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Abstract

Underground hydrogen storage (UHS) is emerging as a key enabler of the green energy
transition, ensuring energy system stability and supporting large-scale integration of
renewable sources. Despite its technological readiness, UHS deployment in Europe faces
significant barriers due to the absence of a clear legal status and a dedicated regulatory
framework. Current EU energy, climate, and environmental directives do not explicitly
define hydrogen as a storage medium, creating legal ambiguity. Lessons from underground
gas storage (UGS) and Carbon Capture and Storage (CCS) provide valuable reference points;
however, direct transfer of these frameworks is insufficient due to hydrogen’s the distinct
physicochemical characteristics and associated safety and monitoring challenges. Major
regulatory gaps have been identified in legislation, liability, ownership, technical standards,
and monitoring. To address these issues, a hybrid UHS model is proposed—combining
the operational practices of UGS with the regulatory rigour of CCS—to accelerate safe
and efficient implementation of UHS in Europe and support the broader transition to
green energy.

Keywords: underground hydrogen storage; green energy transition; EU regulatory
framework; legal gaps; technical standards

1. Introduction
1.1. Context and Significance of UHS

Underground hydrogen storage (UHS) represents a cornerstone of the emerging green
energy infrastructure, providing the flexibility required to integrate intermittent renewable
energy sources, stabilise electricity networks, and decarbonise industrial sectors [1-5].
The growing attention to UHS—reflected in numerous recent reviews [6,7] and review
articles in this field today [8—-16]—has yet to be matched by regulatory progress. Both
European and national legal systems remain fragmented, lacking a coherent framework
for UHS operations [11,17-19]. The absence of precise definitions for hydrogen stored
underground across different phases of its life cycle, together with unclear provisions
on ownership, liability, monitoring, and post-operational responsibility, creates major
uncertainties for project developers. In practice, current regulation relies on analogies to
frameworks for underground gas storage and CO; storage, which fail to reflect hydrogen’s
unique physicochemical behaviour—its high diffusivity, geochemical and microbiological
reactivity, and potential explosiveness [8,16,19-22].

Energies 2025, 18, 6454

https://doi.org/10.3390/en18246454


https://doi.org/10.3390/en18246454
https://doi.org/10.3390/en18246454
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3294-1246
https://orcid.org/0000-0003-2568-5299
https://orcid.org/0000-0001-8742-7100
https://doi.org/10.3390/en18246454
https://www.mdpi.com/article/10.3390/en18246454?type=check_update&version=2

Energies 2025, 18, 6454

20f21

It should be emphasised that in the case of related UHS technologies, including natural
gas storage, liability issues are usually regulated by national law, such as the Geological
and Mining Law, but even these rarely refer to hydrogen as a medium stored underground.
The so-called CCS (Carbon Capture and Storage) Directive [23] on the geological storage of
CO; establishes precise rules on liability, including its transfer to the state after the closure
of a storage facility. However, it does not refer to hydrogen [24,25].

Technical reports, policy documents, and scientific publications consistently highlight
the urgent need to harmonise and clarify the legal status of underground hydrogen storage:

e  The IEA Hydrogen TCP Task 42 Report (2023) states that UHS development is unfea-
sible without a clear legal framework. Authorities require licencing and monitoring
guidelines, while operators need regulatory stability to justify long timelines and high
investment costs [19].

e  The HyUnder report (2013) emphasises that early-stage energy transition technologies
depend on favourable regulation to minimise investment [26].

e  The HyStories project (2022-2023) notes that EU-wide UHS legislation is difficult due
to varying national laws on energy, mining, and environmental protection [27].

e Regulations, Codes, and Standards Review for Underground Hydrogen Storage (2024)
notes that regulations on underground natural gas storage could serve as a reference
point for UHS legislation. At the same time, it points to technical gaps and fundamental
differences in the physical properties of hydrogen and methane, which may require
separate technological and regulatory solutions [28].

e The European Commission’s Hydrogen Strategy for a Climate-Neutral Europe
(COM(2020) 301 final) emphasises the need to strengthen the EU’s role in shaping
international technical standards, regulations, and definitions for hydrogen [2].

e  The H2eart for Europe report (2024) emphasises that the absence of a dedicated regu-
latory framework at the EU level is a key barrier to UHS deployment. It highlights the
need for harmonised permitting procedures, technical standards tailored to hydrogen,
and the legal recognition of UHS as critical energy infrastructure [29].

e  The RPT-EU_Underground Hydrogen Storage Targets report (2024) warns that without
clear regulatory provisions and long-term policy support, the EU may face a hydrogen
storage gap that threatens its decarbonisation objectives. It calls for binding storage
targets (e.g., 45 TWh by 2030) and integration of UHS into EU energy and climate
law [30].

e SO 24078:2025 highlights that the development of underground hydrogen storage
(UHS) requires not only technical advancements, but also regulatory support, includ-
ing standardisation of monitoring procedures, safety guidelines, and long-term storage
operation frameworks [31].

Similar conclusions can be drawn from normative and industry documents:

e DNV-RP-H101 (DNV-RP-H101, 2021) recommends a dedicated UHS licencing and
monitoring system, noting that operators currently rely on gas and CCS rules [32].

e The EU Hydrogen Strategy also prioritises building a supportive regulatory framework
and reducing cost gaps between conventional and low-carbon hydrogen [33].

All these studies and documents indicate that the development of UHS requires
the creation of clear and consistent legal regulations. These should include a definition
of hydrogen in the storage process, the scope and duration of the operator’s liability,
procedures for the state or another authority to take over responsibility after the closure of
the storage facility, environmental monitoring requirements, and rules for compensation
for damage. It is expected that these regulations will take the form of European Union
directives, which will then be implemented into the legal systems of Member States, but
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will contain sufficiently detailed regulations or standards to ensure reasonably uniform
requirements and legal conditions for the entire European Union, Best Available Techniques
(BATs) reference documents, and ISO and DNV standards.

