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Introduction

The dominance of fossil fuels in global energy
production poses a significant challenge. Their finite
reserves and detrimental environmental impact
necessitate a swift transition towards sustainable
alternatives [1]. While renewable energy sources like
solar and wind power offer immense potential, their
intermittent nature necessitates efficient and scalable
energy storage solutions [2]. Hydrogen, the most
abundant element on Earth, emerges as a frontrunner
in this domain with its capacity for long-term and
large-scale energy storage. This study delves into
the intricacies of underground hydrogen storage, a
crucial aspect of enabling a hydrogen-based economy.
The analysis explores the various storage methods,
suitable geological formations, and the engineering
and geological considerations involved in safe and
efficient underground hydrogen storage. Also, the
focus of this study is on highlighting the potential of
hydrogen as a clean and sustainable energy carrier,
while acknowledging the challenges associated with its
large-scale storage. Moreover, promising subterranean
formations for hydrogen storage, including depleted
hydrocarbon reservoirs, aquifers, salt caverns, and
hard-rock formations, will be examined. Furthermore,
the discussion will delve into the critical engineering
and geological considerations for successful
implementation, encompassing proper site selection,
injection/withdrawal strategies, and mitigation of
potential issues like reservoir integrity and microbial
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activity. Ultimately, this comprehensive overview
of underground hydrogen storage, encompassing
geological suitability, engineering considerations,
and recent advancements, aims to contribute to
the development of this critical technology for a
sustainable energy future.

The Middle East’s Perspective on Hydrogen Energy
The Paris Agreement and global climate concerns
position the Middle East as a potential leader in
hydrogen energy production. Furthermore, abundant
solar and wind resources, robust infrastructure, and
geographical advantages make the region a prime
location for green hydrogen development. Gulf
Cooperation Council (GCC) countries, with their
existing energy infrastructure and financial resources,
are well-positioned to capitalize on this opportunity.
Several large-scale green hydrogen projects are
underway in the UAE, Saudi Arabia, Oman, and
Bahrain (Fig. 1). Moreover, these projects highlight
a strong commitment to clean energy and a strategic
shift away from fossil fuels. Nonetheless, key
challenges persist, including high production costs,
underdeveloped storage and transport infrastructure,
and the need for technological advancements, all of
which currently limit large-scale hydrogen adoption.
Despite these hurdles, the Middle East has the potential
to be a significant player in the global hydrogen
market. By addressing these challenges, the region can
unlock its potential for a sustainable energy future [3].
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Fig. 1 List of some notable hydrogen production projects in GCC countries [3].

Underground Hydrogen Storage

Large-scale hydrogen storage is a critical bottleneck
hindering the widespread adoption of hydrogen as a
clean energy carrier. Underground Hydrogen Storage
(UHS) offers a promising solution by utilizing
geological formations for safe and efficient hydrogen
containment. This section explores four main UHS
methods: salt caverns, depleted gas fields, aquifers,
and lined rock caverns.

Salt Caverns

Salt caverns, which are artificially created within
naturally occurring salt deposits, present several
advantages for UHS. Their dense structure offers
high impermeability, preventing hydrogen leakage
and ensuring long-term storage security. Salt’s
plasticity allows it to adapt to stress, minimizing the
risk of fractures during operation [4]. Additionally,
salt’s chemical inertness towards hydrogen prevents
degradation and maintains gas purity [5]. However, salt
caverns also have limitations. Suitable salt formations
are not ubiquitous, geographically restricting their
widespread use. Creating salt caverns involves brine
extraction and infrastructure development, leading to
significant initial investment.

Depleted Gas Fields

Depleted gas fields offer another viable UHS option
by leveraging existing advantages. Existing well
infrastructure and pipelines in depleted gas fields can
significantly reduce development costs compared
to constructing new facilities [6]. Their successful
history of natural gas storage demonstrates their
ability to safely contain hydrogen [7]. Additionally,
depleted gas fields boast a large storage capacity,
making them suitable for large-scale storage needs.

Adapting depleted gas fields for UHS requires careful
considerations. A thorough evaluation of the reservoir's
porosity, permeability, and caprock integrity is crucial
to ensure safe hydrogen storage. Existing wells need
inspection and potential rehabilitation to guarantee
hydrogen containment. Residual natural gas must also
be removed to prevent contamination and potential
safety hazards. Fig. 2 shows a schematic of a depleted
hydrocarbon reservoir.

Aquifers

Aquifers offer a potentially abundant and geographically
widespread UHS option. Compared to limited salt
cavern formations, aquifers are widely distributed
globally, offering greater storage potential. Additionally,
aquifers can accommodate large-scale hydrogen storage
suitable for seasonal energy balancing [9]. However,
utilizing aquifers for UHS presents distinct challenges.
A thorough evaluation of the caprock integrity is
essential to prevent hydrogen migration. Aquifer UHS
often requires additional infrastructure development
and the use of cushion gas, increasing costs. Hydrogen-
consuming bacteria present in aquifers can potentially
impact storage efficiency.

Lined Rock Caverns

Lined rock caverns, a new UHS technology, utilize
man-made caverns excavated in rock formations.
Impervious lining materials prevent leaks and
contamination, ensuring safe hydrogen storage. Lined
rock caverns can withstand higher pressures than other
UHS options, offering operational flexibility. Their
ability to handle multiple injection/withdrawal cycles
makes them suitable for responding to peak demand

(2].
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Fig. 2 Schematic of a depleted hydrocarbon reservoir for UHS [8].

