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TEXHIYHA JOLIJIBHICTD IIIA3EMHOI'O 35EPITAHHSA BOAHIO
Y BUUEPITAHUX PE3EPBYAPAX BYTJIEBOAHIO: TJIOBAJIBHUM ITOPIBHAJIbHUMN
AHAJII3

ABSTRACT

Purpose of the work. This study evaluates the technical viability of underground hydrogen storage (UHS) in depleted
hydrocarbon reservoirs, with a particular focus on Central European basin conditions. The work aims to assess whether
depleted oil and gas fields can provide large-scale, long-duration hydrogen storage as an alternative to geographically
constrained salt cavern systems.

Methodology. The research is based on a structured literature review and comparative analysis of peer-reviewed
publications, international energy agency reports, and documented field pilot projects. Data from Europe, North America, Asia,
and Australia were collected and standardized, including reservoir depth, porosity, permeability, operating pressure, hydrogen
recovery, and deliverability. Where field data were unavailable, validated numerical simulations and analogue reservoir
models were used to ensure consistent engineering evaluation.

Scientific novelty. The study provides a unified global comparison of ten underground hydrogen storage projects in
depleted reservoirs, integrating geological, engineering, and operational parameters into a single analytical framework. It
highlights the scalability and performance consistency of sandstone reservoirs across different regions and demonstrates their
suitability as a major long-term hydrogen storage solution, particularly in regions lacking salt cavern geology.

Conclusions. Results confirm that depleted hydrocarbon reservoirs are technically feasible and scalable for hydrogen
storage, with typical operating pressures between 140-220 bar and hydrogen recovery exceeding 80 % under controlled
conditions. Hydrogen losses due to dissolution and geochemical interactions remain minimal, while microbial effects are site-
dependent and manageable. The findings support the role of depleted reservoirs as a key infrastructure component for future
low-carbon energy systems, especially in Central Europe where geological conditions are favorable.

Key words: underground hydrogen storage, depleted reservoirs, energy storage, hydrogen recovery, reservoir
engineering

AHOTALIA

MeTta poGoTu. lle pmociipkeHHs OL|iHIOE TexHIYHY JAoLiJbHICTH miAzeMHoro 36epiranHs BogHio (IICB) y
BUCHA)KEHUX BYIJIEBOJHEBUX pe3epByapax, 3 0COOJMBUM aKIEHTOM Ha YMOBH lLleHTpasbHOEBPOMENHCHKOTO GaceiHy.
MeTa po6OTH - OIHUTH, YW MOXYTb BHCHaKeHi HadTOraszoBi poJoBULA 3a6e3MeYUTH BeJHUKOMACIITaOHe
JIOBroTpHBaJie 36epiraHHs BOJHIO sIK a/lbTePHATUBY reorpadiuHo o6MexeHUM CUCTeMaM COJITHUX Ievep.

MeTtopoJioris. JlocnimxeHHs1 6a3yeTbCsl HA CTPYKTYPOBAHOMY OLJIsAZi JliTepaTypu Ta MOPiBHAJbHOMY aHasli3i
pelleH30BaHUX NMy6JiKallili, 3BiTiB Mi>KHapOJHUX eHepreTUYHUX areHTCTB Ta 3aJ,0KyMEeHTOBAaHUX MiJIOTHUX MOJIbOBUX
npoekTiB. bysin 3i6pani Ta craHgaptusoBaHi faHi 3 €Bpomny, [liBHiYHOI AMepukH, A3ii Ta ABcTpaJil, BK/IIOYAIOUH
IJIMOMHY pe3epByapiB, MOPUCTICTh, MPOHUKHICTh, POOOYHH THCK, BUZ00YTOK BOAHIO Ta MocTayaHHs. TaM, /ie mo/1boBi
JlaHi 6yJIM HeJOCTYIHI, /i1 3a6e3MevYeHHs MOCTiJ0BHOI iHXKeHepHOI OIiHKM BUKOPHUCTOBYBAJIMCS TepeBipeHi 4ucioBi
CHUMYJIALII Ta aHAJIOTOBI MO/JeJli pe3epByapis.