The lack of a clear legal framework for hydrogen is currently a significant barrier to
the implementation and scaling up of UHS projects both in the European Union and in
individual Member States (many of which are likely waiting for earlier EU regulations
in this area). Strategic documents and expert reports have repeatedly emphasised that
read-across regulations from the CCS and UGS areas may be a transitional solution, but in
the long term it is necessary to create regulations dedicated to UHS technology [19,26,27].

Current pilot UHS projects in the European Union, such as H2CAST Etzel in Germany
and HyStock in the Netherlands, are being developed under existing legal frameworks
for underground gas storage (UGS) and national mining and energy laws. To date, no
dedicated or harmonised EU-wide legal framework exists specifically for hydrogen storage
in geological formations. In Germany, the H2CAST Etzel project operates under the national
Mining Act (Bundesberggesetz) and regulations applicable to underground natural gas
storage, with additional risk and safety assessments specific to hydrogen [34]. In the
Netherlands, the HyStock project by Gasunie has been authorised under the existing Dutch
Mining Act. The hydrogen storage caverns at Zuidwending were granted a storage permit
as gas storage infrastructure, though legislative amendments are underway to better reflect
hydrogen-specific considerations [35]. Overall, most pilot UHS initiatives in the EU rely on
a “read-across” regulatory approach—adapting legal regimes developed for natural gas
storage—while awaiting dedicated legislative instruments tailored to hydrogen [27].

1.2. Purpose and Scope of the Article

The aim of this study is to analyse the legal status of hydrogen in the context of
underground storage, with particular emphasis on the need to harmonise regulations at the
European level. Key issues related to the legal status of hydrogen are discussed, ranging
from the need to harmonise regulations, through an analysis of the existing legal framework
and its limitations, to recommendations for future legislative directions.

The scope of the research includes the identification and assessment of existing regula-
tions concerning gases stored underground (hydrogen, natural gas, CO,) and the indication
of the consequences of their application for the functioning of UHS. The article addresses
the issues of responsibility for injected and recovered hydrogen, and points to the need to
develop dedicated reference documents (BATs) and international standards (ISO, DNV). An
integral part of the analysis is the assessment of the possibility of adapting the experience
and legal solutions developed in UGS and CCS technologies, together with recommenda-
tions, for the development of a uniform regulatory framework for UHS.

2. Methods

The research methodology employed in this article is based on a comparative reg-
ulatory analysis encompassing legal acts, standardisation documents, and the scientific
literature related to underground gas storage. The aim of this approach is to systemat-
ically identify which elements of the existing regulatory frameworks for Underground
Gas Storage (UGS) and Carbon Capture and Storage (CCS) can be adapted to future legal
frameworks for underground hydrogen storage (UHS). The analysis covered European
Union legislation on energy, environment, installation safety, transport, and emissions;
reference and normative documents, including BATs—Best Available Techniques reference
documents on minimising environmental impacts of installations; ISO—technical stan-
dards on quality, safety, and management; DNV—guidelines and standards for energy
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infrastructure and risk assessment; EU ETS—the EU Emissions Trading System; and IPCC
Guidelines—guidance on reporting greenhouse gas emissions and removals.
The research design included the following steps (Figure 1):

1. Identification of regulatory frameworks—Applicable legal provisions and standardis-
ation documents related to UGS, CCS, and UHS were identified. The scope of their
applicability, regulatory objectives, and associated obligations for operators were
analysed. This step addressed the following question: Which regulations determine
the operation of underground gas storage installations in the EU?

2. Definition of comparative criteria—To structure the comparative analysis, key regu-
latory areas relevant to the operation of underground gas storage installations were
extracted. These include legal status and classification of the stored medium, permit-
ting and licencing procedures, principles of ownership and responsibility for the gas,
long-term liability and site closure, monitoring and reporting requirements; safety and
risk assessment requirements, technical standards and reference documents (BATs,
ISO, DNV), and links to climate policy and emission systems (EU ETS, IPCC). This
analysis answered the following question: In which areas can the solutions applied in
UGS and CCS serve as references for future UHS regulations?

3.  Comparative analysis (UGS-CCS-UHS)—Based on the criteria above, a comparison
was conducted of three systems: UGS, as a mature operational model for gas storage;
CCS, as an example of integrated legal frameworks for permanently stored substances;
and UHS, as a technology lacking a dedicated regulatory system. This comparison
enabled the identification of regulatory overlaps, gaps, and areas of incompatibility.

4.  Synthesis and recommendations—Based on the identified gaps and potential for adap-
tation from UGS and CCS, this study developed proposals for regulatory directions for
UHS, guidelines for future technical standards, and a hybrid UHS model integrating
operational experience from UGS and regulatory oversight elements from CCS.

’ Synthesis and
Recommendations
.Comparative

Analysis: UGS—
CCS-UHS

‘Definition of

Comparative
Criteria

Identification of
Regulatory
Frameworks

Figure 1. Methodological workflow for UHS regulatory analysis.

This research approach enables a structured transition from identifying legal and
regulatory gaps through comparative 78 green assessment of three existing systems to
the development of coherent recommendations for the future legal framework for UHS.



Energies 2025, 18, 6454

50f21

As a result, the applied methodology clearly determines which legislative solutions can
be transferred from current systems, which require adjustment, and which need to be
developed from scratch.

3. Results

The current legal status of hydrogen remains ambiguous and depends largely on the
context of its use. Hydrogen can be treated as a raw material, fuel or energy carrier, and
storage medium [2,36]. It is sometimes classified as a hazardous substance or a potential
source of environmental emissions. The lack of regulatory consistency has numerous
consequences for the planning, operation, and monitoring of underground hydrogen
storage facilities. This is not an isolated phenomenon. Sometimes, a substance has a
uniform definition in law—for the entire legal system of a given country—and sometimes
it has different definitions in different areas/regulations. Therefore, the legal definition of a
substance is important for its storage and related regulations. However, it does not have to
be a single definition for the entire legal system.

