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Underground hydrogen storage (UHS) is a promising solution for integrating hydrogen into the energy mix and
ensuring a reliable and flexible energy supply. This work is part of ongoing research project Hydrogen
UnderGround (HUG), funded by Business Finland, which aims at building the basis for large-scale hydrogen
storage concept for the Finnish hydrogen business and technology ecosystem. The objective of this preliminary
review is to gain a better understanding on the risks and uncertainties associated with UHS, especially concerning
applicability to lined rock caverns (LRC). A lined rock cavern is a constructed underground storage facility,
characterized by steel, polymer or concrete impermeable lining, designed to hold gases like hydrogen at high
pressures. LRC is considered a feasible option for the Finnish conditions, due to lack of suitable natural geological
formations. Other types of underground hydrogen storages may vary significantly in their geological and storage
set-up, including aquifer, depleted oil/gas reservoir, rock/mining caves and salt caverns. The initial review
comprised 60 articles, published between 2005-2024. The main risks in different types of storages were linked to
technical factors, such as sealing and leakage, cavern integrity, geochemical, geomechanical, microbiological,
hydrodynamic, or surface facility risks. Only one recent study mentioned economic and environmental risks,
including social license to operate. Regarding LRC, a key non-technical risk identified was lack of experience
with these caverns, which could be linked to competences and learning as human and organizational factors. This
finding is in line also with results from other studies, which indicate that social factors are often insufficiently
addressed in sustainable development reviews. The results highlighted the need for a holistic view on different
risks for UHS, specifically emphasizing the uncertainties of technical system failure modes and deficiencies in
understanding the role of non-technical factors, such as human, organizational and societal factors.
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1. Introduction

This study aims to provide a preliminary
understanding about risks in a specific context:
underground hydrogen storage. Safe and
efficient hydrogen storage is critical for realizing
hydrogen’s potential as a clean, sustainable
energy source; however, its highly flammable

nature and small molecular size make optimal
storage solutions challenging (Bhuiyan &
Siddique, 2025). The European Commission’s
hydrogen strategy recognizes clean hydrogen as
a key energy carrier in a European integrated
energy system, which supports the EU’s carbon
neutrality ambitions (European Commission,
2020). The importance of sustainable storage
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solutions increases also due to the inherent
volatility of electricity production from
renewable sources. Since the production and
demand of hydrogen needs to be balanced,
underground hydrogen storages (UHS) are seen
as critical to enable the stable supply and flexible
use of hydrogen, while allowing continuation of
land use for various purposes. In addition,
storage of hydrogen is attractive because it
increases the energy security and security of
supply.

There are various storage technologies
available for hydrogen, each with its own
advantages and challenges, regardless of its
method - gaseous, liquid, or solid (Raza et al.,
2022; Milky et al., 2024). Currently,
predominately used storage technologies are salt
caverns, depleted gas fields, aquifers, and rock
caverns. In the future, a variety of storage
solutions might be needed to meet diverse needs
and ensure energy security.

However, when there are no traditional
underground storage formations, such as salt
deposits or depleted reservoirs, a lined rock
cavern (LRC) has been developed as a technical
solution. LRC is an underground storage facility,
characterized by steel, polymer or concrete
impermeable lining, designed to hold gases like
hydrogen at high pressures at shallow depths
(Masoudi et al., 2024). LRC is considered a
feasible option for the Finnish conditions, due to
lack of suitable natural geological formations. A
related concept is Lined Rock Shaft (LRS),
which is based on the technology developed for
the LRC.

In Sweden there are two storage
facilities that provide important opportunities for
sharing learnings and benchmarking. The
Skallen Gas Storage Facility, located close to
Halmstad is the first operational LRC for natural
gas storage, while HYBRIT hydrogen storage
facility in Luleå is the first LRC for underground
hydrogen storage under construction, based on
the experience and competences developed with
the Skallen facility.

Designing and operating safe and
efficient UHS facilities is far from trivial, and
many uncertainties remain. The objective of this
preliminary review is to gain a better
understanding on the risks associated with UHS,
especially concerning applicability to LRC. This
study is part of research project Hydrogen

UnderGround (HUG), which aims at developing
the basis for a large-scale underground hydrogen
storage concept for the Finnish hydrogen
business and technology ecosystem. This two-
year project brings together many industrial
partners, with VTT Technical Research Centre
of Finland and Geological Survey of Finland
GTK assuming the central roles in project
coordination and research activities.