However, lined rock caverns also have limitations.
Constructing lined rock caverns is expensive,
limiting their use to scenarios where other options are
unavailable. Long-term exposure to hydrogen might
necessitate using special steel or alternative lining
materials to prevent steel embrittlement. Additionally,
their capacity is not suitable for fulfilling the large-
scale storage needs of a global hydrogen economy.

Results and Discussion

Challenges and Opportunities of Underground Hydrogen
Storage

Reservoir Engineering Challenges

Unlike carbon dioxide storage, where trapping
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mechanisms are crucial for long-term storage, hydrogen
requires mobility for extraction [1]. Achieving high-
saturation hydrogen storage in a subsurface formation
is essential, as it allows for efficient retrieval. However,
challenges like hydrogen-cushion gas mixing
and bacterial degradation can lead to gas loss and
compromise storage efficiency. Additionally, material
compatibility with existing infrastructure in depleted
hydrocarbon fields needs to be addressed to prevent
hydrogen interaction with traditional well and pipeline
materials. Fig. 3 illustrates the crucial parameters that
need to be considered when designing underground
hydrogen storage processes in porous media from a
reservoir engineering standpoint.
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Fig. 3 Important parameters in the design of underground hydrogen storage process from a reservoir engineering perspective.
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Geological Considerations

The geological characteristics of storage formations,
particularly for aquifer storage, are crucial and still
under investigation. These factors include depth,
pressure, storage capacity, permeability, and the
potential for leakage through caprocks, faults, or
fractures [10]. While salt caverns offer a more
established storage option, their limited capacity and
geographical constraints make depleted hydrocarbon
reservoirs and aquifers more attractive for large-scale
applications.

Economic Viability

Underground hydrogen storage presents both
challenges and opportunities in terms of economic
viability. While the initial costs of establishing storage
facilities are significant, the potential for cost-effective
storage over the long term is promising. As shown in
Fig. 4, underground hydrogen storage has the potential
to make hydrogen more competitive in the energy
market [11].
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Fig. 4 The storage costs of various hydrogen storage technologies [11].

Site Selection for Underground Hydrogen Storage
Projects

For underground hydrogen storage (UHS) to be
successful, meticulous site selection is paramount.
Geologically suitable formations with appropriate
caprock and host rock properties, along with the
feasibility of facility development, are essential.
Depth, area, and thickness of the formation determine
its storage capacity. A good caprock needs sufficient
thickness and low permeability to prevent leakage.
Favorable reservoir properties, including high porosity
and permeability, enhance storage capacity and
hydrogen injectivity. The total storage capacity and
reservoir pressure influence the amount of hydrogen
that can be stored and the cushion gas required for

efficient production. Economically, factors like labor
costs, distance between hydrogen supply and demand,
infrastructure availability, and initial capital investment
all play arole. Safety and environmental considerations
include assessing the risk of natural disasters and
minimizing any potential environmental impact.
Regulatory constraints must also be addressed before
project initiation. Socially, gaining the acceptance of
local communities through surveys and creating job
opportunities through project development are crucial
aspects. By carefully considering these technical,
economic, safety, environmental, and social factors,
UHS project developers can identify suitable sites that
minimize risks and maximize project viability [12,13].
Table 1 summarizes some of the considerations used
for site selection for UHS projects worldwide.

Table 1 Criteria for site selection of hydrogen underground storage.

References | Storage Type Criteria Location
[12] Aquifer Geology (tectonic activity, overburden lithology), volume, depth Poland
Operator interest, geology, brine demand, infrastructure Good geological .
[14] Salt cavern . Romania
conditions
Geology (shape and complexity of the structure), volume, recognition stage,
[15] Salt cavern Poland
depth
Investment cost, storage cost, gas pressure, reservoir porosity and perme-
[16] Salt cavern . Turkey
ability, geology
[17] Pilot scale project | Infrastructure, stakeholder access, cost Us
[18] All types Geology, production capacity, cost, government support Canada
[9] Aquifer Depth, reservoir quality, volume UK




Conclusions

Large-scale underground hydrogen storage stands as
a pivotal technology for enabling a carbon-neutral
energy landscape. This study has comprehensively
examined current projects and initiatives, exploring the
storage properties of hydrogen and suitable geological
formations. Salt caverns, while successful, possess
limitations in capacity and cost. Depleted hydrocarbon
reservoirs and aquifers offer immense potential due
to their vast capacity and geographic distribution.
However, utilizing hydrogen necessitates material
compatibility upgrades in existing infrastructure. The
pathway to widespread hydrogen storage adoption
hinges on overcoming two key challenges: technical
and economic. Limited experience with long-term
hydrogen storage in hydrocarbon fields and aquifers
raises concerns about bacterial degradation, gas
mixing, and trapping-induced losses. Additionally,
the current dominance of cost-effective, yet carbon-
intensive grey hydrogen production necessitates
advancements in blue hydrogen (carbon capture and
storage) or renewable-powered electrolysis. Despite
these challenges, a growing commitment to hydrogen
storage is evident. Increased government and private
sector investments are fueling numerous pilot projects
around the globe, particularly in the Middle East.
These endeavors underscore the collective effort
towards developing hydrogen storage as a cornerstone
of a sustainable future. By successfully addressing
the technical and economic hurdles and fostering
the development of innovative storage technologies,
hydrogen storage can emerge as a cost-effective
solution for storing renewable energy, reducing
greenhouse gas emissions, and playing a pivotal role
in the transition to a sustainable energy system.

Nomenclatures
GCC: Gulf Cooperation Council countries
UHS: Underground Hydrogen Storage
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1. Hydrocarbon Reforming
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