar photovoltaics (PVs) a more cost-effective 
option for H2 production than wind.

•	� Despite the high efficiency of solid oxide electrolyzers, 
alkaline electrolyzers dominate the production 
process due to their lower capital expenditure (CAPEX) 
requirements. Similarly, building battery storage to fully 
utilize the available RE generation will increase the 
overall investment needs without any meaningful gains 

	 in H2 production. As a result, whenever RE generation 
is more than needed to produce the required quality 
of green H2, the model chooses to dump energy 
rather than build battery storage in Saudi Arabia 
and Germany.

•	� The levelized cost of hydrogen (LCOH) produced 
from locally available RE resources is lower in Saudi 
Arabia. It ranges from $2.34 to $3.08 per kilogram 
in Saudi Arabia, compared to $3.06-$3.69 per 
kilogram in Germany. Assuming that the shipping and 
reconversion cost of $1/kg of H2 equivalent in the 
form of ammonia is achieved by 2030, green H2 from 
Saudi Arabia could still be delivered to Germany with 
relative competitiveness.

•	� Increasing electrolyzer efficiencies decreased costs 
between $0.40 and $0.60/kgH2. These findings 
underscore the pivotal role that advancing electrolyzer 
technologies will play in cost reduction in the years 
to come.

•	� Variations in the cost of financing assumptions 
can significantly alter the economics of green H2 
production and trade. The findings suggest that the 
financing costs in Saudi Arabia are lower by at least 
200 basis points than those in Germany. Even when 
considering shipping costs, Saudi Arabia will have a 
lower LCOH than Germany in all scenarios.
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1. Introduction
In recent years, low-carbon H2, including green H2, has emerged as a strong 
contender for reaching climate neutrality goals. With the growing acceptance 
of the role of H2 role in the energy transition toward a more sustainable future, 
44 countries have rolled out an H2 strategy, and 11 aim to produce ~20 million 
tons per year of H2 by 2030 (Bloomberg NEF 2023). Moreover, the European 
Union has targeted the production of 10 Mt of green H2 by 2030 and the 
import of another 10 Mt (European Commission 2022).

H2 energy is also actively pursued by several countries 
in the Gulf Cooperation Council (GCC) or the Middle 
East and North Africa region. The following are the 
three common drivers for the adoption of H2 energy by 
these countries:

1.	� Diversification of the energy supply: As countries in 
the region have vast solar and wind potential, there is 
a growing desire to diversify the energy supply using 
nonhydrocarbon resources.

2.	� Decarbonization of energy and industrial systems: H2 

energy is an important enabler for accelerating energy 
and industry transitions.

3.	� Monetization of the energy transition: With the 
attractive low-cost and low-carbon potential of H2, 
several countries aim to develop a local H2 industry for 
exporting green and blue H2 to other potential markets.

Saudi Arabia ranks sixth in solar energy potential and 
13th in onshore wind energy resources worldwide (Shell 
Global 2023). Therefore, it is uniquely situated to produce 
renewable H2 for local use and export. As the country 
is aiming to tap into the emerging opportunities for the 
export of H2 (or its derivatives) to other potential markets, 
it is important to accurately assess the cost of producing 
and exporting green H2 to target destinations. This study 
examines the cost competitiveness of Saudi Arabia’s 

green H2 for a potential market, Germany, compared with 
H2 produced locally in Germany.

The cost of H2 production from renewables is higher 
than that of H2 production from fossil fuels. A recent IEA 
(2021) study found that, at present, producing H2 from 
fossil fuels is the most cost-effective option in most 
parts of the world. Depending on regional gas prices, 
the levelized cost of hydrogen (LCOH) from natural gas 
ranges from $0.50 to $1.70 per kilogram. In contrast, 
renewable electricity-based green H2 will cost more, 
often $3 to $8 per kilogram. Growing aspirations to 
achieve net-zero policy goals will create opportunities 
for green H2 production and transport from renewable 
resource-rich countries to countries with a high green 
H2 demand.

The following three sections are organized as follows. 
Section 2 provides an overview of the growing 
literature on hydrogen production cost modeling. 
The methodological approach, model boundaries 
and parameters used to determine the LCOH and 
investment needs are discussed in Section 3, and 
the assumptions are explained and described in 
Section 4. The model results are presented in Section 5. 
Finally, Section 6 presents the key conclusions and 
policy recommendations.
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2. Literature Review
Studies on the economic feasibility of producing green H2 often consider 
renewables coupled with proton exchange membrane (PEM) electrolyzers. 
Rezaei et al. (2022) examined a generalized case in which a photovoltaic (PV) 
array directly linked to a PEM. By varying the sensitivity of different factors, the 
study estimated the LCOH at approximately $5.27/kg. Atlam et al. (2011), Barbir 
(2005) and Sayedin et al. (2016) employed a similar PV-electrolyzer approach, 
where the PV array’s maximum power point closely followed the electrolyzer’s 
polarization curve. Atlam et al. (2011) reported that optimizing an electrolyzer 
system for a higher operating temperature of the PV system results in 
improved overall system efficiency and a greater rate of H2 generation.

An electrolyzer can be dimensioned to absorb all the 
power generated by a PV array. However, doing so would 
result in it functioning with the same capacity factor as the 
PV array, which is contingent upon sunlight availability. A 
more cost-effective alternative proposed by Barbir (2005) 
involves sizing the electrolyzer for a lower power output 
than the maximum capacity of the PV system. In such a 
scenario, some PV-generated power may remain unused 
or be stored in batteries, but the electrolyzer would 
operate with a higher capacity factor.

Nasser and Hassan (2023) examined the H2 yield in 
Assiut, Egypt, using multiple scenarios, including one 
involving solar and wind-based H2 systems to drive the 
PEM and solid oxide electrolyzer cells (SOECs). Utilizing 
solar power coupled with a PEM electrolyzer resulted in 
an LCOH of $4.19/kgH2, which increased to $6.45/kgH2 

when the SOEC electrolyzer was selected. The figures 
for wind-power-based H2 production are twice as high for 
both electrolyzers.

Touili et al. (2018) conducted a techno-economic analysis 
of H2 production from solar energy at 76 sites in Morocco. 
Using mathematical modeling, the study estimated that 
the cost of H2 production is between $4.64 and $5.79/
kgH2.

Fragiacomo and Genovese (2020) conducted a techno-
economic assessment of green H2 production at three 
sites in Italy with three different renewable sources 

(solar, wind and geothermal). The chosen simulated 
PEM electrolyzer exhibited a different specific power 
consumption at each site. The facility powered by wind 
energy resulted in the best business case, with an LCOH 
of $7.40/kgH2.

