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Underground hydrogen storage (UHS) is a key enabler of the hydrogen economy, providing large-scale, long-
term energy storage and supporting industrial decarbonization. Depleted porous reservoirs offer a promising
option, although concerns about reservoir integrity, hydrogen-rock or -fluid reactions, and microbial activity
have delayed deployment. Over a decade, extensive studies and field tests have addressed these challenges.
The consistently positive results enabled RAG Austria AG to develop the first demonstrator-scale pure hydrogen
storage facility in a depleted gas reservoir integrated into the local energy network. This article presents results
from two successful storage cycles achieving 450,000 Nm?® of stored hydrogen and recovered purity above
98 vol% prior to conditioning. H,S remained below detection limit, indicating negligible souring. Reservoir
surveillance showed behaviour comparable to natural gas storage, confirming technical feasibility and safety.
These findings reduce technical barriers, increase the Technical Readiness Level (TRL), and support UHS as a

cornerstone of future energy systems.

1. Introduction

The global shift from fossil fuels to renewable energy sources such
as solar and wind is increasingly evident in contemporary energy
systems [1]. However, this transition introduces a significant chal-
lenge: intermittency, as renewable energy generation is not consistently
aligned with demand. To address this, substantial energy storage capac-
ity is required beyond the short-term solutions currently available in
the electricity grid, such as batteries and pumped hydropower. Large-
scale energy-storage enables both short-term balancing and seasonal
energy management, ensuring a stable and reliable energy supply [2].

Hydrogen (H,), particularly green H, produced via electrolysis
using renewable electricity, emerges as a promising and flexible energy
carrier [3]. It enables the storage of surplus renewable energy for
later use and serves as a critical feedstock for hard-to-abate sectors,
especially the chemical industry, where H, can substitute natural gas in
essential processes [3]. Consequently, large-scale storage is indispens-
able to ensure a secure and continuous supply across these industries
and the broader energy system. One viable approach is to store H, in
naturally occurring porous subsurface formations, which offer signifi-
cantly greater storage capacity than surface-based alternatives. Several
studies have demonstrated that underground hydrogen storage (UHS)
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provides economic advantages, including reduced land use, enhanced
scalability, and lower surface-level risks compared to aboveground
systems [4,5].

Looking ahead, UHS is expected to play a critical role by 2050 in
bridging the gap between H, production and consumption, particularly
for seasonal and long-term energy balancing needs [6]. Recognizing its
strategic importance, several European countries like Austria, Germany,
the Netherlands, France and the UK have included UHS into their
national energy roadmaps [7-12]. Various geological formations are
suitable for UHS, similar to those used for natural gas storage. An
overview can be found in Table 1.

Today, salt caverns account for roughly 26% of global gas storage
deliverability yet represent only a small fraction of total working gas
capacity. In contrast, depleted gas reservoirs dominate underground gas
storage worldwide, providing approximately 80% of global working gas
capacity [15]. Since H, has only one-third of the volumetric energy
density of natural gas, future energy systems will require much larger
storage volumes, estimated at 300 TWh in the EU by 2050 [16,17].
Given their widespread availability, large storage potential, and oppor-
tunities for infrastructure reuse, depleted gas reservoirs stand out as
one of the most promising options for UHS. Building on this context,
this paper focuses specifically on UHS in a depleted gas reservoir.
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Table 1
Overview of geological formations that are suitable for UHS.
Geological Description Capacity scale Key advantages Limitations Typical use case
formation
Salt Caverns Solution-mined GWh (short Very high Geographically Peak shaving;
[13] cavities in salt duration: deliverability; limited; low total short-term
formations weeks—months) fast injection capacity balancing;
and withdrawal Dunkelflaute
mitigation
Depleted Gas Porous reservoir TWh Very high Slower deliverability Seasonal storage;
Reservoirs rock with (large-scale, storage capacity; compared to salt strategic reserves
[12] sealing caprock, seasonal) existing caverns
previously used infrastructure;
for gas well understood
extraction
Saline Porous rock Large theoretical Vast potential Limited subsurface Not widely used
Aquifers [14] formations filled potential (not storage volume data; need for
with brine widely significant cushion
commercialized) gas volumes;

pressure
management
challenges; absence
of existing
infrastructure

The challenges of UHS in porous reservoirs have been increasingly
recognized over the past decade [18]. Key concerns included geochem-
ical stability of reservoir and cap rocks, microbial activity and possible
byproducts, leakage risks due to hydrogen’s small molecular size, and
uncertainties in transport behaviour. Since then, extensive laboratory,
theoretical, and field investigations have been conducted to evaluate
feasibility, integrity, and safety. Results from major projects such as
Hystories [19] HyStorPor [20], HyUSPRe [21], Underground Sun Stor-
age [22], Underground Sun Conversion [23] consistently suggest that
no fundamental barriers have been identified under the investigated
conditions, supporting the feasibility of implementation. Caprock ex-
periments demonstrated long-term sealing integrity under H, exposure,
with no measurable changes in mineralogy, porosity, or permeability
after one year at representative pressure and temperature [24]. Simi-
larly, RAG’s sandstone reservoir samples subjected to H,-rich mixtures
(up to 75 vol%) and pure H, at 200 barg showed no alteration in poros-
ity or mineral composition, confirming reservoir rock stability [25].
Transport studies revealed H, diffusivity in porous media to be low
(1077-10~° m?2/s), indicating that diffusion plays only a minor role
compared to pressure-driven flow [26]. Dispersion experiments further
confirmed homogeneous distribution of H,, with negligible adsorption
effects [27].

Recent studies also investigated the relevance of microbiology in
UHS [28-30]. Microbial activity can lead to localized H, consumption
through processes such as hydrogenotrophic methanogenesis (4 H, +
HCO5~ + H' —» CH,4 + 3 H,0, —135.6 kJ/mol) and sulphate reduction
(4 H, + SO4>~ + H* - HS™ + 4 H,0, —151.9 kJ/mol), producing
only minor by-products. Despite being thermodynamically favourable,
overall H, consumption remains low [28,31,32]. Experimental and
field investigations typically indicate no adverse effects on reservoir
integrity or storage performance [29]. Observed by-products, such as
hydrogen sulfide (H,S), remain below safety thresholds and can be
managed effectively through monitoring [28].