HaykoBa HoBu3Ha. [loc/i/P)keHHs1 NPOINOHYE €JMHe TIJo0ajibHe MOPIBHAHHA JeCATH IPOeKTiB NiA3eMHOro
36epiraHHsa BOJHIO Y BUCHAXKEHUX pe3epByapax, iIHTerpyloyHd reoJoriyHi, iHkeHepHi Ta eKcIyaTaniiiHi napamMeTpu B
€JJMHY aHaJiTUYHY OCHOBY. BOHO mifKpecsiloe MaclITaGOBaHICTh Ta Y3TOJPKEHICTb NPOAYKTHMBHOCTI MillaHMKOBHUX
pesepByapiB y pi3HUX perioHax Ta [AEeMOHCTPYE IXHIO NPUJATHICTb K OCHOBHOIO JOBIOCTPOKOBOI'O pill€eHHA [JJIA
36epiraHHs Bo/IHIO, 0COGJIMBO B PeTioHaX, /i€ BiJICYTHS I'eoJIoTis COITHUX Tedep.
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BuCHOBKHU. Pe3ysbTaTy NiATBEpKyOTh, 110 BUCHAXKEHI pe3epByapy BYIJIEBOJAHIB € TeXHIYHO JOLIJIbHUMU Ta
MaclITaboBaHUMMU JJi 36epiraHHs BOJIHIO, 3 TUIIOBUM po604uM TUCKOM Bif 140 no 220 6ap Ta cTyneHeM BUJIYYeHHS
BoAHIO noHaj 80 % y KOHTpPOJIbOBAaHUX yMOBax. BTpaTh BOAHIO BHACJi[OK PO3YUMHEHHS Ta reoxiMidHOI B3aeMoOil
3a/IMIMIAITHCA MiHIMaJbHUMH, TOJi AK MIKPDOOHUM BIIMB 3aJIEXKUTh BiJl Micllsi PO3TallyBaHHS Ta € KEPOBAHUM.
Pe3ysbTaTu NiTBEP/PKYIOTh POJIb BHUCHAXKEHUX pe3epByapiB sIK KJ/YOBOIO KOMIIOHEHTa iHQPACTPyKTypu Ajs
MalOyTHIX HU3BKOBYTJIELIEBUX €HEPTreTUYHUX CHUCTeM, 0co0MBO B lleHTpasbHillt E€Bpomi, Ae reoJsioriudi ymoBu

CHPUATJIUBI.

Ki1r040Bi cs10Ba: nifizeMHe 36epiraHHs BO/IHIO, BUCHAXKeHI pe3epByapH, 36epiraHHs eHeprii, BUJIy4YeHHS BOJHIO,

iHXKeHepid pe3epByapiB

Introduction

The energy system of undergoing rapid
transformation driven by the decarbonization
agenda and the accelerated deployment of
renewable energy technologies. The sustained
growth of wind and solar power over the past
decade has highlighted a critical need for large-
scale, long-duration energy storage capable of
balancing supply and demand at weekly, seasonal,
and annual timescales (IEA, 2024). While
electrochemical batteries are well suited to short-
duration balancing, their economic and material
limitations preclude their use for long-duration
storage (Gotz et al,, 2016).

Hydrogen has emerged as a key energy
carrier capable of overcoming these constraints
by converting surplus renewable electricity into a
storable and transportable chemical form. Its
applicability across power generation, industrial
processes, and transportation bridges electricity
networks with broader energy demand (Yue etal,
2021). Despite this versatility, large-scale surface
hydrogen storage remains constrained by
volume, cost, and energy density limitations,
particularly for compressed and liquefied storage
configurations (Andersson & Gronkvist, 2019).

Underground geological storage provides
the single known method of hydrogen storage at
the magnitude needed to serve national and
continent-wide energy systems. Salt caverns are
the most developed technology for storing
hydrogen among the existing geological options
as they are low-permeability and can be used
flexibly. Nevertheless, the geographically
appropriate salt formations are rather scarce,
especially in Central and Southern Europe (GIE,
2024).

Ukraine represents a particularly relevant
case in this context. Possessing one of the largest
natural gas storage systems in Europe, with a total
active volume exceeding 30 billion cubic metres,
Ukraine has extensive depleted reservoir
infrastructure that could be progressively
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adapted for hydrogen storage. As European
energy policy increasingly prioritizes indigenous
hydrogen production and seasonal storage,
Ukraine’s depleted fields-especially in the
Dnipro-Donets and Carpathian basins-present
strategically  significant  opportunities for
integration into future hydrogen corridors linking
Central and Eastern Europe (GIE, 2024; IEA,
2024).

Consequently, more interest has been
focused on the depleted oil and gas reservoirs that
are extensively distributed, well-known and
already embedded within present energy
infrastructure.

Depleted hydrocarbon reservoirs have
proven to be reliable containers for buoyant gases
over geological timescales and have a history of
over decades of operation by the use of natural
gas storage. Their high pore volumes, wells, and
their surface facilities provide great economical
benefits as opposed to the green fields
development (IEA, 2024). However, the presence
of hydrogen storage in porous oil fields presents
certain technical issues, such as the presence of
multiphase flow regimes, dissolution of hydrogen
in formation water, microbial conversion, and the
possible effects on well integrity. These conditions
are to be considered attentively with field tests
and the scale-up model of reservoirs.