Burdack et al. (2023) conducted a techno-economic 
assessment of H2 production and export from Colombia 
to Europe and Asia, employing open-source Python 
tools. The projected prices are $1.50 and $1.02/kgH2 for 
2030 and 2050, respectively, when utilizing wind power, 
while solar energy may yield prices of $3.24 and $1.65/
kgH2 for 2030 and 2050, respectively. Accounting for 
transportation costs, the landed LCOH from Colombia to 
Europe is approximately $3.10/kgH2, while it is $3.40/kgH2 
to Japan and $3.50/kgH2 to China by 2030.

Kakavand et al. (2023) performed a comprehensive 
technical and economic assessment of potential green 
H2 and ammonia production plants located in various 
regions of Iran. They developed a model for a large-scale 
H2 production plant utilizing PEM electrolyzers using the 
HOMER Pro simulation platform. Their findings showed 
that when surplus electricity can be sold to the national 
grid, the LCOH becomes 5%-12% more cost effective. In 
such a scenario, the LCOH is estimated to be between 
$2.94 and $5.16/kgH2.

Hinkley et al. (2022) explored exporting H2 from New 
Zealand, emphasizing the advantages of ammonia as an 
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energy transport due to its comparable energy content 
on a lower heating value basis than liquid H2. However, 
the case for ammonia becomes less compelling if it must 
be reconverted into H2. Similarly, Borsboom-Hanson 
et al. (2022) developed a model capable of calculating 
transportation costs for various methods, encompassing 
both land and sea scenarios. Their findings revealed that 
for large-scale and long-distance H2 transport, pipelines 
prove to be the most efficient option for gaseous 
H2 transport.

Ishimoto et al. (2020) examined and compared liquefied 
H2 and ammonia as H2-based energy carriers in terms of 
energy efficiency, the CO2 footprint and cost. The analysis 
showed that the levelized H2 costs are comparable 
between liquefied H2 and ammonia when they are 
transported from Norway to Tokyo, covering a distance 
of 23,407 km. However, in the case involving transport 
to Rotterdam, covering a distance of 2,539 km, liquefied 
H2 proves to have a lower LCOH than ammonia. Notably, 
there is no commercial-scale liquefied H2 carrier on 
the market.

Zhang et al. (2022) evaluated blue and green H2 imports 
from Saudi Arabia to Huizhou, China, utilizing methyl 
cyclohexane-toluene (MCH-TOL) H2 storage technology. 
Blue H2 is produced from natural gas in combination 
with carbon capture and storage and green H2 from RE 
sources. The findings indicate that the costs associated 
with dehydrogenation and purification post-landing are 
challenging in terms of competitiveness, amounting to 
$3.78/kgH2 and $4.48/kgH2, respectively. Consequently, 
these authors recommended an active approach to 
developing the H2 import business within their country. 
Interestingly, they found that scale has a significant 
impact on the cost of H2 imports. For example, when 
importing 100,000 tons per year, the costs can be 
reduced by more than 60% compared to importing 10,000 
tons per year. This finding highlights the potential for 
increased competitiveness in large-scale and commercial 
H2 imports.

Gandhi et al. (2022) conducted a study exploring the 
potential of green H2 in the United Arab Emirates by 
employing an integrated adoption model. They evaluated 
various scenarios, including global trends and local 
capabilities. Their analysis yielded an estimated LCOH 
ranging from $0.79/kgH2 to $1.94/kgH2 in 2030.

One of the most significant challenges in achieving  
green H2 production is the financial burden linked to 

electrolyzer investments. Reksten et al. (2022) presented 
a comprehensive technology cost assessment and 
provided an outlook for 2030, encompassing both 
alkaline and PEM electrolyzers. Their analysis forecasts a 
substantial reduction in the capital expenditure (CAPEX) 
gap between these technologies, particularly within the 
1-10 megawatt range. However, anticipations suggest only 
modest cost reductions beyond this range, with CAPEX 
values converging at $320-$400/kW for large-scale 
plants by 2030. The study estimates the learning rates for 
both alkaline and PEM electrolyzers at 25%-30%.

While many studies have focused primarily on H2 

production, storage, transport and utilization, they 
have often overlooked the crucial role of ports as key 
hubs in supply chains. Chen et al. (2023) focused on 
assessing the preparedness of ports for the impending H2 

international trade. Their analysis identified 20 potential 
early ports that could serve as pioneers in the emerging 
H2 trade landscape. Among them, 12 are designated as 
exporting ports, which include the Port of Yanbu in Saudi 
Arabia, while eight are categorized as importing ports, 
including the Port of Wilhelmshaven in Germany. The 
authors observe that the preparedness of ports for H2 
international trade is still at an early stage of development 
and that there is a need for further efforts in infrastructure 
construction or renovation, risk management strategies, 
the establishment of regulations and standards, and 
education and training. Importantly, in our analysis, 
we specifically designated the northwestern region 
of Saudi Arabia as the exporting port and the Port of 
Wilhelmshaven in Germany as the importing port.

Finally, the literature review reveals several key gaps 
in existing research. First, the majority of papers in this 
field have focused predominantly on PEM technology. 
To address this limitation, our study broadens its scope 
by considering a more comprehensive range of H2 

production technologies. Additionally, while many papers 
have primarily emphasized the use of PV systems, this 
study incorporates concentrating solar power (CSP), wind 
power and battery storage. Moreover, we encompass a 
range of variations related to RE resources, electrolyzer 
technologies and the weighted average cost of capital 
(WACC). Finally, an examination of transport and export 
dynamics has been notably lacking in most prior works. 
To provide a comprehensive analysis, this aspect is a vital 
component of our research.
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3. Methodology
In this study, the production of green H2 is analyzed through a capacity 
expansion optimization modeling exercise for two locations: Saudi Arabia and 
Germany. The capacity expansion model used in this study considers various 
factors to suggest the most cost-effective combination of H2 production 
technologies and RE sources. While the hydrogen demand target and the 
generation profile of renewable resources are provided as exogenous inputs 
to the model, the cost of H2 production is computed externally from the model 
run results.

This study considers a localized RE portfolio for the 
production of green H2 in Saudi Arabia and Germany. 
Solar PVs, wind and CSP are included as potential RE 
sources for producing green electricity. Electricity storage 
batteries are considered an option in the generation 
mix. The model considered three types of electrolyzers: 
PEM, alkaline and solid oxide. The results of the model 
provide insight into the LCOH production in Saudi 
Arabia and Germany. Considering the likely H2 shipping 
costs, these results are then compared to estimate the 
competitiveness of green H2 exported from Saudi Arabia 
to Germany. The analysis assumes that production will 
occur in 2030.

The optimization model was built in the commercially 
available software PLEXOS, which can simulate power 
system operations to meet a predetermined load. The 

load in this study is the amount of green H2 required, 
which serves as an input to the model and as our only 
constraint. For our purposes, we choose an annual H2 
production target of 0.213 million tons of H2 per year by 
2030. This number is considered reasonable because 
it aligns with the announced production capacity of 
NEOM, which is ~600 tons per day (ACWA Power 2022). 
While the required builds will scale higher (lower) with an 
increased (decreased) target, the overall insights provided 
by this paper would still apply without loss of generality.

