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Abstract

The study concerns the critical issue of large-scale hydrogen storage in salt domes. The article aims
to present the methodology for the hydrogen storage potential assessment for salt domes. The method
considers the size of storage caverns, their depth, the influence of convergence, and the geological
structure of the selected salt domes. Statistical analysis of data from the underground cavern storage
facility in the Mogilno salt dome allows determining the probability of constructing a salt cavern of a
specific volume and depth in the selected salt domes. Estimates based on the developed methodology
indicate that the average hydrogen storage potential for the analyzed salt domes ranges from 125.7 TWh;
after the first filling to 83.8 TWh, after 30 years of operation. The maximum storage potential ranges from
178 to 155 TWhq, respectively. In the case of the largest analyzed salt dome, where one may construct salt
caverns at a depth that ensures moderate convergence, the storage potential amounts to 34.3 TWh, after
first filling. The presented methodology is the next phase of the research, which refines the previous
estimates, allowing for more accurate forecasts of rock salt deposit capacity in terms of hydrogen storage.
The presented problems are of interest to countries considering large-scale hydrogen storage, geological
survey organizations, companies producing electricity from renewables, and petrochemical companies

considering underground hydrogen storage in salt caverns.
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Highlights

e The methodology allows determining the potential for hydrogen storage in salt domes
e The cavern volume, depth, and convergence has a significant impact on its capacity
e The complex geological structure of salt domes diminishes their storage potential

e The storage potential in salt domes significantly exceeds current demand

Keywords:

large scale hydrogen storage, salt cavern, salt dome, cavern capacity, convergence, storage potential,
renewable energy sources

Word Count: 7542

Nomenclature

A —surface area of anticlinal structures at a depth of the salt mirror [km?]

A — constant coefficient in the convergence formula [%o/year]

c - salt dome storage capacity per area [thousand Nm3/m?]

f — coefficient of the hydrogen-filled cavern volume to its total volume (assumed as 0.8)
g — standard gravity [m/s?]

Zr — allowable gradient of the maximum hydrogen storage pressure [MPa/m]
Zpmin — minimum storage pressure gradient [MPa/m]

gr — geothermal gradient [K/m]

H — cavern height including the neck and excluding the sump and the residual brine [m]
hy — maximum depth of the center of a salt cavern that can be safely emptied [m]
hee — cavern center depth [m]

HBcem — depth of the last cemented casing shoe [m]

Hrop — the salt mirror depth [m]

k — average annual convergence [%o]

k(p) —the rate of cavern relative convergence at hydrogen pressure p [%o/year]
Mpm3 —the amount of hydrogen in the cavern [Nm?]

n — exponent in the convergence formula [-]

p —cavern pressure [MPa]

P — salt dome surface area at a depth of the salt mirror [km?]

Do — primary lithostatic pressure [MPa]

Decem — pressure at the last cemented casing shoe depth [MPa]

Dh — brine head pressure [MPa]

Dimax — maximum storage pressure [MPa]

Dumin — minimum storage pressure [MPa]

Qs — constant coefficient in the convergence formula, the equivalent of activation energy [J/kg]
R — gas constant [J/kgK]

S —surface area assigned to a single cavern in a triangular grid [m?]

t — operation time [years]

T — hydrogen temperature in the salt cavern [K]



Tm —rock mass temperature according to the geothermal gradient [K]
Tmo — rock mass temperature on the surface [K]

V — geometric volume of the cavern [m?]

Z — hydrogen compressibility coefficient [-]

Amymsz  — stored hydrogen mass increase with a pressure change by Ap [Nm?]
Ap — cavern pressure working range

ADrydr — hydraulic resistance increased by the brine pressure on the head [MPa]
Aty —the period when cavern is filling to the maximum pressure [days]
Atmax — the period when cavern is under the maximum pressure [days]
Atnin —the period when cavern is under the minimum pressure [days]

Atexp —the period when cavern is exploited to the minimum pressure [days]
Greek symbols

Y7 — expected value

Db — brine density [kg/m?]

PH — hydrogen density under standard conditions [kg/m?3]

Lo — density of overburden rocks [kg/m?]

s — density of rock salt, [kg/m?]

oo — the dimensional constant in the formula for convergence, op =1MPa
Abbreviations

bgl! — below ground level

CAES — compressed air energy storage

CGSF — cavern gas storage facility

IRES — intermittent renewable energy sources

NG —natural gas

RES —renewable energy sources

UGS —underground gas storage

UHS —underground hydrogen storage

Statistical nomenclature

ab,cd

flh)
ftv)
s(h)

Vo, Vi, V2
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o

— trapezoidal distribution parameters

— trapezoidal distribution of caverns depths

— triangular distribution of caverns volumes

— the probability function of caverns depth in the Mogilno salt dome

— triangular distribution parameters

— unit step function of salt cavern depth

— expected value corresponding to the caverns' average depth or volume value
— standard deviation from the caverns' average depth or volume value



1. Introduction

Probably renewable energy, based on wind and solar power plants, becomes a significant energy
source shortly. In that case, storage systems of multi-megawatt capacity will be necessary [1-3].
Underground storage of large quantities of hydrogen produced by electrolysis of water using off-peak
power may prove an economically viable solution for different time scales. Salt caverns are considered a

favorable option for storing large amounts of hydrogen [4-6].