3.1. Legal and Regulatory Framework of Underground Gas Storage in the European Union

Unlike natural gas, which has a clearly defined status in EU legislation, e.g., concerning
common rules for the internal gas market [37], hydrogen has not been formally included
in the underground storage licencing system. The proposed Regulation of the European
Parliament and of the Council on the internal markets for gas from renewable sources,
natural gas, and hydrogen [38] does not explicitly include underground hydrogen storage in
the existing regulatory framework. The definition of a hydrogen storage facility contained
in this document does not exclude the operation of UHS, nor does it specify its rules.
Instead, it provides for the possibility of temporarily exempting hydrogen infrastructure,
including underground storage facilities, from certain regulatory obligations, provided that
this promotes competition, security of supply, and decarbonisation, and does not interfere
with the functioning of the EU internal market.

In EU strategic documents, hydrogen is recognised as a key energy carrier in the
energy transition, particularly in the case of that from renewable sources (so-called green
hydrogen) [36,38]. However, there is no formal definition of hydrogen as a storage medium,
which makes it difficult to classify UHS installations. Hydrogen is sometimes treated as a
dangerous substance, an emission, a fuel, or a market product.

Hazardous substance—Under the Seveso III Directive (2012/18/EU) [39], hydrogen
is classified as a flammable and explosive substance. However, the directive is primarily
in-tended for above-ground industrial installations, and its applicability to subsurface
hy-drogen injection into geological formations is not explicitly defined. As a result, the
extent to which Seveso III applies to underground hydrogen storage remains subject
to regulatory interpretation and varies across Member States. Although the directive
provides a frame-work for managing major accident hazards, there is ongoing debate over
whether, and to what extent, its provisions should also govern hydrogen stored in deep
geological environments.

Emission substance—Hydrogen is not a greenhouse gas, but its production (e.g., from
natural gas) and potential leaks (hydrogen leakage) can indirectly affect the climate through
reactions with methane and ozone. There is still ongoing debate as to whether and how
these emissions should be included in reporting systems (EU ETS, IPCC).

Fuel and market product—Hydrogen can be considered a fossil fuel (grey hydrogen)
or a renewable fuel (green hydrogen). This classification affects its legal status within the
EU taxonomy and certification systems.
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3.2. Regulatory Specificity of Hydrogen as a Storage Medium

The lack of clear regulations on the legal status of hydrogen results in ambiguities in
key areas of UHS, such as licencing; responsibility for emissions; rules for trading hydrogen;
and ownership of gas during storage; and thus, the issue of responsibility.

Unlike natural gas, which has a clearly defined status in EU law (e.g., Directive
2024/1788/EU [37]), hydrogen has not been formally included as a substance covered
by the underground storage licencing system. The proposed Regulation of the European
Parliament and of the Council on the internal markets for gases from renewable sources,
natural gas, and hydrogen (COM (2021) 804) introduces a definition of a hydrogen storage
facility, which also covers underground structures, but does not specify the rules for their
operation or the legal requirements for operators.

Hydrogen has not been clearly assigned to existing regulatory systems such as
the EU ETS (emissions trading), Seveso III Directive, or IPCC guidelines on emission
reporting. This omission makes it difficult to determine responsibility for potential
emissions to the atmosphere and groundwater and limits the possibility of consistent
environmental monitoring.

In the case of natural gas, continuity of ownership on the part of the operator is usually
assumed. For hydrogen, there is no legal analogy, which leads to uncertainty regarding
the division of responsibilities and risks. By comparison, in the geological storage of CO,,
these issues have been clearly regulated in Directive 2009/31/EC (CCS Directive) [23]. It
provides for the possibility of transferring responsibility for injected CO, to state authorities
once certain conditions have been met, such as long-term monitoring, no detectable leaks,
and complete documentation of the operator’s activities. In the case of hydrogen, there is
no equivalent to these solutions yet, even though the risks associated with its emissions
and environmental impact may be equally significant.

3.3. Lack of a Comprehensive REGULATORY Framework and Consequences for UHS

There is currently no dedicated EU directive regulating underground hydrogen storage
analogous to the CCS Directive. In practice, UHS projects are often classified under
regulations developed for UGS or CCS, which leads to inconsistencies in interpretation and
increases regulatory uncertainty [19,26,27].

The lack of a clear legal classification of hydrogen creates significant challenges for its
underground storage. This affects legal interpretation, operational practice, and regulatory
consistency throughout the storage lifecycle. Key issues include the following (Figure 2):

e  Absence of dedicated standards and guidelines—Currently, there are no specific BATs
(Best Available Techniques) documents or ISO or DNV standards directly applicable
to UHS. As a result, operators rely on frameworks developed for natural gas storage
(UGS) or Carbon Capture and Storage (CCS), such as DNV-RP-H101 (2021), ISO
27914 (2017), and ISO 27916 (2019), which can lead to either overly cautious or overly
simplified technical requirements.

e Regulatory gaps in monitoring and risk assessment—The lack of normative stan-
dards for leak detection, microbiological activity assessment, and geochemical
monitoring makes it difficult to establish reliable oversight procedures specific to
hydrogen storage.

e Unclear legal responsibilities across the storage lifecycle—There is no consistent frame-
work defining operator obligations for environmental permits (e.g., IPPC), environmen-
tal reporting, or impact assessments. Moreover, key questions remain unanswered:
> Who owns the hydrogen after injection into the geological formation?