Field-scale experience has been gained by RAG Austria AG at the
Lehen site, where natural gas containing up to 20 vol% of H, has
been injected and withdrawn from a porous sandstone reservoir since
2016. Reservoir permeability remained substantially stable, with H, be-
haviour comparable to conventional natural gas storage [22,33]. Minor
H,S formation was observed during withdrawal cycles but consistently
remained below regulatory limits [26]. These findings, together with
previous laboratory and pilot scale studies, demonstrate the technical
feasibility of largescale H, storage in depleted gas reservoirs and pro-
vide a robust foundation for the demonstration tests presented in this
publication.

As H, becomes increasingly integrated into energy systems, atten-
tion must extend beyond subsurface storage to the recovery processes
that ensure its effective reintegration into the energy value chain. In
this regard a critical aspect is the conditioning of the withdrawn gas,
which mixes to some extend with residual natural gas or other reservoir
derived impurities. Withdrawn H, typically contains methane (CH,) as
the dominant impurity, along with C,+ hydrocarbons, carbon dioxide
(CO,), and traces of nitrogen (N,), as well as organic and inorganic
sulfur components, and water vapour. Spatial heterogeneity within
the reservoir leads to temporal variations in impurity levels during
withdrawal, posing additional challenges for purification.

Hydrogen off-takers and grid operators, however, require consis-
tent and standardized H, quality. According to ISO 14687:2025 stan-
dard [34], H, purity requirements vary by application. H, transporta-
tion via pipelines generally requires >98% purity, with discussions in
some regions moving towards 99.5% [35]. Fuel cells demand even
stricter specifications, whereas internal combustion engines tolerate
lower H, concentrations but still impose tight limits on combustible
impurities due to their influence on combustion behaviour [34]. These
constraints highlight the need for robust and flexible purification tech-
nologies capable of meeting stringent quality standards under dynami-
cally changing withdrawal conditions.

Furthermore, the implemented UHS demonstrator can operate in
a seasonal manner reflecting the need of renewable energy storage.
It realizes the seasonal energy shift by generating renewable H, from
abundant summer energy and releasing it as pure H, during the energy
shortage in winter months.

Although current studies indicate that porous reservoirs in the
Molasse Basin are suitable candidates for UHS and operate analogously
to natural gas storage, these findings are largely based on laboratory
investigations, modelling studies, or pilot-scale field tests. In particular,
the feasibility and safety of storing pure H, in depleted gas reservoirs
under fully integrated industrial-scale conditions, followed by with-
drawal and end use, have not yet been demonstrated. In addition, the
variability in gas composition during withdrawal and the need to meet
strict hydrogen purity requirements introduce operational challenges
that have not yet been sufficiently addressed in previous studies. This
represents a critical gap in establishing a complete hydrogen value
chain and limits the large-scale deployment of UHS as a reliable energy
solution. To address this gap, the objective of this study is to evaluate
the technical feasibility, operational performance, and hydrogen qual-
ity management of a fully integrated pure-hydrogen storage system in
a depleted gas reservoir under real operating conditions.
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Fig. 1. Facies map in 3D model showing active well Rubensdorf 2 A.

Table 2

Reservoir parameters of UHS Rubensdorf.
Parameter Unit Demonstrator
Field - UHS Rubensdorf
Depth m TVD below mean sea level 528
Depth m TVD below surface 1100
Formation thickness m 2
Rock formation - Hall Series
Rock type - Sandstone
Porosity % 7-17
Permeability mD 5-95
Water saturation % 40
Static pressure range bar(a) 22-107
Storage volume - H, million Nm® ~1
Injection rate Nm?® h-! 400
Withdrawal rate Nm® h~! 400-600
Storage wells # 1
Monitoring wells # 1

The present study reports the results from the world’s first large-
scale demonstrator of pure hydrogen storage in a depleted reservoir
of the Austrian Molasse Basin. By integrating storage, withdrawal, gas
conditioning, and end use within a single operational system, the study
demonstrates TRL 7 and provides a comprehensive assessment of UHS
performance under real operating conditions.

2. Material and methods
2.1. Demonstrator site

The demonstrator site was developed to validate the technical fea-
sibility and safe storage of H, in porous rock formations under real
in-situ conditions. The site was selected due to its relatively small size
and isolation from neighbouring fields, which minimized external geo-
logical influences and operational interference. This setting allowed for
clearer interpretation of cause—effect relationships and more controlled
experimental conditions.

2.1.1. Geological setting and reservoir characteristics

The Rubensdorf demonstrator site in Upper Austria, Austria utilizes
a depleted Eggenburgian gas reservoir, deposited in a turbidite fan
pattern (Fig. 1). The thin-bedded reservoir sandstones originate from
a conduit in the Southern Imbricates with deposition along the Alpine
thrust front, commonly referred to as the “South Slope Play” in internal
and external studies [36]. The Eggenburgian reservoir and its intrafor-
mational clay-rich caprocks are well-documented [37-39], providing a
reliable trap through both sealing capacity and structural configuration
as indicated by historical drilling observations. The following Table 2
presents the parameters of the Rubensdorf reservoir.
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2.1.2. Cushion gas to working gas ratio

The reservoir was operated with a cushion-to-working gas ratio of
approximately 60:40. Residual natural gas from previous production of
0.25 Mio Nm? contributed to the cushion gas, which was supplemented
to achieve the required pressure support for storage operations. For
a planned working gas volume of 1 million Nm?3, a total cushion gas
volume of approximately 1.5 million Nm? was required.

2.1.3. Well integrity

The reservoir has a single active well, Rubensdorf 2 A, which is
used for both injection and withdrawal as well as monitoring. The
absence of legacy wells in the reservoir significantly reduced the risk
of leakage pathways, thereby enhancing system integrity and simpli-
fying monitoring activities. The undisturbed subsurface environment
is particularly advantageous for experimental hydrogen storage, en-
suring reliable containment and consequently simplifying permitting
processes.

2.2. Operational setup

2.2.1. Field preparation

In addition to the 0.25 million Nm3 of natural gas present in the
reservoir, 0.75 million Nm? of natural gas was injected to provide suf-
ficient pressure support for UHS operations. The well completion was
modified to meet both conventional storage requirements and hydrogen
service conditions, including the installation of a surface-controlled
subsurface safety valve (SSSV; Halliburton NE™ Tubing-Retrievable
Safety Valve PN 478LXA21-CAC) and L80-grade standard NG steel
tubing (according to API 5CT), which has been positively tested for
H, compatibility [40]. Following these modifications, the remaining
cushion gas of approximately 0.5 million Nm® was injected as H, to
prepare the system for hydrogen storage operation.