The natural resource profiles were chosen for the 
northwestern region of Saudi Arabia and Wilhelmshaven, 
a port city on the North Sea coast of Germany. 
Wilhelmshaven is considered a major hub for trade and 
a potential hub for the import of H2. The modeling flow is 
summarized in Figure 1.
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The model outputs are in the form of total investments 
required for electrolyzers, RE and battery storage to 
support the assumed hydrogen needs in 2030 (i.e., 

Inputs and
Constraints

Contraints:

Annual H2 target
in 2030

Inputs:

Natural Resources
Profile (NREL SAM)

CAPEX OPEX

Efficiency Lifetime

Capacity
Factor

Ramping
Rates

Minumum
Stable
Levels

Forced
Outage
Rates

PLEXOS
Optimization

H2 Technologies:

Alkaline

PEM

Solid Oxide

RE Technologies:

Solar PV

Wind

CSP

Battery Storage

Post-processing

Post-processing
Calculations and

Analysis:

LCOE

LCOH

Discount Rates

Results

Results:

Electrolyzer Capacity
by Technology

RE Capacity
by Technology

Total Investment
(RE + Electrolyzer)

Cost

Figure 1. Model boundaries and parameters.

Source: Authors.

0.213 Mt). Based on these results, a discounted cashflow 
method is used to determine the LCOH (including 
renewable supply) via post-processing.
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4. Study Assumptions
In this study, we established certain characteristics of electrolyzers and 
renewables as fixed assumptions while allowing others to vary for 2030 in all 
the scenarios. The cost and technical assumptions associated with the power 
generation technologies used in this study are summarized in Table 1; the 
electrolyzer assumptions are included in Table 2. We vary the natural resource 
profile (high and low with a 10% difference), the efficiency of the electrolyzers 
(high and low) and the minimum stable levels (MSLs) (high and low), as shown 
in Table 3, and simulate eight scenarios for each country, resulting in a total of 
sixteen scenarios (Table 4).

Table 1. PV, wind, CSP and battery assumptions.

Parameter* Technology

PV Wind CSP 1-hour 
battery

4-hour 
battery

CAPEX in 2030 ($/kW) 555 992 3,159 340 1,360

O&M charge ($/kW/year) 10 40 30 20 80

WACC (%) 5 5 5 5 5

Economic life (Year) 25 25 25 10 10

Forced outage rate (FOR) (%) 15 50 15 – –

Notes:

* Note that the assumptions are for 2030.

Sources: Authors, based on Elshurafa et al. (2021), IEA (2022c), IRENA (2021) and Bloomberg NEF (2023).

To estimate the LCOH, this study uses CAPEX  
values of $700/kW, $1,450/kW and $3,000/kW for 
alkaline, PEM and solid oxide electrolyzers, respectively, 
as projected by the International Energy Agency/
International Renewable Energy Agency (IEA/IRENA)  
for 2030. Additionally, an annual operation and 
maintenance (O&M) cost of 1.5% of the total project cost 

is considered for alkaline and solid oxide electrolyzers, 
while 2.5% is considered for PEM electrolyzers (U.S. DOE 
2014b).

A specific water consumption rate of 9 liters per kilogram 
of H2 production is assumed for all the electrolyzer 
technologies, in line with the IEA/IRENA assumptions.
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A FOR of 10% is assumed for PEM electrolyzers, and 15% 
is assumed for alkaline and solid oxide electrolyzers. 
Furthermore, the unit size for each alkaline electrolyzer 
is restricted to a maximum capacity of 10 MW (Asahi 

Table 2. Alkaline, PEM and solid oxide assumptions.

Parameter* Technology

Alkaline PEM Solid oxide

CAPEX in 2030 ($/kW) 700 1,450 3,000

O&M charge (% of CAPEX) 1.5 2.5 1.5

Water consumption (L/kg) 9 9 9

One unit capacity (MW) 10 20 4

Forced outage rate (%) 15 10 15

Notes:

* Note that the assumptions are for 2030.

Sources: Authors, based on IEA 2022c, IRENA 2021, U.S. DOE 2014b, Nel ASA 2023, Hydrogen Tech World 2023, Guan et al. 2014, Asahi Kasei 2018 
and Collins 2021.

Kasei 2018) or 20 MW for PEM electrolyzers (Collins 
2021). Finally, solid oxide electrolyzer units have a 
capacity of 4 MW (Hydrogen Tech World 2023), as 
shown in Table 2.

1	 The minimum stable level (MSL) refers to the minimum operating level of an electrolyzer required to maintain stable and efficient electrolysis 
processes. This level is expressed as a percentage of the electrolyzer’s capacity.

The efficiency and MSLs1 of electrolyzers and the 
generation profile of renewable sources further vary 
within lower and higher values to make our results 
more accurate and to make them better reflect local 
conditions. While the first value represents the normal 
case, the second value represents the best case (or 
the optimistic case). Therefore, we have a total of eight 
different scenarios based on these three variables  
(Table 3).

The efficiency varies between 65% and 75% for alkaline 
electrolyzers and 80% to 85% for PEM electrolyzers 
based on the 2030 projections of the IEA (2022) and 

IRENA. Solid oxide electrolyzers can operate at higher 
temperatures, making them more efficient than other 
types. German steel group Salzgitter AG reached an 
efficiency of 84% for its H2 project using solid oxide 
electrolysis technology (Hydrogen Tech World 2022). 
Therefore, the efficiency of solid oxide electrolyzers 
varies between 84% and 90% (Guan et al. 2014; U.S. DOE 
2014a) in our scenarios. For the MSL, the percentages 
range between 12% and 15% for alkaline and solid 
oxide electrolyzers and between 8% and 10% for PEM 
electrolyzers (Nel ASA 2023; Wulf et al. 2020), as shown 
in Table 3.
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Table 3. The variable assumptions.

Parameter Technology

Alkaline PEM Solid oxide Solar 
resource

Wind 
resource

Efficiency (%) 65–75 80–85 84–90 – –

Minimum stable level (%) 12–15 8–10 12–15 – –

Generation profile – – – Low and high Low and high

Notes:

Source: Authors, based on IEA 2022c, IRENA 2021, Hydrogen Tech World 2022, U.S. DOE 2014a and Wulf et al. 2020.

The variable parameters in Table 3 above create eight 
different scenarios for each country, as shown in Table 4,  
beginning with the first scenario, which presents a 
pessimistic outlook for all three variables: generation 
profiles, efficiencies and the MSL. The second scenario 
adopts an optimistic view of only the generation 
profiles, while the third scenario is optimistic about only 
efficiency. The fourth scenario combines optimistic 
assumptions for both efficiency and generation profiles. 
The fifth scenario is optimistic about only the MSL, while 
the sixth scenario incorporates optimistic assumptions 
for both the MSL and generation profiles. The seventh 
scenario explores the MSL-efficiency combination. 
Finally, the last scenario encompasses an optimistic 
outlook for all three variables.

