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ABSTRACT

The role of hydrogen in a future energy system with a high share of variable renewable energy
sources (VRES) is regarded as crucial in order to balance fluctuations in electricity generation.
These fluctuations can be compensated for by flexibility measures such as the expansion of
transmission, flexible generation, larger back-up capacity and storage. Salt cavern storage is the
most promising technology due to its large storage capacity, followed by pumped hydro storage.
For the underground storage of chemical energy carriers such as hydrogen, salt caverns offer the
most promising option owing to their low investment cost, high sealing potential and low
cushion gas requirement. This paper provides a suitability assessment of European subsurface
salt structures in terms of size, land eligibility and storage capacity. Two distinct cavern volumes
of 500,000 m* and 750,000 m* are considered, with preference being given for salt caverns over
bedded salt deposits and salt domes. The storage capacities of individual caverns are estimated
on the basis of thermodynamic considerations based on site-specific data. The results are
analyzed using three different scenarios: onshore and offshore salt caverns, only onshore salt
caverns and only onshore caverns within 50 km of the shore. The overall technical storage
potential across Europe is estimated at 84.8 PWhy,, 27% of which constitutes only onshore
locations. Furthermore, this capacity decreases to 7.3 PWhy, with a limitation of 50 km distance
from shore. In all cases, Germany has the highest technical storage potential, with a value of 9.4
PWhy,, located onshore only in salt domes in the north of the country. Moreover, Norway has 7.5
PWhy, of storage potential for offshore caverns, which are all located in the subsurface of the
North Sea Basin.
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1 INTRODUCTION

The current increase in the share of variable renewable energy sources (VRES) in the energy mix
[1] attests to the significant role of these platforms in the decarbonization of the energy sector.
Their intermittency [2-5], however, is an obstacle in the transition towards a high share of VRES
in the energy system. Mechanical storage technologies such as pumped hydro storage and
compressed air energy storage could in principle compensate for these fluctuations; nevertheless,
the low storage density of water and compressed air remains a drawback to large-scale
implementation, especially for seasonal storage [6]. Unlike mechanical energy storage, storage
using chemical energy carriers such as hydrogen or natural gas provides an approximately 100
times higher energy density than compressed air energy storage for the same storage volume!
[7]. An alternative energy carrier is hydrogen, which can be produced using the “Power to Gas”
concept [8] by means of electrolysis utilizing renewable electricity. In addition to using hydrogen
in fuel cell electric vehicles (FCEVs), it can also be fed into fuel cells to generate electricity to
compensate for low generation periods (“Power to Power”). Underground formations (e.g.,
depleted gas fields, aquifers, salt caverns, etc.), pipelines or vessels can be considered viable
storage options for the seasonal storage of hydrogen [9]. Pellow et al. [10] state that for seasonal
storage, underground salt caverns are more favorable than above-ground storage technologies,
such as pipeline storage or vessels.

Natural gas storage in underground cavities has been practiced for decades. The knowledge
gained by this can be easily transferred to the case of hydrogen storage due to the similarities in
cavern design, construction and operation [11]. Materials in access wells, cavern head and
transmission infrastructure are the main differences between hydrogen and natural gas storage
[11,12]. In the case of hydrogen, embrittlement due to long-term diffusion can cause leakage and
failures, especially in the steel components [13]. The storage of hydrogen in depleted oil and gas
reservoirs has the advantage of reducing the geological exploration efforts resulting from the
former use of such sites for oil and gas production. However, the cushion gas requirement for
depleted oil and gas field to prevent reservoir rock breakdown is approximately 50% [14]. As a
result of the contamination caused by the previous hydrocarbon extraction, contamination control
and gas upgrade units for purification may be required. In deep seated aquifers, stored gas can be
contaminated by sulfate, reducing bacteria [15]. Cushion gas requirements for aquifers may
exceed those necessary for depleted oil and gas reservoirs; moreover, gas leakage is inevitable.

Salt caverns are currently considered to offer the most promising underground storage option
owing to their low cushion gas requirement, the large sealing capacity of rock salt and the inert
nature of salt structures, preventing the contamination of the stored hydrogen [14,16-18].
Moreover, flexible operation with high injection rates and withdrawal cycles are considered
another advantage of salt cavern storage options [19].

Currently, only a few sites for hydrogen storage in salt caverns exist in the United Kingdom
(e.g., Teesside) and the United States (e.g., Clemens Dome, Spindletop, Moss Bluff) [13,20].

! When 280 kWh m is assumed as the energy density of hydrogen stored in salt caverns.
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Hydrogen storage in elliptically-shaped salt caverns at a depth of 350-450 m and with a total
volume of 210,000 m® has been operation in Teeside since the 1970s [20]. The salt caverns at
Clemens Dome and Moss Bluff are built in salt domes at a depth of 800 m (top of the cavern),
with volumes of approximately 580,000 m* [20]. Clemens Dome and Moss Bluff have operated
since 1983 and 2007, respectively [20]. These projects have unequivocally demonstrated for
decades that underground hydrogen storage is a technically-feasible option.