> Who is responsible for its safety during storage?
> What rights apply to hydrogen recovery?
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> How is liability shared in cases of emissions, leaks, or after site closure?

e Lack of legal clarity on cushion gas—Hydrogen remaining in the formation post-

closure has no defined legal status. It is uncertain whether responsibility transfers
to the state or remains with the operator, and whether cushion gas is owned by the
storage user or operator.

e Absence of long-term liability framework—Unlike CCS, which includes provisions

for post-closure transfer of responsibility to public authorities, UHS lacks a clear
mechanism for such handover, leaving operators and governments exposed to
legal uncertainty.

e  Fragmented regulatory alignment at the EU and cross-border levels—Differing na-
tional rules on energy, mining, and environmental protection hinder the development
of harmonised UHS frameworks. This inconsistency creates legal and administrative
barriers to cross-border UHS infrastructure. The lack of alignment with overarching
EU climate policies (e.g., the European Green Deal [40], Fit for 55 [41], and Directive
2024 /1788) further limits hydrogen’s strategic integration into the energy transition.

Fuel and \ Emission \
market substance
product EU ETS, IPCC
4 y
Market ] Hazardous ;
product / substance
Commodity ‘ Seveso lll

HYDROGEN

@ulatory implications for UHS: \

e No unified regulatory regime

e Unclear legal classification of hydrogen

e Absence of hydrogen-specific technical standards

e Monitoring and risk-assessment gaps

e Undefined operator responsibilities across the entire storage
lifecycle

e Legal ambiguity regarding cushion gas:

e No long-term liability mechanism

Ko Fragmented regulatory alignment at EU and cross-border le\y

Figure 2. Multiple legal identities of hydrogen and regulatory implications for UHS.

These regulatory shortcomings have been widely recognised. The IEA Hydrogen
TCP Task 42 Report [19] stresses that UHS deployment is not feasible without a coherent
regulatory framework. Licencing authorities require procedural clarity, while operators
need predictable rules to justify long project timelines and investment risks [39]. Similarly,
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the HyUnder report (2013) emphasised early on that stable, technology-neutral regulation
is key to reducing risk in emerging energy markets [26]. The HyStories project (2022-2023)
underlines that EU-level legislation remains difficult due to national legal divergences [27].

Finally, the 2024 UHS Regulations and Standards Review acknowledges that natural
gas storage rules may serve as interim references for UHS but highlights significant technical
and physical differences between hydrogen and methane [28]. This is echoed by DNV-RP-
H101 (2021), which calls for a dedicated licencing system, noting that hydrogen projects
are still forced to rely on UGS or CCS legislation [29]. The EU Hydrogen Strategy also
prioritises developing a supportive regulatory environment for hydrogen infrastructure
and reducing cost disparities between conventional and low-carbon hydrogen [2,30].

Underground hydrogen storage currently operates in a landscape of regulatory un-
certainty (Table 1). Existing energy, mining, and environmental legislation is primarily
designed for natural gas and CO,, without offering dedicated legal pathways for hydrogen.
This creates inconsistencies and legal ambiguity—with hydrogen variably classified as a
fuel, a chemical substance, or an energy carrier depending on the context. The absence of a
harmonised legal framework exposes investors and operators to regulatory risk, thereby
posing a significant barrier to the development and scaling of UHS technologies.

Table 1. Extended comparison of regulatory frameworks: UGS, CCS, and UHS.

Criterion

UGS

CCS

UHS

Medium classification
and legal status

Natural gas—energy
commodity; sector-specific
regulations

CO,—waste/permanently
stored substance

Hydrogen—energy carrier
and market commodity; no
clear legal classification

Primary EU legal basis

Energy directives, national
mining law, gas market
regulations

CCS Directive 2009/31/EC;
Monitoring and Reporting
rules

No dedicated directive; only
fragmented references in
hydrogen-related documents

Permitting and licencing
frameworks

Operator obtains a licence
for gas storage

Complex multi-stage
permitting including site
closure

No established procedures;
UGS rules may be applied by
analogy

Long-term liability

Operator responsible
throughout the entire
operational period

After meeting closure
conditions, liability may be
transferred to the state

No clear rules

Monitoring and reporting

Operational monitoring of
installations

Operational, geological
and environmental
monitoring after site
closure

No defined monitoring
framework

Technical standards and
reference documents

Numerous standards (ISO,
DNV, sectoral norms)

CCS-specific guidelines +
IPCC

Under development

Mature technology . . Pilot and demonstration
. . Relatively few commercial .
Operational experience (hundreds of storage roiects projects; lack of full
facilities) pProj operational experience
Regulatory maturity level High Medium Low

4. Regulatory Comparisons, Standards, and Adaptation of Experiences
4.1. Comparative Analysis of Regulations: UGS, CCS, and UHS

The use of hydrogen as an energy medium, fuel, or substance stored underground
requires its clear inclusion in legal systems. Compared with natural gas and carbon
dioxide, hydrogen remains the least regulated medium for underground storage regarding
classification, monitoring, liability, and permits for underground injection and withdrawal.
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Natural gas—UGS (Underground Gas Storage)

The legal basis at the EU level is regulated by Directive 2024/1788 [37] on common
rules for the internal market in natural gas and Directive 94/22/EC [42] on the granting
and use of authorisations for the prospection, exploration, and production of hydrocarbons.
Matters relating to the licencing of natural gas storage are covered by the national legislation
of EU Member States.

Scope of regulation: Clear definition of natural gas as a fuel and storage medium, obli-
gation to register and certify operators, requirements for third-party access, transparency
and security, obligation to achieve minimum storage levels, environmental requirements,
and supervision by national regulators (e.g., Energy Regulatory Office in Poland).

Operator responsibility: The operator bears full responsibility for safety, operation,
and compliance with regulations, and there are clear reporting and supervision procedures
in place by national and EU regulators.