In addition to the capital costs, fuel costs, fixed and 
variable O&M costs and the assumed utilization rate for 
each plant type (in this case, electrolyzers and RE power), 
financing costs form an important input for calculating 
the levelized cost of energy (LCOE)/LCOH. This study 
assumes a discount rate of 5% as a representative 
WACC for both Germany and Saudi Arabia throughout 
the cost calculations and analysis (Elshurafa et al. 2021). 
This assumption enables a fair comparison between the 
costs of H2 production in both countries over the entire 
project period. However, to examine the impact of the 
discount rate on the competitiveness of H2, we conduct a 
sensitivity analysis with the discount rate varying from 1% 
to 10%, in steps of 1%. 
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Table 4. All eight scenarios for Saudi Arabia and Germany.

Scenario Natural resource Electrolyzer 
technology*

Electrolyzer 
efficiency (%)

Electrolyzer minimum 
stable level (%)

1 Low ALK 65 15

PEM 80 10

OXD 84 15

2 High ALK 65 15

PEM 80 10

OXD 84 15

3 Low ALK 75 15

PEM 85 10

OXD 90 15

4 High ALK 75 15

PEM 85 10

OXD 90 15

5 Low ALK 65 12

PEM 80 8

OXD 84 12

6 High ALK 65 12

PEM 80 8

OXD 84 12

7 Low ALK 75 12

PEM 85 8

OXD 90 12

8 High ALK 75 12

PEM 85 8

OXD 90 12

Notes:

Source: Authors.
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5. Results and 
Discussion
5.1. The Investment Needs in Saudi Arabia 
Are ~25% Lower Than Those in Germany
For all simulated scenarios, the total investment required in Germany to 
produce 0.213 Mt of green H2 ranges from $8.11 billion to $9.79 billion. On 
the other hand, the total investment needs for Saudi Arabia vary from $6.20 
billion to $8.16 billion, thus making the overall investment requirement, on 
average, 24.7% less than that for Germany (Figure 2). As shown in Figure 2, 
the best-case scenario for producing 0.213 Mt of green H2 would cost a net 
present value of $6.20 billion in Saudi Arabia and $8.11 billion in Germany. 
In net present value terms, the best-case scenario is 31.6% in Saudi Arabia 
and 19.6% in Germany. The investment cost includes the CAPEX of the RE 
generation mix and the electrolyzer mix (Figure 2).
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Figure 2. The total net present value of investments, including electrolyzers and renewables.

Source: Authors.
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As power generation constitutes a significant part of the 
H2 production cost via water electrolysis, the low cost of 
solar PVs in Saudi Arabia results in a lower overall cost 
of producing the targeted volume of H2 compared to 
Germany (Figure 3). For Germany, the model chooses to 
build wind turbines instead of PVs, which increases the 

investment. A better wind profile than that of solar PVs 
also supports a higher capacity factor of electrolyzers and 
lower wind capacity needs in Germany. Changes in the 
input parameters in the different scenarios do not change 
the electrolyzer technology choice but lead to changes in 
electrolyzer capacity, as shown in Figure 3.
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5.2. The Model 
Favors a Low-
Cost Alkaline 
Electrolyzer over 
Other Electrolyzers, 
Despite Their Higher 
Efficiencies
For lower-bound efficiency numbers (Scenarios 1, 2, 5  
and 6), the model chooses to build a mix of PEM and 
alkaline electrolyzers in Saudi Arabia (Figure 4). However, 

in scenarios with optimistic efficiency advancements, 
the model chooses to build alkaline electrolyzers only. 
Despite the high efficiency of solid oxide electrolyzers, 
their high CAPEX offsets the potential gains from 
higher efficiency.

Similarly, for Germany, a mix of alkaline and PEM 
electrolyzers is selected by the model. As efficiency 
increases, the share of deployed alkaline electrolyzers 
increases but only with the presence of PEM electrolyzers 
in the system. The reason is that the capacity utilization 
factor of the electrolyzers in a renewable-based H2 

production model will primarily depend on the availability 
of RE resources. In the case of Germany, as mentioned 
above, the model chooses to build wind power only, 
which translates to a greater availability of natural 
resources both day and night.
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Regarding the MSL variable, the adjustments made 
based on the literature review have minimal discernible 
effects. In turn, this finding leads to negligible impacts 
on the installed capacity for both renewables and 
electrolyzers, as illustrated in Figures 3 and 4 when 
comparing Scenarios 1-4 with Scenarios 5-8 in both 
countries. For example, in Saudi Arabia, when we 
consider the difference between Scenarios 1 and 5, 
where the only variation is the MSL for the electrolyzers, 
Scenario 4 has an installed capacity for renewables 
of 5.47 MW, with the electrolyzers at 3.04 MW. On the 
other hand, in Scenario 5, characterized by a lower MSL, 
the values are 5.46 MW for renewables and 3.03 MW 
for electrolyzers.

5.3. Dumping 
Energy Is Favored 
Over Adding Battery 
Storage
The model builds the optimal electrolyzer technology 
capacity along with the type and capacity of generation 
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Figure 4. The installed electrolyzer capacity in Saudi Arabia and Germany.

Source: Authors.

to meet the H2 production target. Although battery 
storage is available as a candidate technology, the 
model does not find value in building battery storage. 
Instead, dumping surplus energy is found by the model 
to be more economical. This finding is illustrated in 
Figure 5, which illustrates the generation profile of the 
PV system built in Saudi Arabia for one week in January 
2030. The total PV capacity built is 5.9 GW, and the 
electrolyzer capacity built is 3.03 GW. There are several 
hours during which the PV output is greater than the 
electrolyzer capacity. In such a case, the additional 
generated energy is dumped (curtailed). In other words, 
the model dumps the energy rather than building 
storage for this additional generation for later use. The 
same applies to Germany, as shown in Figure 6. Note 
that the model does not choose to build an electrolyzer 
capacity larger than what is already available since the 
required hydrogen demand is met. Hence, dumping 
energy is more economical than building storage or 
increasing the electrolyzer size.
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In the case of Saudi Arabia, the model dumps 326.7 
GWh of energy, representing 3.8% of the total energy 
generated (from PVs). However, in Germany, the model 
dumps 165.9 GWh of energy, representing 1.8% of the 
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total energy generated (from wind). Importantly, these 
operational details would not have been captured 
without a detailed model possessing an hourly temporal 
resolution, such as the model developed in this paper.
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5.4. H2 Shipment 
Costs Are Likely To 
Decline in the Future
The IEA (2023b) Energy Technology Perspectives 2023 
report estimates the levelized cost of delivering H2 by 
shipping liquified H2 to be approximately $2.50/kg for 
distances greater than 8,000 km. Although the cost 
of shipping in the form of ammonia or a liquid organic 
H2 carrier is less than that of shipping liquefied H2, the 
process of transforming pure hydrogen into a carrier and 
converting it back to hydrogen is energy intensive.