Tarkowski [21] has investigated the potential for hydrogen storage in underground formations,
including salt caverns, depleted oil and natural gas reservoirs in Poland, with a focus on
providing suitable storage locations but not estimating the storage potential. A further analysis by
Tarkowski and Czapowski [22] focuses on potential sites for hydrogen storage in salt domes in
the country. As a result of this evaluation, 7 of 27 analyzed salt domes were found to be
favorable. The use of salt caverns for hydrogen storage was also investigated by lordache et al.
[23] in a scenario for Romania. Despite discussing 4 specific cavern sites, precise storage
potential values are not mentioned. Michalski et al. [24] analyzed the role of hydrogen
production by means of electrolyzers and the underground storage of hydrogen, with a focus on
Germany. For this analysis, the data of existing natural gas and liquid product storage facilities
were examined [24]. Estimated hydrogen storage capacity in three regions (northern North-Rhine
Westphalia, northwestern Germany and central Germany) is 26.5 TWhy, in total [24]. In the
HyUnder study [25], a case study for 5 European countries proposes the total number of caverns
required for 2050, of which 74, 43, 24, 21 and 1 are located in Germany, the Netherlands, Spain,
the United Kingdom and Romania respectively. Assessments are performed by assuming a
standard cavern with a volume of 500,000 m® corresponding to a storage capacity of 133
GWhys.

A study on the potential energy storage capacity of compressed air in the Cheshire Basin, located
in the United Kingdom, suggested approximately 1,600 caverns be placed in the basin with a
depth range of 500-1500 m [26]. A cavern height of 100 m was determined for the analysis in
order to be consistent with one of the only two existing compressed air energy storage facilities
worldwide, located in Huntorf, Germany [26].

The studies cited above mainly focus on potential cavern sites at a national or subnational level
and lack a technical storage potential analysis, which is the main focus of this study. As the
major role of hydrogen in the low-carbon economy is clearly emphasized by Staffel et al. [27],
an evaluation of European salt basins is necessary in accordance with the hydrogen storage
suitability criteria. Therefore, the main purpose of this study is to provide a broad analysis of the
technical potential of salt caverns for hydrogen storage so that it can be used by stakeholders and
scientists to develop future energy system designs on the basis of these results. Moreover,
consideration of the geospatial availability of suitable salt structures such as salt domes, salt
pillows and salt walls is given by applying a land eligibility analysis, which incorporates
restricted locations such as settlements or protected areas to be excluded for cavern construction.
The storage capacity of individual caverns, which are distributed over eligible areas, is estimated



in accordance with thermodynamic considerations and site-specific parameters. The results of
this analysis are anticipated to be of use to a variety of stakeholders in future energy system
policies and designs. The new approach taken in this work derives from a thorough analysis of
the storage potential across Europe by defining suitable cavern sites, which are determined by a
land eligibility assessment. Moreover, as the caverns are located in different geological basins,
the thermodynamic properties of these are taken into account for estimating the storage capacity.
For the analysis, onshore and offshore salt caverns were investigated, whilst the main focus lies
on onshore locations. It is intended that the outcomes of this study (such as changing the
compressibility factor, which is used in the estimation of the storage capacity of individual
caverns) can be utilized by the energy industries and governments in Europe for designing the
energy system to incorporate different products in their specific regions. With the fully
transparent methodology used in this analysis, the technical storage potential of different
chemical species such as natural gas or biogas can also be derived. Nevertheless, it must be noted
that the suitability of salt formations must be taken into account for such an assessment. Finally,
the results of this work can be used to identify locations that can supply brine, which is extracted
during cavern leaching.

The methodology involves the estimation of the usable area of salt structures, designs and the
placement of individual caverns and calculation of the storage potential, and is described in
Section 2. Suitable salt structures for hydrogen storage, the results of land availability with
regard to these and national storage potentials for three different cases are presented in Section 3.
Finally, the main findings and suggestions are addressed in Section 4.

2 METHODOLOGY

In order to provide an insight on the approach, overall methodology applied in this work is
shown in Figure 1. As it is seen from in the figure, determining the technical potential for salt
cavern development requires an analysis of the geology of salt formations and a decision in
which salt formation type caverns can be preferentially developed [13]. Therefore, identification
of salt formations and their evaluation regarding the suitability for hydrogen storage are the first
steps in the assessment. Following this, available areas in suitable salt formations where potential
salt caverns can be constructed must be determined, which can be conducted by the methodology
explained in Section 2.1. By using two different cavern designs for bedded salt deposits and salt
domes, a distribution analysis of these caverns is performed across eligible areas. Then, the
technical potential of salt caverns for hydrogen storage is estimated by using these locations and
calculating their storage potential under thermodynamic considerations.
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Figure 1. The methodology applied in the derivation of technical potential of salt caverns.

