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ARTICLE INFO ABSTRACT
Keywords: This paper examines the techno-economic feasibility of utilising salt caverns for large-scale hydrogen storage in
Green hydrogen Ireland, leveraging wind energy and proton exchange membrane (PEM) electrolysers. The analysis focuses on

Large-scale storage

Salt optimising the integration of wind power with hydrogen production and storage, addressing key challenges such
alt cavern

Technoeconomic as energy curtailment, grid transmission constraints, and renewable energy intermittency. Findings highlight
Cycling significant economic considerations, with a single hydrogen storage cavern requiring an initial investment of
LCOH approximately €240 million, where geological site preparation and compressor systems constitute the largest cost
components. Annual operational expenses (OPEX) are estimated at €4.6 million, largely due to compressor en-
ergy consumption and cooling requirements. The study emphasizes the critical impact of electrolyser scale on
economic viability. Small-scale systems, such as a 20 MW PEM electrolyser, are economically unfeasible, with a
levelised cost of hydrogen (LCOH) of around €10/kg and filling times extending up to 2.5 years. However, scaling
up to a 200 MW PEM electrolyser dramatically improves cost efficiency, lowering the LCOH to approximately
€0.83/kg and reducing filling times to just 90 days. This research provides a comprehensive framework for
hydrogen storage development, offering key insights for policymakers and industry stakeholders to drive the
renewable energy transition and enhance energy security through cost-effective and sustainable storage

solutions.
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1. Introduction

Undeniably, the prioritisation of the energy transition from fossil
fuels to renewables is crucial for the survival of our planet. In this
context, the demand for wind power, whether onshore or offshore, is
experiencing a remarkable surge due to its potential to address both
environmental and energy crises. As evidence of this, global installed
wind power capacity reached nearly 850 GW by the end of 2021,
including a new offshore wind power record of nearly 60 GW [1].

While wind power is key to decarbonising electricity, it faces limi-
tations such as grid constraints, curtailment, and infrastructure chal-
lenges. A broader approach that integrates multiple renewable
technologies and energy efficiency measures is essential to achieving a
sustainable, low-carbon future [2,3]. The successful integration of wind
turbines and electrolysers has been demonstrated, especially in situa-
tions where curtailment poses a significant challenge [4,5]. The uti-
lisation of wind power to produce green hydrogen represents a
significant stride forward in the energy transition. This is because
hydrogen and its vectors have the potential to address demanding sec-
tors that are challenging to decarbonise, such as goods vehicles, aircraft,
and marine vessels, as well as industrial heating. However, it is impor-
tant to recognise that hydrogen production is just the initial step in the
hydrogen value chain. The subsequent stages, including transportation
and storage, play a critical role and must be carefully considered.

To better position hydrogen within the broader energy storage
landscape, it is essential to compare it with alternative storage tech-
nologies in terms of energy density, scalability, storage duration, and
economic viability. While battery storage systems are well-suited for
short-duration applications due to their high round-trip efficiency, they
remain limited by relatively low energy densities and high capital costs
at scale. Similarly, compressed hydrogen tanks and liquid hydrogen
provide higher gravimetric energy density but are constrained by
infrastructure complexity and safety considerations. Recent de-
velopments in chemical carriers like ammonia and ammonia borane
offer long-duration storage potential, albeit with additional processing
and regeneration costs. In contrast, geological storage of hydrogen in
salt caverns offers a unique advantage; it combines high gravimetric
energy density with very low levelised storage costs and vast scalability
potential for multi-TWh seasonal storage. Table 1 provides a comparison

Table 1
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of these technologies, underscoring the strategic value of salt cavern
hydrogen storage in enabling deep decarbonisation and grid flexibility.

Large-scale storage technologies include geological solutions to store
large amounts of storable gas (natural gas, carbon dioxide, and/or
hydrogen). Salt domes (solid and homogeneous bodies) or bedded salt
deposits (salt halite found in shallower depth, 1-2 km underground) can
provide an opportunity to build an artificial chamber called a salt cavern
by drilling the ground to a depth of around 1000 m to 1500 m so that
hydrogen with a pressure of up to 250 bar can be injected into the
generated cavern to be stored for further [11]. Salt caverns currently
account for approximately 8 % of global underground gas storage ca-
pacity [12]. While they have predominantly been used for natural gas,
practical experience with hydrogen storage in salt caverns remains
limited. However, the growing demand for hydrogen presents an op-
portunity to transition these facilities toward storing green hydrogen.
Salt caverns offer several advantages over other hydrogen storage
technologies, including high hydrogen purity upon withdrawal, lower
levelized storage costs, and enhanced safety. These benefits position salt
caverns as a promising solution for large-scale, long-duration hydrogen
storage in a decarbonised energy system [13,14].

Several years ago, Taylor et al. [15] highlighted that the cost of
hydrogen storage can vary significantly, ranging from 30 % to 300 % of
the hydrogen cost, the variation depending on various factors such as
technical considerations, political factors, geological conditions, and the
maturity of the technology employed. In the past couple of decades,
researchers have extensively explored the potential use of salt caverns
for hydrogen storage in different regions and more concise costs are
available. One such study conducted by Ozarslan [16] examined the
feasibility of utilising a large-scale salt cavern, specifically the Tuz Golu
cavern in Turkey, for hydrogen storage. The technical analysis revealed
that the cavern had a storage volume of 12 x 630,000 mS, allowing for
the storage of 1000 million m® of hydrogen at a maximum pressure of
220 bar. The withdrawal rate was estimated to be 40 million m®/day.
Lord et al. [17] developed detailed cost functions to assess the capital
investment, operating costs, and maintenance expenses associated with
underground gas storage technologies, including salt caverns. By
considering salt deposit maps in different locations across the United
States (Houston, Detroit, Pittsburgh, and Los Angeles), they conducted
technoeconomic modelling. For instance, in the case of Houston, the
cavern had a void volume of approximately 580,000 m?, with the ca-
pacity to store 4367 t of hydrogen as the working gas and 1871 t as the
cushion gas. It is indicated that the unit cost of hydrogen storage could
be as low as 1.6 $/kg.

Several European initiatives have explored underground hydrogen
storage in salt caverns, demonstrating the growing interest in large-
scale, dispatchable renewable energy solutions. The HyCAVmobil proj-
ect in Germany [18], for example, is one of the first to test hydrogen
storage in a salt cavern under real operating conditions, with a storage
volume of 500 m> and a focus on refuelling applications for mobility.
Other projects, such as Hystories [19] and Underground Sun Storage in

Comparative analysis of hydrogen and energy storage technologies based on some key factors.