Furthermore, to compare the competitiveness of Saudi-
produced green H2 with that of Germany, the cost of 
H2 transport is adapted from the literature based on 
the estimated cost in $/kg for the shipping option and 
distance. A joint study by the Saudi-German Energy 
Dialogue expects the levelized cost of shipping H2 
in the form of ammonia and conversion to H2 to be 
approximately $1/kg by 2030 for distances greater than 
8,000 km (BMWK and MoE 2022).

Several factors contribute to the high cost of shipping 
H2. First, H2, which is extremely light molecule, requires 
cooling below -253 degrees Celsius, which is much 
lower than that of liquefied natural gas. Thus, shipping 
H2 requires special equipment and countermeasures 
for storage and handling. Using today’s technology, 
liquefaction can consume more than 30% of the energy 
content of H2, thus making it prohibitively expensive (U.S. 
DOE 2022). Second, H2 is highly flammable, requiring 
special safety precautions when transporting it. Third, the 
infrastructure for shipping H2 is currently limited, driving 
up the cost of transporting H2.

Through post-processing and a financial model, the 
LCOH is calculated. The LCOH considers the CAPEX 
and operational expenditure (OPEX) of both renewable 
generation and electrolyzers and assumes a WACC 
for discounting.

Calculated based on the model results, the LCOH 
production is lower in Saudi Arabia ($2.34 to $3.08/
kgH2) than in Germany ($3.06 to $3.69/kgH2). Assuming 
a shipment cost of $1/kgH2, H2 could be delivered from 
Saudi Arabia to Germany as ammonia for $3.34 to $4.08/
kgH2, which is relatively competitive with the locally 
produced green H2 produced in Germany (Figure 7).
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5.5. Sensitivity 
Analysis of 
Efficiencies and 
Natural Resources
Upon closer examination of the impact of the variables 
on the LCOH, it becomes evident that improvements 
in electrolyzer efficiencies lead to significant cost 
reductions. In Saudi Arabia, increasing electrolyzer 
efficiencies results in a cost decrease from $3.08 to 
$2.49/kgH2, representing a substantial difference of 

approximately $0.60/kgH2, excluding transportation costs. 
Similarly, in Germany, the cost decreases from $3.69 to 
$3.29/kgH2, a noteworthy difference of approximately 
$0.40/kgH2. These findings underscore the pivotal role 
that advancing electrolyzer technologies will play in cost 
reduction in the years to come.

We also run a sensitivity analysis of natural resources. 
Assuming that RE resources are 10% better than expected, 
the price in Saudi Arabia decreases from $3.08/kgH2 
to $2.92/kgH2, translating to a notable difference of 
approximately $0.16/kgH2. In Germany, the reduction 
is from $3.69 to $3.45/kgH2, reflecting a difference of 
approximately $0.24/kgH2. Figures 8 and 9 show the 
results without and with transportation costs, respectively.
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Note: Appendix A shows the numbers in more detail.

Source: Authors.
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5.6. Sensitivity 
Analysis of  
Discount Rates
Thus far, all the variations considered were generally 
outside the control of any country. Specifically, countries 
do not have control over their natural resource abundance 
or how global technology costs evolve. Rather, these 
parameters are dictated. This situation is not entirely  
true for the discount rate (i.e., WACC). The discount rate 
can be impacted by the debt-to-equity ratio, a country’s 
credit rating, the company developing the project,  
and the guarantees provided, among other factors, as 
discussed in the literature (Nukala and Rao 2021). In other 
words, countries can influence the WACC depending 

on the financial model adopted and the prevailing 
investment environment.

The WACC for renewable projects in Europe can be 
as low as 2.6%. However, this rate is achieved when 
there are revenue support mechanisms in place (e.g., a 
feed-in tariff). Without such support, the WACC increases 
significantly and can reach 9.6% (IEA 2022a).

On this basis, we conduct a sensitivity analysis to 
assess the impact of varying discount rates ranging 
from 1% to 10%, as shown in Figure 10. The core 
objective of this analysis is to evaluate the implications 
of this discount rate adjustment for the LCOH for 
Germany and Saudi Arabia. Specifically, we assess the 
circumstances under which importing hydrogen from 
Saudi Arabia emerges as the more cost-effective option 
for Germany.
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Figure 10(a) shows that, as expected, most of the grid 
is green, indicating that hydrogen production in Saudi 
Arabia is more economical than that in Germany when the 
transportation cost is not included. The only exception 
appears at the bottom left region of the grid where the 
difference in that WACC is significant (i.e., a high WACC for 
Saudi Arabia and a low WACC for Germany).

However, when the cost of transportations from Saudi 
Arabia to Germany is included, as shown in Figure 10(b), 

the yellow region is enlarged: Fewer cases result in Saudi 
Arabia being a lower-cost producer. Nonetheless, there 
are still many situations in which Saudi Arabia is a lower-
cost producer. Carefully inspecting Figure 10(b), we see 
that these are the situations in which the WACC in Saudi 
Arabia is lower than that in Germany by at least 2% in 
absolute terms.
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6. Conclusion
This study used a power-to-carrier methodology to assess the 
competitiveness of producing green H2 in Saudi Arabia and Germany. Our 
analysis showed that with an H2 shipment cost of ~$1/kg (in the form of 
ammonia), green H2 produced in Saudi Arabia can be delivered to Germany 
at a price range of $3.34 to $4.08/kg in 2030. These costs are considered 
competitive with green H2 produced in Germany. Overall, Saudi Arabia can be 
a competitive global player in the hoped-for green H2 future.

Due to the dominance of natural resources in both 
geographies, green H2 production is dominated by PVs 
in Saudi Arabia, while it is dominated by wind in Germany. 
Given the technological costs, we find that, on average, 
the total investment requirements for a renewable-based 
H2 production system in Saudi Arabia are ~25% lower than 
those in Germany. While our model used an exemplary 
target of 0.213 Mt of H2 by 2030, the findings in this 
study can be extended to a larger target without loss 
of generality.

Furthermore, for electrolyzer technologies, alkaline 
technology dominates deployment. On the one hand, 
alkaline electrolyzers are inexpensive but inefficient. 
On the other hand, PEM and solid oxide electrolyzers 
possess higher efficiencies but higher costs. In the 
context of this paper, the lower costs of alkaline 
electrolyzers outweigh the higher efficiencies of PEM and 
solid oxide electrolyzers. Additionally, battery storage, 
even with projected price reductions, is not economical 

in the context of this paper. The model favors dumping 
overgeneration over building battery storage that can 
store overgeneration for later use.

All the factors above are noncontrollable. Regarding 
the WACC, which can be viewed as a factor that can be 
controlled within reason, we find that Saudi Arabia can 
deliver hydrogen to Europe competitively in all scenarios 
if the discount rate in Saudi Arabia is lower by 200 
basis points.