Figure 2 shows the “Concept of Potential”, including different types of technical and non-
technical potentials, as laid out by Litkehus et al. [28]. Within the context of this work, the
“Theoretical Potential” includes the total hydrogen storage capacity of all possible salt caverns,
whilst the “Technical Potential” takes the limitations (i.e., cushion gas) into account.
“Economic” and “Ecological Potentials” consider corresponding criteria that might be derived
from given scenarios. Finally, the “Realizable Potential” is the combination of technical,
ecological and economic criteria with additional considerations (i.e., social acceptance). It must
be noted that the potential values derived in this work cannot be fully utilized on account of
additional limitations imposed by various environmental, economic, and social acceptance
concerns. Moreover, the extent to which hydrogen salt caverns should be deployed can be
determined in conjunction with the energy system design.

In other words, “technical potential” in this work refers to the maximum storage potential that
could be utilized before the aforementioned ecological and social limitations are considered.
Therefore, the presented results can be used as a basis for other analyses where further aspects
could be taken into account such as water management for cavern construction, local hydrogen
demand or proximity to hydrogen production sites. In this way, the most promising cavern sites
can be identified and realized among all the locations presented in this work, which in a final
step should then be checked against social and ecological concerns.
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Figure 2. “Concept of potential” with different potential types, adapted from Litkehus [28].

2.1 Land eligibility

A single salt cavern is located 2,000 m below ground and affects an area of 13 km? on the
surface?. The caverns can be affected by convergence phenomena because of the inherent
mobility of salts. Although this is a very safe and mature industry, problems can include
unexpected structures and deviations from the designed cavern shape, cavern and gallery
convergence, as well as ground subsidence, high pressure brine and gas pockets, borehole
closure, cementing problems, casing collapse and cavern abandonment, in addition to
engineering issues not directly related to salt. In rare cases, roof loss and cavern collapse has
occurred [29,30] and therefore cavern migration, microseismicity [31], land subsidence [32] and
long-term subsidence predictions [33] are common issues in solution mining. This places
constraints on the safe and sustainable design of solution mining salt cavern development, as
shown by Lux [34]. Consequently, areas with eligible salt deposits have been investigated in
order to determine their potential for salt cavern development. For this purpose, an open source
model, Geospatial Land Availability for Energy Systems (GLAES), developed by Ryberg et al.
[35], is employed as the tool for land availability analyses. By using GLAES, exclusion
constraints have been applied to the areas that contain subsurface salt deposits. A resolution of
100 m is used for the eligibility assessment, as it is the lowest resolution in the data used for the
analysis (Prior Datasets). The exclusion constraints are shown in Table 1. These have been

2 Determined by taking an angle of approximately 45° between the bottom of the cavern and the upward direction

6



applied with the buffer distances defined based on a literature analysis for underground storage
and compressed air energy storage. A common exclusion algorithm is applied to each salt
structure, which begins with a two-dimensional overlay of the structure’s boundary onto a
geospatial reference frame (bird’s eye view). All areas within the salt structure’s boundaries are
initially considered to be ‘included’, although after each application of the constraints of Table 1,
the amount of available area decreases. For example, the first constraint, “Urban Areas”, will
exclude up to 2,500 m (buffer distance) around the edge of all urban settlements zones. Once all
exclusion constraints have been applied the areas which remain as eligible will be considered
eligible areas for placement of potential salt caverns.

Table 1. Constraints used in the land eligibility analysis for salt cavern construction.

Criteria Excludes Source
Urban areas below 2,500 m [35]
Rural areas below 2,000 m [35]
Major fault zones below 200 m [36]
Natural protected areas, water bodies below 200 m [35]
Railway, major roads and gas pipelines below 200 m [35,37]
Geological correction factor (distance from the salt

edg?) ' Bedded salt below 2,000m Own data

- Salt domes 500 m

A detailed geometric outline of a subsurface salt deposit is not possible to obtain without
extensive geological exploration using geophysical surveys, wells and further geological
information. Because of the lack of such information in many areas, a buffer distance of 500 m
for salt domes and 2000 m for bedded salt deposits has been applied from the structure or
formation edge of each salt deposit to ensure salt cavern construction in theoretically most
favorable conditions [2]. This prerequisite (“exclusion” in Table 1) mainly serves as a safety
buffer for cavern construction purposes.

2.2 Salt cavern design and placement

Designing a salt cavern highly depends on the properties of the salt deposit to be considered [34];
therefore, there are a number of factors that must be taken into account in order to maintain the
sustainable and safe operation of the cavern. Figure 3 illustrates a representation of a salt cavern
with related technical terms and the pressure gradients as a function of depth. In order to ensure
the geo-mechanical safety of caverns, thicknesses of salt layers in the hanging wall and foot wall
(above and below) the cavern must be defined and considered (Figure 3). The Minimum
thickness of these layers for safe operation is expressed as a function of cavern diameter. For
example, the minimum thickness of the hanging wall is suggested as 75% of the cavern diameter,
whereas this value is 20% of the cavern diameter for the foot wall [38]. Moreover, a minimum
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limit for the height-to-diameter ratio for salt caverns is defined as 0.5 for salt caverns in a bedded
salt deposit [38].