2. Method

The method utilized in this study was literature
review, focused on safety risks in underground
hydrogen storage. The literature search strategy is
presented in Figure 1 and the literature review
process is shown in Figure 2. Literature on
hazards in similar systems (i.e., underground gas
storage in natural formations) was considered
especially relevant to better understand the risks
of LRC and LRS as the two technologies within
the scope of HUG research project, which are
seen as suitable for Finland’s context.

Figure 1. Literature search strategy.
In total, the process of identification, screening
and inclusion resulted in review of 60 articles,
published between 2005-2024. Most of the
articles (54) were published in 2020-2024, which
indicates the growing demand for hydrogen-
related research and recent developments in this
field.

To the best of our knowledge, hydrogen
storage in LRCs has only been implemented in the
HYBRIT pilot project in Sweden (Johansson et
al., 2018). Thus, published literature on the
emerging risks specific to LRCs remains scarce.
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Figure 2. The literature review process.

3. Results: Hazards identification for
hydrogen storage in lined-rock caverns

This section presents the results from
identification of relevant hazards to support the
development of a comprehensive risk assessment
framework for hydrogen storage in LRCs.
Selected studies are referenced to illustrate
examples of different hazards categories.

We used the following categories to
classify emerging hazards related to hydrogen
storage in LRCs: environmental (natural),
technological, human and organizational, and
social hazards. We restricted the analysis to the
following functions of hydrogen storage: surface
facility operations (e.g., process monitoring,
oversight, plant management), underground
operations (e.g., maintenance and underground
monitoring activities), storage integrity, and gas
injection/discharge functions. Hazards related to
hydrogen supply and distribution, and economic
hazards, were outside the scope of our analysis.
Regarding the life cycle of the storage system, we
focused on the operation and maintenance phases.

Emerging environmental hazards in
LRCs relate to hazards stemming from factors
external to the storage system. Although not
unique to LRCs, Qiu et al. (2024) identified the
heightened risk of activating faults surrounding
the caverns by the relatively more frequent
injection and withdrawal patterns associated with
LRC operation compared to hydrogen storage
solutions based on natural formations.

Technological hazards relate to the
integrity of the hydrogen storage solution. As the
hydrogen containment mechanism in LRCs is
based on an artificial barrier, compared to
geological barriers associated with natural storage
formations, the consideration of hazards focuses
on the integrity of the liner and its interactions
with the surrounding rock formation.

Properties of hydrogen, such as its small
molecular size, its behavior during injection and
withdrawal processes that give rise to changing
pressure and temperature conditions, and its
relatively high flammability, present emerging
challenges to the design of storage solutions.
Hydrogen embrittlement presents a performance
degradation risk to both the wellbore (Fernandez
et al., 2024) and steel linings (Patanwar et al.,
2024; Sun et al., 2024). Rupture of the lining
welds, either due to corrosion or strain on the
lining, also presents a risk to the containment
integrity (Damasceno et al., 2024).

For epoxy-based sealing layers,
additional consideration must be paid to
performance degradation risks arising from tensile
loading, as the mechanical properties of these
types of layers have traditionally been examined
in applications operating with lower pressures (Li
et al., 2024). In drainage systems that are designed
to collect potential leaks, chemically or
biologically induced clogging and corrosion
present risks that need to be mitigated, as stated
by Johansson et al. (2018), “under normal
conditions, the drainage system will be filled with
water to prevent chemically or biologically
induced clogging and to prevent oxygen for
corrosion of steel lining.”.

In storage solutions based on natural
formations, geochemical and microbiological
processes play an important role in hydrogen
storage integrity and performance (Bade et al.,
2024; Salina Borello et al., 2024; Tackie-Otoo &
Haq, 2024; Uliasz-Misiak et al., 2024). A similar
finding has been identified also by Masoudi et al.
(2024), which is elaborated in their review article
on lined rock caverns as a hydrogen storage
solution:

“Environmental considerations are
paramount. While hydrogen poses a lesser
environmental treat in leakage scenarios
compared to other gases, potential chemical or
biological interactions within the host rock might
have long-term ecological implications. For
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instance, biological clogging in the drainage
system, an often-overlooked aspect, warrants
comprehensive research to ensure environmental
compatibility.”

Human and organizational factors
associated with the operation and maintenance
activities of underground hydrogen storage were
not considered in the literature. Given the
prevalence of incidents related to human factors in
the analogous case of underground natural gas
storage (Lackey et al., 2024), we believe that this
topic warrants further attention in the future.