Carbon dioxide—Carbon Capture and Storage

Legal basis at the EU level: Directive 2009/31/EC on the geological storage of CO, [23];
standards: ISO 27914:2017 on the geological storage of CO, [43] and DNV-RP-]J203 [44];
and guidelines: IPCC Guidelines [45].

Scope of the regulation: Clear definition of CO, as a captured and stored substance,
mandatory monitoring plan approved by the supervisory authority, risk assessment (site
characterisation), post-closure management, monitoring documentation requirement, and
obligation to ensure reservoir integrity.

Liability: Operational phase—the operator bears full responsibility for emissions,
environmental damage, control, and monitoring. Post-operational phase—possibility of
transferring liability to the state after certain conditions are met.

Hydrogen—Underground Hydrogen Storage

Hydrogen is recognised in EU documents as an energy carrier. Nevertheless, there
is no formal definition of hydrogen as a storage medium. Some Member States (e.g.,
Germany and The Netherlands) are introducing technical definitions of hydrogen in the
context of infrastructure, but there is no uniform approach at the EU level with regard to its
geological storage.

Scope of regulation: No comprehensive legal framework exists for UHS, nor is
there a dedicated EU directive on the geological storage of hydrogen. The current ap-
proach is to temporarily apply analogies to the CCS framework [23] or UGS [37], which
leads to inconsistencies in interpretation, difficulties in classifying projects, and unclear
operator responsibilities.

Safety aspects and classification of hydrogen as a dangerous substance: According
to the Seveso III Directive [39], hydrogen is classified as a flammable and explosive sub-
stance. This is relevant for above-ground installations but does not directly translate to
underground injection. The Industrial Emissions Directive (Directive 2010/75/EU, 2010)
may cover some operational aspects of UHS, but it does not refer to geological hydrogen
storage technology.

Emissions, trade, and the environment: Hydrogen is not covered by the EU ETS as
a greenhouse gas, but its production—especially from fossil fuels—can be classified as
emissions. There are increasing calls for the inclusion of so-called hydrogen leakage in
reporting mechanisms (IPCC, EU ETS) due to the possible indirect impact of hydrogen on
atmospheric methane and ozone concentrations.

Table 2 shows that unlike natural gas and CO,, hydrogen does not have a dedicated
and unambiguous legal status in the context of geological storage. Current solutions are
based on the adaptation of CCS and UGS regulations. The lack of a legal framework
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for UHS limits regulatory certainty, hinders investment planning and creates a risk of
inconsistency regarding liability, monitoring, and environmental protection.

Table 2. Comparison of legal regulations for UHS, UGS, and CCS.

Criterion UHS UGS CCS
Dedicated EU directive None CCS Directive CCS Directive
Definition as a storage medium Unclear Clear Clear
Monitoring obligation Partial Yes Yes
Operator responsibility Undefined Clear Clear
. No dedicated adaptation . - .
Technical standards and BAT options with CCS/UGS Available Existing and applicable

Although molecular hydrogen is not a classical greenhouse gas due to its lack of
infrared absorption, its atmospheric release can lead to indirect climate effects. H reacts
with hydroxyl radicals (OH), reducing the atmosphere’s capacity to oxidise methane (CHy),
thereby prolonging methane’s atmospheric lifetime and enhancing its warming potential.
Additionally, hydrogen can contribute to elevated levels of tropospheric ozone (Os3) and
stratospheric water vapour—both of which exert positive radiative forcing [46]. Recent
model-based estimates place the 100-year global warming potential (GWP1qg) of H; in
the range of approximately 11.6 £ 2.8 kg CO;-eq per kg H,, with substantially higher
values for shorter time-horizons (e.g., GWPj), depending on leakage rates and background
atmospheric chemistry [46,47]. However, some recent studies suggest these values may
be overestimated due to biases in OH reactivity modelling in current atmospheric chem-
istry models [48], As hydrogen infrastructure expands globally, robust monitoring and
mitigation of hydrogen leakage will be essential to ensure that the climate benefits of a
hydrogen-based energy system are not compromised.

4.2. Reference Documents and Technical Standards

Although no comprehensive and harmonised set of technical standards dedicated to
underground hydrogen storage currently exists at the EU level, several standardisation
efforts have recently been launched. ISO has begun incorporating hydrogen-specific ter-
minology into its framework (e.g., ISO 24078:2025) [31], formally recognising UHS within
hydrogen energy systems. In parallel, DNV has initiated joint industry projects focused on
material qualification and safety aspects for underground hydrogen storage, indicating the
emergence of future DNV-RP/ST documents. National initiatives, such as the Dutch Na-
tional Agenda for Underground Hydrogen Storage, also announce forthcoming guidelines
for UHS, particularly for salt cavern applications. These developments demonstrate rapid
progress, yet they have not matured into a fully established normative system, and UHS
continues to rely on regulatory tools adapted from UGS and CCS.

EU ETS and IPCC

There are currently no guidelines defining the status of hydrogen within the EU ETS
and IPCC methodologies. As Hj is not a greenhouse gas, it has not been formally included
in emissions trading mechanisms. However, hydrogen leakage can indirectly affect the
climate, e.g., by reducing the concentration of OH in the atmosphere, affecting water vapour
in the stratosphere, or extending the lifetime of methane.

Therefore, the following are necessary:

Clear rules for reporting hydrogen losses;
The inclusion of H, emissions in environmental balances;

Methods for offsetting indirect emissions;

Classification of hydrogen as a neutral or potentially emitting medium.
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BAT;

BATs documents provide the basis for determining the best available techniques for
environmental protection and technological risk management. The current BAT documents
developed for CCS and UGS do not take into account the specific properties of hydrogen as a
small-molecule gas, which easily diffuses and is susceptible to microbiological reactions. For
this reason, hydrogen storage requires infrastructure resistant to hydrogen embrittlement
and suitable for cyclic injection and withdrawal. Unlike CO;, hydrogen is not a medium
intended for permanent storage

The necessary extensions to the BATs for UHS should include the following;:

e Hydrogen detection techniques (at the ppb level);

e  Selection of materials resistant to hydrogen degradation;

e  Protection against diffusion and migration through microcracks;

e  Microbiological monitoring;

e  Procedures for cyclic gas injection and withdrawal;

e  Methods to counteract surface emissions and tank integrity control.