Storage Method Gravimetric Energy Density Volumetric Energy Density Storage Conditions Scalability Storage Duration
(kWh/kg) (kWh/L)

Liquid Hydrogen (LHz2) 33.3 2.36 —253°C, 1 atm Medium (scale-limited by Medium (~weeks)
[6] boil-off)

Compressed Hz (700 ~1.48 ~0.83 700 bar, 15 °C Low (transport scale) Short (hours-days)
bar)

Ammonia (NHs) [7] ~5.2 ~3.6 25 °C, 8-10 bar High Long (months+)

Ammonia Borane (AB) ~2.5 ~2.26 Solid, ambient Medium Long (months)
[8]

Lithium-Ion Battery ~0.711 ~1.65 Ambient Low to Medium Short (hours—days)
[91]

Diesel Fuel ~12.7 ~10.7 Ambient High Long (years)

Salt Cavern H: Storage 33.3 ~0.5 ~250 bar, ~60 °C Very High Very Long

[10]

underground (months-years)




A. Saberi Mehr and J.G. Carton

Austria [20], have investigated the technical feasibility and modelling of
hydrogen injection in various geological formations. Under the EU-
funded project named “HyUnder,” lordache et al. [21] specifically
focused on the potential of salt caverns for underground hydrogen
storage in Romania. They identified four potential locations (Ocna
Mures, Targu Ocna, Ocnele Mari, and Cacica) for hydrogen storage and
investigated the hydrogen demand bandwidth. However, the study did
not provide detailed technical specifications or economic aspects. The
HyUnder project conducted case studies in six countries (Germany,
France, the UK, Spain, the Netherlands, and Romania) and compared the
findings across these regions emphasising the importance of large scale
storage mechanics.

In this context, large-scale energy storage, quantitively TWh energy
storage, seems to be vital for decarbonisation and the energy security.
Renewable sources like wind power are intermittent, requiring storage
technologies to capture excess energy during peak production for later
use during high demand or low generation periods [22]. Energy storage
ensures reliable power supply, balances demand, and enhances grid
stability. Large-scale hydrogen storage enables long-duration storage of
surplus renewable energy via electrolysis, reducing curtailment and
supporting system flexibility. Strategically placed facilities can meet
regional needs and strengthen energy security, making hydrogen a key
enabler in the transition to a low-carbon future.

1.1. Problem statement

Ireland’s 2020 Programme for Government set a target of 5 GW of
installed offshore wind capacity by 2030—a goal reaffirmed in the
Climate Action Plan 2021 and the updated 2024 Plan. Looking further
ahead, Ireland aims to reach 20 GW by 2040 and at least 37 GW by 2050,
despite a projected national electricity demand of only 6-7 GW.
Simultaneously, the country has committed to sourcing up to 80 % of its
electricity from renewables by 2030 [23]. While this ambitious growth
in offshore wind represents a critical step toward decarbonisation, it also
introduces significant technical and operational challenges. Without
complementary investments in grid infrastructure and large-scale en-
ergy storage, a substantial portion of generated electricity may go un-
used due to curtailment, transmission constraints, and dispatch
limitations. These barriers can undermine both the economic viability
and environmental benefits of expanded renewable capacity [24]. To
maximise the value of offshore wind and ensure system flexibility, grid
upgrades must be paired with scalable, long-duration storage solutions.
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These technologies are vital to capturing excess electricity during pe-
riods of high generation and redistributing it when demand rises or
renewable output falls.

In parallel, Ireland’s National Hydrogen Strategy [25] outlines the
strategic role of hydrogen in decarbonising hard-to-electrify sectors such
as heavy transport, industry, and international shipping. The Strategy
forecasts domestic hydrogen demand to reach 4.6-39 TWh/year by
2050, potentially increasing to 74.6 TWh/year when accounting for
export-oriented sectors. Meeting this demand will require not only
production capacity but also robust storage infrastructure.

Fig. la illustrates the distribution of salt structures throughout
Europe and highlights the regions characterised by significant salt
abundance. With reference to this figure, it becomes evident that the
northeast region of Ireland (Larne salt field, Belfast) holds immense
potential as a “very salt-rich” area. Therefore, in the present study, it is
assumed that Larne site would be used as the potential region for storing
hydrogen underground.

IslandMagee Co., [26] based in Northern Ireland (see Fig. 1b),
embarked on a project in 2015 to develop seven salt caverns at the Larne
site. These caverns, with a combined capacity of approximately 1.4 TWh
(capable of storing approximately 500 million m°® of hydrogen), may
serve as a significant energy storage facility.

To realise such a large-scale hydrogen storage project, a clear road-
map is essential—addressing both the supply of hydrogen and its de-
livery to end-users. This involves evaluating production methods like
electrolysis, necessary infrastructure, and identifying key sectors that
would benefit most from hydrogen use, such as industry, transport, and
power generation. One promising application is using stored hydrogen
in gas turbines for clean, flexible backup electricity generation,
contributing to a resilient and low-carbon energy system.

1.2. Research gap and present work

While numerous studies have investigated the techno-economic and
operational potential of hydrogen storage in salt caverns across Europe
and globally most have focused on small-scale pilot systems, mobility
applications, or generic regional assessments without integrating na-
tional energy system needs or specific geological characteristics. To
date, there is limited research dedicated to Ireland-specific geological
and policy contexts, despite the country’s ambitious offshore wind tar-
gets and emerging hydrogen strategy.

In particular, previous studies have not explored Ireland’s Larne salt
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Fig. 1. a) Map of European salt deposits and salt structures including “salt rich” and “very salt rich” regions: modified version [13,27], b) Map of Ireland including

Islandmagee proposed project located in Larne, Northern Ireland.
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field as a strategically located, salt-rich formation capable of enabling
multi-TWh scale hydrogen storage. Nor have they assessed its role in
addressing seasonal grid balancing challenges or coupling hydrogen use
with the country’s decarbonisation goals in sectors such as industry and
transport. Moreover, while the importance of hydrogen cycling has been
recognised in earlier technical modelling efforts, the quantitative impact
of cyclic injection and withdrawal on both performance metrics (e.g.,
cavern fill time, storage efficiency) and economic viability (CAPEX/
OPEX trade-offs) has not been extensively addressed in prior literature.

This study advances the state of the art in large-scale hydrogen
storage by delivering a geographically specific techno-economic
assessment focused on Ireland’s Larne salt field—an underexplored,
“very salt-rich” site identified for its substantial potential. By incorpo-
rating realistic wind profiles and using Ireland’s policy targets as
boundary conditions, the study offers a location-sensitive model that
bridges the gap between national energy strategies and infrastructure-
scale implementation.

In particular, the work introduces a novel evaluation of hydrogen
injection and withdrawal cycling effects, a dimension often simplified or
neglected in similar studies. Through detailed simulation and sensitivity
analysis, it quantifies the impact of compressor sizing and cycling fre-
quency on both the levelised cost of hydrogen (LCOH) storage and
operational performance. This includes a breakdown of CAPEX and
OPEX dynamics as a function of compressor configurations—highlight-
ing the economic trade-offs that influence system optimisation.
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2. Proposed system description

A schematic diagram of the proposed system is shown in Fig. 2.
Leveraging the significant wind potential in Ireland, the power supply
for the PEM electrolyser is sourced from the Rathsherry wind farm (see
Fig. 4). The wind-generated power meets the energy requirements of the
electrolyser, which produces hydrogen. This hydrogen is then com-
pressed to the necessary pressure for underground storage in a salt
cavern using a compressor. Initially, one hydrogen cavern will be
established, with plans to progressively convert the remaining six cav-
erns, currently designated for natural gas storage, to hydrogen storage.
As illustrated, the produced hydrogen is subsequently extracted and
utilised in a gas turbine unit operating in combined heat and power
(CHP) mode to generate electricity and provide heating. Additionally, a
valve in the system allows for the injection of hydrogen into the natural
gas grid [28]. Although this blending is not accounted for in the
modelling, it represents a promising future option. To ensure smooth
operation of hydrogen storage in the salt cavern, an auxiliary hydrogen
tank is included as a temporary small storage solution. This tank serves
as a backup, storing and supplying hydrogen during periods of high
demand or unforeseen circumstances. In the present work, the primary
focus is on the storage aspect; therefore, as illustrated in Fig. 2, the scope
of our research is limited to hydrogen production and storage.