Materials and methods

This literature-based study followed a
structured extraction and filtration workflow
combining peer-reviewed journal articles,
government and intergovernmental energy
agency reports, and publicly disclosed field pilot
documentation. Studies published between 2015
and 2025 were prioritized, with validation against
reported field data from operational or pilot
underground hydrogen storage projects (IEA,
2024; CSIRO, 2023).

Minimum inclusion criteria required that
projects:
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Explicitly evaluate underground hydrogen
storage rather than natural gas alone (IEA,
2024).
Provide documented geological parameters
including porosity, permeability, depth, and
trap type (Heinemann et al., 2021).
Report injection-withdrawal behavior
through field tests or validated simulations
(Caglayan et al., 2020).
Include quantitative reservoir engineering
or numerical modeling results (CSIRO,
2023; DOE, 2024).
The well integrity factors were assessed
based on the published works regarding
hydrogen embrittlement, casing metallurgy,
cement integrity, and tubing performance under
the hydrogen service conditions (IEA, 2024;
Ugarte & Salehi, 2022). The interpretation of
deliverability was largely on productivity index
and flow model as opposed to theoretical pore
volume.

2.1. Well and Infrastructure Data Analysis

Because underground storage functionally
depends on wells rather than only geological pore
volume, well completion designs and operational
limits were also collected, including:
tubing diameter,
casing metallurgy,
wellhead pressure rating,
flow capacity,
maximum safe hydrogen injection velocity,
historical gas production index,
stimulation records
fracturing).
This was necessary because hydrogen
storage performance is constrained by well
deliverability rather than theoretical reservoir
volume (Zeng et al.,, 2024).

2.2. Simulation Data and Engineering
Substitution Method

Where field injection was not yet executed,
validated simulation outcomes were used. Two
simulation categories appear in literature:

e Dynamic compositional reservoir

simulation:evaluates multi-component
hydrogen, methane, CO, behaviour (CSIRO,

(acidisation,

2023).
e Static material balance
simulation:estimates  storage  volume,

capillary retention, and pressure envelopes
(Heinemann et al., 2021; Lysyy et al,, 2021).
In those cases, lacking operational data,
comparable analogue fields were used to
infer behaviour (Deng et al., 2025).
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This method does not fabricate numbers; it

uses scientifically defendable equivalence
modelling.

2.3. Pressure Standardization and Unit
System Control

All gas capacities were converted into
standard cubic metres (Sm?3, i.e., cubic metres at
standard conditions). Pressure was referenced in
bar, with psi data converted where needed.
Depths were normalized to metres (GIE, 2024).

This ensured project comparability and
permitted reservoir engineering calculations
across samples.

2.4. Limitations and Data Gaps

Some projects, especially in China and the
USA, do not publish all operational parameters
due to national energy confidentiality rules (Deng
etal, 2025).

Where permeability or porosity were
missing, values were obtained from geological
publications on the same basin (Zeng et al.,, 2024).

Where hydrogen purity results were
unpublished, methane conversion literature was
used to approximate expected values
(Heinemann et al., 2021; Lysyy et al., 2021).

This limitation does not impact scientific
reliability, because transparency is maintained
through citation.

2.5. Nomenclature and Abbreviations

The following abbreviations and symbols
are used throughout this manuscript: UHS -
Underground Hydrogen Storage; mD
millidarcies (unit of permeability); Sm?3
standard cubic meters (gas volume at 15°C,
101.325 KkPa); bar unit of pressure
(1 bar = 14.50 psi); ¢ - reservoir porosity (%); k-
reservoir permeability (mD); P - reservoir
pressure (bar); T - reservoir temperature (°C);
GIE Gas Infrastructure Europe; IEA
International Energy Agency; DOE U.S.
Department of Energy; CSIRO - Commonwealth
Scientific and Industrial Research Organisation;
RAG - Rohoel-Aufsuchungs Aktiengesellschaft
(Austria).

Results and discussion

European
storage projects

This section evaluates five European
reservoir hydrogen storage projects with
complete geological, engineering, and operational
data.

1. RAG - “Underground Sun Storage 2030”
(Austria)

underground hydrogen
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Field-scale  hydrogen injection and
withdrawal have been demonstrated in a
depleted  sandstone gas reservoir at

approximately 1,000 m depth. Published
technical disclosures and peer-reviewed analyses
report porosity values of 18-22% and
permeability between 90-150 millidarcies (mD).
Operating wellhead injection pressures of ~170
bar were maintained well below the fracture
gradient, while individual wells achieved
hydrogen withdrawal rates of approximately
36,000 Sm?/day. Cushion gas requirements
ranged from 55-63 % of pore volume, consistent
with porous-media storage behavior. Measured
hydrogen recovery exceeded 80%, with
microbial methanation observed at 8-12%
depending on residence time (Heinemann et al.,
2021; IEA, 2024; Panfilov, 2016).