2.2.2. Surface facility setup

To realize UHS in the Rubensdorf reservoir, an above-ground facility
was designed and constructed in accordance with established process
engineering practices. A simplified process scheme of the surface in-
stallation is shown in Fig. 2. The surface units largely corresponded
to those of conventional natural gas storage facilities, with additional
components required for seasonal UHS: an electrolyzer, an adapted gas
purification unit and dedicated gas analysis system.

H, was generated on site using a proton exchange membrane elec-
trolyzer (ACCELERA by CUMMINS; HyLYZER 400) with a rated power
of 2 MWe and a nominal output of 400 Nm3/h at the pressure of 26
to 30 barg. The product H, was deoxidated, dried and subsequently
directed to the compressor system (depicted as 1st compressor in Fig.
2) comprising of two parallel, gastight, electrically driven, two-stage
piston compressor units (HAUG; SIRIUS 42G). Their primary function
was to enable reservoir injection at pressures up to 70 barg during the
storage season. In addition, the compressors were operated during the
hydrogen withdrawal to boost low storage pressures and allow pipeline
injection. The compressed H, was directly injected into the reservoir
through the Rubensdorf 2 A well at rates up to 400 Nm?/h. To ensure
operational flexibility, H, was injected from a trailer supply whenever
the electrolyzer was unavailable.

During withdrawal, H, was produced at rates of up to 600 Nm?3/h.
Before entering the H, pipeline, the withdrawn gas underwent mul-
tistep conditioning. First, the well stream is routed to a free water
knockout vessel (OTTO KLEIN; OKZA 300) comprising a fully welded
upright cyclone separator to remove entrained solids and liquids.

The next conditioning step was gas dehydration, performed using a
fixed-bed Temperature Swing Adsorption (TSA) unit (SILICA; SILDRY
TA/TT) composed of two molecular sieve adsorbers operated alter-
nately in adsorption and regeneration modes. During regeneration,
desorbed vapour was condensed and removed from the unit. Liquids
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Fig. 2. Surface facility schematic of UHS Rubensdorf.

from both the knockout vessel and the TSA system were collected in a
tank and transported offsite.

Following the dehydration step, a portion of the withdrawn gas
was directed into a dedicated hydrogen purification unit. This High-
Pressure Swing Adsorption (HPSA) system removed residual impurities
originating from the natural gas cushion gas. The HPSA unit comprised
four adsorbers filled with high strength activated carbon granulate
capable of broadband separation of natural gas constituents from H,. It
was designed for operation at pressures up to 75 barg, was capable of
processing the gas flow up to 180 Nm?3/h. A detailed laboratory investi-
gation of the applied adsorbent is reported elsewhere [41]. Because the
unit is driven directly by the wellhead pressure, its operating pressure
declines along with the decreasing reservoir pressure. To accommodate
variable UHS operating conditions, which are reflected in declining
feed gas pressures and time dependent hydrogen-natural gas mixture
compositions, a proactive control strategy with variable valve timing
and an optimized PSA cycle was employed in the unit. Selected aspects
of HPSA operation under variable storage conditions are discussed in
the process simulation study by Kalman et al. (2024) [42].

Pure H, could be withdrawn directly from a dedicated HPSA prod-
uct outlet as shown schematically in Fig. 2. The remaining uncollected
withdrawn H, was mixed with the HPSA tail gas, after its pressure was
augmented with the HPSA-integrated piston compressor (shown as 2nd
Compressor in Fig. 2). The resulting gas mixture was transported via
an eight-kilometre long pipeline to a Combined Heat and Power (CHP)
unit for local electricity and heat production. Alternatively, the site was
also equipped to blend the withdrawn H, into the public natural gas
grid, however this pathway was used to a very limited extent during
the site operations.

2.3. Reservoir monitoring

2.3.1. Surface measurements at wellhead

The flow rates of both injected and produced gas were continuously
measured using an Emerson CMFS040 flowmeter, which offers a preci-
sion of +/— 0.1%. In addition, the gas composition of the injected and
produced streams was continuously (cycle time = 4 min) monitored via
an Emerson 700XA gas chromatograph, with a precision of +/— 0.3
Vol %, enabling the analysis of major components such as H, and CHy,
as well as secondary components (C,Hg, CO,, and H,S), particularly
during withdrawal phase prior to gas conditioning.

Tubing head pressure (THP) and surface temperature were also
monitored continuously with an Emerson 3051TG4 sensor and an E&H
PMP 51B EDGE Speaker, respectively. Furthermore, annular pressures
between the casing and tubing, as well as between concentric casing
strings, were continuously monitored using pressure gauges. Addi-
tional verification of tubing-casing annulus pressure was provided by
the MURAG 20 (RAGSOL; EDGE SPEAKER), an acoustic-based mea-
surement system that calculates subsurface pressure from liquid level
monitoring in the annulus [43,44]. MURAG 20 enables continuous
automated monitoring under dynamic operating conditions.

2.3.2. Surface measurements at the gas purification unit

The assessment of the HPSA system performance relied on a laser
methane residual content measurement with a detection limit of ap-
proximately 1 ppm in the purified H,. Mass stream balances were
determined from measured mass flows of the relevant streams, i.e. feed,
product gas and tail gas, using the Coriolis method. In addition, the
unit was equipped with pressure and temperature transmitters at key
process points to support system analysis and ensure safe operation.
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2.3.3. Downhole measurements of pressure and temperature

Downbhole pressure and temperature were continuously monitored
using quartz gauges (Shortline-EM Piezo Memory Gauge; Reservoir
Group) installed within the well tubing, near the perforation zone.
To ensure data reliability and redundancy, two quartz gauges were
mounted in parallel.

Pressure transient tests were conducted throughout the lifetime
of the Rubensdorf 2 A well, including buildup periods following in-
jection shut-ins and falloff tests after withdrawal phases. These data
were evaluated using a consistent pressure transient analysis (PTA)
workflow. Raw pressure data were quality-controlled, including drift
correction, removal of operational disturbances, and cross validation
between gauges.