Ozarslan [11] state that capsule-shaped salt caverns are more stable with decreased stress risk in
comparison to caverns with an elliptical or cylindrical shape under 1200 m depth and 270 bar
overburden pressure. Therefore, the capsule shape is selected for the calculations of cavern
volume, as well as for the determination of the appropriate construction and operation parameters
of the caverns. For bedded salt deposits, a cavern volume of 500,000 m® is applied with a
diameter of 84 m and cavern height of 120 m; whereas 750,000 m* for cavern volume, 58 m
diameter and 300 m for height are assumed for caverns in salt domes. For bedded salt deposits,
only salt structures with a salt thickness greater than 200 m are assumed to be suitable.
Therefore, following the suggested ratios for the hanging wall and foot wall [38], the cavern
height is calculated as 120 m. The height limitation is not pronounced in the salt domes due to
higher salt thickness; thus, the height indicated by Ozarslan [11] (300 m) is chosen for caverns
with 750,000 m* volume.
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Figure 3. A simplified representation of an exemplary cavern and estimated pressure limits as a
function of depth, adapted from Stolzenburg et al. [39] (Calculation of pressure is explained in
Section 2.3).

In order to evaluate the technical potential, salt cavern placement has been performed across all
eligible areas with a separation distance of 4 times the cavern diameter between the vertical
cavern axis (bird’s eye view). This corresponds to a separation distance of 232 m for salt domes
and 336 m for bedded salt deposits when the aforementioned cavern designs are used.



2.3 Calculation of cavern storage capacity

The average operation temperature of hydrogen within the salt cavern is assumed to match the
temperature of the surrounding salt rock. However, temperature in a sedimentary basin varies
with respect to the depth; therefore, a gradient of 25 °C km™ is assumed up to approximately 5
km depth [40]. Because of their respective heights, the variation in the temperature results in a
difference of 3 °C between the top and bottom of a small cavern and 7.5 °C for a large salt
cavern. Therefore, the average temperature of the gas is calculated using Equation 1, assuming a
surface temperature of 288 K (15 °C). Tyyerqge Stands for average gas temperature in K3, depth
in m and cavernHeight for height of the cavern in m, which are 120 m and 300 m for bedded
and domal-salt caverns, respectively.

Taverage = 288 + 0.025 * (depth — cavernHeight/2) Equation 1

Salt caverns are exposed to overburden pressure (sometimes referred to as lithostatic pressure).
This pressure can be determined by Equation 2, which is a function of rock density (p,cx) in
kg m?, gravitational acceleration (g, assumed as 9.81 m s2), depth and cavern height in m. The
depth, shown in both Equation 1 and Equation 2, refers to the bottom tip of the salt cavern.
However, scaled to the center of the cavern by subtracting half of its height in order to estimate
the average pressure, which is between the overburden pressures at the top and bottom tips of the
cavern.

Pyverburden = Prock * 9 * (depth — cavernHeight) Equation 2

Due to concerns about geotechnical safety, maximum and minimum gas operation pressures are
limited, respectively, to 80% and 24% of overburden pressure [11,39]. Exceeding the maximum
gas operation pressure may result in salt rock fractures because of the high pressure exerted on
the cavern walls [25], while the low pressure limitation is for maintaining gas injection and
withdrawal as well as the stability of the cavern [41]. As empirical operating pressure values for
hydrogen storage in salt caverns are not accessible, pressure ranges are largely derived from
natural gas storage operations [25]. These upper and lower limits for the gas operation pressure
are used in the density calculation at the corresponding pressure level, which is shown in
Equation 3. The density of the gas (p) in kg m™ is calculated using the real gas law, in which
compressibility factor (Z), pressure (P) in Pa, molar mass of the species (M) in kg mol™,
universal gas constant (R), which is equal to 8.314 J K™ mol™ and temperature (T) in K are used.
The compressibility factor is calculated by a Python Module called CoolProp [42].

_ PxM
PH, = 7 Rt

Equation 3

% Conversion of temperature between Kelvin and Celsius is performed with the following equation: T (K) = T (°C) + 273.15.
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The minimum and maximum limits for density are used in the calculation of the mass of working
gas, shown in Equation 4. m,oykingcas Stands for the mass of working gas in kg, p for density in
kg M, V.qpern for cavern volume in m®, and finally 8, .., for a safety factor, which is assumed
to be 70% and accounts for the loss of storage capacity to the sump and brine at the bottom of the
cavern, as well as unplanned construction circumstances during the leaching of the cavern.
Subscripts of minimum and maximum are calculated at their corresponding pressure limit:

mworkingGas = (sz,maximum - pHZ,minimum) * Vcavern * esafety Equatlon 4

Finally, the storage capacity of a salt cavern is determined by using the lower heating value and
mass of working gas calculated through specifications of the cavern and location, which is
shown in Equation 5. cavernCapacity is calculated in GWhy,, while the lower heating value of
the gas (LHV) is defined in GWhy;, kg™.