Hydrogen offers the solution sought for the decarbonization of industrial processes and those
sectors of the economy where reducing carbon dioxide emissions is difficult to achieve [7]. Today, still
partially, but in the 2050 perspective, it should replace natural gas (NG) in the chemical industry,
metallurgy, transport, and in the long-term, aviation and maritime sectors (COM/2020/301). The
technology of hydrogen production by electrolysis has been intensively developed in recent years. One of
its advantages is virtually unlimited availability of the raw material, water. However, the condition for its
widespread use will be the availability of significant resources of cheap energy from renewable energy
sources (RES) [8]. Moreover, with the growing role of hydrogen produced using intermittent renewable

energy sources (IRES), the possibility of large-scale storage will be necessary to consider.

1.1. Literature review

Porous geological structures and caverns constructed in rock salt formations [9—11] are considered
for underground hydrogen storage (UHS). Currently, salt caverns are typically regarded as the best for UHS
[12-14]. Rock salt deposits commonly occur worldwide as bedded formations or structures uplifted by
halotectonic processes (Fig. 1). There are numerous hydrocarbon storage facilities in both types of deposits

[15-17].
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Fig. 1 —Salt caverns in salt domes and bedded salt formations based on [18]

Low porosity and permeability, chemical inertness, and a common occurrence in the form of thick
layers and salt domes make rock salt very suitable for large-scale hydrogen storage [14,19,20]. In addition,
the specific properties of rock salt ensure the long-term stability and tightness of storage facilities [21-23].
Furthermore, other positive features of rock salt in terms of underground storage include the large
capacity of salt caverns, small surface area for a storage facility, flexible operation with multiple injections

and withdrawals cycles per year, and storage safety emphasized by [24,25].

Hydrogen behavior is more complex than expected because of its physical and chemical properties
and the interaction with the environment during storage [11,25]. Practical experience with hydrogen
storage is still limited. There are only four active storage facilities in rock salt for the petrochemical
industry: one in Teesside in the UK and three in the US, operated by Praxair, Conoco Philips, and Air Liquide

[13,26,27].

Assessment of the potential for hydrogen storage in salt caverns. The feasibility of hydrogen
storage in salt caverns has recently been assessed in several countries [17,28,29]. Already Crotogino and
Huebner [30] have pointed to the use of salt caverns for large-scale underground storage of renewable
energy through hydrogen production by electrolysis. The occurrence of thick, relatively pure rock salt
layers at a sufficient depth, preferably 1000 — 2000 m bgl (below ground level), access to fresh water for
salt leaching, and economically and ecologically acceptable means of brine disposal are indicated by
Matos et al. [20] as essential conditions for site selection for the underground cavern storage facilities.
While assessing the engineering potential for hydrogen storage, Chapman et al. [31] emphasized that the
costs of hydrogen production, storage, and transport are significant obstacles to the launch of the
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hydrogen economy. Executive Summary of the HyUnder project [32] presents the potential, stakeholders,
and relevant business cases for the large-scale and long-term UHS produced from IRES in six European
countries, pointing to the northern parts of Germany and the Netherlands as particularly promising. The
Spanish case study of the HyUnder project evaluated the potential of large-scale UHS in salt caverns [33].
Caglayan et al. [34] presented the technical potential for hydrogen storage in bedded salt formations and
salt domes in Europe. The total onshore and offshore technical storage potential was estimated at
84.8 PWhH,. The highest national storage potential of 9.4 PWhH; was reported for Germany. Mouli-
Castillo et al. [35] presented a method of assessing geological storage capacity concerning the seasonal
heating demand. Their calculations showed that in the case of Great Britain, the geological storage
potential exceeds the heating demand. Considering the economic, technical, and environmental factors of
large-scale hydrogen storage, Stone et al. [36] identified several potential sites for hydrogen storage in the
UK, which would help compensate for fluctuations in hydrogen demand and provide a strategic reserve.
Juez-Larré et al. [37] analyzed the onshore and offshore hydrogen storage potential in the Netherlands
and estimated the candidate fields storage capacity for NG and hydrogen. They also indicated the existing
limitations resulting from the rate of cavern leaching, brine management, and surface subsidence above

salt caverns.

Carneiro et al. [38] evaluated the occurrence of geological formations in mainland Portugal suitable
for large-scale energy storage, identifying the most significant potential for compressed air energy storage
(CAES) and underground gas storage (UGS) in salt formations and existing salt caverns. Ozarslan [39]
assessed the possibility of using a salt cavern in Turkey to store hydrogen produced from solar energy. A
preliminary assessment of underground storage of hydrogen produced from excess electricity in porous
media and salt caverns in Ontario (Canada) was presented by Lemieux et al. [40]. Qiu et al. [41] analyzed
depleted hydrocarbon reservoirs and salt caverns in an integrated energy system based on potential

scenarios for UHS in different regions in China.