ISO standards

Currently applicable ISO standards (ISO 27914:2017—Geological storage of carbon
dioxide [43]; ISO 27916:2019—Carbon dioxide capture, transportation, and geological
storage using enhanced oil recovery [49]) were developed with a view to the permanent
storage of CO; as a greenhouse gas. They do not take into account the specific nature of
UHS, including the short-term and cyclical nature of storage, detection issues, and the
impact of hydrogen on infrastructure and chemical and microbiological interactions in
reservoir conditions.

Proposals for amendments to ISO standards for UHS should include the following:

Definitions and classifications of UHS systems;

Minimum design requirements for hydrogen storage facilities;

Integrated standards for geophysical, geochemical and microbiological monitoring;
Leak testing procedures;

A framework for data management and reporting on compliance with standards.

DNV guidelines

Det Norske Veritas (DNV) develops technical recommendations that constitute indus-
try standards for CCS and natural gas, among other things. The current documents are
as follows:

Its current documents are DNV-RP-J203 [44]—recommended practice for geological
storage of carbon dioxide—and DNV-RP-F107 [50]—risk assessment of pipeline protection,
not directly referring to hydrogen storage. Their limitations include the lack of consid-
eration of hydrogen reactivity with metals and sealing materials, models for monitoring
uncontrolled hydrogen release from porous media, and specific risk assessments for hydro-
gen based on test injections.

Recommendations for new DNV guidelines on UHS should include the following:

Selection of materials resistant to diffusion and hydrogen corrosion;
Safety management models in the context of hydrogen explosivity;
Predictive models for hydrogen migration and emission;

Integration with digital risk management systems.

4.3. Adaptation of UGS and CCS Experience to UHS

In the absence of a dedicated regulatory framework for underground hydrogen storage,
the current approach—also recommended by research projects (e.g., HyUnder, HyStories)—
is regulatory read-across [51]. In the case of UHS, this involves adapting existing solutions
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from related UGS and CCS technologies (Table 3). This allows regulatory gaps to be filled
and legal and operational continuity to be ensured during the transition period, until
regulations dedicated to UHS are developed. However, due to the unique properties
of hydrogen, some solutions from related technologies require significant modifications.
The HyUnder project points out that the lack of clear responsibility is a key barrier to
the development of UHS. Results of the HyStories project [52] emphasise the need for
a consistent legal model (environmental and property responsibility). Hydrogen TCP
Task 42 [19] highlights the need for a clear framework of operator and state responsibility
in UHS.

Table 3. Scope for possible adaptation of experience—comparison of UGS, CCS, and UHS.

Area Source (UGS/CCS)  Possibility of Adaptation to UHS
Pressure and flow monitoring and reservoir integrity UGS/CCS Yes

Geological monitoring plan CCS/UGS Yes

Compliance reporting and oversight CCs Yes

Warehouse closure procedures CCS/UGS Partially

Alarm and security systems UGS Yes

Risk assessment and emergency plans UGS/CCS Yes

Ownership and responsibility CCs Partially

4.4. Regulatory Scenarios for UHS

The lack of comprehensive legal regulations concerning underground hydrogen stor-
age is a significant problem in the context of introducing and developing this technology.
In addition, there are three possible ways of introducing regulations. These are the intro-
duction of regulations by means of

1.  Aregulation of the European Parliament and of the Council;

2. An EU directive dedicated to the issue of underground hydrogen storage;

3. A decision not to introduce regulations at the European Union level and to leave this
issue to be regulated by individual Member States.

A regulation of the European Parliament and of the Council, as a generally applicable
act (within the European Union), will lead to the harmonisation of the UHS regulatory
framework. This is because it is general, binding in its entirety, and directly applicable in
all Member States; in this respect, it is similar and comparable to a law in national law. In
this case, the implementing regulations will be issued by the European Commission, which
will shift the entire legislative burden to the European Union authorities.

Regarding the specific issue of underground hydrogen storage, the EU will still require
implementation by individual Member States (EU). The implementation of such a directive
will not result in the standardisation of norms concerning underground hydrogen storage,
but rather in the harmonisation of the legal systems of individual Member States in this area.
This is because, when implementing the provisions of the directive, individual Member
States will then adapt the regulations to their legal systems. This solution will require the
involvement of not only the European Union authorities but also the legislative authorities
of the Member States in the entire legislative procedure. This will affect the time it takes for
the regulations to come into force, as it will not only require (initially) the adoption of the
directive, but also the introduction of statutory acts in individual Member States on the
basis of the directive. The directives provide a period of time for their implementation into
national law, but practice shows that some countries introduce regulations without undue
delay, some within the implementation deadline, and some after that deadline. Therefore,
the use of a directive to introduce a regime for underground hydrogen storage, although
ultimately leading to harmonisation in this area of the legal systems of EU Member States,
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may (for a certain period of time) lead to situations where some Member States have
appropriate regulations in place and others do not.

Finally, the last possible solution is to leave this aspect to be regulated by individual EU
Member States. However, this solution will almost certainly not lead to the harmonisation
of the UHS regulatory framework, and probably not even to the harmonisation of these
frameworks (the legal regimes for underground hydrogen storage in individual countries
are likely to differ significantly from one another). Furthermore, in such a case, the choice
of this solution should be communicated to the Member States as soon as possible by the
competent EU authority so that they can start working on their regulations.