Regarding social acceptance, Tarkowski
and Uliasz-Misiak (2022) draw attention to low
public awareness of hydrogen technology and the
lack of social campaigns related to raising
awareness as presenting potential barriers for
social acceptance. These concerns are also
recognized by Stalker and others (2022), who
consider the public perceptions of gas leakage
from analogous fields (CO2 and natural gas
storage) and discuss the potential for transferring
lessons learned to the hydrogen industry.
According to the authors, difficulties in
conceptualizing the subsurface storage solution,
lack of previous demonstration projects,
unsustainability of the hydrogen production
mechanism, mistrust in regulators and operators,
and skepticism of societal and economic benefits
of hydrogen storage might have adverse influence
on social acceptance of hydrogen technologies.

4. Discussion

This section elaborates on the technical risks,
concerns and uncertainties focusing on Lined
Rock Caverns (LRCs) and Lined Rock Shafts
(LRSs) based on findings from the literature and
expert reasoning. At the end of the section,
considerations for non-technical risks are also
presented and discussed.

Like other applications containing
pressurized gas, the most critical issue also in
LRC and LRS is loss of containment (LOC), i.e.,
a leakage of a storage. The basic principle of the
LRC and LRS is illustrated in Figure 3: LRC is a
mined cavern with gas-tight layer in the inner
surface and connection pipeline to the surface.
LRS is a drilled shaft with gas-tight liner and plug
in the top with pipeline connection to surface.

Figure 3. The principle of LRC (left) and LRS (right).

In the publicly available report about research
needs of HYBRIT LRC facility in Sweden
(Johansson et al., 2018) it is described that there
is only one gastight liner layer in the wall
structure made out of stainless steel. The basic
principle of the HYBRIT cavern liner structure is
presented in Figure 4. Potential system failures,
or worst-case scenario considerations are
presented next.

Figure 4. Layers of the LRC wall structure for storage
of gas (adapted from Johansson et al., 2018).

4.1. Causes of hydrogen leakage
Multiple reasons may contribute to leakage
incidents of the single gasproof layer. The scarce
existing literature identified several ways in
which the structural integrity of the cavern and
the liner gas tightness may get compromised
(Johansson, 2003; Johansson et al., 2018):

Global failure of the rock mass, caused
by too large uplift pressure from the
stored gas.
Rupture of the steel lining as it is loaded
by the gas pressure caused by too large,
one-time deformation of the
surrounding rock mass.
Low-cycle fatigue of the steel lining for
caverns located at such depth where the
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influence of the free ground surface will
enlarge the strain range in the steel
lining.
Low cycle fatigue of the steel lining for
caverns located deep enough to avoid
the influence of the free ground surface.
Local failure of the steel lining because
of some structural weakness (e.g. welds,
pipe lead-throughs, uneven quality of
concrete).

Eventually, the consequence of all
abovementioned cases is expected to be the
same, that is, hydrogen escapes from the storage
to other layers in the storage wall construction
and eventually to the surface endangering safety.
In the worst case, hydrogen leakage to open air
can lead to a vapor cloud explosion (VCE)
which can cause high overpressure and damage
to structures and even fatalities (Thomas et al.,
2015).

4.2. Liner leakage

The liner leakage can be detected with hydrogen
sensors integrated into the drainage system
(Johansson et al., 2018). When thinking about
both of these two storage types, LRC and LRS,
there is not much that can be done if the single
gasproof liner starts to leak: it is not possible to
enter the cavern or shaft to repair the leakage
while the storage is filled with hydrogen.

It is not possible either to enter the
structure behind the linery, as it is directly
attached to concrete lining and rock mass.
Hydrogen will enter the drainage system behind
the liner and the concrete layer and rise to the
surface (see picture of the storage wall structure,
Fig. 4). Hydrogen will probably rise mainly via
drainage pipes, but it can also enter the natural
cracks in the rock and move somewhere else
than assumed. The risks caused by the leakage
can be mitigated by collecting the leaked
hydrogen from the drainage system to specific
locations in the surface (Johansson et al., 2018).

For the repair, the storage cavern/shaft
must be emptied first completely and inerted
before it can be filled with air. If the liner
leakage is large, there might be a need for an
emergency discharge of hydrogen or there must
be some other way to collect the stored hydrogen
quite quickly. If there are several hundreds of
tons of hydrogen in the storage, the price of the

stored substance can be quite high so the owner
of the storage might be interested in collecting
the hydrogen. If the leakage goes through the
draining system, the quality of the leaked
hydrogen will decrease as it is in contact with the
groundwater and rock minerals.