Analysis was performed using derivative based interpretation, com-
bining Horner diagnostics and log-log pressure derivative plots to
identify flow regimes. Model matching was carried out using a radial
flow analytical model under single phase gas assumptions, applied
uniformly to natural gas, N, and H, test periods. Key parameters such
as permeability and stabilized reservoir pressure were estimated, and
boundary conditions were assessed where data allowed. All PTA eval-
uations were conducted using the Ecrin KAPPA 5.6 software suite with
consistent modelling assumptions to enable comparison of reservoir
behaviour over time.

2.3.4. Laboratory analysis of gas samples at wellhead and gas purification
unit

To verify the gas chromatograph measurements, additional gas
samples were periodically collected from the production tubing and
analysed by a certified laboratory. Furthermore, vent gas sampling was
conducted in the annular space between the casing and tubing (Annulus
A) and analysed by a certified laboratory. These samples were typically
taken at the highest and lowest storage levels to assess barrier integrity,
detect potential gas intrusion, and identify possible gas migration.

To confirm the purity of the H, product from the HPSA unit,
a comprehensive component analysis was performed, following DIN
51872. During operation, product gas was sampled in stainless steel
cylinders and analysed using laboratory gas chromatography. The anal-
ysed components included oxygen, N,, CO,, CH,, ethane, propane,
isobutane, n-butane, isopentane, n-pentane, and nCg+ (reported as a
lumped fraction). A limitation of the applied method is the relatively
high DL of 100 ppm for the measured components. The H, index in the
HPSA hydrogen product gas was measured by the selective laser beam
absorption device.

2.3.5. Sampling and laboratory analyses of subsurface brine

Subsurface brine samples were collected from the production well
sump using a downhole sampler following the protocol of Heller-
schmied et al. (2024) [45]. The sampler was sterilized and deployed
to the perforated interval of the gas-bearing sandstone. After retrieval,
samples were transferred to autoclaved, gas-tight glass bottles and
purged with high-purity argon to establish an oxygen-free atmosphere.
Samples were stored in the dark at <8 °C until processing within 12 h.

Subsequent laboratory analyses followed the procedures described
by Hellerschmied et al. (2024) [45]. Brine aliquots were handled under
anoxic conditions for physicochemical and molecular characterization.
Microbial biomass was recovered by centrifugation and filtration, fol-
lowed by DNA extraction (FastDNA SPIN DNA extraction Kit, MP
Biomedicals, USA) using a standard protocol with the following modi-
fications: the homogenization in the FastPrep-24 homogenizer unit was
performed 4 times for 60s at 5.5 m/s.

Subsequently, sequencing and bioinformatic analyses were per-
formed. The V4 region of the 16S rRNA gene was amplified and
sequenced with 515f [46] and 806r [47] primer pair by Microsynth
AG Switzerland (MiSeq platform, 2x250 bp). Sequence analysis includ-
ing primer removal, quality filtering, denoising, paired-end merging,
chimera removal, amplicon sequence variant (ASV) inference, and
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taxonomic classification against the SILVA 138.2 database [48] as well
as downstream analysis were done with an in-house DADA2-based [49]
bioinformatics pipeline. ASVs were grouped by genus, and genera with
relative abundance below 2% were collapsed into “Other” in Fig. 6.
Functional assignments were performed with FAPROTAX [50].

3. Results and discussion
3.1. Implementation of the proposed UHS system

3.1.1. Overview of the implementation

As outlined in the Materials and Methods Section 2.2.1, the Rubens-
dorf reservoir was prepared for UHS through staged cushion gas injec-
tion and infrastructure upgrades completed by July 2023. Fig. 3 depicts
the evolution of gas volumes in the reservoir over time, with cushion
gas represented below the zero line and working gas above. The orange-
shaded region indicates the initial 1 million Nm? of natural gas used as
cushion gas, which maintained a stable reservoir pressure of 37 bara.

Following the well’s repurposing for hydrogen service in February
2024, an additional 0.5 million Nm® of H, was injected, raising the
pressure to 46 bara and completing the cushion gas volume.

In principle, optimal H, recovery during withdrawal is achieved
when the cushion gas consists entirely of H,. However, a mixed cushion
gas strategy was adopted due to the limited temporal availability of
H, and to reflect conditions typical of converting existing natural gas
storage facilities to UHS. Consequently, approximately one third of the
cushion gas volume consisted of H,. The green-shaded region above
the zero line in Fig. 3 represents the working gas volume (WGV),
which displays two distinct storage cycles. The first, a smaller cycle
from March to June 2024, reached a peak H, volume of approximately
75,000 Nm3. The second, larger cycle began in August 2024 and
extended through May 2025, achieving a maximum storage volume of
450,000 Nm? of H,.

Throughout these operations, the tubing head flowing pressure
envelope ranged between 30 and 70 barg. H, was injected at a rate
of approximately 400 Nm3/h. During withdrawal a rate of up to
600 Nm3/h was produced, depending on the intake rate of the CHP
unit. This demonstrates that hydrogen can be handled operationally
in a manner consistent with established natural gas storage practices,
indicating strong potential for repurposing existing infrastructure for
UHS with minimal adaptation.

3.1.2. First storage cycle

The first cycle served as a test phase that commenced between
March to June 2024, during which only a small volume of working
gas was injected. The primary objective was to assess whether the
surface setup functioned as intended and to identify any potential
operational issues. Fig. 4A illustrates the concentration profiles of the
main components, specifically H,, and CH, (CH,) in the withdrawn gas
stream over time. The concentration profiles of H, reduced by 0.2 vol%
and CH, increased by 0.2 vol% gradually over time.

In this cycle, C,Hg (Fig. 4C) remained below the DL except for
an outlier on 25 June 2024, while the CO, concentration (Fig. 4C)
increased gradually to a maximum of 40 ppm at the end of the first
withdrawal cycle. As shown in Fig. 4E, the concentration of H,S was
also monitored and remained consistently below the DL of 0.20 ppm
of the installed gas chromatograph throughout the first withdrawal
cycle. An interruption in the data record between 22 June 2024 and
25 June 2024 is visible in Fig. 4A, Fig. 4C and Fig. 4E during the first
withdrawal cycle. This gap resulted from the temporary shutdown of
the CHP unit, which served as the hydrogen off-taker. As the CHP was
not in operation during this period, no H, was withdrawn from the
reservoir.