Given Ireland’s substantial electrical demand, wind power produc-
tion is scaled up to match this demand. Initially, the model will be based
on the chosen wind farm, with results recalculated for the scaled-up
scenario. It is important to note that, based on the assumed wind
farm, the hydrogen production would be minimal compared to the
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Fig. 2. Proposed configuration for utilisation of stored hydrogen in salt cavern by gas turbine unit.
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capacity of a single cavern. However, this modelling approach allows for
an initial analysis before adjusting to the scaled-up scenario.

3. Methodology

The proposed system consists of two main sections: hydrogen pro-
duction, and storage in the promising salt caverns. In our modelling
process, we have utilised inputs such as the capacity of the wind farm
(with a nominal power of 21 MW) and specific weather data for Ireland
(Fig. 3).

Furthermore, in the subsequent subsections, each section is
comprehensively described in terms of the modelling methodologies
employed. This detailed exploration delves into the specific approaches
and techniques utilised to accurately capture and represent the in-
tricacies of each section within the proposed system. By elucidating the
modelling methodologies, a clearer understanding of the analysis and
simulation techniques utilised in this study can be attained. This infor-
mation serves to enhance the transparency and reproducibility of the
research, enabling readers to grasp the systematic and rigorous

elo ;)'HCI$‘UL
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approach undertaken in the modelling of each individual section.

3.1. Technical analysis

3.1.1. Hydrogen production (wind-PEM electrolyser)

In this section, using the wind power to produce green hydrogen is
introduced. Thermodynamic modelling has been performed considering
each component of the system as a separate control volume. To do so,
the energy balance equation as well as general mass balance equations
for all parts are applied as [29];

> o= i, &)

. . v2 . v2 .
Q+Zmi(hi+5+gzi) fie:me<he+5+gze)+w (2)

Where, m, Q and W are mass flow rate, the heat transfer rate crossing the
control volume boundary and power (produced/consumed) for the
component, respectively. Also, h is the enthalpy of the working fluid

Rathsherry Wind Farm
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Y 2017
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Fig. 3. Location and information of Rathsherry wind farm operated by Energeia in Northern Ireland, UK.
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associated with each stream in the proposed system. Note that, % and gz
are the kinetic and potential energy of the working fluid, respectively.

To analyse wind power, data from the literature [30] were taken as
illustrated in Fig. 3. This data serves as a reliable and representative
source for studying the characteristics and availability of wind power
during that specific period.

Furthermore, in line with the modelling of the electrolyser, it is
essential to emphasise that the initial step involves calculating the en-
ergy required for the electrochemical process, disregarding any losses.
This calculation serves as the foundation for understanding the energy
demands of the electrolyser and allows for accurate modelling and
analysis of the system’s performance.

AH = AG+TAS 3

In the above relation, AG AGis the required electrical energy which is
calculated by Gibbs free energy. Also, the required thermal energy is
TAS TASjoules per mole of hydrogen. From the thermodynamic tables,
the required values and information such as G, H and S for hydrogen,
oxygen and water can be extracted [31].

The molar flow rate of hydrogen produced in units of moles per
second is obtained from the following equation:

J 1
NH2.out = ﬁ = NHZO,reac\edNHg.out = ﬁ. = NHZOAreacted (4)

In the above equation, F is Faraday’s constant coefficient. The flow
rate of unreacted water and produced oxygen in the reaction is obtained
through the following relations:

J 1
N02,out = ENOQ.out = 4?, (5)
1
NHz‘out = NHz,in - ﬂ. (6)

Using the definition of the input voltage to the electrolyser, the
consumed electrical energy is obtained by the following relationship:

Eetecric = JV (7)
where, V represents the voltage of the electrolyser and is obtained by the
following relation:

V= VO + Vact,a + Vact,c + Vohm (8)

The necessary details for the calculation of different electrolyser
voltage statements are given in Table 1.

Table 1. Equations related to the calculation of voltage in the PEM
electrolyser [32].

Nernst equation
Anode overpotential equation

Vo =1.299 — 8.5 x 10~*(Tppyz — 298)

—Eacta

T
Vacta = R?Sinh71 (L) iJoa = JBEfe RT

2J0.a
Cathode overpotential RT . . ([ J of —Eatc
= — ) = RT
equation Vacte Fsmh o WJoe =Jg e
Ohmic overpotential equation D

dx
Vohm = J % Rpgmg; R = [ —
ohm PEME; RPEME 0/ a0

opemelA(x)] = [0.51394(x) —
0.326]61268 GTﬁ)

Aa — A
Ax) = %x#— Je

3.1.2. Hydrogen storage (salt cavern)

The size of a salt cavern is determined by its shape and dimensions,
which are influenced by the thickness of the rock salt layer (Fig. 5). A
typical design for a storage cavern involves a cylindrical shape as the
main storage area, with a desired diameter Dysx. The lower portion of
the cavern is typically occupied by a conical incision, approximately 1/6
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of the Dyax height, while the upper part of the cavern is occupied by a
dome shape that can be approximated as a cone, around 1/3 of the Dyjax
height. Fig. 4 illustrates the simplified shape of a cavern, highlighting
the cylindrical main storage section.

To assess the potential for hydrogen storage in rock salt, certain as-
sumptions were made regarding the dimensions. Specifically, a safety
pillar thickness of 55 m was assumed both at the top, Wrp, (50 m) and
bottom, Wpgp, (5 m) of the cavern, along with a minimum neck length,
Ly, of 15 m. With these parameters in mind, the height of the cavern (H)
for a given layer thickness (W) can be determined using the following
relationship [33]:

H=W— (W + Wgp+Ly) )

The volume of such cavern at the assumptions accepted may
expressed by the equation:

4
V= EDf,,AX(SH — Diax) 10

In deposits with consistent leaching properties, storage caverns are
typically leached in a manner that approximates axial symmetry,
resulting in a diameter that is roughly two-thirds of the cavern height.
For example, if a cavern has a height of 150 m, the maximum diameter
(Dmax) could be around 100 m. However, in practical applications,
smaller diameters are often chosen to increase the likelihood of
achieving regular shapes through the leaching process [34]. In this
analysis, a Dyax diameter of 85 m has been assumed. It is worth noting
that the minimum thickness of the rock salt layer considered in evalu-
ating the potential for underground hydrogen storage is 150 m, while
the maximum thickness is approximately 350 m [26,35]. As a result, the
attainable cavern heights within this layer can vary, ranging from 80 m
to 280 m. In the present research, it is assumed that the thickness of the
salt cavern is approximately 230 m, derived as a linear average of the
mentioned thickness range.