4.3. Surface connection failure

Notwithstanding the underground storage type,
the surface connection failure is critical due to
potentially large amount of the leaked high-
pressure hydrogen. Both in LRC and LRS there
must be at least one, or probably two separate
pipeline connections to the surface - one for the
injection of hydrogen into the storage and one
for the withdrawal of hydrogen. The pressure
inside the connection pipe is likely the same as
in the storage, as the pressure reduction system is
likely located on the surface.

If this pipeline starts to leak, the
consequences might be more severe than in the
lining leakage, because the leakage through the
lining and drainage system will probably slow
down the flow rate. If the connection pipe fails,
the leakage rate can be quite massive. To
mitigate this risk, the connection pipes size
should be as small as possible but
simultaneously they must fulfil the hydrogen
needs of the following processes and consumers.

4.4. Shaft cap/plug uplift failure
There is not publicly available information about
the LRS type of UHS wall structure, but
presumably it is similar to LRC’s structure and
the similar hazard scenarios will apply. One LRS
specific worst-case scenario is the shaft cap/plug
uplift failure. In this case the storage leak is
quick and massive. Plug failure is a violent event
that might lead to hydrogen cloud detonation and
destruction of surrounding structures, which is
not probable in slower and smaller releases of
hydrogen to open air.

Therefore, the plug structure and
securing it is critical for the LRS type of
storages. According to Trevail (2023), the height
of the plug, i.e., overburden, is in the range of
tens of meters, which means that the effective
length and storage capacity of the shaft is
considerably smaller than in case the whole shaft
length could be utilized for storing hydrogen up
to the surface level.
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4.5. Non-technical risks

Regarding LRC, a key non-technical risk
identified was lack of experience with these
caverns, which was categorized in our results as a
human and organizational factors hazard.
Regarding lack of experience, there is a need to
further consider how this could be a risk factor.
On the one hand, designers and operators of such
hydrogen storage facilities might be familiar with
process safety principles but may not be that
familiar with hydrogen. On the other hand, it is
likely that there are complete newcomers to the
process industries and hydrogen storage facilities.
Depending on the safety significance of the roles
these actors play, this may present a higher risk
due to the necessity and time needed of acquiring
the required skills, competencies and experience.
Furthermore, complacency-related risks should
not be underestimated even if the key actors are
already very experienced in the process industry
and in working with hydrogen.

Other studies in the hydrogen context
also indicate that social factors are largely missing
or insufficiently addressed in sustainable
development reviews. For instance, the strategic
research project Climate neutral, justified and
sustainable H2 transition (JustH2Transit), funded
by the Research Council of Finland (2023-2026)
focuses on studying just transition towards
hydrogen economy. The project results have
indicated the missing societal aspects in hydrogen
economy scenarios. Existing scenarios are
addressing techno-economic aspects and impacts
to climate change mitigation, but lacking the
consideration of local socio-economic, land-use
and competence issues as well as political
preferences related to hydrogen economy
(Laitinen et al., 2024).

Although the importance of
sustainability and social acceptance is growing,
risks related to these factors seem somewhat
distant and unrelated to the more tangible and
usually quantifiable technical risks. However, risk
perceptions are also linked to non-technical
phenomena such as the role of human and
organizational factors, trust building,
responsibility and ethical business practices, and
these need to be accounted for alongside the
understanding of the technical phenomena and
analysis of technical risks.

5. Conclusion

The aim of this study was to provide a preliminary
review of risks and uncertainties associated with
UHS, especially concerning applicability to
LRC/LRS, which is an understudied topic.

The main risks in different types of
storages, identified in the literature, were linked to
technical factors, such as sealing and leakage,
cavern integrity, geochemical, geomechanical,
microbiological, hydrodynamic, or surface facility
risks.  Only one recent study mentioned economic
and environmental risks, including social license
to operate.

Research challenges related to
LRC/LRS, such as the long-term material
behaviour in different environmental conditions,
emergency preparedness in case of different
leakages of UHS, and also the maintainability
issues are topics identified for future research.

Overall, the findings of this study
highlighted the necessity for a holistic and
comprehensive approach to various risks
associated with UHS. It particularly emphasizes
the currently inadequate consideration of non-
technical risks, including those related to human,
organizational, and societal factors.
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