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ABSTRACT

The threats of climate change and the difficulty of supplying sustainable energy to all require an international approach.
Producing green hydrogen with power from variable renewable energy sources like wind and solar represents an
attractive option to mitigate the aforementioned challenges. In this context, this work examines the potential of
hydrogen produced by means of photovoltaics in selected regions of the Middle East to meet global hydrogen demand.
This includes not only determining the potential electricity production from photovoltaics, but also conceptualizing a
detailed hydrogen infrastructure with corresponding supply and cost curves for potential solar energy. This
infrastructure will comprise all elements of the value chain, from hydrogen production via water electrolysis to the
supply of liquefied and stored hydrogen at suitable port locations. The most eligible of the locations considered in
Saudi Arabia and Oman show immense potential with 517 and 117 million tons of hydrogen, respectively, being
hypothetically produced. The supply cost at the harbor shows very little sensitivity to the degree of potential solar
utilization and remains relatively constant at between 3.55 and 3.65 EUR/kgy,. Due to comparatively low full-load hours
as a result of the nightly downtimes of the electrolysis process, hydrogen production will contribute in particular to the
supply cost.
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INTRODUCTION

In light of declining fossil fuel reserves, particularly oil, climate change and growing global energy demand, hydrogen
derived from solar energy is a promising option in the Middle East for covering local energy demand and the possibility
of of exporting renewable energy in the post-oil era. The use of hydrogen represents a technically- and economically-
attractive option for the substitution of fossil energy carriers in that, unlike electricity, it can be stored on a large scale
and transported without being tied to a grid. Moreover, its conversion into energy does not release any emissions that
are harmful to the climate or environment. In this work, the concept of an infrastructure for solar energy-based
hydrogen includes the assessment and utilization of the photovoltaic (PV) potential of certain international regions and
the provision of hydrogen for export at selected port locations. With regard to different research objectives, hydrogen
supply pathways and infrastructures have already been analyzed separately with reference to some regions. However,
due to different geographical and climactic conditions, previous study results cannot be automatically transferred to
various regions. Moreover, coupling internationally transferable modeling approaches to determine PV potential and
infrastructure pathways together is beneficial for projecting accurate potential hydrogen supply figures and associated
costs. Thus far, however, no such coupling approach for a green hydrogen infrastructure has been applied on a
worldwide level. The utilization of the solar energy potential of high solar insolation regions in the Middle East for the
supply of an emission-free energy carrier such as hydrogen is of great interest. This work comprises the analysis of the
PV potential and hydrogen supply infrastructure in both Saudi Arabia and Oman.

MATERIALS AND METHODS

Building on the work of Ryberg [1; 2; 3; 4], solar energy potential is determined over four steps. First, the GLAES
model of Ryberg [1; 2; 3; 4] is used to determine the land eligibility for open-field PV parks based on geo-referenced
datasets. Then, prospective locations for open-field PV modules are determined with the help of minimum distance.
Utilizing weather data from MERRA-2 [5; 6; 7; 8] and the Global Solar Atlas [9], in combination with Ryberg’s [1] PV
simulation model, the full-load hours of all eligible PV locations are calculated. The third step comprises defining
scenarios representing various degrees of expansion. Using the cluster algorithms DBSCAN [10; 11; 12] and K-means
[11; 13], PV modules are combined in solar parks whose internal grids are determined by means of a minimal spanning
tree. With the aim of reducing hydrogen production costs, the electricity generation capacity is curtailed at optimal
costs on the basis of hourly generated profiles, resulting in modified electricity generation time series. These are then
used to calculate electricity generation and costs for varying degrees of PV expansion in the fourth step.

The production, pipeline transport, conditioning and storage of hydrogen forms the applied supply chain. A module to
depict overseas transport is then added to allow for the export of green hydrogen to demand regions around the world.
The supply chain setting is selected due to the fact that, for high quantities, hydrogen transport is more cost-efficient
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than electricity transport [14; 15]. The hydrogen is prodﬁced at electrolysis sites in the PV park centers. From there, it
is transported by pipeline to suitable harbors. Subsequently, it is liquefied and stored in liquid form, as the economically
viable ship transport of hydrogen requires increased energy density to reduce the transport volume.

The applied modeling of the individual infrastructure elements is explained in detail in the work of Reuf} [14; 15; 16],
which takes into account investment costs, energy demand and the specific hydrogen costs. In order to account for the
required temporal resolution, these modules were adjusted so that the generation time series for the electricity, as well
as the hydrogen generation, are processed. After harbor storage, a temporally-resolved hydrogen supply is obsolete,
as the storage itself enables a constant hydrogen supply. Supply and cost curves for the hydrogen supply at the
respective harbors are obtained by adding the supply chain element cost contributions to the corresponding supply and
cost curves for electricity generation.

RESULTS AND DISCUSSION

Saudi Arabia has greater hydrogen supply potential than Oman in the context of this analysis. The results of the land
eligibility analysis and PV simulation are shown for Saudi Arabia in Figure 1. About 1.4 million km? (72.5%) of land is
theoretically eligible for PV parks in Saudi Arabia, of which 25% are considered in this study. This leads to a maximum
PV capacity of 17,736 GW with an average of 2,335 full load hours (FLH). The bandwidth of the FLH ranges from
2,252 to 2,481 h/a, while the simplified levelized cost of electricity (LCOE), not taking networking and curtailment into
account, ranges from 2.43 to 2.71 EUR-ct/kWh. The annual generation potential of these PV locations amounts to over

41,400 TWh.
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Figure 1. Results of the land availability analysis (left) and simulation of the full load hours and simplified electricity costs for PV
modules (right) in Saudi Arabia (25% of all possible locations considered).

With respect to FLH, the best 25% of all eligible PV locations in Saudi Arabia translate to a minimum of 2,252 FLH. In
this expansion scenario, 517 Mty,/a can be supplied. By increasing the number of FLH by 25 h/a, hydrogen supply and
cost curves are derived. At a minimum of 2,453 FLH, a supply potential of 3.6 Mty,/a remains. With the decreasing
degree of PV expansion, the hydrogen supply is significantly reduced. However, supply costs remain relatively
constant (compare Figure 2).
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Figure 2. Cost distribution over all elements of the hydrogen supply chain for the considered degrees of expansion of wind energy in
Saudi Arabia.
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CONCLUSIONS

The results of the PV potential analysis of selected regions in the Middle East show that the costs of electricity supply
are comparatively independent of the degree of PV expansion. Therefore, the choice of a degree of expansion for the
provision of green hydrogen depends in particular on the energy demand and not significantly on the underlying
electricity costs. For the supply of hydrogen based on photovoltaics in Saudi Arabia and Oman, there is high
production potential, even when considering only 25% of all eligible locations. This is due in particular to the
comparatively high availability of land in desert regions.

On the cost side, the production costs of hydrogen show a big share in the overall hydrogen supply costs at the
respective harbors. The relatively low FLH caused by the nightly downtimes of electrolysis operations contribute the
most to the hydrogen costs. In contrast, the comparatively high energy losses due to the slip in compression during
pipeline transport only contribute insignificantly to the costs. Thus, the largest cost reduction potential in hydrogen
supply cost lies in a reduction in the investment costs for PV and electrolysis or in an increase in the FLH of
electrolysis, for instance via battery storage or a combination of different renewable energies.

Overall, green hydrogen generated using PV in Saudi Arabia and Oman can constitute an economically-viable
alternative to the export of fossil fuels due to the sufficient supply potential and relatively low and constant supply
costs. Hence, green hydrogen can significantly contribute to the renunciation of an oil-dominated economy in these
regions.
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