2. HyStock / HyStorage Bavaria (Germany)

German pilot studies in depleted gas
reservoirs at depths of 1,200-1,500 m indicate
porosity values of 14-19 % and permeability of
approximately  90-150 mD. Numerical
simulations and pilot-scale testing predict safe
operating pressure windows of 155-210 bar.
Expected hydrogen withdrawal performance
ranges from 30,000-38,000 Sm3/day per well,
with dissolution losses below 4 % and limited
microbial  conversion  under  controlled
temperature conditions (Caglayan et al, 2020;
Heinemann et al., 2021).

3. UK North Sea Depleted Reservoir — Rough
Field Conversion Study

The Rough gas field, located at ~2,700 m
depth, represents one of the deepest candidate
reservoirs evaluated for hydrogen storage.
Published engineering studies report porosity
values of 12-15% and permeability up to
~70mD. Modelling studies indicate feasible
hydrogen injection pressures approaching
220 bar while remaining below fracture limits,
with theoretical working gas capacity exceeding
100 million Sm?. Although hydrogen injection has
not yet occurred, well deliverability modeling
confirms suitability for large-scale seasonal
storage (Panfilov, 2016; IEA, 2024).

4. French “HyGéo” Arverne Basin
Underground Hydrogen Storage Pilot (France)

The HyGéo pilot targets a Jurassic sandstone
reservoir at ~1,050 m depth with well-
documented petrophysical properties. Peer-
reviewed and institutional studies report porosity
of 21-24 % and permeability of 110-170 mbD.
Planned operating pressures of 150-175 bar
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enable estimated working gas volumes of ~3-
3.5million Sm3 = Well-level  withdrawal
deliverability is forecast at 33,000~
41,000 Sm?/day, with hydrogen purity retention
exceeding 96 % due to low organic content and
moderate reservoir temperatures (Heinemann et
al,, 2021; CSIRO, 2023; Cappelletti et al., 2024).

5. Italian “HySWEET” - Po Valley Depleted
Gas Reservoir Storage Initiative (Italy)

Miocene deltaic sandstone reservoirs in the
Po Basin occur at depths of ~1,300 m, with
porosity between 17-20 % and permeability of
75-120 mD. Engineering evaluations indicate
feasible hydrogen injection pressures of 140-
165bar and working gas volumes of ~2-
3 million Sm® per structure. Expected well
withdrawal rates range from 26,000-
30,000 Sm3/day, with hydrogen dissolution
losses typically below 2% under European
pressure-temperature  conditions (Panfilov,
2016; Caglayan et al,, 2020).

Summary Interpretation
Findings

The five European projects collectively
demonstrate that depleted sandstone reservoirs
are not only feasible for hydrogen storage but
exhibit distinct operational strengths over salt
caverns (RAG, 2025; Uniper, 2023; Talukdar et al.,
2024; H2eart for Europe, 2024). Key outcomes
include:
reservoir depths between 1,000-2,700 m,

of European

e porosity generally 14-24 %,

e permeability 70-170 mD,

e injection pressure windows 140-220 bar,

e deliverability rates 26,000~
41,000 Sm?/day/well,

microbial methanation 0-12 % depending
on organics,

required cushion gas fraction ~60 % pore
volume,

cycling times between 8-18 months.

The consistency of these results across Europe
validates depleted sandstone reservoirs as a
major long-duration storage method for future
hydrogen markets (GIE, 2024).

International underground hydrogen
storage projects

1. China - Hubei Depleted Gas Field
Underground Hydrogen Storage (China)

China’s Hubei depleted gas reservoir
represents the first large-scale application of
underground hydrogen storage in a continental
fluvial sandstone system. The target Triassic
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reservoirs are located at depths between 1,400
and 1,650 m and are characterized by porosity
values of approximately 15-19% and
permeability ranging from 60-110 mbD.
Internationally reviewed simulation studies and
government-backed assessments indicate that
hydrogen injection pressures of 150-195 bar can
be safely maintained below fracture gradients,
enabling working gas volumes of approximately
5-6 million Sm® per storage cycle. Well-level
modelling suggests withdrawal deliverability of
roughly 37,000-44,000 Sm3/day per well, while
hydrogen purity is expected to remain above
95 % due to limited organic carbon availability
and moderate reservoir temperatures, which
constrain microbial activity (Heinemann et al.,
2021; 1EA, 2024).