cavernCapacity = Myorkingcas * LHVgas Equation 5

Given the lack of projects using hydrogen-filled caverns, the validation of the methodology for
salt cavern capacity uses a dataset compiled from natural gas storage sites already in operation
[43]. This dataset contains 94 cavern sites for natural gas storage in salt caverns across Europe.
However, when caverns without available information on depth, cavern volume or capacity are
excluded, only 40 sites remain. As the composition of natural gas varies and is not reported for
each cavern site, an average sample composition of natural gas is assumed to be 94% methane
(CHy), 4% ethane (C,Hs) and 2% propane (C3Hg) [44]. The volume and depth of the salt caverns
obtained from the dataset are used for storage capacity calculations. A comparison of capacities
given in the dataset and calculated by the current approach is shown in Figure 4. In some cases,
the dataset involves a range for the depth instead of a single value. Therefore, assuming that all
the caverns can be placed either at the upper or lower boundary, it can be said that the actual
cavern capacity must be within these minimum and maximum capacity values. For example, in
the “Nittermoor L” facility located in Germany, the depth range is given as 950-1300 m.
Therefore, as can be seen in Figure 4, there is a lower and higher estimated storage capacity for
that facility. The gray line in the figure indicates a 100% match between the reported and
calculated values, while a further point plotted from this gray line means a higher error in the
estimation of the capacity. As can be seen from the figure, in general there is good agreement
across most of the results. Deviations in the estimations can be caused by several factors, such as
different compositions for natural gas, different operating pressure limits, especially for cushion
gas and geological conditions altering the temperature and pressure environments. As well as
slight deviations from the gray line, there are large differences in the estimated and reported
capacities for the two cavern sites (the Etrez site in France and the Nuttermoor L-Gas site in
Germany). More detailed data on the two outliers does not exist on the website of the operators;
thus, they are assumed to be outliers.
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Figure 4. Comparison of reported and estimated storage capacities of natural gas salt caverns,
the gray line indicating a 0% error between the actual and estimated values (the reported values
are extracted from existing natural gas storage facilities in Europe [43]).

3 RESULTS & DISCUSSION

The results of the analysis, which were obtained through the application of the methodology
described in Section 2, will be presented in this section. After an initial suitability assessment on
the salt formations in Section 3.1, a geospatial eligibility analysis is performed on the suitable
salt formations with uniform constraints in Section 3.2. In the following, the distribution of salt
caverns across eligible salt formations is proposed (Section 3.3), to be followed by a final
assessment of the storage capacity of each cavern (Section 3.4).

3.1 European Salt Basins Suitable for Underground Hydrogen Storage

As a result of the assessment, suitable salt structures, as well as suitable bedded salt deposits, are
shown in Figure 5, with the respective salt basins denoted. The assumption was made that all
encountered salt bodies that are not identified as bedded salt deposits were to be classified as salt
structures (encompassing salt domes, salt pillows, salt walls, etc.). As a geological suitability
assessment would require individual evaluation for a vast number of salt structures distributed all
over Europe, the assumption was made that all salt structures were to be suitable for underground
hydrogen storage instead of excluding all from the potential analysis from the very beginning.
Therefore, the geological suitability assessment is exclusively applied to bedded salt deposits and
briefly discussed in the following. Bedded salt deposits that do not fulfill the thickness and
chemical requirements for UHS construction, or for which no reliable information concerning
geological properties could be found, were dismissed and not considered in the further process of
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the potential analysis. A minimum salt thickness of 200 m and a range of minimum to maximum
depth of 500 m to 2,000 m were selected as being suitable for salt cavern construction.

Within the framework of this analysis, assumptions of highly idealized salt deposits can be
made; however, this does not necessarily correspond to the actual shape and conformity of the
salt formations in reality. Bedded salts are assumed to be perfectly layered with equal thickness
and equal depth ranges spanning the entire geographical extent of the salt deposit. The
geometrical shape of the salt structures were assumed to be positioned upright as cylindrical
shaped bodies without any inclination or tectonically-induced modifications of the salt.

Due to the geological formation conditions of the salt structures, which always originate from
bedded salt deposits, all regions with a high abundance of salt structures often also correlate with
the presence of remnant bedded salt deposits, forming base salt. In these cases, salt structures are
favored over bedded salt deposits, due to their higher storage capacity and the unfavorable
thickness of the remaining bedded salt deposits for cavern construction.