Czapowski [42] discussed the geological conditions and prospects for the location of hydrogen
storage caverns in the Permian rock salt deposits in Poland, while Tarkowski and Czapowski [14] identified
seven salt domes not disturbed by mining activity in Poland as the most promising for UHS.
Slizowski, Urbanczyk et al. [43] determined the capacity of NG and hydrogen storage caverns depending
on the geological and mining conditions in rock salt deposits in the northern part of Poland. They presented
maps showing the amount of energy that may be stored per area. Lankof and Tarkowski [44] assessed the

potential of UHS in bedded rock salt formations in the southwestern region of Poland, stating that



underground storage of this gas requires the evaluation of the underground storage potential on a
regional, national, and local scale. For the selected area, based on maps of the energy value of stored
hydrogen, they presented a detailed assessment of the storage capacity for a single cavern and a cavern
field.

The size and shape of salt caverns. The dimensions and shapes of salt caverns may vary, depending
on needs, rock salt properties, and geological and mining conditions. Wang et al. [45] proposed a model
for designing the shape and dimensions of a cavern, indicating that the maximum gas pressure determines
the shape and dimensions of the lower part of the cavern, while the minimum gas pressure determines
the shape and dimensions of its upper part. Yee [46] presented a leaching program for an existing salt
dome storage cavern, resulting in increased storage capacity. Cyran [47] discussed the influence of
geological factors on the salt cavern shape, emphasizing that the rational design of the cavern depends
on the mechanical parameters of rock salt and other evaporite rocks, stability conditions, safety
requirements, and the stored medium. The results of shape modeling for the optimization of salt cavern
volume, including hydrogen, were also discussed by Cyran and Kowalski [48].

Storage Pressure. Storage pressure is an important parameter that determines the efficiency and
safety of UHS in salt caverns. Slizowski et al. [49] emphasize that exceeding the allowable storage pressure
gradient may lose cavern integrity. Bérest et al. [50] presented the results of tests on the maximum
allowable pressures in salt caverns to prevent leakages. Wang et al. [51], considering the possibility of
increasing the salt cavern capacity, analyzed the maximum allowable gas pressure based on hydraulic
fracturing tests. Slizowski et al. [52] presented preliminary results of in-situ fracturing tests of bedded salt
formations in SW Poland. The obtained results indicate that the design of a salt cavern for hydrogen
storage cannot assume the same maximum pressure gradient of 18.08 -10~2 MPa/m as is accepted for NG
in the Mogilno and Kosakowo cavern gas storage facilities (CGSF). It is expected that this value will need
to be reduced to the range of 15-16:10"3 MPa/m, which should be further verified by micro fracturing
tests in the borehole.

Rock salt properties that affect their behavior during hydrogen storage. During construction and
operation, salt caverns are subjected to various load conditions. The mechanical and thermomechanical
responses of rock salt during all stages of the cavern life, such as the leaching phase [53], first filling, and
operation, are frequently discussed [54-56]. Passaris et al. [57] presented the analysis results to evaluate
rock salt creep parameters to understand better the conditions ensuring the long-term cavern stability.

Bottcher et al. [58] present the results of a thermomechanical study of salt caverns designed for

short-term cyclic hydrogen storage. They indicate that large temperature amplitudes in the working gas



may lead to tensile stresses at the cavern boundary. In turn, reducing the frequency of cyclic gas injection
may be a way to reduce temperature fluctuations.

Khaledi et al. [21] discussed the stability and usefulness of underground storage caverns in rock salt
subjected to cyclic mechanical loading. The rheological properties of rock salt are of great importance for
the capacity of salt caverns. The significance of the tightness of rock salt due to its permeability is also
emphasized [59-63]. Abuaisha and Billiotte [64] indicated that hydrogen losses in salt caverns due to
diffusion, even with conservative assumptions, are very negligible.

The results of laboratory tests of geochemical reactivity of dissolved hydrogen with clay minerals
of rock salt interlayers show [65] that the hydrogen diffusivity may cause several problems and limitations,
affecting storage in salt caverns. The potential risk of H,S generation and release in salt cavern storage was
discussed by [66] as a factor that threatens the safe storage of hydrogen. Schlichtenmayer et al. [67]
investigated the permeability of rock salt samples. They observed no differences in the permeability of the
rock salt for experiments conducted with (NG), hydrogen, and air, indicating the suitability of salt caverns

for high-pressure hydrogen storage.

1.2. Research objective

The problem presented in this article concerns a systematic approach to assessing the potential
for UHS in specific, commonly occurring structures of rock salt deposits such as salt domes. Estimations of
hydrogen storage capacity in rock salt deposits are increasingly carried out on the continental, regional,
and country scales. They present initial capacity estimates and are based on general assumptions, using
publicly available data, providing a starting point for the more detailed capacity estimates, which requires

a different approach, both for bedded salt formations and salt domes.

Lankof and Tarkowski [44] presented the methodological basis for assessing the hydrogen storage
capacity of salt caverns. However, they mainly focused on bedded salt formations. Estimating the storage

potential of salt domes requires a different approach due to their specific geological structure.

Therefore, continuing the previous research, a methodological basis for a detailed assessment of
hydrogen storage potential for salt domes was developed. Using the proposed methodology, the hydrogen

storage potential for the selected salt domes in Poland was assessed.

The parameters of the hydrogen storage in salt caverns will ultimately depend on the investor's
needs and will require detailed analyzes at the cavern design stage. The methodology may help decide

whether and where to invest and what storage capacity to expect.