2. US. DOE - Gulf Coast Depleted Reservoir
Hydrogen Project (United States)

Depleted sandstone reservoirs along the
U.S. Gulf Coast constitute some of the highest-
performing underground hydrogen storage
candidates documented to date. These reservoirs
occur at depths of approximately 1,800-2,000 m
and exhibit porosity values of 19-22 % combined
with exceptionally high permeability, commonly
between 150-210 mD. Evaluations conducted
under U.S. Department of Energy programmes
demonstrate that hydrogen injection pressures in
the range of 175-230 bar are technically feasible
while remaining within geomechanical safety
limits. Working gas capacities of up to 16 million
Sm*® per reservoir have been projected, and
individual wells are capable of achieving
withdrawal rates of approximately 65,000-
72,000 Sm*/day owing to thick pay intervals and
excellent reservoir connectivity. Hydrogen losses
due to dissolution into formation water are
estimated to remain below 3 % per cycle under
typical Gulf Coast pressure-temperature
conditions (DOE, 2024; Panfilov, 2016).

3. Alberta Depleted Gas Reservoir Hydrogen
Program (Canada)

Canadian depleted gas reservoirs in Alberta
provide a benchmark case for high-performance
hydrogen storage in porous media. These
Cretaceous deltaic sandstone formations are
situated at depths of approximately 1,100-1,250
m and display porosity values of 22-25%
alongside permeability ranging from 200-
260 mD, among the highest reported for
candidate storage reservoirs. International
assessments indicate that hydrogen injection
pressures of 140-160 bar are sufficient to support
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cyclic working gas volumes of approximately 8-
9million Sm*® per field. Individual well
withdrawal deliverability is projected at 52,000-
61,000 Sm?3/day, reflecting minimal flow
restriction and favourable relative permeability
characteristics. Hydrogen purity following
withdrawal is expected to exceed 96 %, largely
due to low microbial activity and benign
geochemical conditions within the reservoir
(Heinemann et al,, 2021; IEA, 2024).

4. CSIRO-Cooper Basin Depleted Field
Hydrogen Simulation (Australia)

In Australia’s Cooper Basin, depleted gas
reservoirs represent a contrasting high-
temperature hydrogen storage environment.
These reservoirs lie at depths of approximately
1,900 m and are characterized by lower porosity
values of 11-14 % and permeability in the range
of 25-45 mbD. Despite reduced permeability,
compositional reservoir simulations conducted
by the Commonwealth Scientific and Industrial
Research  Organisation demonstrate that
hydrogen injection pressures of 200-245 bar can
be sustained without compromising reservoir
integrity. These conditions allow working gas
volumes of approximately 3 million Sm*® per
storage cycle, with predicted withdrawal rates of
22,000-26,000 Sm3/day per well. Elevated
reservoir temperatures of 85-95 °C increase
hydrogen solubility relative to cooler European
systems; however, overall containment and cyclic
performance remain acceptable when
appropriate pressure management strategies are
applied (CSIRO, 2023).

5. Middle East - Qatar/North Iran Depleted
Carbonate Reservoir Study (Middle East)

Depleted carbonate gas reservoirs
evaluated in the Middle East highlight the
influence of lithology and fracture-controlled flow
on underground hydrogen storage behaviour.
These reservoirs typically occur at depths of
approximately 1,050 m and exhibit porosity
values of 9-13 % with permeability ranging from
15-35 mD. Simulation-based feasibility studies
indicate that hydrogen injection pressures are
generally limited to 120-145 bar to avoid fracture
reactivation and caprock integrity risks, while
working gas volumes may reach approximately

6 million Sm°>, Well-level withdrawal
deliverability is estimated at 19,000-
22,000 Sm3/day. Compared to siliciclastic
sandstone  reservoirs,  higher = hydrogen

dissolution losses of up to 4-5 % per cycle are
anticipated due to enhanced capillary trapping
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and fracture porosity within carbonate pore
networks (Heinemann et al, 2021; Panfilov,
2016).

Comparative Analysis and Results

This section synthesizes the operational
and simulated reservoir properties of ten
international underground hydrogen storage
(UHS) projects in depleted hydrocarbon
reservoirs. The comparative analysis evaluates
geological, operational, and engineering
parameters including porosity, permeability,
reservoir depth, caprock integrity, injection and
withdrawal pressure ranges, well-level
deliverability, hydrogen working gas volumes,
and estimated storage losses. For several
projects where complete operational datasets
are not yet publicly available, representative
values were derived from numerical
simulations calibrated against analogous
reservoir types and operating conditions. These
simulations follow established methodologies
reported in peer-reviewed UHS feasibility
studies and international  assessment
frameworks, ensuring consistency in fluid-flow
modelling, geomechanical constraints, and
hydrogen-rock interaction behaviour
(Heinemann et al., 2021; Panfilov, 2016; CSIRO,
2023; [EA, 2024).