Based on the detailed analysis conducted in this paper, 
we see that natural solar resources, the low technology 
costs of solar PVs and the healthy financial and economic 
status of Saudi Arabia collectively contribute to making 
Saudi Arabia, without incentives, a cost-competitive 
producer of hydrogen compared with Europe. The 
results provided in this paper can help frame the export 
hydrogen policy in the Arabian Gulf more broadly given 
the several climate and economic resemblances.



21
The Cost of Green Hydrogen Production in Saudi Arabia and Germany:  
A Model-Based Approach

References
ACWA Power. 2022. “NEOM Green Hydrogen Project.”  
https://acwapower.com/en/projects/neom-green-hydro 
gen-project/.

Asahi Kasei Corporation. 2018. “Asahi Kasei’s Alkaline 
Water Electrolysis System of 10 MW, the World’s Largest 
Scale, Selected for the Fukushima Hydrogen Research 
Field in Namie.” https://www.asahi-kasei.com/news/2018/
e180810.html.

Atlam, Ozcan, Frano Barbir, and Dario Bezmalinovic. 
2011. “A Method for Optimal Sizing of an Electrolyzer 
Directly Connected to a PV Module.” International Journal 
of Hydrogen Energy 36, no. 12 (2011): 7012–7018. DOI: 
10.1016/j.ijhydene.2011.03.073

Barbir, Frano. 2005. “PEM Electrolysis for Production 
of Hydrogen from Renewable Energy Sources.” Solar 
Energy 78, no. 5 (2005): 661–669. DOI: 10.1016/j.
solener.2004.09.003

Bloomberg New Energy Finance. 2023. “BNEF Global 
Hydrogen Strategy Tracker.” July 21, 2023.

Borsboom-Hanson, Tory, Shashank Reddy Patlolla, Omar 
E. Herrera, and Walter Mérida. 2022. “Point-to-Point 
Transportation: The Economics of Hydrogen Export.” 
International Journal of Hydrogen Energy 47, no. 74 
(2022): 31541–31550. DOI: 10.1016/j.ijhydene.2022.07.093

Burdack, Arne, Luis Duarte-Herrera, Gabriel López-
Jiménez, Thomas Polklas, and Oscar Vasco-Echeverri. 
2023. “Techno-Economic Calculation of Green Hydrogen 
Production and Export from Colombia.” International 
Journal of Hydrogen Energy 48, no. 5 (2023):  
1685–1700. DOI: 10.1016/j.ijhydene.2022.10.064

Chen, Peggy Shu-Ling, Hongjun Fan, Hossein Enshaei, 
Wei Zhang, Wenming Shi, Nagi Abdussamie, Takashi 
Miwa, Zhuohua Qu, and Zaili Yang. 2023. “A Review on 
Ports’ Readiness to Facilitate International Hydrogen 
Trade.” International Journal of Hydrogen Energy  
(2023). DOI: 10.1016/j.ijhydene.2023.01.220

Collins, L. 2021. “World’s Largest Green-Hydrogen Plant 
Inaugurated in Canada by Air Liquide.” Latest Renewable 
Energy News.

Elshurafa, Amro M., Hatem Alatawi, Salaheddine 
Soummane, and Frank A. Felder. 2021. “Assessing Effects 
of Renewable Deployment on Emissions in the Saudi 
Power Sector until 2040 Using Integer Optimization.” The 
Electricity Journal 34, no. 6 (2021): 106973. DOI: 10.1016/j.
tej.2021.106973

European Commission. 2022. “Hydrogen.” https://
energy.ec.europa.eu/topics/energy-systems-integration/
hydrogen_en.

Fragiacomo, Petronilla, and Matteo Genovese. 2020. 
“Technical-Economic Analysis of a Hydrogen Production 
Facility for Power-to-Gas and Hydrogen Mobility under 
Different Renewable Sources in Southern Italy.” Energy 
Conversion and Management 223 (2020): 113332. DOI: 
10.1016/j.enconman.2020.113332

Gandhi, Krishiv, Harry Apostoleris, and Sgouris Sgouridis. 
2022. “Catching the Hydrogen Train: Economics-Driven 
Green Hydrogen Adoption Potential in the United 
Arab Emirates.” International Journal of Hydrogen 
Energy 47, no. 53 (2022): 22285–22301. DOI: 10.1016/j.
ijhydene.2022.05.055

German Federal Ministry for Economic Affairs and Climate 
Action (BMWK) and the Saudi Ministry of Energy (MoE). 
2022. “Hydrogen Cooperation Potential between Saudi 
Arabia and Germany.” https://www.bmwk.de/Redaktion/
EN/Downloads/J/joint-study-saudi-german-energy-
dialogue.html.

Guan, Xiaofei, Uday B. Pal, and Adam C. Powell. 2014. 
“Energy-Efficient and Environmentally Friendly Solid 
Oxide Membrane Electrolysis Process for Magnesium 
Oxide Reduction: Experiment and Modeling.” 
Metallurgical and Materials Transactions E 1 (2014): 
132–144. DOI: 10.1007/s40553-014-0013-x

https://acwapower.com/en/projects/neom-green-hydrogen-project/
https://acwapower.com/en/projects/neom-green-hydrogen-project/
https://www.asahi-kasei.com/news/2018/e180810.html
https://www.asahi-kasei.com/news/2018/e180810.html
https://www.sciencedirect.com/science/article/abs/pii/S036031991100663X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0038092X04002464?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0038092X04002464?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S036031992203107X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0360319922047085?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0360319923004354?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1040619021000646?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1040619021000646?via%3Dihub
https://energy.ec.europa.eu/topics/energy-systems-integration/hydrogen_en
https://energy.ec.europa.eu/topics/energy-systems-integration/hydrogen_en
https://energy.ec.europa.eu/topics/energy-systems-integration/hydrogen_en
http://10.1016/j.enconman.2020.113332
https://www.sciencedirect.com/science/article/abs/pii/S0360319922020729?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0360319922020729?via%3Dihub
https://www.bmwk.de/Redaktion/EN/Downloads/J/joint-study-saudi-german-energy-dialogue.html
https://www.bmwk.de/Redaktion/EN/Downloads/J/joint-study-saudi-german-energy-dialogue.html
https://www.bmwk.de/Redaktion/EN/Downloads/J/joint-study-saudi-german-energy-dialogue.html
https://link.springer.com/article/10.1007/s40553-014-0013-x


22
The Cost of Green Hydrogen Production in Saudi Arabia and Germany:  
A Model-Based Approach

Hinkley, James T., Alexander R. Heenan, Adrian C.S. Low, 
and Matthew Watson. 2022. “Hydrogen as an Export 
Commodity—Capital Expenditure and Energy Evaluation 
of Hydrogen Carriers.” International Journal of Hydrogen 
Energy 47, no. 85 (2022): 35959–35975. DOI: 10.1016/j.
ijhydene.2022.08.192

Hydrogen Tech World. 2022. “World’s Largest SOEC 
Electrolyzer Achieves Record Efficiency.” https://
hydrogentechworld.com/worlds-largest-soec-electrolyzer-
achieves-record-efficiency.