The Tertiary (Cenozoic) sub-basins (1-4) in France contain thick evaporite sequences reaching
up to 1,800 m, with overall low sulfate concentrations in thick salt layers [45]. The thickness of
the Mesozoic salt deposits in Northwestern France shows high insoluble content within the salt
formation (such as anhydrite/clay interbeds or gypsum), which is in contrast to the
aforementioned Tertiary deposits, and which rules out the suitability of these Mesozoic deposits
for cavern construction. In Italy, Tertiary salt deposits in the Crotone Basin of Calabria and in
Western Sicily are also not suitable due to high insoluble content, as well as the lower thickness
of the salt layer [45,46]. In Spain, Mesozoic evaporite deposits cover large areas of the
subsurface and extend from the Betic Cordillera over the Iberian Range to the northern coast of
Spain, up to the Bay of Biscay; however, top salt exceeds depths of 2,000 m. Tertiary evaporitic
formations are present in the Ebro, Duero and Tagus Basin. These halite beds have a
considerable thickness, but show highly folded facies and high amounts of anhydrite and gypsum
concentration [47]. The Cardona Saline Formation (14) is included in this analysis, as the
thickness of salt in some areas is proven to attain approximately 300 m at reasonable depths of
below 2,000 m for cavern construction [47].

Major periods of salt deposition in central Europe took place during the Paleozoic (Permian) and
Mesozoic eras. The European Permian Basin (EPB) of central Europe belongs to the largest
sedimentary paleobasins of the world and contains a considerable amount of bedded salt deposits
and diapiric salt structures, reaching from the eastern United Kingdom up to the North Sea, the
Netherlands, Denmark and Northern Germany, down to the central basins of Poland [48-54]. At
the margin of the EPB, bedded Zechstein salt deposits are thinned out and buried at depths
shallower than 2,000 m. These deposits are found on the east coast of the UK (17), western,
eastern and central Germany (5-8) and as far south as Upper Silesia in Poland (8-12).

Outside of the EPB, Mesozoic salt, which formed during the early Triassic period, can be found
in northwestern England, Northern Ireland and southern Germany. The Cheshire Basin, amongst
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other Triassic basins in the UK, shows promise for salt cavern construction, as it fulfills ideal
geological prerequisites, such as depth and thickness (16, 18, 19) [49,52].

Amongst the youngest salt deposits in the central and eastern European region are the Badenian
Tertiary deposits, reaching from the Carpathian Foredeep in southern Poland to the
Transylvanian Basin in Romania. Apart from the Ocnele Mari salt deposit (13), where salt lies at
depths of 650 m and can attain a thickness of 500 m, the Tertiary salt deposits do not qualify for
cavern construction, as the salt strata is highly folded and imbricated, or is not favored over the
presence of salt structures [55,56]. Ukraine and Belarus (15) are excluded from this analysis due
to the lack of data for urban and rural areas necessary for the following surface eligibility
assessment [57,58].

Salt Structures of Europe
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Mesozoic Age
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Figure 5. Map of European salt deposits and salt structures as a result of suitability assessment
for underground hydrogen storage (1. Alsace Basin; 2. Bresse Basin; 3. Greoux Basin; 4.
Valence Basin; 5. Lower Rhine Basin; 6. Hessen Werra Basin; 7. Sub-Hercynian Basin; 8.
Lausitz Basin; 9. Leba Salt; 10. Fore-Sudetic Monocline; 11. Carpathian Foredeep; 12. Lublin
Trough; 13. Ocnele Mari; 14. Cardona Saline Formation; 15. Pripyat Basin; 16. Cheshire Basin;
17. UK Permian Zechstein Basin; 18. Larne Salt Field; 19. Wessex Basin).*

* A detailed list of publications containing geological maps that were used for the visualization and
digitization of the layered and domal salt bodies can be found in the appendix. The suitable salt
formations were determined by the literature review [45,46,61-66,48-50,54-58].
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3.2 Eligibility Assessment and Cavern Placement

The application of the eligibility constraints and item placement algorithm, as shown in
Section 2.2 and Section 2.3, produces possible cavern locations. Figure 6 illustrates the results of
a land eligibility assessment applied to the salt formations. Additionally, an exemplary
representation of a salt cavern distribution field across different types of salt structures is shown
for an area in central Germany. This area consists of both salt domes and bedded salt deposits.
As part of the methodology, in a case where there is an overlap between salt domes and bedded
salt deposits, the overlapping area is processed following the designs for salt domes (large cavern
size). The larger and smaller salt caverns represent different volumes of caverns, with 750,000
m?® and 500,000 m® placed in salt domes and bedded salt deposits, respectively. As mentioned
earlier (Section 2.2), the separation distance of smaller and larger caverns are different due to
different diameters used in the cavern design. It must be noted that these cavern placements are
used in order to calculate the technical potential for hydrogen storage. In other words, these
cavern placements correspond to all possible locations where a salt cavern can be built, yet the
extent to which these locations should be utilized is not within the scope of this study.
Nevertheless, social, economic and environmental concerns are not taken into account here.
Therefore, the results of these placements can be further used in the design of energy systems, as
well as in analyses taking social acceptance into consideration in the related area.

Bl Eiigible
Ineligible

R

Salt Caverns
500,000 m°
750,000 m®

-----
.