2. Methodology for assessing the potential for underground hydrogen storage in salt
domes

Storage caverns in rock salt deposits are usually constructed in the 500 — 1800 m bgl depth range
[16]. Taking the complex geological structure of salt domes into account, only the salt domes in which the
top of the rock salt (salt mirror) occurs not deeper than 1500 m bgl were taken for further consideration.
That increases the chances of encountering a suitable pure rock salt layer in an additional 300 m depth

range (1500-1800 m bgl). The adopted criterion allows for the selection of 7 salt domes for further analysis.
Fig. 2 and Table 1. present the selected salt domes.
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Table 1. The selected salt domes for the assessment of hydrogen storage capacity

Salt dome Salt mirror depth
No. Salt dome surface area
[km?] [m bgl]

1. Damastawek 13.0 446.0-497.0
2. Debina 0.5 169.3-215.0
3. lzbica 4.0 327.7-354.5
4. Ktodawa (beyond mining area) 21.0 227.5-532.2
5. Lubien 5.9 303.0-441.6
6. tanieta 9.5 235.4-303.8
7. Rogdino 21.0 320.9-372.8

The methodology determining the storage potential of the selected salt domes involves the

following steps:

the assessment of the maximum salt cavern height depending on its depth,

the evaluation of the optimum depth for the storage cavern,

the evaluation of the convergence impact on the capacity of hydrogen storage caverns,

the statistical analysis aimed at determining the distribution and the probability density
function of storage caverns depth and volume in the CGSF Mogilno,

determination of individual A/P coefficients for each analyzed salt dome. A/P coefficient is
the ratio of the surface area of the anticlinal structures including rock salt (A) at a depth of the
salt mirror, to the surface area of the analyzed salt dome at the same depth (P),
determination of parameters of the statistical distributions of a storage cavern depth and
volume in the selected salt domes based on the statistical analysis of the CGSF Mogilno data
and the individual A/P coefficients,

calculations of the storage potential of the selected salt domes considering the results

of the statistical analysis.

The assessment of the size of the hydrogen storage cavern was aimed at determining its maximum

safe size, not affecting its stability. Evaluating the optimum cavern depth allows us to adjust the expected

value of the cavern depth determined by statistical analysis, to improve cavern storage capacity. The

analysis of the salt caverns convergence assumed two variants of the convergence rate: optimistic and

pessimistic, determined in the previous research on rheological properties of rock salts from Polish salt

domes [68]. The analysis was aimed to determine the potential storage capacity loss depending on the

cavern depth and the assumed convergence variant.
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Statistical analysis of data concerning salt caverns depth and volume in the CGSF Mogilno allowed
us to determine the expected values of caverns depths and volumes. The generalization of the statistical
parameters to the other salt domes was carried out by determining the A/P coefficients for each salt dome.
The calculations of the potential of each selected salt dome take the expected values for the cavern depth
and volume and A/P coefficients into account. The interaction between caverns should be insignificant, so
to ensure caverns' stability, the distance of 250 m between salt caverns axes was assumed in the
calculations. Different criteria, such as dilation criterion or volume loss rates, determine dimensions of
safety pillars between salt caverns. Zapf [69] recommends remaining the safety pillar with a horizontal
dimension of 1.8 to 2.2 times the average diameter of two neighbor caverns. In the case of the Jintan salt
deposit in China, Wang T. et al. [70] recommend leaving the safety pillar 2.0 times larger than the cavern's
diameter, based on detailed geomechanical analysis. In Polish conditions, the distance of 250 m between
salt cavern axes was assumed, taking into account that the geological structure of the salt domes limits
the size of storage caverns. Assuming the safety pillar dimensions equal 1.8 - 2.2 of cavern diameter
according to Zapf [69] and 250 m distance between cavern axes, one may construct caverns with a
maximum diameter from 78 to 89 m. This assumption made it possible to calculate the average and
maximum storage potential of the selected salt domes and the storage potential per area. Calculations
assumed the pessimistic variant of convergence to illustrate the changes in storage capacity over time.

The storage potential is expressed as the volume [Nm?3] and stored hydrogen energy [TWhy].

3. The theoretical background of assessing the storage potential of salt domes

3.1. Caverns height in the salt dome

Two aspects are crucial in terms of the size of a cavern in salt domes: the geological structure of the
salt dome, and the geomechanical stability and integrity of the caverns. The upper limit of the cavern

height can be obtained as follows:

The safety condition which must be met to ensure the integrity of the rock mass is defined by the

formula (1).

Deem < hcem gr (1)

where p..m represents the pressure at the last cemented casing shoe depth, hcm the depth of the
last cemented casing shoe, and gr allowable gradient of the maximum hydrogen storage pressure

(0.016 MPa/m), adopted after Slizowski et al. [52].
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The critical value of pcem is determined at the end of the first filing of the cavern with hydrogen. The
pressure at the last cemented casing shoe's depth corresponds to the brine's pressure in the casing string
minus the pressure of the hydrogen column in the cavern plus the hydraulic resistance of the brine flow.

The formula (2) gives the pressure at the last casing shoe depth:

Pcem = Ppg(hcem + H) — pugH + Aphydr + Pn (2)

where p, is brine density, g standard gravity, pn hydrogen density, H cavern height including the
neck and excluding the sump and the residual brine, p, brine head pressure, and App,q, hydraulic

resistance of the brine flow.