Given that hydrogen is treated as a raw material, fuel or energy carrier, and storage
medium, it is very important to define it for regulatory purposes. This is important because
of the following:

e  The exclusive competence of the European Union includes the customs union and the
establishment of competition rules necessary for the functioning of the internal market;

e  The shared competence of the EU and Member States includes the internal market, eco-
nomic cohesion, the environment, energy, and research and technological development;

e  Finally, the EU has exclusive competence to support, coordinate, or supplement the
actions of Member States in areas such as industry (Articles 3-5 of the Treaty on the
Functioning of the European Union (TFEU)).

Classifying underground hydrogen storage as falling exclusively within one of these
areas (e.g., only within the area of energy) will determine how this issue is regulated
(jointly by the EU authorities and Member States). In this case, the most appropriate
tool will be a directive; therefore, in this case there will be no harmonisation, but rather
harmonisation of the regulatory framework for UHS within the EU. However, if certain
aspects of underground hydrogen storage fall within other areas of competence of the
European Union, these aspects should be regulated in accordance with the Treaty on the
Functioning of the European Union (e.g., in the area of internal competition rules necessary
for the functioning of the internal market, this will be an EU regulation, and for industry, it
will be the legislative area of Member States, which the European Union can only support).

5. Recommendations for the UHS Regulatory Framework

The lack of clear and consistent regulations on underground hydrogen storage is
one of the main barriers to the development of this technology in Europe. It is therefore
necessary to develop a set of recommendations that will enable the harmonisation of
regulations, ensure legal predictability for investors, and lay the foundations for the safe
and effective implementation of UHS. Key areas requiring legislative, regulatory, and
technical intervention are presented below.

5.1. Areas of Recommendation

Recommendations concerning the legal and regulatory framework for UHS can be
grouped into four main areas: legislation and regulation, liability and ownership, technical
standards and monitoring systems, and integration with climate policy. Each of these areas
requires separate but complementary actions, which in the long term should lead to the
creation of a coherent UHS management system at the EU and national levels (Figure 3).

Legislation and regulatory framework

The main challenge is the lack of a dedicated legal act on UHS in EU law. Currently,
hydrogen is covered by scattered regulations—as a dangerous substance, fuel, or energy
carrier—which leads to inconsistencies in interpretation. The introduction of separate
regulations for UHS or the amendment of existing directives (Seveso III, RED III, Industrial
Emissions Directive) would make it possible to clearly define the status of hydrogen and
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the rules for its underground storage in the context of safety, environmental protection, and
energy transition. The following are proposed:

e The development of a dedicated EU legal act on UHS.
e Amending existing directives to include UHS:

—  Seveso III [39]—classification of hydrogen hazards;

—  RED I (Directive 2023 /2413 /EU) [36]—recognition of UHS as part of renewable
energy infrastructure;

— IED (Directive 2010/75/EU) [53]—H; emissions and leaks in the integrated

permit system.
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Figure 3. Key Areas of Recommendation for Developing the UHS Regulatory Framework and
proposed actions.

Responsibility and ownership

One of the most problematic issues in UHS is the lack of a clearly defined framework
for responsibility and ownership of hydrogen throughout the entire life cycle of the instal-
lation. Unlike carbon dioxide storage, where CCS Directive [23] provides for the possibility
of transferring responsibility to the state after the closure of a storage site, there are no such
solutions for hydrogen. In current and planned salt-cavern UHS projects (e.g., HyStock,
HyCAVmobil, HPC Krummhorn), cushion gas is treated as the operator’s asset, and no
CCS-type liability transfer to the state is foreseen. The introduction of similar mechanisms
would reduce investment risk and ensure regulatory stability, while clearly defining the
division of responsibilities between operators and the state. The following are proposed:

e  Defining the framework for operator responsibility throughout the entire life cycle of
a storage facility.

e  Elements of the CCS liability framework (e.g., long-term monitoring, financial security
backstop mechanisms) could inspire future solutions for UHS, particularly in scenarios
of operator insolvency or orphaned storage sites, but a direct copy—paste of CCS post-
closure transfer is neither realistic nor fully aligned with the nature of hydrogen as
a commodity.

Technical standards and reference documents
The lack of dedicated technical standards for UHS is a significant gap that hinders the
design and operation of storage facilities. To date, operators have been using documents
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developed for UGS and CCS, which do not take into account the specific properties of
hydrogen. The development of a BAT document for UHS, the update of ISO 27914 [43] and
ISO 27916 [49] standards, and the preparation of new DNV-RP guidelines would allow for
a unified approach to risk assessment, installation safety, and environmental impact, as
well as support the standardisation process on an international scale. The introduction of
the following is proposed:

e A dedicated BATs document for UHS or an annex to the existing BATs.

e  Anamendment to ISO 27914 [43] and ISO 27916 [49] to include the specific character-
istics of hydrogen.

e  New DNV-RP guidelines for UHS (taking into account diffusion, hydrogen embrittle-
ment, and risk assessment).

Monitoring and integration with climate policies

An integral part of future regulations should be the integration of UHS with environ-
mental monitoring systems and EU climate policy. It is crucial to include UHS in the EU
ETS and IPCC reporting methodology, which will allow for a reliable assessment of its
role in reducing emissions. At the same time, standards for integrated monitoring systems
covering geophysics, geochemistry, and microbiology should be developed to ensure safe
operation and reliable assessment of the environmental impact of UHS. In this regard, the
following are important:

e Integration of UHS into the EU ETS system and IPCC methodologies.
e  Standards for integrated monitoring systems (geophysics, geochemistry, microbiology).