The acceptable range of storage pressure for hydrogen storage is
contingent upon the depth at which the cavern is located. The maximum
pressure is determined based on the depth the cavern neck and is pro-
portional to this depth, with a factor defined as a safe fracturing
gradient. To calculate the maximum pressure, the following relationship
has been adopted:

Pyax = ghy an

Where, g is fracturing gradient, andhyis the depth to the top of the
cavern neck.

For hydrogen storage, a safe fracturing gradient value of 0.016 MPa/
m has been accepted based on tightness tests [36,37]. This value takes
into consideration the higher mobility and permeability of hydrogen
compared to natural gas. Adopting this value of the gradient results in a
reduction of approximately 11 % in cavern capacity compared to cav-
erns designed for natural gas storage, which have a coefficient of 0.018
MPa/m [38,39]. To justify this assumption, recent case studies and
laboratory-scale investigations have confirmed the long-term structural
stability of salt caverns under hydrogen-specific conditions. For
example, Liu et al. [40] experimentally evaluated the integrity of salt
caverns in Germany and showed that caverns remain tight and struc-
turally sound under cyclic hydrogen injection and withdrawal condi-
tions [41]. Similar geomechanical modelling and monitoring efforts in
China—particularly in Huai’an and the Jintan salt fields—demonstrated
that well-designed salt caverns can safely accommodate hydrogen
storage at scale, provided that proper design parameters are maintained
[38,42,43]. These findings collectively reinforce the suitability of the
adopted fracturing gradient and support the overall feasibility of salt
caverns for hydrogen storage.

The minimum pressure required for hydrogen storage depends not
only on the depth of the cavern location but also on factors such as the
strength of the salt, its creep rate, and the size and shape of the cavern.
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Fig. 4. Illustration of salt cavern simplified shape of the studied cavern [10].

These specific conditions can be approximated using a linear formula.
PMIN = gminp (hc - hO) (12)

The gradient of the minimum storage pressure, denoted as gninp, is
determined based on the strength of the rock salt and the distribution of
stress within the salt cavern. Meanwhile, h, represents the depth of the
cavern centre, and hy refers to the depth of the centre of a cavern that
can be completely emptied to a pressure of zero.

The specific minimum and maximum pressure values are directly
influenced by the depth of the cavern and the assumed fracturing
gradient and minimum storage pressure gradient. These values vary for
each individual cavern. Regarding the minimum storage pressure, it is
assumed to be the same as that for natural gas and is considered a linear
function of the depth of the cavern centre. The amount of gas in the
storage cavern at pressure, p, expressed in kilograms is calculated using
the following formula;

PV

' ZRT as

In the context of gas storage in the cavern, various parameters come
into play. These include m, which represents the amount of gas stored in
the cavern in kilograms (kg). Additionally, f denotes the proportion of
the gross geometric volume filled with gas. The temperature of the
stored gas is denoted by T(K), while R represents the gas constant (J/kg
K). Finally, the compressibility factor Z is estimated using the Redlich &
Kwong Eq. [44], allowing for a better understanding of the behaviour
and characteristics of the stored gas within the cavern.

The amount of hydrogen gas in the salt cavern in normal cubic me-
ters can be found as:

m
Vs = — (14
A PN

Where py, is the density of the hydrogen in the normal conditions [45].
In addition, knowing cavern volume and temperature, the quantity

of cushion gas (CG) required to maintain a minimum.

cavern pressure of 90 bar can be found. The CG densities at 90 bar
and cavern temperature of 327.8 K are determined from NIST standard
database. Mass of CG is found as:

Mg = pc,min*V (15)

Where, V is the cavern volume, and p, ,;, is the density of CG at a
minimum cavern pressure of 90 bar and a temperature of 327.8 K.

3.2. Techno-economic analysis

Numerous technoeconomic models have been developed to analyse
the production costs of hydrogen, revealing that a wide range of
hydrogen prices can be achieved. These variations depend on several
factors that influence the overall cost structure. Some key factors include
government subsidies or incentives, the level of maturity of electrolysis
technology, the effective integration of wind power sources, grid infra-
structure capabilities, and the efficiency of the electrolyser system.

Government subsidies and incentives play a significant role in
reducing the production costs of hydrogen. By providing financial sup-
port or favourable policies, governments can encourage investment and
promote the growth of the hydrogen industry. Such interventions can
help offset the initial capital costs and make hydrogen production
economically viable, leading to lower hydrogen prices.

The maturity level of electrolysis technology also impacts hydrogen
production costs. As the technology advances and becomes more
established, it can benefit from economies of scale, improved efficiency,
and reduced manufacturing costs. These advancements result in a
decrease in the cost of hydrogen production.

The effective connection of wind power to the electrolyser system
and the grid infrastructure is another crucial factor. Wind power, as a
renewable energy source, can contribute to lower hydrogen production
costs when integrated efficiently. A well-designed system that optimises
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the connection between wind power generation and electrolysis can lead
to cost savings and more competitive hydrogen prices.

Furthermore, the efficiency and reliability of the electrolyser system
itself are vital determinants of hydrogen production costs. Technological
advancements and improvements in electrolyser designs can enhance
efficiency, reduce energy consumption, and lower operational and
maintenance costs, all of which contribute to cost optimisation.

In this research, our focus will be on a detailed technoeconomic
analysis of salt caverns for hydrogen storage [46], taking into account
key variables such as cycling effects. We aim to consider the integrated
system, including the hydrogen production part and salt cavern, to un-
derstand in what form the Power-X system will be economically viable.
However, it is important to highlight that we will not consider the X-
power section (gas turbine part) in this research. This aspect will be
reserved for future works. By focusing on these elements, we seek to
provide a thorough evaluation of the economic and technical feasibility
of using salt caverns for hydrogen storage, contributing to the broader
understanding and development of efficient hydrogen storage systems.
To enhance clarity and transparency for readers, Table 2 presents the
key assumptions used in the techno-economic analysis conducted in this
study.

To do a comprehensive technoeconomic for the studied salt cavern
hydrogen storage, an in-depth and detailed CAPEX and OPEX analysis
was conducted. Total direct capital cost (TDCC) includes the geologic
formation site cost (GFC), compressor purchased cost (CPC), cushion gas
cost (CGS), well implementing cost (WIC), electrical equipment cost
(EEC), monitoring device capital cost (MDCC), and surface piping cap-
ital cost (SPCC) as well as PEM electrolyser capital cost (PEMCC) [47].

TDCC(€) = GFC + CPC + CGS + WIC + EEC + MDCC + SPCC + PEMCC
(16)

The geologic formation site cost (GFC) includes the cost of mining
(MC) as the following eq. (17) as well as the costs associated with
leaching plant (LC), site characterisation cost, and reinforcement cost
[48].