To validate the measurements obtained from the gas chromato-
graph, a gas sample was collected on 19 June 2024 and analysed
by a certified laboratory. The results (see Supplementary Material A)
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confirmed the accuracy of the chromatographic analysis. Furthermore,
a gas sample from Annulus A (between the tubing and casing) taken
on 21 February 2024 revealed trace levels of H, (0.06 vol%), after ap-
proximately 400,000 Nm® of H, had been injected as cushion gas into
the reservoir (see Supplementary Materials B). This indicates that the
H, remains confined within the tubing, suggesting the well completion
is intact.

The gas concentration profiles (Fig. 4A) show a gradual decrease
in H, and a corresponding increase in CH, over time. The detected
CH, concentrations remained far below those present in the original
cushion gas composition (see Supplementary Materials C) reflecting
that the withdrawn gas originated predominantly from the H, working
gas volume, as expected. This behaviour is consistent with a reported
reservoir-scale dilution effect [51] and reflects controlled mixing be-
tween injected hydrogen and residual cushion gas. The stability of
these trends indicates consistent withdrawal dynamics and absence
of unexpected compositional shifts, supporting the suitability of the
Rubensdorf reservoir for UHS, which is essential for maintaining hy-
drogen recovery efficiency and gas quality in UHS systems. Ethane
concentrations remained below the DL, likely because only limited
gas volumes were withdrawn during the first cycle and the well did
not produce sufficient gas volumes from the deeper reservoir sections.
The apparent outlier is most plausibly an artefact associated with
production resuming after a shut-in period. The detected CO, con-
centrations, which are far below those in the original cushion gas,
can be explained by reservoir scale dilution and transport processes.
Although the cushion gas initially contained approximately 0.1 vol%
CO, (see Supplementary Materials C), subsequent H, injection greatly
increased the total gas volume, dispersing and diluting the CO, within
the much larger H, dominated working gas volume. Consequently, the
withdrawal phase reflects this mixed and highly diluted gas, resulting in
CO, levels well below the original cushion gas concentration. Although
the CO,/CH, ratio in the produced gas appears much higher than
in the original cushion gas, this ratio cannot be directly compared.
When production begins and reservoir pressure decreases, dissolved
CO, exsolves rapidly from the reservoir brine and migrates towards the
wellbore much faster than CH, [52]. As a result, the proportion of CO,
to CH, is relative.

Additionally, H,S remained below DL and well within the ISO
14687:2025 Grade A limit of 7 ppm [34], indicating high gas purity and
providing no evidence of souring during this phase of operation. Owing
to the tight commissioning schedule of the overall storage facility, the
HPSA unit remained offline throughout the first withdrawal cycle.

The successful execution of the first cycle of pure H, injection and
withdrawal, despite the minimal gas volumes involved, confirmed that
the surface setup functioned as intended. The near absence of oper-
ational issues or showstoppers validates the system’s implementation
and indicates readiness for larger-scale operations.

3.1.3. Second storage cycle

The second cycle involved a substantially larger volume of H, of
approximately 450 000 Nm3, injected and withdrawn between August
2024 and May 2025. The temporal evolution of H, and CHy, as well as
secondary components such as C,Hg, CO,, and H,S were again moni-
tored throughout the second storage cycle (Fig. 4B, D and F). The H,
concentration declined more steeply over time compared with the first
cycle. However, the final concentration after the complete withdrawal
remained high at 98.0 vol%, meeting the minimum hydrogen index
defined by ISO 14687:2025 Grade A specification for H, content in
pipeline transport [34]. The residual gas consisted primarily of CHy,
which increased to a maximum of 1.94 vol% (Fig. 4B), 215 ppm for
C,Hg (exceeding the ISO 14687 Grade A specification by 115 pm) and
194 ppm CO, (H,D). H,S (Fig. 4F) remained below DL of the gas
chromatograph, consistent with observations from the first withdrawal
phase. An interruption occurs in the data record between 19 March
2025 and 2 April 2025 during the second cycle (Fig. 4B, D and F). This
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was due to the commissioning of the refurbished electrolysis unit, along
with maintenance work on other components at the surface facility. In
addition, service and troubleshooting activities were carried out on the
CHP unit.

To verify the accuracy of the onsite gas chromatograph, two in-
dependent sampling campaigns were conducted at the wellhead on
12 March 2025 (see Supplementary Materials D) and 5 May 2025
(see Supplementary Materials E). Both confirmed the reliability of the
chromatograph measurements at the Rubensdorf demonstrator site.

During the second withdrawal cycle, the H, purification unit was
operated along with other gas conditioning surface facilities to eval-
uate its performance under field conditions. After optimization of the
pressure cycle timings, the unit proved to consistently maintain CH,4
concentrations below 100 ppm in the product gas, averaging at 56 ppm
for the whole withdrawal period. The achieved average H, recovery of
HPSA in the cycle equalled 70%, and its variation depended mainly on
the CH, content and reservoir pressure. The operation of surface facility
demonstrated that variations in feed gas composition, inherent to UHS
operation, can be effectively managed by an adapted PSA system,
enabling consistent delivery of high-purity hydrogen despite dynamic
reservoir conditions. Concentrations of C,+ hydrocarbons, nitrogen,
oxygen, and CO, in the purified H, that were measured by ex-situ GC
remained below 100 ppm. The H, index confirmed by the precise laser
to exceed values of 99.99%. Although the chromatographic detection
limit was far from allowing the verification of 1 ppm threshold for
C,+ hydrocarbons, their very low concentrations in the raw withdrawn
gas and the high selectivity of the HPSA activated carbon indicate that
compliance with this limit can be presumed.

The larger injected H, volume in the second cycle provided deeper
insight into the reservoir’s dynamic behaviour under more represen-
tative operational conditions. The steeper decline in H, concentration
relative to the first cycle is expected to be the consequence of the larger
injected hydrogen volume and the associated increase in residence
time within the reservoir. The extended storage period strengthened
mixing effects such as dispersion and diffusion that acted over longer
timescales and across a larger reservoir volume, resulting in a broader
mixing zone between hydrogen and residual cushion gas [53,54]. De-
spite the steeper increase in methane concentration during withdrawal,
the final H, concentration remained above 98.0 vol% (Fig. 4B) .
This underscores the suitability and robustness of the reservoir for
large-scale underground H, storage under more representative storage
volumes and operating conditions.