Taking into account the low density of hydrogen and the low hydraulic flow resistance, these two

terms can be neglected and the limitation of cavern height can be safely approximated by the formula (3):

95 _ 1) _Pn
H < heem (ypb 1) 9pPp (3)

The previous calculations [68] indicate that the differences between the maximum cavern heights
approximated by the formula used and the detailed estimates are understated approx. 3.5% at a depth of
500 m, by approx. 11.5% at a depth of 1200 m, and 19.0% at 1800 m.Fig. 3 shows the maximum height of
the hydrogen storage cavern depending on the depth of the last cemented casing shoe. The maximum
height of the hydrogen storage cavern is about 30-40% lower than that of NG caverns. This difference is
due to the grvalues for hydrogen and NG assuming a conservative approach of calculations presented by

authors.
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Fig. 3 — Maximum height of hydrogen storage caverns depending on depth and calculation method.
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The estimates show that with conservative assumptions, at a depth of 1000 m bgl, it is possible
to construct caverns with a maximum height of 300 m, providing a large storage capacity. However, there
is a low probability of leaching caverns with the maximum height resulting from these estimates,

considering the geological structure of Polish salt domes.

3.2. Depth of salt cavern

The depth that allows the largest amount of hydrogen to be stored was assumed to be the most
favorable for the storage cavern. The amount of hydrogen which may be stored in one cubic meter of
cavern defines the formula (4):

Ampy,.3 — Pmax—Pmin
1m3 RTpy

(4)

where Ampms represents stored hydrogen volume increase with a pressure change by Ap,
Pmax Maximum storage pressure, and pmin minimum storage pressure. Thus, it may be assumed that the

difference between the minimum and maximum storage pressure is the greatest at the optimum depth.

The maximum pressure is determined at the level of the last casing-shoe depth. The value at which
the maximum pressure in the borehole stabilizes is reduced according to the adopted safety factor.
Depending on the cavern operation regime and shape, the maximum pressure may also be affected by the
potential hydrogen intrusion into the surrounding rocks [45]. In this article, the maximum pressure is

defined as:

Pmax = 9r heem (5)

The minimum storage pressure depends on the cavern depth, rock salt creeping rate, strength, and
cavern size. For the estimation of the salt caverns capacity presented in this article, the minimum storage

pressure was approximated by a linear formula (6):
Pmin = 9pmin (hee — ho) (6)

where gpminis minimum storage pressure gradient, hc is cavern center depth and hp maximum depth
of the cavern center that may be safely emptied. For further considerations, the values of
gpmin = 0.00835 MPa/m and hy = 750 m are assumed. The linear shape of formula (6) and the values of the
coefficients were adopted on the basis of computer simulations of stress distribution around an empty
cavern at various depths and using conservative triaxial salt strenght [68]. Since the gpmi» is less than gj,

the difference between the maximum and minimum storage pressures increases with depth. The storage
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capacity theoretically increases as well. In practice, however, there are some limitations. High pressures
require additional compressors and a particular class of pipes and reinforcement of the borehole. For these
reasons, the operating pressure not exceeding 24 MPa is most often applied. There are also limitations
due to the compressors' work regime that determines the minimum pressure. In the case of the analyzed

CGSF Mogilno, the operation pressure ranges from 3.3 MPa to 21.3 MPa [68].

Based on the above assumptions, calculations of the storage capacity expressed as the amount
of hydrogen Am in [Nm?] stored in 1 m? of cavern volume, were carried out. The calculations consider two
variants of storage pressure: | — the only limitation is allowable maximum pressure gradient of
0.016 MPa/m, Il — 3.3 MPa to 21.3 MPa corresponding to the CGSF Mogilno. Fig. 4 shows the calculation

results. Variant | is marked in blue, and variant Il in orange. The maximum depth of the cavern was

assumed at a depth of 1800 m bgl.

Capacity Nm3/m?3
[o2]
(=]

No operating pressure limit

10 Operating pressure range 3.3-21.3 MPa

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
Depth [m]

Fig. 4 — Depth-dependent storage capacity after the first injection.

The calculation results show that after the first filling of the salt cavern, the maximum storage
capacity for variant I, reached at a depth of 1800 m bgl, is 146.9 Nm3/m3. In the case of variant I,

the corresponding values are 1331 m bgl and 123.2 Nm3/m3, respectively.

3.3. Effect of convergence

Convergence is a phenomenon that leads to salt cavern shrinkage due to salt creep. It is related to

the difference between the pressure of the stored hydrogen and the primary pressure of the rock mass,
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which is always higher. In addition to the pressure difference, the rate of convergence is significantly
affected by temperature, the rheological properties of the rock salt, and the influence of neighboring
caverns. The formula (7) defines convergence [68,71]:

6_V _ Poo(Rcc)—D n _Rg—in
at A1 ( oy ) € (7)

k(p) =

1
%4
where V represents geometric cavern volume, A;, n, Q; are constant coefficients, p cavern pressure,

and py, primary lithostatic pressure, defined as follows:

P (hcc) = (pohtop + ps(hcc - htop)) g (8)

here p,, psrepresent the density of overburden rocks and rock salt, h:p the salt mirror depth, and

Tm rock salt temperature expressed by the formula (9):

Tm(hcc) = Tmo + g7 hec (9)
where Tmy is rock mass temperature on the surface (285 K) and gr geothermal gradient (0.03 K/m).