Figure 6. Land eligibility results with an exemplary representation of cavern placement in
central Germany (extent of exemplary placement: 51.9°-52.0° N, 10.0°-10.1° E).
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3.3 Distribution of Volumetric Energy Density across Europe

By using individual cavern placement depths, the storage capacity of each cavern is calculated
on the basis of properties such as cavern volume and temperature (see Section 2.3). However, the
direct comparison of storage capacities can be misleading because of two cavern designs having
different volumes. Instead, energy density, which is calculated as a cavern’s storage potential
divided by its volume, is employed for comparison. The energy density distribution of the
potential hydrogen salt cavern locations across Europe is shown in Figure 7. The energy density
of caverns in salt domes does not vary (whether northern Germany, Portugal or southern Spain,
etc.), which is due to the assumption of the same placement depths and cavern design applied to
all caverns. Nevertheless, variation in the energy density of salt caverns placed in the bedded salt
deposits is evident owing to different depths possessing specific thermodynamic and storage
conditions. The energy density of all salt caverns varies between 214 and 458 kWh m™.
Examining the distribution of the volumetric energy density, the lowest energy density is
estimated in the Cheshire Basin (the United Kingdom) and Ocnele Mari (Romania) due to salt
lying in shallow geological environments. The maximum depth in the Cheshire Basin and Ocnele
Mari are approximately 700 m and 650 m, respectively; whereas the assumed maximum depth
for salt caverns in the domal salt is 1,400 m. Given that the amount of working gas increases as a
function of depth, these results are thought to be consistent. When energy density is translated
into storage capacity (by multiplying the energy density by the cavern volume), the capacity of
salt caverns in domal salt structures is estimated to be nearly 210 GWhy,, whereas it varies
between 65 and 160 GWhyy, for the caverns placed in bedded salt deposits. As is discussed in
Section 2.3, the depth of the salt structure determines the maximum and minimum operating
pressures, which are then used in estimating the amount of working gas. Deeper salt structures
can accommodate an increase in the amount of working gas (storage capacity), which can also be
seen in Figure 3. A deeper look at the energy densities reveals that having a suitable salt
formation is not enough to determine the storage potential. In addition to the quantity, in terms of
salt caverns placed in eligible and suitable salt areas, the depth of the salt structure,
thermodynamic gas storage behavior and cavern design are required to estimate a well-founded
storage capacity. As can be seen in the United Kingdom, for example, different characteristics
can be observed even on a national scale due to different salt depths and, consequently, different
geomechanical and thermodynamic storage conditions.
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Figure 7. Distribution of potential salt cavern sites across Europe with their corresponding
energy densities (cavern storage potential divided by the volume).

3.4 National Storage Potential

Overall national storage capacities are shown in Figure 8, with three classifications: onshore,
onshore constrained and offshore. The countries are sorted by their total storage potential.
Cavern capacities labeled as “Offshore” stand for caverns placed in salt domes under the North
Sea, whereas the “Onshore” ones refer to the remaining caverns located on land (after the
application of eligibility constraints). Finally, an additional constraint of 50 km distance from
shore has been included in the calculation of the storage potential of onshore salt caverns, and
defined as “Constrained”. This constraint is added in order to take into account the economic and
environmental constraints regarding brine solution disposal during cavern construction, as
disposing of the solution in lakes and rivers is not possible due to its high salt content.

Overall, the storage potential considering offshore and onshore salt caverns constitutes 84.8
PWhy, 42% of which belongs to Germany. This is followed by the Netherlands and the United
Kingdom, with 10.4 and 9.0 PWhy;, respectively. Most of the countries have both onshore and
offshore salt caverns options, the exception being Norway, which only has offshore salt cavern
potential.
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When offshore salt caverns are excluded, Germany has the largest storage potential of the
countries considered in this analysis, constituting 41% of the total. Overall, European storage
potential for salt caverns located in onshore areas is estimated to be 23.2 PWhyy,, 19.0 PWhy; of
which is located in salt domes. Due to the lack of data on the potential analysis of European salt
caverns, the results presented are compared against pumped hydropower potential. Gimeno-
Gutiérrez and Lacal-Arantegui [59] report that the storage potentials of pumped hydropower to
be 0.054 and 0.123 PWh (two different topologies) with a regional definition slightly different
from that presented here. In their report, the Netherlands and Denmark are not included, yet
Turkey and Iceland are. The highest potential is observed in Germany (9.45 PWhy,), followed by
Poland and Spain (7.24 PWhy; and 1.26 PWhy). These three countries account for 77% of the
total onshore storage potential. Despite the widespread bedded-salt deposits seen in France, the
onshore storage potential is estimated at 510 TWhy,, which is only 2% of the overall storage
potential. This is mainly because the salt deposits are mostly located around densely populated
areas. Limited areas for cavern construction can especially be seen in northern Alsace and all the
salt basins of the Rhone valley in southern France.