The gradual increase in CH, concentration to 1.94 vol% (Fig. 4B)
may reflect the presence of residual gas from previous operations.
Owing to reservoir-scale dilution, and although CH, concentrations in
the second cycle were higher than in the first, these values remain
far below those of the original cushion gas composition (see Supple-
mentary Materials C). This indicates that the withdrawn gas originated
predominantly from the H, working gas volume, consistent with the
behaviour observed during the first cycle’s withdrawal phase. This
confirms that mixing with cushion gas remains limited and predictable,
which is essential for maintaining hydrogen recovery efficiency during
repeated storage cycles.

According to Fig. 4D, C,Hg and CO, concentrations were more pro-
nounced in the second withdrawal cycle, reflecting the larger hydrogen
volume injected and the associated increase in residence time and reser-
voir contact. This behaviour is consistent with enhanced reservoir-scale
mixing discussed above [53]. During withdrawal, CO, concentrations
were initially higher than those of C,Hg, whereas towards the end of
the cycle C,Hg exceeded CO,. Although C,Hg is lighter and more diffu-
sive, CO, appeared earlier at the wellhead, primarily due to its higher
solubility in formation water. As reservoir pressure decreases during
production, dissolved CO, exsolves rapidly and is transported towards
the wellbore, leading to an early CO, peak despite its lower mobility
compared to ethane [55,56]. Towards the end of the withdrawal cycle,
C,Hg became dominant, likely due to its higher concentration in the
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Table 3

PTA interpretation over the lifetime of well Rubensdorf 2 A.
Date Test Netto Avg. Porosity Permeability Medium

[TVDssm] [%] [mD]

2013 Cased Hole Test 1.18 16 51 Natural Gas
2020 Injection Fall-Off Test 1.18 16 59 N,
2021 Fall-Off Test 1.18 16 68 Natural Gas
2025 Build-Up Test 1.18 16 63 H,

cushion gas and its release from regions further away from the wellbore
as the withdrawal front progressed (see Supplementary Materials C).

These observations lead to the conclusion that compositional evo-
lution during hydrogen withdrawal is governed by the combined ef-
fects of thermodynamics (gas solubility), reservoir heterogeneity, and
transport processes. Importantly, the increasing contribution of these
components with larger storage volumes highlights the need to account
for time-dependent mixing processes when predicting gas quality and
designing UHS operations.

Once again, the persistent H,S levels below the DL throughout the
second cycle provide strong indication of chemical and microbiological
stability, as well as favourable geochemical conditions that suppress
souring. This is particularly significant, as even low levels of H,S can
impact material integrity, gas quality, and surface processing require-
ments, making its absence a key indicator of reservoir suitability for
repeated hydrogen storage cycles.

The validated performance of the gas chromatograph strengthens
confidence in the reported concentration trends and confirms the ro-
bustness of the monitoring framework applied in the demonstrator
project [57]. The HPSA results further demonstrate that the purification
system can reliably produce H, suitable for fuel-cell applications, even
under varying feed-gas compositions.

In summary, the second storage cycle confirmed that the reservoir
can accommodate larger H, volumes while maintaining gas integrity,
operational safety, and predictable compositional behaviour under the
investigated conditions. Furthermore, the second cycle illustrated the
system’s capability for seasonal operation, with surplus summer energy
stored as H, and subsequently withdrawn during the winter demand
period (February-May 2025). These results highlight the potential of
depleted gas reservoirs to serve as scalable and flexible components of
future hydrogen systems, supporting both grid balancing and long-term
energy storage.

3.2. Downhole monitoring and numerical analyses

The subsurface pressure data were further evaluated using PTA
which interprets pressure responses following well operations to esti-
mate reservoir permeability, identify boundary conditions, and charac-
terize flow regimes. Multiple PTA evaluations were conducted on the
Rubensdorf 2 A well, based on build-up and fall-off tests performed
throughout the lifetime of the well, as summarized in Table 3. This
approach enables a quantitative basis for assessing reservoir integrity
over time and enabling direct evaluation of the impact of hydrogen
injection on reservoir performance.

The analyses indicate that reservoir permeability remained stable
over time, consistently ranging between 50 and 70 millidarcies (mD).
The use of N, during a suitability test in 2020 was based solely on
availability and had no technical implications. This confirms that the
subsequent introduction of H, did not alter reservoir permeability. This
is a key finding, as it indicates that hydrogen injection does not induce
measurable changes in reservoir flow properties under the investigated
conditions. The preservation of permeability is critical for maintaining
injectivity and withdrawal performance over repeated storage cycles,
supporting the long-term operational viability of UHS in depleted gas
reservoirs.

In addition to pressure and permeability behaviour, the thermal
evolution of the reservoir provides an important perspective on system

performance. The subsurface temperature trends observed during both
storage cycles, shown in Fig. 5, offer insight into the thermal dynamics
of the reservoir under H, injection and withdrawal conditions.

During injection phases, a slight decrease in reservoir temperature
was recorded, which reflects the cooling effect of H, introduced at a
lower temperature than the native formation. This behaviour is consis-
tent with gas injection into porous media, where thermal equilibration
is governed by the heat capacity and conductivity of the surrounding
rock matrix [58]. The limited magnitude of cooling indicates effi-
cient heat exchange with the formation, reducing the risk of thermal
gradients that could affect reservoir properties or well integrity.

In stationary phases, such as those depicted in Fig. 5, the reservoir
temperature stabilized between 33 °C and 34 °C, reflecting equilibrium
conditions. This plateau suggests that thermal recovery occurs rela-
tively quickly once injection ceases, maintaining a stable baseline in
the absence of active flow. This return to equilibrium suggests strong
thermal buffering by the reservoir, which is important for maintaining
stable operating conditions during cyclic storage.

During withdrawal, a modest increase of up to 0.5 °C above the
baseline was observed, likely reflecting the extraction of warmer gas
from the reservoir. This limited thermal response indicates that thermal
perturbations remain localized and do not significantly impact reservoir
conditions, further supporting the stability of the system during cyclic
operation.