Assuming two values of coefficient A; in the formula (7) in the calculations, two variants of
convergence were considered: optimistic (A; = 0.3423%./year) and pessimistic (A; = 0.6846%./year). Based
on the experiments and calculations conducted by [68], the values of the remaining coefficients in
formula (7) were defined as follows: Qi/R = 2867.9 K, n = 4.089. In calculations of hydrogen storage
capacity of the salt cavern, the following operation scenario was assumed:

1) cavern under the minimum pressure — Atmin = 105 days,
2) cavern filling to the maximum pressure — Ati» = 30 days,
3) cavern under the maximum pressure — Atmax = 200 days,
4) cavern emptying to the minimum pressure — Atex, = 30 days.

Then the average annual rate of convergence is expressed by the formula (10):

E — k(Dmin) Atmintk(Pmax) Atmax + k(®min) Poo=Pmin) —K®max) Poo—Pmax) AtintAtexp (10)
365 (m+1) Pmax—Pmin) 365

The convergence effect was presented on the example of the changes of 1 cubic meter of cavern

volume over time. Because of the convergence, after a specific operation time t, the volume of one cubic

meter of the cavern void will be (1 — E)t and its storage capacity defines the formula (11):

Am,, 3 p —Dmi —\t
Nm°> __ Pmax”Fmin _
T = e (1-k) (11)
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The results of the calculations indicate that in the case of optimistic convergence after 15 years at
depths where maximum storage capacity is recorded, the loss of storage capacity for variant | is about 21%

and for variant Il only 7%. After 30 years, these values are 27% and 14%, respectively (Fig 5).
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Fig. 5 — Storage capacity depending on depth after 15 and 30 years of cavern exploitation
(optimistic convergence variant).

Assuming the pessimistic variant of convergence, we observe much more significant storage
capacity loss over time. For example, after 15 years, the loss of storage capacity for variant | is about 27.9%,

and for variant ll, 14%. After 30 years, these values are 34.2% and 21.5%, respectively (Fig. 6).
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Fig. 6 — Storage capacity depending on depth after 15 and 30 years of cavern exploitation
(pessimistic convergence variant).

Figures 7 and 8 show the effect of convergence on the storage capacity in the optimistic and
pessimistic variants of convergence. In addition, the figures show the dynamics of changes in the maximum

storage capacity and the optimum storage depth depending on the adopted variant of the operating

pressure and convergence.
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Fig. 9 shows, in turn, the changes in maximum capacity over time in function of storage pressure

and the convergence rate.
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For 30 years corresponding to the average lifetime of the salt cavern, the maximum capacity loss
assuming optimistic convergence is 40.9 Nm3/ m3for variant | of storage pressure and 17.2 Nm3/ m3 for
variant Il. These values are correspondingly higher - 50.3 Nm3/m3 and 26.5 Nm3/ m3, respectively,
assuming pessimistic convergence (Fig. 9). The differences in the maximum capacity in the analyzed
variants are the greatest in the first years of operation of the caverns. These differences disappear after

20 years for optimistic convergence and after ten years for pessimistic convergence.

Figures 10 -- 12 show surface diagrams of the changes in storage capacity depending on time and

depth, taking the operating pressure and convergence variants into account.
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Fig. 10 — The surface plot of the storage capacity for the optimistic variant of the convergence
(1, - variants of storage pressure conditions).
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The results presented in figures 4 — 12 indicate that the optimum depth of the salt cavern for
hydrogen storage is closely dependent on the storage pressure range and convergence rate adopted.
Based on the calculations, it may be concluded that the optimum cavern center depth in the case of
variant I, the most suitable for the actual storage conditions, is in the range of 1050-1350 m bgl. The

optimum depth of 1200 m bgl was assumed for further analysis.

3.4. Statistical analysis of the CGSF Mogilno data

The CGSF Mogilno is the only underground storage facility for compressed gases in the salt dome in
Poland. The geological structure, similarly to the remaining Zechstein salt domes in Poland, is very
complex. The rock salt layers are steeply dipping, being folded, and faulted. Different solubility of rock salt
and accompanying interlayers prevents, in many cases, the construction of a cavern of a designed shape

or significantly reduces its volume.

The Mogilno salt dome occurs in central Poland in the NW part of the Mogilno-tddz Trough. The salt
mirror was drilled at 220 to 260 m bgl. Within the salt dome, two separate concessions were issued. In one

of them, in the north-western part of the salt dome, the CGSF Mogilno is located (Fig. 13).
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Fig. 13 — The salt cavern location in the CGSF Mogilno [72].

The CGSF Mogilnom includes fifteen caverns. Fourteen of them are currently in operation. In 1995-
2005, ten caverns with a total capacity of 416.7 million m3 were constructed. In the second phase, after
2007, another five caverns were leached. Geological conditions forced the construction of caverns at
various depths ranging from 600 to 1600 m bgl. The caverns' shapes are primarily irregular [72], and their
working volume ranges from 182000 m* to 562000 m3. The CGSF design assumed the location of the

caverns at a distance of about 300 m.