1. Comparative Reservoir Properties Across
10 Projects

Across international studies, depleted
hydrocarbon reservoirs exhibit a wide range of
geological and operational characteristics;
however, consistent trends emerge regarding
hydrogen storage feasibility. Reservoir depth
exerts a primary control on allowable operating
pressure, while porosity and permeability
govern injectivity, plume migration, and
withdrawal performance. Sandstone reservoirs
with porosity exceeding approximately 15 %
and permeability above 50 mD consistently
demonstrate favourable hydrogen mobility and
recovery efficiency. High-permeability
reservoirs in North America enable particularly
high withdrawal rates, whereas European
reservoirs typically operate at more moderate
deliverability levels due to shallower depths
and conservative pressure envelopes. Despite
these differences, all documented cases confirm
that hydrogen injection and withdrawal can be
conducted without compromising reservoir or
caprock integrity when pressure cycling
remains within established geomechanical
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limits (Heinemann et al,, 2021; IEA, 2024; DOE,
2024).

Hydrogen losses associated  with
dissolution into formation water are generally
reported to remain below a few percent per
storage cycle, with losses increasing moderately
with pressure and temperature. Mineral
reactions are negligible in siliciclastic reservoirs
dominated by quartz and feldspar, while
microbial conversion remains site-specific and
strongly dependent on temperature and the
availability of organic substrates (Panfilov,
2016; CSIRO, 2023; [EA, 2024).

2. Injection Pressure and Pressure Window
Analysis

Injection pressure windows correlate
strongly with reservoir depth, permeability, and
caprock strength. European sandstone sites
such as those in Austria, France, and Italy
typically operate within optimal injection
pressure ranges of approximately 150-180 bar,
reflecting mature depletion profiles and
conservative pressure management strategies
derived from decades of natural gas storage
experience (RAG, 2025; Talukdar et al., 2024).
In contrast, high-deliverability sandstone
reservoirs in the United States and Canada
exhibit wider pressure windows, commonly
between 140 and 230 bar, enabled by greater
reservoir thickness, higher permeability, and
robust caprock systems (DOE, 2024;
Heinemann et al.,, 2021).

Deep offshore reservoirs such as the UK
Rough Field possess exceptionally high
theoretical storage capacity due to burial depths
exceeding 2,500 m, allowing operating
pressures approaching 220 bar while remaining
below fracture gradients; however, operational
envelopes must be carefully constrained to
ensure long-term  mechanical stability
(Heinemann et al,, 2021; [EA, 2024). Carbonate
reservoirs display narrower allowable pressure
ranges, typically 120-145 bar, due to fracture-
controlled flow behaviour and increased
sensitivity to stress changes (Panfilov, 2016).
Based on these analogues, Hungarian depleted
sandstone reservoirs are expected to operate
within pressure ranges comparable to Austrian
and French sites, approximately 150-175 bar,
given similar depth and lithological
characteristics (IEA, 2024).

3. Deliverability Comparison (Withdrawal
Performance)



ISSN 2786-6955 (Online)

Biota. Human. Technology. 2026. No 2

Electronic edition

Withdrawal performance reflects
reservoir permeability, well completion design,
and the degree of reservoir heterogeneity. High-
permeability sandstone reservoirs in North
America demonstrate the highest well-level
withdrawal rates, with reported values of
approximately 65,000-72,000 Sm?3/day per
well for U.S. Gulf Coast reservoirs and 52,000-
61,000 Sm3/day per well in Alberta, Canada
(DOE, 2024; Heinemann et al., 2021). European
sites typically exhibit moderate deliverability,
ranging from approximately 26,000 to
41,000 Sm®/day per well, consistent with
shallower depths and more conservative
pressure cycling (RAG, 2025; Talukdar et al,
2024).

Lower-permeability reservoirs in
Australia and Middle Eastern carbonate systems
yield reduced withdrawal rates, generally
between 19,000 and 26,000 Sm?/day per well,
reflecting both matrix properties and fracture-
controlled flow regimes (CSIRO, 2023; Panfilov,
2016). Deliverability is a critical economic
parameter, as it governs the rate at which stored
hydrogen can be supplied to energy systems
during peak demand periods (DOE, 2024). For
Hungary, expected deliverability is projected to
fall within the Austrian-Italian range of
approximately 26,000-35,000 Sm3/day per
well, assuming similar sandstone reservoir
properties (IEA, 2024).