A temporary temperature offset (<1 °C) observed between Novem-
ber 2023 and October 2024 was attributed to sensor drift, which was
confirmed by the return to baseline conditions following gauge replace-
ment. This demonstrates the importance of instrumentation reliability
and validation in interpreting subsurface monitoring data. In summary,
the temperature data confirm that the reservoir responds predictably
to thermal perturbations associated with H, cycling, demonstrating
strong thermal resilience of the formation. The absence of significant
temperature fluctuations or persistent thermal gradients suggests that
thermal effects are unlikely to impact reservoir performance, material
integrity, or operational stability under the investigated conditions.

Together, the stable pressure response, unchanged permeability,
and limited thermal effects provide strong evidence that the subsurface
system remained mechanically and thermally stable under hydrogen
storage conditions, supporting the feasibility of repeated and long-term
UHS operation.

3.3. Microbiological analysis of subsurface brine

Microbial dynamics were monitored at the Rubensdorf demonstra-
tor site using 16S rRNA gene amplicon sequencing. To assess po-
tential microbiological changes associated with H, exposure, sam-
ples were also collected prior to hydrogen injection (2018-2021). Hy-
drogenotrophic methanogens dominated the reservoir community, as
shown in Fig. 6. The relative abundance of hydrogenotrophic methan-
ogens remained stable throughout the study period; however, the dom-
inant methanogenic lineages shifted over time. In October 2018, the
methanogenic signal was associated with two distinct Methanobacteri-
aceae lineages [59], whereas in February 2020, Methanocalculus [60]
became the dominant hydrogenotrophic methanogen. By April 2021,
hydrogenotrophic methanogens were nearly absent, but in March 2025,
they returned to a state of high relative abundance, primarily rep-
resented by one unclassified Methanobacteriaceae lineage. Lineages
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Table 4
Selected biological and chemical parameters of Rubensdorf demonstrator.
ATP DNA DOC DIC K*
[pg/mL] [ng/ uL] [mg/L] [mg/L] [mg/L]
Oct 2018 230 1.1 2810 139 n/a
Feb 2020 1251 30.1 1286 205 3200
April 2021 332 17.2 1522 225 1249
March 2025 6 2.9 31052 8 8877

capable of sulphate reduction [31] remained very low throughout the
study period and were not detected in the post-operational sampling in
March 2025.

As shown in Table 4, ATP and DNA concentrations were comparable
to active oil fields [61] during the first sampling in October 2018
and again during natural gas injection in April 2021. A temporary
increase was observed in February 2020, after which levels declined
markedly, reaching 6 pg/mL ATP, which is the level of measurement
kit blank reading, and 2.9 ng/p L DNA during H, withdrawal in March
2025. Dissolved Organic Carbon (DOC) and Potassium (K*) exhibited
relatively stable concentrations from 2018 to 2021 samples, whereas
both parameters increased sharply in March 2025.

The dominance of hydrogenotrophic methanogens (Fig. 6) is con-
sistent with their widespread occurrence in porous subsurface sys-
tems [28]. Their stable overall abundance indicates that hydrogen
injection in late 2023 did not elicit a measurable functional response
in the reservoir microbiome. The temporary decline in methanogens
observed in April 2021 likely reflects operational influence [62] with
the proportion of hydrogenotrophic methanogens returning to pre-
injection levels by March 2025. Additionally, the elevated, yet still low
ATP and DNA values in the February 2020 sample as seen in Table 4,
most likely reflect transient microbial proliferation in stagnant borehole
brine during a period of operational inactivity rather than in-situ
reservoir activity. The disappearance of sulphate reducing lineages in
March 2025 might also reflect specific operational conditions. Although
in principle this sample should be the most representative of reservoir
conditions because gas withdrawal draws brine from deeper within the
formation and dilutes the sump with fresh brine, elevated dissolved
organic carbon (DOC) and Potassium (K*) values may indicate opera-
tional fluid contamination (proprietary liquid from operating company)
associated with the October 2021 workover. Overall, these observations
emphasize that operational context is essential for reliable chemical
and microbiological brine characterization within routine reservoir
monitoring and maintenance [62,63].

In summary, no enhanced microbial activity was observed after
H, storage during the demonstration cycles at the Rubensdorf site.
This conclusion is supported by lack of increase of ATP and DNA con-
centrations as well as stable relative abundances of hydrogenotrophic
methanogens. These findings demonstrate that although native reser-
voir microbiota possess the metabolic potential to convert H, and CO,
to methane and to reduce SO,2~ to H,S under suitable conditions,
their activity is tightly constrained by the availability of electron ac-
ceptors such as CO, and SO42‘ [64,65]. Under the current geochemical
conditions at the Rubensdorf demonstrator site, the risk of H, loss or
gas-quality degradation through microbial processes appears minimal.
Nevertheless, the detection of minor microbial methane formation in
controlled experiments highlights the importance of monitoring CO,
dynamics, especially in future storage scenarios involving longer res-
idence times or variable injection regimes. The need for an improved
representative sampling approach for porous reservoirs became evident
and should be a focus of future research [66].

3.4. Uncertainties and boundary conditions
3.4.1. Subsurface uncertainties and boundary conditions

A quantitative hydrogen mass balance was not conducted due to
the inherent challenges of resolving gas distribution between working
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gas and cushion gas. In underground gas storage (UGS), mass balance
closure at reservoir scale between working gas and cushion gas is
generally not feasible, as mixing, dispersion, dissolution, and reservoir
heterogeneity prevent precise accounting.

Injected and produced volumes were continuously monitored for
regulatory purposes. However, these data alone are not sufficient to
determine hydrogen recovery, as gas composition during withdrawal
is governed by dynamic mixing processes with the cushion gas rather
than by a simple volumetric balance. The observed concentration and
pressure trends nevertheless indicate that hydrogen was predominantly
recovered (with more than 98% purity) from the injected working gas
volume, with only limited mixing with the cushion gas. A rigorous
reservoir-scale hydrogen mass balance would require depletion of the
storage system beyond normal operating conditions and was therefore
outside the scope of this study.

To further support the interpretation of the observed field be-
haviour, numerical simulations of subsurface hydrogen transport are
currently in an advanced stage of development. These include compo-
sitional flow modelling and analysis of key transport mechanisms such
as relative permeability, dispersion, solubility, and diffusion, evaluated
both individually and in coupled systems. A detailed evaluation will be
presented in a forthcoming publication.