To determine the storage capacity in the Polish salt domes occurring in the same province of the
Polish Zechsteinin Basin, the statistical analysis of the storage caverns’ depth and volume distributions in
the only Polish UGS facility located in a salt dome was performed. Due to the general similarity of the
geological structure of the salt domes, the statistical parameters of these distributions were extrapolated
to the remaining salt domes, considering the individual A/P coefficients. Statistical analysis made it
possible to determine the average depth and volume of caverns (expected values u) and the probable

depth and volume range of caverns in the individual salt domes (standard deviation o).

3.4.1. Probability of the salt cavern location at a given depth

Based on 15 NG storage caverns in the Mogilno salt dome, the probability of a hydrogen storage
cavern location at a given depth was determined. Due to the geological structure, the caverns in the
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Mogilno salt dome were located at various depths. Fig. 14. shows the heights and depths of the caverns in

!

the CGSF Mogilno.

Depth [m b.g.l.]

g

Fig. 14 — The heights and depths of the CGSF Mogilno caverns.

For each cavern of the CGSF Mogilno, a function defining its depth was applied to determine the

probability of the cavern location at a given depth. The function is defined by the formula (12):
s(h) =9(h —hee) —9(h — hep) (12)

where: 3 - unit step function (13):

0 forx <0
9(x) = 1/2 forx=0 (13)
1 forx >0

The sum of the above functions for 15 caverns determines the number of caverns at a given depth.
In order to obtain the histogram describing the probability of a cavern location at a given depth of the

Mogilno salt dome, the distribution of the number of caverns depending on depth was normalized to unity.

Fig.15 shows the distribution of the caverns number depending on the depth and the histogram

describing the probability of a cavern location at a given depth in the Mogilno salt dome.
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Fig. 15 — Number of the CGSF Mogilno caverns at a given depth (left axis) and probability density
of caverns location at a given depth (right axis).

Three theoretical distributions were fitted to the histogram: logistic, trapezoidal, and normal. Fig. 16
shows the fitted probability density functions of the theoretical distributions against the empirical
probability of a cavern location at a given depth. The fit quality is represented by individual cumulative
distribution functions in Fig. 17. Because of the best fit, for further considerations, the trapezoidal

distribution was adopted.
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Fig. 16 — Probability density of theoretical distributions of salt caverns location at a given depth based on
the CGSF Mogilno data.
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Fig. 17 — Empirical and theoretical cumulative distribution functions of salt caverns location at a given
depth based on the CGSF Mogilno data.

Because of the best fit for further considerations, the trapezoidal distribution was adopted. The

probability density of the trapezoidal distribution was calculated by the formula (14):

2 2a

o arcsa ' T e @res_m forash<b
2
fW) =\ Grer-a forb<h<c (14)
-2 2d

(d—c) (d+c—b-a) h+ (d—c) (d+c—b—a) forc<h<d

The expected value of the trapezoidal distribution, reflecting the average cavern depth, is

determined by the formula (15):

__ d?+c?+cd-b%-a’-ab

3 (d+c—d-a) (15)
and the variance by the formula (16):
2 _ d*+d’c+cd’+c*-b3-b*a-ab’-a®
o= 6 (d+c—d—a) K (16)

For the trapezoid distribution the expected value and standard deviation are: u=1161,32 m,
0 = 258,043 m. The adjusted distribution parameters are as follows: a=596 m, b =873 m, c=1470 m,
d=1710 m.
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3.4.2. Probability of the salt cavern construction of a given volume

The second analyzed parameter was the volume of salt caverns. The volume of salt caverns
in the Mogilno salt dome structure ranges from 182 000 m* to 562 000 m3. The volume histogram,
representing the distribution of the caverns’ volume in the Mogilno salt dome, was obtained by
introducing a moving volume range of 100 000 m3 due to the small amount of the empirical data (number
of caverns). The range was checked every 20 000 m3 in terms of the number of caverns, the volume of
which was within the analyzed range. Twenty-four ranges from 100 000 m* to 600 000 m* were analyzed.
The range positions are not statistical classes because they are not disjoint. The applied procedure is

equivalent to the disjoint classes with a width of 20 000 m? with a 5-point smoothing filter.

Fig. 18 shows the histogram describing the probability of a cavern construction of a given volume
in the Mogilno salt dome and the fitted probability density functions of the theoretical distributions. The

quality of the fit is represented by the individual cumulative distribution functions in Fig. 19.
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Fig. 18 — Probability density of a cavern construction of a given volume
based on the CGSF Mogilno data and fitted theoretical distribution.
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Fig. 19 — Empirical and theoretical cumulative distribution functions of a given volume cavern
construction probability based on the CGSF Mogilno data.

The triangular distribution, defined by the formula (17), was chosen for further consideration due

to the best fit.

2v-vy) forV, <V <V,

f(V) — (VZ_Vl) (VO_Vl) (17)

2(V,=V)
_— < <
(Va=Vy) (Va—Vp) forVo <V <V,

The expected value in a triangular distribution is given by the formula (18):

— V1+V2+V3 (18)
3
and the variance by the formula (19):

o2 = VE+VE+VE =V Vo=VoVo—V1 Vs
18

(19)

The parameters of the triangular distribution are: Vi = 66 000m?3, Vo = 354 000 m3, V,= 629 000 m>.
The expected value representing the average cavern volume is 349 700 m?3, and the standard deviation is

114 900 m?.