4. Working Gas
Comparison

Working gas volume defines the quantity
of hydrogen that can be cyclically injected and
withdrawn during normal operation. The
largest working gas capacities are associated
with thick, high-permeability reservoirs, such as
U.S. Gulf Coast fields (~16 million Sm?) and
China’s Hubei pilot (~5-6 million Sm?3).
Offshore fields such as the UK Rough reservoir
exhibit exceptional theoretical capacities
exceeding 100 million Sm® due to extreme
thickness and depth, although such capacities
are constrained by surface infrastructure and
operational considerations (Heinemann et al.,
2021; [EA, 2024).

Medium-scale projects in Austria, France,
and Italy typically support working gas volumes
between 2 and 5 million Sm3, while smaller
reservoirs in Australia and Middle Eastern
carbonate systems range between
approximately 3 and 6 million Sm*® (CSIRO,
2023; Panfilov, 2016). Hungarian depleted

Storage  Volume
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fields are expected to align with the Austrian-
Italian scale, with working gas volumes of
approximately 3-6 million Sm?® per reservoir

(IEA, 2024).

5. Hydrogen Purity and Conversion
Behavior

Hydrogen purity retention is controlled by
microbial activity, hydrogen solubility in
formation water, mineral interactions, and

storage duration. Field and simulation studies
indicate that microbial methanogenesis can
occur in reservoirs containing active microbial
communities and sufficient organic substrates,
with reported conversion rates ranging from a
few percent up to approximately 10 % under
favourable = conditions  (Panfilov, 2016;
Heinemann et al, 2021). In contrast, North
American reservoirs typically exhibit hydrogen
purity exceeding 96 %, attributed to low organic
carbon content and elevated reservoir
temperatures that inhibit microbial activity
(DOE, 2024).

High-temperature reservoirs, such as
those in Australia’s Cooper Basin, demonstrate
increased hydrogen solubility, resulting in
dissolution losses of up to approximately 4-5 %
per storage cycle (CSIRO, 2023). Carbonate
reservoirs show similarly elevated loss rates
due to fracture porosity and enhanced capillary
trapping (Panfilov, 2016). Based on geological
similarity, hydrogen purity behaviour in
Hungarian reservoirs is expected to resemble
that observed in Austrian and French sandstone
systems, with limited microbial conversion
under appropriate operating conditions (IEA,
2024).

The global distribution of the ten
underground hydrogen storage (UHS) projects
in depleted hydrocarbon reservoirs analyzed in
this study is presented in Fig. 1 and summarized
in Table 1.

Discussion

The ten analysed projects collectively
confirm that depleted hydrocarbon reservoirs
constitute a technically viable and geologically
stable solution for large-scale underground
hydrogen storage. Across pilot and advanced
feasibility studies, operating pressure ranges
remain well within mechanical integrity limits
of sandstone reservoirs, maintaining caprock
sealing capacity while enabling efficient cyclic
injection and withdrawal (Heinemann et al,
2021; DOE, 2024; IEA, 2024). These findings
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align closely with decades of operational confidence in reservoir reuse for hydrogen
experience in natural gas storage, reinforcing service.

Alberta Programh

Gulf Coast DOE

Fig. 1. Global distribution of the ten underground hydrogen storage (UHS) projects in depleted
hydrocarbon reservoirs analysed in this study

Table 1
Summary of Underground Hydrogen Storage Projects in Depleted Reservoirs (Europe & Global)

. . orkin .
. Injection w g Withdrawal
. Depth, | Porosity, | Perm. Gas,
Project Country 0 Pressure, o Rate,
m /o mD million 3
bar N Sm?/day/well
Sm
USS 2030 (RAG) Austria 1000 18-22 90-150 170 5 36,000
HyStoriage Germany Az 14-19 90-150 155-210 3-6 30,000-38,000
Bavaria 1500
. 100+
UK Rough Field UK 2700 12-15 ~70 220 theoretical n/a
HyGéo France 1050 21-24 V| 150-175 3.5 33,000-41,000
HySWE.ET (PO Italy 1300 17-20 75-120 140-165 2.2 26,000-30,000
Basin)
Hubei UHS Pilot China 11460500_ 15-19 60-110 150-195 5.8 37,000-44,000
1800- 150-
Gulf Coast DOE USA 2000 19-22 210 175-230 16 65,000-72,000
1100- 200-
Alberta Depleted Canada 1250 22-25 260 140-160 8.5 52,000-61,000
Cooper Basin Australia 1900 11-14 25-45 200-245 3 22,000-26,000
Qe Tz Qatar/Iran 1050 9-13 15-35 120-145 6 19,000-22,000
Carbonate

Performance consistency observed across quality, completion design, and pressure
projects in Austria, France, Germany, China, and management rather than geographic location.
North America indicates that hydrogen storage Comparable porosity-permeability ranges and
feasibility is governed primarily by reservoir caprock properties yield similar injectivity and
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deliverability = behaviour across basins,
demonstrating strong transferability of
technical solutions (Heinemann et al., 2021; [EA,
2024). Importantly, depleted reservoirs can
operate at higher pressures than salt caverns,
resulting in significantly greater energy storage
density per unit pore volume, a decisive
advantage for regions with limited salt geology
(DOE, 2024).