5.2. Key Gaps Requiring Regulation

Despite growing interest in underground hydrogen storage technology, there are
a number of issues that require further analysis and clarification in future regulatory
work. First, legal definitions and classification of stored hydrogen need to be established,
as its status—whether it is to be treated as a fuel, energy carrier, chemical substance,
or industrial gas—directly influences the choice of legal regimes and the jurisdiction of
regulatory authorities (Figure 4). This issue is also linked to the status of buffer gas, which is
necessary to maintain the functionality of the storage facility and requires clear ownership
and settlement rules, especially when different technical gases are used for this purpose.
Licencing and concession procedures also need to be clarified to specify the requirements
for permits for the construction and operation of storage facilities and their relationship
with geological and mining law.

Another area is safety standards and emergency scenarios, which should define the
obligations of operators regarding emergency plans, prevention, and risk minimisation, in
line with the SEVESO III Directive. These measures must be complemented by a reporting
and auditing system to ensure that data on injection, recovery, pressure, and safety are
regularly reported to the supervisory authorities.

The integration of UHS into the broader context of European policies also requires
defining its relationship to EU climate and energy policies, including the European Green
Deal and the Fit for 55 package, to ensure that regulatory measures are consistent with
decarbonisation objectives. Particular attention should be paid to the cross-border nature
of the infrastructure, which means that rules for cooperation and coordination need to
be developed for storage facilities located on the borders of EU Member States. Finally,
an important element is the financial responsibility of operators, which should include
financial security mechanisms such as insurance or guarantee funds, similar to the solutions
known from CCS. Only comprehensive regulation of these issues will enable the creation
of a coherent and secure legal framework for the development of UHS in Europe.
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Figure 4. Gaps and Inconsistencies in Current UHS Regulation.

5.3. Hybrid UHS Model (UGS + CCS)

Underground hydrogen storage combines elements characteristic of two technologies:
underground natural gas storage, including operational experience, operating procedures,
and pressure and flow management, and geological CO, storage, which provides models
for monitoring planning, liability systems, regulatory oversight, and risk assessment.

A hybrid model (Figure 5) combining the operational flexibility of UGS with the
regulatory rigour of CCS appears to be the optimal solution. However, it should be
emphasised that the read-across approach to UHS has its limitations. These stem primarily
from the specific nature of hydrogen, which requires dedicated risk assessment tools and
the development of mechanisms for transferring responsibility to the state after the end of
storage facility operation.

Figure 5. Hybrid UHS Model.
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Operational elements taken from UGS:

Cyclical injection and withdrawal of hydrogen;
Pressure and flow management;

Operational and maintenance procedures;

Alarm and security systems;

Operational risk assessment and emergency plans.

Regulatory elements taken from CCS:

Geological monitoring plan;

Integrity assessment prior to injection;

Compliance reporting and regulatory oversight;

Liability system and the transfer of part of the responsibility to the state;
Long-term environmental risk management.

The target hybrid UHS model ensures, on the one hand, practical feasibility and

proven operational solutions characteristic of UGS and, on the other hand, high standards

of safety, responsibility, and regulatory transparency developed within the framework
of CCS.

6. Summary and Outlook

The analysis showed the following:

At the European Union level, there are no clear regulations concerning hydrogen
in the context of underground storage. Hydrogen is not fully covered by existing
energy, climate, or environmental directives, which makes it difficult to classify it as a
storage medium.

The specific nature of hydrogen (physicochemical properties, safety, environmental
risk) requires a different approach from UGS and CCS. Issues such as the owner-
ship of hydrogen in geological structures and responsibility for long-term effects
remain unregulated.

Comparisons with UGS and CCS show that the experience gained with these tech-
nologies can provide an important knowledge base, but it is not possible to simply
transfer the regulations. Dedicated solutions for UHS are needed, particularly in the
areas of liability, risk transfer, monitoring, and integration with climate policies.
Reference documents and standards (BATs, ISO, DNV, EU ETS, IPCC) remain insuffi-
cient. Updating them or developing new guidelines is essential to creating a coherent
framework for the design, monitoring, and operation of UHS.

The recommendations cover four main areas: legislation, liability and ownership,
technical standards, and monitoring. In each of these areas, key gaps requiring urgent
action have been identified.

On this basis, a hybrid UHS model has been proposed, combining the operational

and exploitation elements of UGS with the regulatory rigour and liability systems used in

CCS. Such a model can ensure both environmental and social safety and the operational

efficiency of the technology. Figure 6 illustrates the transition from the current regulatory

landscape to a dedicated and integrated UHS framework, highlighting the key elements

required to enable its safe and large-scale deployment.

Conclusions:

It is necessary to start legislative work at the EU level quickly to avoid regulatory
fragmentation in Member States. UHS should be included in the EU’s climate and
energy security policy as a strategic technology.

Key regulatory institutions (including the European Commission and national author-
ities) should set up working groups to develop guidelines dedicated to UHS. In the
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medium term, it is necessary to integrate UHS regulations with EU ETS mechanisms
and to create a framework for liability and risk transfer similar to that for CCS.

FUTURE UHS
/No UHS directive \ FRAM EWORK

Multiple legal identities of H,

Borrowed rules from UGS/CCS Dedicated UHS legal act

No hydrogen-specific standards Unified hydrogen classification
Undefined ownership & liability Clear ownership & liability rules
Fragmented monitoring BAT /I1SO / DNV for UHS

Lifecycle governance
Integrated monitoring system

CURRENT L )

LANDSCAPE

Figure 6. Regulatory Landscape to Desired UHS Framework.

In summary, the lack of a coherent regulatory framework is currently the main barrier
to the development of UHS. The adoption of a hybrid model and the implementation
of the recommended legislative and technical measures could enable the rapid and safe
implementation of underground hydrogen storage as a key element of the European
energy transition.
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CCS Carbon Capture and Storage

UGS Underground Natural Gas Storage

UHS Underground Hydrogen Storage
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