Furthermore, site-specific geomechanical analyses have not been
conducted for the Rubensdorf field. However, studies from analogous
UGS facilities in the Austrian Molasse Basin, demonstrate that clay-
and shale-rich formations remain geomechanically stable under cyclic
loading and unloading associated with pressure variations during gas
storage operations [67]. As these processes are governed primarily
by pressure changes rather than the composition of the stored gas,
the findings are considered transferable to UHS conditions. In ad-
dition, recent studies on caprock stability in clay-rich lithologies of
similar composition indicate that hydrogen exposure does not alter
geomechanical properties [68,69], supporting the applicability of these
findings to Molasse Basin formations.

In terms of biogeochemical processes, H,S concentrations remained
below DL throughout the withdrawal period, indicating limited bio-
geochemical reactivity under the investigated conditions. Consequently,
detailed biogeochemical modelling was not prioritized within the scope
of the present study. The present microbiological assessment is based
on two hydrogen storage cycles and a comprehensive evaluation of
long-term microbial stability will require extended operational periods.
The functional interpretation is based on 16S rRNA gene amplicon
data with FAPROTAX-based functional inference (Fig. 6). However, this
approach reflects metabolic potential rather than realized activity. A
conclusive assessment of functional stability would require measure-
ments such as functional marker gene quantification (mcrA, dsrB),
metagenomics or metatranscriptomics. Furthermore, the findings are
considered transferable within the Molasse Basin due to the comparable
geological setting. However, their applicability beyond the Molasse
Basin is constrained by variations in reservoir properties, geochemistry,
salinity or temperature. Additional uncertainty arises from sampling
conditions, as well-sump brine collected may be influenced by opera-
tional artefacts [62], as indicated by elevated DOC and K+ in the March
2025 sample (Table 4).

3.4.2. Surface uncertainties and boundary conditions

The present study demonstrates that H, can be withdrawn from
the UHS facility at purities of approximately 98%, thereby meeting
the ISO 14687 Grade A specification for H, content without dedi-
cated purification. While the H, concentration fullfils the standard
requirement, compliance with all impurity limits has not yet been
fully achieved. Nevertheless, the results indicate that full compliance
may be within reach. A higher H, fraction in the cushion gas would
reduce reservoir dilution and could further improve the quality of the
recovered gas. Overall, the achievable product quality is reservoir-
specific and depends on factors such as reservoir setting, cushion gas
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composition and retention time. It must therefore always be assessed
against the actual end-user purity requirements.

At present, H, quality requirements for emerging hydrogen infras-
tructure remain uncertain, as dedicated hydrogen pipeline networks are
under development and quality specifications have not yet been fully
harmonized across countries. More stringent purity specifications will
increase overall storage costs, as a larger fraction of the withdrawn
gas stream may require on-site purification. The use of pure H, as
cushion gas could mitigate dilution effects and improve withdrawal
purity, although its economic viability depends on the cost of hy-
drogen as cushion gas. The results of the current study indicate that
a recovered H, purity of approximately 98% may represent a cost-
efficient target specification for H,-storage facilities. Whether higher
purity requirements should be met through centralized purification at
storage sites or decentralized purification at end-user facilities requires
further evaluation.

While the current study supports the technical feasibility of UHS
and does not indicate economically relevant H,-losses, a comprehensive
techno-economic assessment is still required to determine the trade-off
between storage performance, hydrogen purity requirements, and the
cost of gas conditioning. Planned future work will evaluate overall sys-
tem efficiency, including compression and conditioning requirements
(e.g., on the basis of the H,-Optimum project [70]). Compared to
natural gas storage, H, storage is expected to exhibit higher specific
investment and operational costs per unit of energy because H, pos-
sesses only approximately one-third of the volumetric energy density
of natural gas, requiring larger gas volumes to be handled for the same
energy throughput.

4. Conclusions

This study demonstrates that depleted gas reservoirs represent a
suitable and secure option for large-scale UHS. The demonstration-
scale facility at Rubensdorf successfully achieved TRL 7 under real-field
operating conditions. Across two storage cycles of pure H,, a maxi-
mum stored volume of approximately 450 000 Nm?® was reached, and
the withdrawn H, consistently exceeded 98.0% purity prior to any
surface conditioning. H,S remained below the DL, and reservoir surveil-
lance showed behaviour closely comparable to conventional natural gas
storage, indicating preserved caprock integrity, stable reservoir perfor-
mance and predictable cyclic operation. Over the two storage cycles
studied, and under the geochemical conditions at Rubensdorf, there was
no evidence of significant microbial H, consumption, and the risk of
gas-quality degradation through microbial activity appears low. This
reflects operational feasibility under the investigated conditions and
indicates microbial stability over the two storage cycles investigated.

The results confirm that seasonal H, storage in porous formations
can deliver a reliable H, supply at standardized purity. Two com-
plementary purity-assurance strategies were validated: (1) using a H,
cushion gas to limit reservoir dilution and achieve pipeline-grade H,
(<98% purity), and (2) an on-site purification system for applications
requiring higher purity specifications. Together, these approaches offer
operational flexibility across diverse industrial and market contexts.

With increasing evidence from field demonstrations and decades of
transferable expertise from natural gas storage, technical barriers to
UHS are diminishing. Future large-scale deployment is expected to de-
pend increasingly on the development of H, supply chains, regulatory
frameworks and market structures.

From an economic perspective, an indicative service price of 30-40
€/MWh for UHS has been communicated publicly. Assuming that only
20%-25% of the annual turnover volume needs to be stored (similar to
the natural gas market today), the hydrogen price would increase by
6-10 €/MWh or 0.25-0.40 €/kg for storage services [71,72].

Future work will continue within the EUH2STARS project [73],
focusing on further operation of the Rubensdorf demonstrator facility
and the implementation of a next-generation H, purification system.

11

International Journal of Hydrogen Energy 263 (2026) 156784

This system aims to process the full withdrawal stream and deliver two
standardized product gases: pure H, and pipeline-specification natural
gas, produced through a combined HPSA and membrane-permeation
process [74]. These developments are expected to further strengthen
the technological and economic foundation for large-scale UHS in
porous formations.
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