MC(€) = WV (m?) x ewc (€/3) a7
€
LC(€) = mua(kg) x cic (k_> (18)
8h2
Table 2
Assumptions used for the technoeconomic analysis.
Parameter / Term Assumed Value Source /
Reference
PEM Electrolyser CAPEX €1600/kW [49]
Cushion Gas amount 30 % of total Hz stored [13]
Cushion Gas cost ~4 [€/kg] [50]
Mining Cost, cyc 27.57 [€/m®] [51,52]
Well Implenetaion Cost, 1,378,620 [€/km/well] [51,52]
Cwell
leaching plant cost, ;¢ 5.99 [€/kg Ha] [51,52]
Electricity Cost €0.05/kWh [53]
Water Cooling Cost €0.0135/kWh [54,55]
Compressor Power 1.2 MW per unit [56]
Requirement
Compressor Mass Flow Rate 3000 kg/h per unit [56]
Electrolyser Stack Every 6 years [57,58]
Replacement Frequency
Discount Rate (Energy- 12 % [59]
Related OPEX)
Discount Rate (Non-Energy 5% [60]
OPEX)
Plant Lifetime 40 years [61]
Degradation Rate 2 % per year [61]

Monitoring Equipment Cost €5 million (NMR) + €55,000 per [62]
cavern (Camera System)
Hydrogen Pipeline Fixed €500,000/km [63]

Cost

Journal of Energy Storage 136 (2025) 118439

where VV is the void volume of a cavern in m°.

The compressor plays a vital role in effectively and safely storing
hydrogen in a salt cavern. Its primary function is to pressurise the
hydrogen to the desired level and ensure a smooth injection into the
cavern. Moreover, the compressor should operate reliably, continuously,
and respond promptly to meet the demand for hydro gen when required.
The compressor purchased cost (CPC) can be calculated as follows [64];

CPC (€) = CUC (G ) * Neomp X Weomp 19)

Where CUC is the compressor unit cost, Ncomp is the number of

compressor and W, represents size of the compressor.

The cost of cushion gas is a significant factor that impacts the overall
cost of the storage system. It is assumed that the cost of cushion gas is
directly linked to the price of purchased hydrogen from the hydrogen
production side. Cushion gas refers to the quantity of gas necessary to be
present in the cavern to maintain a stable pressure for the working gas.
Different gases, such as hydrogen itself, nitrogen, carbon dioxide, and
methane, can be used as cushion gas options.

Based on available literature, it is commonly considered that
approximately 30 % of the total hydrogen gas stored in the cavern is
allocated as cushion gas. To calculate the cushion gas cost (CGS), the
following formula can be used:

CGS (€) = Cy, X M¢g (20)

Where mcg is the total cushion gas required for each cavern and cg, is
the hydrogen purchased cost (€/kg) that is going to be stored in the salt
cavern.

In the present study, the implementation cost associated with drilling
and constructing a well for creating a structurally sound salt cavern and
injecting hydrogen is taken into account. This cost is referred to as the
well implementation cost (WIC). The expenses incurred for drilling and
establishing the well structure are important considerations in the
overall economic analysis of the hydrogen storage system.

WIC(€) = Cyelt X Luett X Nyt 21

The electrical equipment cost (EEC) includes the costs associated
with transformer capital cost, electricity circuit breaker price, trans-
former erection and installation cost, instrumentation and controls.

Monitoring hydrogen storage in underground salt caverns is very
challenging and fraught with uncertainty regarding the precise equip-
ment required. Although technologies such as MMV (Measurement,
Monitoring, and Verification) and NMR (Nuclear Magnetic Resonance)
exist, we have chosen to consider NMR. In our techno-economic analysis
of hydrogen storage in salt caverns, we included the Monitoring Device
Capital Cost (MDCC). This encompasses a €5 million investment for
NMR sensors and an additional €55,000 per cavern for the CUES C550
Crawler Camera System, both used for subsurface imaging. This
comprehensive inclusion ensures a detailed and accurate assessment of
the costs involved, enhancing the reliability of our economic evaluation.

To facilitate the transfer of hydrogen from the supply point to the
storage facility, it is necessary to employ surface hydrogen piping
infrastructure cost (SPIC) including surface pipeline capital cost (SPCC)
and temporary hydrogen storage tanks (THST). These components play
a crucial role in ensuring a smooth and efficient transportation process.
The surface hydrogen piping serves as the conduit for conveying the
hydrogen from its source to the storage point, while the temporary
storage tanks provide a means to hold the hydrogen temporarily before
it is injected into the designated storage facility.

SPIC (€) = SPCCy, + THSTy, (22)
SPCCh, = Cry5p X Ly (23)
THSTy, = Cuy st X Vsr 24
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Where cy, s and cpy, srare hydrogen pipeline fixed cost per km and
hydrogen storage capital cost, respectively. In addition, Ly, , denotes the
pipeline length and Vgris the size of the temporary storage tank.

The most recent information regarding the price of PEM electro-
lysers, based on their power in euros per kW at the scale of MW, in-
dicates that the cost generally ranges from €1200 to €2000 per kW. This
translates to approximately €1.2 million to €2 million per MW for large-
scale applications, as reported by the Oxford Institute for Energy
Studies. For our analysis, we have assumed an average cost of €1600 per
kW for the PEM electrolyser [49].

To provide more realistic on the costs, indirect costs including 10 %
of Total direct capital cost (TDCC) as an engineering and supervision
(ES) cost, 10 % as a construction cost including temporary facilities, and
insurance (CC) and 10 % as contingencies are added to yield the fixed
capital investment cost as follows;

FCI (€) = TDCC (€) + ES(€) + CC(€) + Contingencies(€) (25)

The total capital investment can be determined by incorporating
additional expenditures into the fixed capital investment cost. These
additional costs include licensing, research, and development (LRD)
expenses, as well as the Allowance for Funds Used During Construction
(AFUDC), which accounts for the funds employed during the construc-
tion phase. To calculate the total investment cost, these outlays are
added to the fixed capital investment cost, typically at a rate of 10 %.
The calculation for the total investment cost is as follows:

TCI (€) = FCI(€) + 00(€) (26)

The operating and maintenance cost of the system comprises both
the total fixed O&M cost (TFOM) and the variable O&M cost (VOM). The
calculation of the TFOM involves considering 5 % of the total cost of the
purchased equipment.

On the other hand, the calculation of the variable costs incorporates
the electrical power required by the compressor and the associated costs
of compressor cooling. These factors contribute to the determination of
the TVOM, which accounts for the varying expenses incurred during the
operation and maintenance of the system.

OPEX (€/yr) = TFOM(€/yr) + TVOM(€/yr) 27)

The calculation of the Total Variable O&M cost (TVOM) involves
specific considerations. In this analysis, the electricity cost for the
compressor is assumed to be €0.05 per kilowatt-hour (kWh), and the cost
for using water cooling to provide the necessary compressor cooling is
estimated at €0.0135 per kWh. We have selected a compressor with a
capacity to compress hydrogen at a mass flow rate of up to 3000 kg/h
per unit, with a maximum power requirement of 1.2 MW. This system
will be scaled up to meet the proposed scenario targets in terms of power
and injection mass flow rate. For the electrolyser, we have assumed a
stack replacement every six years throughout the plant’s lifetime, with a
reasonable 50 % capacity factor for the electrolyser.