Hydrogen Tech World. 2023. “World’s largest solid 
oxide electrolyzer begins producing hydrogen” https://
hydrogentechworld.com/worlds-largest-solid-oxide-
electrolyzer-begins-producing-hydrogen 

International Energy Agency (IEA). 2021. “ Global 
hydrogen review 2021” https://www.iea.org/reports/
global-hydrogen-review-2021/executive-summary 

International Energy Agency (IEA). 2022. “Global 
Hydrogen Review 2022.” https://www.iea.org/reports/
global-hydrogen-review-2022/executive-summary 

International Energy Agency (IEA). 2022. “ 
Overview and key findings” https://www.iea.
org/reports/world-energy-investment-2022/
overview-and-key-findings 

International Energy Agency (IEA). 2022. “The cost of 
capital in clean energy transitions” https://www.iea.org/
articles/the-cost-of-capital-in-clean-energy-transitions 

International Energy Agency (IEA). 2023. “Electrolyzers.” 
https://www.iea.org/reports/electrolysers 

International Energy Agency (IEA). 2023. “Energy 
Technology Perspectives 2023” https://www.iea.org/
reports/energy-technology-perspectives-2023 

International Renewable Energy Agency (IRENA). 2021. 
“Making the breakthrough: Green hydrogen policies and 
technology costs” https://www.irena.org/-/media/Files/
IRENA/Agency/Publication/2020/Nov/IRENA_Green_
Hydrogen_breakthrough_2021.pdf 

International Renewable Energy Agency (IRENA). 
2022. “Global Hydrogen Trade to Meet the 1.5°C 
Climate Goal: Technology Review of Hydrogen 
Carriers” https://www.irena.org/publications/2022/Apr/
Global-hydrogen-trade-Part-II

International Renewable Energy Agency (IRENA). 
2022. “Renewable Power Generation Costs in 
2021” https://www.irena.org/publications/2022/Jul/
Renewable-Power-Generation-Costs-in-2021 

Ishimoto, Yuki, Mari Voldsund, Petter Nekså, Simon 
Roussanaly, David Berstad, and Stefania Osk 
Gardarsdottir. 2020. “Large-Scale Production and 
Transport of Hydrogen from Norway to Europe and Japan: 
Value Chain Analysis and Comparison of Liquid Hydrogen 
and Ammonia as Energy Carriers.” International Journal of 
Hydrogen Energy 45, no. 58 (2020): 32865–32883. DOI: 
10.1016/j.ijhydene.2020.09.017

Kakavand, Ali, Saeed Sayadi, George Tsatsaronis, and Ali 
Behbahaninia. 2023. “Techno-Economic Assessment of 
Green Hydrogen and Ammonia Production from Wind and 
Solar Energy in Iran.” International Journal of Hydrogen 
Energy 48, no. 38 (2023): 14170–14191. DOI: 10.1016/j.
ijhydene.2022.12.285

Nasser, Mohamed, and Hamdy Hassan. 2023. “Techno-
Enviro-Economic Analysis of Hydrogen Production via 
Low and High Temperature Electrolyzers Powered by 
PV/Wind Turbines/Waste Heat.” Energy Conversion 
and Management 278 (2023): 116693. DOI: 10.1016/j.
enconman.2023.116693

Nel ASA. 2023. “Atmospheric Alkaline Electrolyser.” 
https://nelhydrogen.com/product/atmospheric-alkaline-
electrolyser-a-series/?gclid=EAIaIQobChMI367uk
ruy_QIV6RkGAB3kmwD3EAMYAyAAEgJR1PD_BwE.

Nukala, Vasishta Bhargava, and S.S. Prasada Rao. 2021. 
“Role of Debt-to-Equity Ratio in Project Investment 
Valuation, Assessing Risk and Return in Capital Markets.” 
Future Business Journal 7, no. 1 (2021): 13. DOI: http://
dx.doi.org/10.1186/s43093-021-00058-9

RECHARGE. 2021. “World’s Largest Green-Hydrogen 
Plant Inaugurated in Canada by Air Liquid.” https://
www.rechargenews.com/transition/worlds-largest-
green-hydrogen-plant-inaugurated-in-canada-by-air-
liquide/2-1-952085.

https://www.sciencedirect.com/science/article/abs/pii/S0360319922038058?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0360319922038058?via%3Dihub
https://hydrogentechworld.com/worlds-largest-soec-electrolyzer-achieves-record-efficiency
https://hydrogentechworld.com/worlds-largest-soec-electrolyzer-achieves-record-efficiency
https://hydrogentechworld.com/worlds-largest-soec-electrolyzer-achieves-record-efficiency
https://hydrogentechworld.com/worlds-largest-solid-oxide-electrolyzer-begins-producing-hydrogen  
https://hydrogentechworld.com/worlds-largest-solid-oxide-electrolyzer-begins-producing-hydrogen  
https://hydrogentechworld.com/worlds-largest-solid-oxide-electrolyzer-begins-producing-hydrogen  
https://www.iea.org/reports/global-hydrogen-review-2021/executive-summary 
https://www.iea.org/reports/global-hydrogen-review-2021/executive-summary 
https://www.iea.org/reports/global-hydrogen-review-2022/executive-summary 
https://www.iea.org/reports/global-hydrogen-review-2022/executive-summary 
https://www.iea.org/reports/world-energy-investment-2022/overview-and-key-findings 
https://www.iea.org/reports/world-energy-investment-2022/overview-and-key-findings 
https://www.iea.org/reports/world-energy-investment-2022/overview-and-key-findings 
https://www.iea.org/articles/the-cost-of-capital-in-clean-energy-transitions 
https://www.iea.org/articles/the-cost-of-capital-in-clean-energy-transitions 
https://www.iea.org/reports/electrolysers
https://www.iea.org/reports/energy-technology-perspectives-2023 
https://www.iea.org/reports/energy-technology-perspectives-2023 
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Nov/IRENA_Green_Hydrogen_breakthro
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Nov/IRENA_Green_Hydrogen_breakthro
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Nov/IRENA_Green_Hydrogen_breakthro
https://www.irena.org/publications/2022/Apr/Global-hydrogen-trade-Part-II 
https://www.irena.org/publications/2022/Apr/Global-hydrogen-trade-Part-II 
https://www.irena.org/publications/2022/Jul/Renewable-Power-Generation-Costs-in-2021  
https://www.irena.org/publications/2022/Jul/Renewable-Power-Generation-Costs-in-2021  
https://www.sciencedirect.com/science/article/abs/pii/S036031992033384X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0360319922061481?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0360319922061481?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0196890423000390?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0196890423000390?via%3Dihub
https://nelhydrogen.com/product/atmospheric-alkaline-electrolyser-a-series/?gclid=EAIaIQobChMI367ukruy_QIV6RkGAB3kmwD3EAMYAyAAEgJR1PD_BwE
https://nelhydrogen.com/product/atmospheric-alkaline-electrolyser-a-series/?gclid=EAIaIQobChMI367ukruy_QIV6RkGAB3kmwD3EAMYAyAAEgJR1PD_BwE
https://nelhydrogen.com/product/atmospheric-alkaline-electrolyser-a-series/?gclid=EAIaIQobChMI367ukruy_QIV6RkGAB3kmwD3EAMYAyAAEgJR1PD_BwE
http://dx.doi.org/10.1186/s43093-021-00058-9 
http://dx.doi.org/10.1186/s43093-021-00058-9 
https://www.rechargenews.com/transition/worlds-largest-green-hydrogen-plant-inaugurated-in-canada-by-air-liquide/2-1-952085
https://www.rechargenews.com/transition/worlds-largest-green-hydrogen-plant-inaugurated-in-canada-by-air-liquide/2-1-952085
https://www.rechargenews.com/transition/worlds-largest-green-hydrogen-plant-inaugurated-in-canada-by-air-liquide/2-1-952085
https://www.rechargenews.com/transition/worlds-largest-green-hydrogen-plant-inaugurated-in-canada-by-air-liquide/2-1-952085