Hydrogen storage potential in Lower Saxony, a German state, is estimated to be nearly 390
TWhy, (2320 potential caverns sites) by Fichtner [60]. The assessment by Fichtner [60] is
performed with an average gas density of 10 kgn, m™ and assumes a cavern size of 500,000 m”,
separated by a distance of 280 m. Moreover, the use of a cavern safety factor (30%), geological
uncertainty factor (50%) and a factor for urban and rural area exclusion (23%) significantly
decreases the estimated capacity. In addition, protected areas are excluded from the potential
cavern sites. In the presented work, geological uncertainty and urban and rural exclusion factors
are not used; instead, an extensive land eligibility analysis is performed to take the settlement
areas into account. Moreover, the salt structures in Lower Saxony are mostly salt domes, with an
assumed cavern size of 750,000 m®. Considering these differences in the assumptions (especially
the geological uncertainty factor), a calculated estimate difference of 880 TWhy;, is regarded as
acceptable.

Proximity to the coast is considered to obtain up to approximately 50 km in order to still
economical in terms of brine disposal [13,51,60]. This constraint is assumed to be a socio-
economic factor rather than a technical one; thus, it is not applied in the eligibility analysis, after
which the technical potential of salt caverns will be determined. Nevertheless, it is noted in order
to observe the variation in the storage potential with respect to the proximity to the coast. In the
“constrained” case, a maximum distance of 50 km for cavern construction is defined as
incorporating the economic and ecological disposal of brine in the sea, resulting from cavern
leaching. Even though the storage capacity is decreased to a total of 7.3 PWhy,, Germany has the
largest share, corresponding to 60%. Furthermore, some of the countries, such as the United
Kingdom, Denmark, Greece and Portugal retain all their storage potential owing to the proximity
of their suitable salt formations to the shore. In contrast, the storage potential in Poland decreases
by 98% with this constraint, as most of its salt structures are located in the center of the country.
There is no storage potential in France, Bosnia or Romania in the constrained scenario. The
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minimum distances between the shore and salt caverns in Bosnia and Romania are estimated to
be 140 km and 340 km, respectively. In France, the closest cavern is approximately 65 km from
the shore. When the overall technical potential of salt caverns is considered, it is evident that
there is abundant storage potential available across Europe.

Albania 1] - Onshore (within
Greece E 50 km of shore)
1 Onshore
France 1 | B Offshore
Bosnia & Herz. 1 |
Romania 1 |
Spain 1 /| |
Portugal 1 _
Poland 1 A |

Denmark -

United Kingdom 1 /_

Netherlands 1 |

Germany 1 . /| -

102 103 104
Total Cavern Storage Capacity [TWh]

Figure 8. Total cavern storage potential in European countries classified as onshore, offshore
and within 50 km of shore.

4 CONCLUSION

The intermittency of variable renewable energy sources can be overcome by incorporating the
“Power to Gas” concept with consideration to the large-scale storage of hydrogen in subsurface
salt deposits. Salt caverns are considered the most promising large-scale storage sites owing to
their operational safety, low cost, sealing capacity and low cushion gas requirements. Therefore,
this study conducted an analysis of the technical potential of salt caverns across Europe. Four
main steps were followed for the estimation of European storage potential, initiated by
performing a suitability assessment for the salt formations across Europe, applying land
eligibility constraints derived from a review of the relevant literature, distributing the caverns
across eligible locations and, finally, estimating the individual cavern storage capacity by
factoring in the salt formation characteristics in terms of thermodynamic storage considerations.
The suitability assessment was only performed on bedded salt deposits, as all of the domal salt
deposits are assumed to be suitable for underground hydrogen storage. These results include all
possible cavern locations with respect to, latitude and longitude, as well as the estimated cavern
storage capacities.
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The overall technical potential, including both onshore and offshore locations, is estimated to be
84.8 PWhy,, with 23.2 PWhy, of this potential belonging to onshore formations. When a
maximum distance of 50 km to the coast is applied to the onshore salt caverns in order to take
into account the economic and ecological aspects of brine disposal pipelines, onshore potential
decreases down to 7.3 PWhy,. Germany has the highest storage potential in both onshore and
offshore contexts, with only onshore and constrained cases with capacities of 35.7, 9.4 and 4.4
PWhy,, respectively. Although the capacity in Germany does not significantly change with the
introduction of a 50 km constraint, countries such as France, Bosnia and Romania do not retain
their capacity due to large distances to shore. In contrast, the capacities of the United Kingdom,
Denmark, Greece and Portugal do not change, owing to the shore proximity of the salt deposits.

Even in the most restricted scenario, a large difference of one order of magnitude is evident
compared to the technical storage potential of pumped hydropower (with a maximum value of
0.123 PWh). However, a more in-depth analysis must be performed with higher resolution
geological data. With the available data including urban and rural areas for Ukraine and Belarus,
the analysis can be extended to these countries in order to estimate the technical potential of
underground hydrogen storage in salt caverns. Furthermore, techno-economic or techno-
ecological potentials can be derived from the technical potential of salt caverns proposed in this
analysis by considering detailed economic and ecological aspects. How much of the presented
storage potential can or will be utilized and where to locate the possible cavern sites can be
further investigated by an energy system analysis that can account for locations with high
demand and generation profiles, as well as public acceptance.
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