Finally, the Levelised Cost of Hydrogen (LCOH) storage for the
proposed salt cavern can be calculated as the following equation;

i+ 31 (5
Z;’ZlHZ y%(1-Rag)”

(1+Raeg)”

LCOH = (28)

Where cjp, is the total investment cost, copexy is the operating and
maintenance cost for the N year, d is the discount rate which is
assumed to be 12 % for energy related OPEX and 5 % for other non-
energy related OPEX contributors, and N is the plant lifetime assumed
to be 40 years for hydrogen storage operation, Ry is the degradation
rate which is assumed to be 2 %. In addition, Hy, is the total stored
hydrogen for the N year.
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4. Results and discussion
4.1. Technical results

Based on the method used in this study, the void volume of each
cavern is estimated to be 480,000 cubic meters. Considering the 90 bar
pressure required for the cushion gas, the amount of cushion gas, on a
mass basis, is approximately 3.5 million kilograms, which equals nearly
37 million standard cubic meters (Sm3) of hydrogen. Results revealed
that by considering the constraint of a 10 bar injection limitation per day
to maintain cavern integrity, we can expect the total mass of working gas
hydrogen to be around 7.5 million kilograms, equivalent to nearly 90
million Sm>. In this context, the ratio of cushion gas to working gas will
be approximately 30 % to 70 %.

It should be noted that this amount of gas and energy is for one
cavern, without any cycling or continuous withdrawal rate. The energy
stored in the working gas can be calculated as 255 GWh. This calculation
provides a comprehensive overview of the hydrogen storage capabilities
and emphasizes the significant energy storage potential within a single
cavern, considering both cushion and working gas requirements.

Fig. 5 illustrates the amount of working gas storable and the energy
storage potential as the number of salt caverns increases, both with and
without the cycling effect. The bar chart shows a clear trend where the
amount of working gas storable (in kg of Hz) and the corresponding
energy stored (in TWh) both increase as the number of caverns in-
creases. Without the cycling effect, the storage capacity is significantly
lower, demonstrating the importance of cycling in enhancing the storage
potential. For instance, with seven caverns, the amount of working gas
stored is notably higher with cycling, reaching around 300,000 t of H
and an energy storage potential of about 10 TWh, compared to much
lower values without cycling. This highlights the effectiveness of cycling
in maximising the storage capabilities of salt caverns.

Fig. 6 illustrates the relationship between the number of days
required to fill a cavern and the number of compressors installed in
parallel. The graph shows a clear decreasing trend in the number of days
required as more compressors are added. Starting with one compressor,
it takes 247 days to fill a cavern. However, with eight compressors
operating in parallel, the time required reduces significantly to
approximately 31 days. The trend suggests a non-linear relationship
where each additional compressor leads to progressively smaller re-
ductions in the number of days required. The dashed line represents the
maximum power output in MW, indicating a proportional increase with
the number of compressors and highlighting the efficiency gains from
parallel compressor operations in reducing filling time. It is important to
note that a compressor with a power of 1.2 MW and a maximum flow
rate of 3000 kg hydrogen per hour is selected as the base compressor
unit.

Although increasing the compressor power will definitely reduce the
number of days required to fill a cavern, it poses a significant challenge
in terms of providing such a high flow rate of hydrogen. This challenge
will be discussed in terms of the PEM electrolyser capacity and size.
Scaling up the hydrogen production to match the increased compressor
power demands significant enhancements in the PEM electrolyser sys-
tem, including larger capacity units and more advanced technology to
ensure consistent and efficient hydrogen production. Addressing these
challenges is crucial for the practical implementation of high-capacity
hydrogen storage systems.

Fig. 7 illustrates the relationship between electricity generation from
a wind farm and the resulting hydrogen production rate over a year. The
blue line represents the electricity generation from the wind farm with a
maximum capacity of 21 MW, while the green line indicates the
hydrogen production rate in kg/h.

From the available data for the selected wind farm, it has been
calculated that hydrogen can be produced at an average rate of 164.8
kg/h. This corresponds to a capacity factor of approximately 44 % for
the electrolyser, indicating how effectively the electrolyser is utilised
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relative to its maximum potential output.

To ensure continuous operation of the PEM electrolyser, it is
assumed that a minimum of 1.5 MW power needs to be supplied at all
times. When wind power is insufficient or unavailable, this power
requirement must be met by drawing electricity from the grid. This
ensures that hydrogen production can continue uninterrupted, main-
taining the efficiency and reliability of the storage system.

Importantly, based on this average hydrogen production rate, it
would take almost 6 years to fill a storage cavern. This calculation as-
sumes continuous operation without any interruptions or downtime.
The graph clearly demonstrates the variability in both electricity gen-
eration and hydrogen production, which is typical of wind power due to
fluctuating wind speeds throughout the year. This variability must be
considered when planning for hydrogen storage and its subsequent use
in energy applications.

10

4.2. Technoeconomic results

In our study, we first focused on examining the CAPEX and OPEX for
a single salt cavern used for hydrogen storage, incorporating the pur-
chased cost of PEM electrolysers. This initial analysis provided a detailed
assessment of the economic feasibility of hydrogen storage in one
cavern. Additionally, we evaluated the impact of increasing the number
of caverns on the overall storage potential and cost-effectiveness. By
scaling up the number of caverns, we aimed to enhance the hydrogen
storage capacity and analyse the corresponding changes in total CAPEX
and OPEX. Our comprehensive technoeconomic analysis covers key
aspects such as the costs associated with cushion gas, compressor sys-
tems, and the operational efficiency of PEM electrolysers, offering
valuable insights into the practical implementation of large-scale
hydrogen storage solutions.
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Fig. 7. Wind power and hydrogen production rate for the studied year.

Fig. 8 details the total investment cost breakdown for implementing
a new hydrogen storage cavern, which amounts to nearly €270 million,
excluding the PEM electrolyser cost. The largest contributor to this cost
is the Geologic Formation Site Cost (GFC), which stands at about
€115.5million, highlighting the substantial costs involved in preparing
the geological site for the cavern. Following this, the Compressor Pur-
chased Cost (CPC) is the second-largest expense, totalling in excess of
€25 million.

The Cushion Gas Cost (CGS) contributes just over €9 million, while
the Well Implementing Cost (WIC) adds about €3 million, covering the
expenses associated with drilling and constructing the well structure.
The Electrical Equipment Cost (EEC) amounts to €3.4 million, which
includes transformers, circuit breakers, and other essential electrical
equipment. Monitoring Device Capital Cost (MDCC) allocated €6 million
for Nuclear Magnetic Resonance (NMR) sensors and CUES C550 Crawler
Camera Systems for subsurface imaging. The Surface Piping Capital Cost
(SPCC) totals €3.8 million for the necessary hydrogen piping

£ 120,000,000
€ 107,091,368

infrastructure.

In addition to these direct costs, there are significant indirect costs:
Engineering and Supervision (ES) and Construction Costs Including
Temporary Facilities and Insurance (Construction), each estimated at
€15.8 million. Contingencies, which account for unexpected expenses,
amount to €20 million. Lastly, the Costs of Licensing, Research, and
Development (LRD), and the Allowance for Funds Used During Con-
struction (AFUDC) collectively total €25 million. This comprehensive
breakdown highlights the major cost contributors, emphasising the
significant financial requirements for the successful establishment of a
hydrogen storage cavern.