Geochemical and microbial interactions
remain manageable across most storage
scenarios. Numerical simulations consistently
indicate limited hydrogen losses to dissolution,
typically below 2-3% in moderate-
temperature European reservoirs, with higher
losses confined to deep or hot systems (CSIRO,
2023; DOE, 2024). Mineral reactions are

negligible in siliciclastic reservoirs, while
carbonate systems require enhanced
monitoring due to fracture-controlled

behaviour (Panfilov, 2016).

From a preliminary economic standpoint,
the reuse of depleted hydrocarbon reservoirs
offers significant cost advantages over
greenfield underground storage development.
Existing wellbore infrastructure, surface
compression  equipment, and  pipeline
connections can substantially reduce capital
expenditure, with European and North
American project estimates suggesting cost
savings of 30-60 % compared with new-build
salt cavern or saline aquifer storage alternatives
(IEA, 2024; DOE, 2024). Operational
expenditure is also reduced by the established
geological understanding of these fields and the
availability of trained workforce and legacy
monitoring systems. While a rigorous techno-
economic assessment lies beyond the scope of
this comparative analysis, the convergence of
technical viability with infrastructure reuse
efficiency positions depleted hydrocarbon
reservoirs as economically competitive
candidates for large-scale hydrogen storage
deployment in the near to medium term.

Conclusion

This comparative analysis demonstrates
that underground hydrogen storage in depleted
hydrocarbon reservoirs is a robust and scalable
solution for future low-carbon energy systems.
Across ten international projects, depleted gas
fields have been shown to safely accommodate
hydrogen injection and withdrawal at
commercial scales when appropriate reservoir
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selection, well conversion strategies, and
pressure management practices are applied
(Heinemann et al., 2021; DOE, 2024; IEA, 2024).

Observed  operating pressures  of
approximately 140-220 bar confirm that
sandstone reservoirs can sustain high injectivity
without exceeding fracture limits, while
withdrawal capacities in high-permeability
basins significantly exceed those achievable in
salt caverns (DOE, 2024; CSIRO, 2023).
Geochemical and microbial studies indicate that
hydrogen remains largely stable in depleted
sandstone reservoirs, with only minor
dissolution losses and limited conversion unless
low-temperature, organic-rich  conditions
prevail (Panfilov, 2016; Heinemann et al., 2021).

Regarding the practical implications for
reservoir selection, the comparative results
provide direct decision-support criteria for
near-term  site  evaluation.  Specifically,
sandstone reservoirs with porosity above 15 %,
permeability exceeding 50 mD, and depths of
1,000-2,000 m consistently demonstrate both
technical feasibility and operational efficiency
across all documented cases. In regions with
limited salt cavern availability — such as Central
Europe, the Middle East, and Australia - these
parameters can serve as primary screening
thresholds for candidate field assessment (IEA,
2024; Heinemann et al., 2021).

While a formal sensitivity analysis of
individual reservoir parameters lies beyond the
scope of this comparative study, the cross-
project dataset provides an implicit indication
of parameter sensitivity. Comparison between
the Cooper Basin (porosity 11-14 %,
permeability 25-45 mD) and Alberta (22-25 %,
200-260 mD) cases illustrates that a reduction
in porosity by approximately 10 percentage
points and in permeability by an order of
magnitude corresponds to a reduction in
withdrawal deliverability from 52,000-61,000
to 22,000-26,000 Sm?/day per well-a factor of
approximately 2-2.5x. This order-of-magnitude
analysis confirms that permeability exerts a
dominant control on deliverability, while
porosity primarily governs working gas volume.
Future site-specific studies are recommended to
quantify these sensitivities through dedicated
numerical modelling.

For countries with limited salt cavern
potential, such as Hungary, depleted
hydrocarbon fields represent the dominant
option for seasonal and strategic hydrogen
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storage. The geological characteristics of the
Pannonian Basin align closely with proven
European analogues, positioning Hungary to
deploy commercial-scale underground
hydrogen storage within the next decade as part
of a resilient, zero-carbon energy system (IEA,
2024).

The integrated results clearly confirm that
depleted hydrocarbon reservoirs will serve as a
core infrastructure pillar of future zero-carbon
energy systems. Hungary, with its favourable
Pannonian Basin geology and extensive legacy
field infrastructure, is exceptionally well
positioned for near-term commercial-scale

deployment.
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