23
The Cost of Green Hydrogen Production in Saudi Arabia and Germany:  
A Model-Based Approach

Reksten, Anita H., Magnus S. Thomassen, Steffen Møller-
Holst, and Kyrre Sundseth. 2022. “Projecting the Future 
Cost of PEM and Alkaline Water Electrolysers; a CAPEX 
Model Including Electrolyser Plant Size and Technology 
Development.” International Journal of Hydrogen 
Energy 47, no. 90 (2022): 38106–38113. DOI: 10.1016/j.
ijhydene.2022.08.306

Rezaei, Mostafa, Alexandr Akimov, and Evan MacA. 
Gray. 2022. “Economics of Solar-Based Hydrogen 
Production: Sensitivity to Financial and Technical Factors.” 
International Journal of Hydrogen Energy 47, no. 65 
(2022): 27930–27943. DOI: 10.1016/j.ijhydene.2022.06.116

Sayedin, Farid, Azadeh Maroufmashat, Ramin Roshandel, 
and Sourena Sattari Khavas. 2016. “Optimal Design and 
Operation of a Photovoltaic–Electrolyser System Using 
Particle Swarm Optimisation.” International Journal of 
Sustainable Energy 35, no. 6 (2016): 566–582. DOI: 
10.1080/14786451.2014.922974

Shell Global. 2023. “Global Energy Resources Database.”  
https://www.shell.com/energy-and-innovation/the-energy- 
future/scenarios/what-are-scenarios/shell-scenarios- 
energy-models/energy-resource-database.

Touili, Samir, Ahmed Alami Merrouni, Alae Azouzoute, 
Youssef El Hassouani, and Abdel-illah Amrani. 2018.  
“A Technical and Economical Assessment of Hydrogen 
Production Potential from Solar Energy in Morocco.” 
International Journal of Hydrogen Energy 43, no. 51 (2018): 
22777–22796. DOI: 10.1016/j.ijhydene.2018.10.136

U.S. Department of Energy (US DoE), Office of Energy 
Efficiency & Renewable Energy. 2022. “Liquid Hydrogen 
Delivery”. https://www.energy.gov/eere/fuelcells/
liquid-hydrogen-delivery. 

U.S. Department of Energy (US DOE). 2014. “Fuel Cell 
Technologies Office: Planned program activities for 2011-
2020” https://www.energy.gov/sites/prod/files/2014/12/
f19/fcto_myrdd_full_document.pdf 

U.S. Department of Energy (US DOE). 2014. “Hydrogen 
Production Cost From PEM Electrolysis.” https://www.
hydrogen.energy.gov/pdfs/14004_h2_production_cost_
pem_electrolysis.pdf 

Wiser, Ryan, Mark Bolinger, and Eric Lantz. 2019. 
“Assessing Wind Power Operating Costs in the United 
States: Results from a Survey of Wind Industry Experts.” 
Renewable Energy Focus 30 (2019): 46–57. DOI: 10.1016/j.
ref.2019.05.003

Wulf, Christina, Petra Zapp, and Andrea Schreiber. 2020. 
“Review of Power-to-X Demonstration Projects in Europe.” 
Frontiers in Energy Research 8 (2020): 191. DOI: 10.3389/
fenrg.2020.00191

Zhang, Chao, Pengfei Song, Yuqing Zhang, Li Xiao, 
Jianguo Hou, and Xiulin Wang. 2022. “Technical and 
Cost Analysis of Imported Hydrogen Based on MCH-TOL 
Hydrogen Storage Technology.” International Journal of 
Hydrogen Energy 47, no. 65 (2022): 27717–27732. DOI: 
10.1016/j.ijhydene.2022.06.113

https://www.sciencedirect.com/science/article/pii/S0360319922040253?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0360319922040253?via%3Dihub
https://doi.org/10.1016/j.ijhydene.2022.08.306
https://www.tandfonline.com/doi/full/10.1080/14786451.2014.922974
https://www.sciencedirect.com/science/article/pii/S0301421521004535
https://www.sciencedirect.com/science/article/pii/S0301421521004535
https://www.sciencedirect.com/science/article/pii/S0301421521004535
https://doi.org/10.1016/j.ijhydene.2018.10.136
https://www.energy.gov/eere/fuelcells/liquid-hydrogen-delivery
https://www.energy.gov/eere/fuelcells/liquid-hydrogen-delivery
https://www.energy.gov/sites/prod/files/2014/12/f19/fcto_myrdd_full_document.pdf  
https://www.energy.gov/sites/prod/files/2014/12/f19/fcto_myrdd_full_document.pdf  
https://www.hydrogen.energy.gov/pdfs/14004_h2_production_cost_pem_electrolysis.pdf 
https://www.hydrogen.energy.gov/pdfs/14004_h2_production_cost_pem_electrolysis.pdf 
https://www.hydrogen.energy.gov/pdfs/14004_h2_production_cost_pem_electrolysis.pdf 
https://www.sciencedirect.com/science/article/abs/pii/S1755008419300092?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1755008419300092?via%3Dihub
https://www.frontiersin.org/articles/10.3389/fenrg.2020.00191/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.00191/full
https://www.sciencedirect.com/science/article/abs/pii/S036031992202746X?via%3Dihub


24
The Cost of Green Hydrogen Production in Saudi Arabia and Germany:  
A Model-Based Approach

Appendix
8.1. Appendix A
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Table A1. Comparisons between the LCOH in Saudi Arabia and in Germany (with a transportation cost of $0.50/kg, $1.00/
kg and $1.50/kg).
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