The breakdown of the CAPEX for building a single hydrogen cavern,
as illustrated in Fig. 9, highlights the major cost contributors associated
with the total direct cost, excluding indirect costs and other outlays. The
largest contributor is the Geologic Formation Site Cost (GFC), which
accounts for 67.7 % of the total direct CAPEX. This significant per-
centage is due to the extensive geological work required to prepare and
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Fig. 8. Total investment breakdown for implementing a single cavern for hydrogen storage.
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Fig. 9. a) CAPEX and b) OPEX breakdowns for building single hydrogen cavern.

maintain the underground storage site, emphasising the need for
focused investment in this area. The Compressor Purchased Cost (CPC) is
the second-largest contributor, making up 15.8 % of the total direct
CAPEX. This reflects the necessity for robust compressors capable of
handling large volumes and high pressures, highlighting the critical role
of reliable compression technology. The Cushion Gas Cost (CGS) follows,
representing 6.2 %. This cost is essential for maintaining the minimum
pressure in the cavern, underscoring its importance in the overall stor-
age system. Monitoring Device Capital Cost (MDCC) accounts for 3.8 %,
covering advanced imaging and monitoring technologies, which are
crucial for ensuring the safety and integrity of the storage facility. Sur-
face Piping Capital Cost (SPCC) is 2.4 %, allocated for the surface
infrastructure, and Electrical Equipment Cost (EEC) represents 2.1 %,
including transformers and circuit breakers necessary for the operation.
The Well Implementing Cost (WIC) is the smallest contributor, at 1.8 %,
covering expenses related to drilling and constructing the wells. The
total direct cost for building a single hydrogen cavern is nearly 160
million euros, driven by the technical and safety requirements essential
for creating a viable and secure hydrogen storage solution. This
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breakdown highlights the areas requiring more focus and investment,
particularly the geological formation and compression systems, which
constitute the largest portions of the CAPEX.

The operational expenditure (OPEX) for this system is estimated to
be around €4.6 million annually. Of this, approximately 45 % is allo-
cated to fixed O&M costs (TFOM), which include routine maintenance
and operational activities. The remaining 55 % is dedicated to the
compressor O&M cost (COMC), reflecting the significant role of com-
pressors in the overall operational costs. This includes the electricity
consumption and cooling requirements for the compressors, under-
scoring their substantial impact on the annual OPEX. The high propor-
tion of OPEX attributed to compressors highlights the importance of
optimising their efficiency and operational reliability to manage costs
effectively.

To complement the compressor performance analysis presented in
Fig. 6, a cost breakdown sensitivity analysis was performed and is now
illustrated in Fig. 10. This figure presents the CAPEX and OPEX with
increasing numbers of compressors, providing deeper insight into the
economic implications of compressor sizing.

452
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Fig. 10. Effect of compressor number on CAPEX and OPEX cost breakdown.
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From the CAPEX perspective, GFC dominates the overall investment
across all configurations, though its relative share decreases from 80 %
to 68 % as the number of compressors increases from 1 to 8. This shift is
offset primarily by a steady rise in CPC, growing from 2 % to 16 %. The
trend reflects the direct capital burden associated with adding more
compression capacity. In parallel, the OPEX profile reveals an inverse
pattern. The COMC declines proportionally (from 67.8 % to 45.2 %) due
to cost distribution across more units, while the TFOM grows in relative
significance (from 32.2 % to 54.8 %). This transition underscores how
increasing system complexity drives up base-level support and infra-
structure maintenance requirements, even as individual compressor
costs decline.

Together, these results highlight a key trade-off: although adding
more compressors can reduce operational time, it also introduces non-
linear increases in both CAPEX and fixed OPEX. The economic gains
from further compression beyond a certain point diminish, suggesting
that a configuration with 5-6 compressors may offer the most cost-
effective balance between speed and investment. These insights are
particularly valuable for planning large-scale hydrogen storage systems
under budgetary and infrastructure constraints.

Fig. 11 demonstrates the effect of increasing the number of caverns
on the levelised cost of hydrogen storage. The trend indicates a decrease
in the levelised cost as the number of caverns increases. Starting at
€0.52/kg for a single cavern, the cost drops to €0.43/kg with two cav-
erns, and further to €0.42/kg with three caverns. This downward trend
continues, reaching €0.38/kg when seven caverns are utilised. The
reduction in levelised cost can be attributed to economies of scale, where
the fixed costs are distributed over a larger storage capacity, thereby
lowering the cost per kilogram of stored hydrogen. Additionally, oper-
ational efficiencies and improved utilisation of infrastructure contribute
to the reduced costs with an increased number of caverns. This trend
highlights the economic advantage of expanding the storage capacity to
achieve a more cost-effective hydrogen storage solution.

Fig. 11 also illustrates the impact of increasing the number of salt
caverns on the LCOH storage, both with and without cycling effects. The
LCOH decreases as the number of caverns increases, highlighting the
economies of scale in hydrogen storage. When cycling is considered, the
LCOH starts at €0.52/kg H2 with one cavern and decreases to €0.38/kg
Hz with seven caverns. Without cycling, the LCOH begins at a signifi-
cantly higher value of €2.37/kg H> and decreases to €1.91/kg H: for
seven caverns.

The cycling effect drastically reduces the LCOH, showing its
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importance in optimising storage costs. However, implementing cycling
requires a substantial amount of hydrogen, significantly impacting the
size and capacity of the required PEM electrolyser. This creates pressure
on hydrogen production facilities to meet the high hydrogen demand.

To address this, alternative strategies such as integrating a hydrogen
gas network or deploying multiple smaller electrolysers across the
country might be more viable solutions. These methods could efficiently
distribute the hydrogen production load, ensuring a stable and scalable
supply to meet the storage demands.

Fig. 12 presents very interesting results regarding the impact of PEM
electrolyser size on the levelised cost of hydrogen (LCOH) and the time
required to fill a cavern with produced hydrogen. It can be stated when
employing a large cavern capable of storing almost 7.5 million kg of
hydrogen per cycling, using a small PEM electrolyser proves to be
inefficient both in terms of time and cost. Specifically, a 20 MW PEM
electrolyser, operating at full load, requires nearly 2.5 years to fill the
cavern and results in a high LCOH of approximately €10 per kg. This
inefficiency underscores the economic unviability of such a setup,
emphasising the need for larger electrolyser capacities or alternative
strategies.

The results demonstrate that increasing the capacity of the PEM
electrolyser, although it significantly raises the total CAPEX and OPEX,
effectively reduces the LCOH and the filling duration. For instance,
utilising a 200 MW PEM electrolyser reduces the filling time to about 90
days, making it feasible to achieve three cycling periods within a year.
This reduction in time and cost is critical for making the hydrogen
storage project economically viable.

However, the challenge of supplying such a large volume of
hydrogen remains. This necessitates governmental support to address
the chicken-and-egg problem of hydrogen infrastructure development.
Without an assured hydrogen flow rate, investing in large-scale elec-
trolysers and storage caverns the prospect is risky for developers and
investors. One potential solution is to distribute electrolysers across
different hydrogen production hubs nationwide, creating an active
hydrogen pipe network to facilitate the transfer and pressurisation of
hydrogen into caverns as needed. In addition, practical barriers such as
grid connection constraints, permitting timelines, and supply chain
bottlenecks must be addressed to enable the deployment of large-scale
electrolysers (e.g., 200 MW and above). High-capacity systems require
robust and flexible grid infrastructure to manage variable loads and
ensure stable operation. At the same time, permitting processes for large
electrolysis plants can be lengthy and uncertain, often involving
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Fig. 11. Effect of increasing the number of caverns on levelised cost of hydrogen storage.
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Fig. 12. Effect of PEM electrolyser size on the levelised cost of hydrogen (P - production & S - storage) as well as on the filling a cavern with produced hydrogen.

complex environmental and regulatory approvals. Moreover, the avail-
ability of key components such as PEM stacks and power electronics at
gigawatt scales remains limited. To overcome these obstacles, strategic
policy support is essential—through mechanisms such as accelerated
permitting pathways, financial incentives, and grid planning that pri-
oritizes hydrogen hubs. Addressing these practical challenges will be
critical to realizing the envisioned hydrogen infrastructure at scale.

To assess the robustness of the system design and its cost drivers, a
sensitivity analysis is performed considering +20 % variations in key
parameters for the 200 MW electrolyser Scenario. The impact of these
variations on the Levelised Cost of Hydrogen for both storage (LCOH-S)
and production (LCOH-P) is presented in Fig. 13.

For LCOH-S, the most influential parameters were identified as the
system degradation rate and leaching price. A + 20 % variation in
degradation leads to a significant change in LCOH-S from €0.66/kg to
€1.04/kg, while changes in leaching price affect the cost from €0.77/kg
to €0.89/kg. These results underscore the importance of durability and
site-specific operational costs in underground hydrogen storage.

For LCOH-P, the analysis revealed that PEM electrolyser efficiency
and degradation are the most critical factors. Improving PEM efficiency
reduces LCOH-P from €5.13/kg to €2.86/kg, demonstrating its strong
influence on overall production economics. Similarly, degradation var-
iations cause LCOH-P to shift between €3.09/kg and €4.32/kg.

Overall, these findings highlight the importance of hydrogen storage
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and the need from government to have strategic planning and invest-
ment in hydrogen infrastructure to ensure economic viability and effi-
cient operation of large-scale hydrogen storage systems in a timely
manner to enable deployment of renewable energy targets enabling
energy security.

5. Summary and conclusion

In our study, we explored the integration of wind power with
hydrogen storage in salt caverns, focusing on the technical and eco-
nomic viability of such systems. Leveraging the wind resources in
Ireland, the produced hydrogen is stored in salt caverns, which offers a
robust solution to manage the intermittency of renewable energy and
ensure a stable energy supply.

The technoeconomic analysis highlighted several key points. The
void volume of each cavern is estimated at 480,000 cubic meters, with
approximately 3 million kilograms of cushion gas required to maintain a
pressure of 90 bar. The working gas capacity was found to be around 7.5
million kilograms, equivalent to nearly 90 million standard cubic meters
of hydrogen, with an energy storage potential of 255 GWh.

We assessed the CAPEX and OPEX for a single cavern. The total in-
vestment cost for a single cavern, excluding the PEM electrolyser, is
approximately €240 million, with the largest contributors being the
geologic formation site cost and compressor purchase cost. The direct
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Fig. 13. Sensitivity of LCOH production and storage to +20 % changes in key parameters.
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costs, driven by technical and safety requirements, are substantial. The
CAPEX breakdown shows the geologic formation site cost as the most
significant, followed by compressor purchase and well implementing
costs. The OPEX is estimated at €4.6 million annually, with compressors
consuming nearly half of this due to their electricity and cooling
demands.

Expanding the number of caverns significantly reduces the LCOH.
For instance, increasing from one to seven caverns decreases the LCOH
from €0.52/kg to €0.38/kg due to economies of scale. This trend un-
derscores the economic benefits of scaling up storage capacity. More-
over, implementing cycling to enhance storage efficiency requires
substantial hydrogen volumes, pressuring the PEM electrolyser capacity.

We also examined the effect of PEM electrolyser size on the LCOH
and cavern filling duration. Smaller electrolysers, like the 20 MW unit,
are inefficient, taking nearly 2.5 years to fill a cavern and resulting in a
high LCOH of €10/kg. In contrast, larger electrolysers, such as the 200
MW unit, significantly reduce both the LCOH and filling duration,
demonstrating economic viability with a filling time of 90 days and
enabling three cycling periods per year. However, the challenge remains
in supplying such large hydrogen volumes, which may require a
distributed network of electrolysers and governmental support to ensure
a stable hydrogen supply.

Although the technoeconomic analysis proved that using green
hydrogen as cushion gas could yield the final levelised cost of hydrogen
storage in a reasonable range (€0.38 to €2 per kilogram in the worst
scenario), the market today is not ready to produce such large amounts
of green hydrogen on-site. One possible solution might be to use blue
hydrogen produced through SMR + CCS (Steam Methane Reforming
with Carbon Capture and Storage) as the cushion gas during the initial
stages. This approach can help the market become operationally ready,
addressing the chicken-and-egg problem of hydrogen supply and de-
mand. Also, it is important to consider that leaching a new cavern and
filling it with cushion gas technically takes several years, so meticulous
decision-making is needed given the substantial investment required.
Conducting thorough risk management is highly recommended to
mitigate potential challenges.

In conclusion, the integration of wind power with hydrogen storage
in salt caverns is a promising solution for large-scale energy storage,
offering economic and technical feasibility. Strategic planning and in-
vestment in hydrogen infrastructure are crucial for realizing these
benefits, addressing the challenges of hydrogen supply, and supporting
the transition to a sustainable and low-carbon future.

6. Research limitations and future work

While the techno-economic analysis in this study demonstrates the
feasibility and cost-effectiveness of using salt caverns for hydrogen
storage, it is essential to acknowledge the associated geological chal-
lenges that may influence real-world deployment. These include cavern
stability over time, potential gas leakage due to microfractures or
imperfect sealing, and the long-term integrity of the salt formation
under repeated cycling. The design assumptions used in this work are
based on idealised cavern conditions and established safety margins;
however, actual performance depends heavily on site-specific geo-
mechanical characteristics, such as rock salt creep, interbedded impurity
layers (e.g., clay or anhydrite), and local tectonic activity.

In particular, hydrogen leakage—although minimal in well-
characterised caverns—remains a potential concern over long dura-
tions. A recent study examining hydrogen storage in the Jintan salt
cavern in China reported an estimated leakage rate of approximately
0.36 % over 30 years of cyclic operation, primarily due to viscous flow
through microfractures and surrounding formations [65]. Factors such
as operating pressure, cavern geometry, and the mineralogical compo-
sition of the salt formation influence leakage behaviour. While these
leakage rates are relatively low and within acceptable limits, they
highlight the importance of rigorous site screening, pressure
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management, and implementation of long-term monitoring proto-
cols—such as MMV (Measurement, Monitoring, and Verification)
systems.

These geological risks and uncertainties merit further investigation
in future work, particularly as Ireland and other regions evaluate the
suitability of their salt formations for hydrogen storage. Incorporating
detailed geotechnical modelling and empirical site data will be crucial to
ensuring safe, stable, and scalable deployment of underground hydrogen
storage infrastructure.
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