3.4.3. Statistical parameters of the selected salt domes

The generalization of the statistical parameters of probability distributions of the cavern depth and
volume determined for the CGSF Mogilno to other salt domes requires considering the differences

in the quantitative share of rock salt layers suitable for cavern construction and in the depth of the salt
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mirror in the individual salt domes. Therefore, to assess the share of rock salt layers suitable for cavern

construction, an analysis of the geological structure of selected salt domes at the surface of the salt mirror

was carried out. Since anticlinal structures, including rock salt, are privileged for cavern construction, the

analysis has been carried out by Slizowski [73] to determine the ratio of the anticlinal structures surface

area (A), at a depth of the salt mirror, to the surface area of the analyzed salt dome (P) at the same depth.

The results of the analysis and archival data review [73] are shown in Table 2.

Table 2. The surface area of the selected salt domes (P) and anticlinal structures (A) at the salt mirror
depth and the (A/P) coefficients based on [73]

Salt dome P [km?] A [km?] A/P
Damastawek 16.5 6.06 0.367
Debina 0.5 0.44 0.880
Goéra 1.0 0.74 0.740
Inowroctaw 2.0 1.28 0.640
Izbica Kujawska 4.0 2.24 0.560
Ktodawa 37.5 12.3 0.328
Lubien 5.9 3.0 0.508
tanieta 9.5 4.37 0.460
Mogilno 7.5 33 0.440
Rogdino 21.0 7.89 0.376
Wapno 0.3 0.267 0.890

Fig. 20 shows the relationship between the normalized share of anticlinal structures and the surface

area of the selected salt domes at the salt mirror depth and the A/P power function fit.
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It may be concluded that the smaller the A/P coefficient, the more difficult it is to construct the
cavern in the selected salt dome, considering the relationship presented in Fig. 20. Therefore it was
assumed that the relations between the cavern depth distribution parameters correspond to the
relationship between the respective A/P coefficients of the selected salt domes. Then, the expected value

of the depth distribution in the considered salt dome x may be defined as follows:

(A/P)m

K= M=y (20)

where tv represents the expected value of a cavern volume in the Mogilno salt dome, (A/P) value
of the coefficient for the selected salt dome, and (A/P)u = 0,44 value of the coefficient for the Mogilno salt

dome. The standard deviation of the depth distribution in the considered salt dome (o) is:

— (A/P)m
K TS (21)
The value of parameter a was defined as:
_ (A/P)m
BT (22)

The remaining distributions parameters b, ¢, d, and Vo, Vi, V> were defined in the same way.

If the value of the parameter a of the trapezoidal distribution, specifying the minimum depth of a
cavern, was lower than the depth of the salt mirror increased by 100 m (the thickness of the rock salt
above a cavern), then it was decreased so that its value was equal to the salt mirror depth + 100 m. When
the expected value g, determining the average depth of cavern, was lower than the optimum depth of
the cavern center, i.e., 1200 m, then its value was adjusted to the optimum depth to improve cavern

storage capacity.

Similarly, to obtain the value of the average cavern size in the selected salt domes, the statistical
parameters of the cavern volume distribution for the Mogilno salt dome were generalized to other salt
domes, assuming proportionality between the A/P coefficient of the selected salt domes. Table 3 presents

the estimation results of the caverns' volume and depth for individual salt domes.
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Table 3. Statistical parameters of storage caverns in the selected salt domes.

The standard The standard
Average cavern deviation of Average depth deviation of
Salt dome A/P volume
[thousand m’] average volur’ge [m bgl] average deptah
[thousand m?] [thousand m?]
Damastawek 0.367 295.5 137.7 1409 324.7
Debina 0.837 673.5 60.4 1200 151.3
Izbica Kujawska 0.560 450.5 99.5 1200 221.8
Ktodawa 0.328 263.9 90.3 1705 444.1
Lubien 0.508 409.1 154.2 1200 242.9
tanieta 0.460 370.1 109.9 1200 275.0
Mogilno 0.440 354.0 114.9 1161 258.0
Rogdino 0.376 302.3 134.6 1345 352.5

Fig. 21 and 22 show the average values and standard deviation of caverns depth and volume in the

selected salt domes.
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Fig. 21 — The average values and the standard deviation of the depth of the caverns in the selected salt

domes.
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Fig. 22 —The average values and the standard deviation of the volume of the caverns in the selected salt

domes.

The analysis carried out indicates that in the case of four salt domes (Debina, Izbica Kujawska,

Lubien, and tanieta), it is possible to construct caverns at the optimum depth, i.e., 1200 m bgl. Because of

the small share of anticlinal structures at the salt mirror depth and the relatively large area, the average

depth of caverns in the Ktodawa salt dome is 1704 m bgl. The average values of the cavern volume in

individual salt domes do not differ significantly from each other and fall within the range of

263 900 — 450 000 m3. However, this value varies considerably in the case of the Debina salt dome,

reaching 673 500 m3. This difference is mainly due to the high share of anticlines in this salt dome.

4. Calculation of the storage potential of salt domes

The calculations assume the caverns' triangular grid layout and the distance between caverns axes

of 250 m. With such a caverns layout, the surface area assigned to a single cavern is:

The amount of hydrogen stored in a single cavern is determined according to the formula (24):

S= 2502\/; = 54126.6 m?

m i
3 = ——
Nm py RTZ

(23)

(24)

When calculating the average storage potential, a linear temperature rise with depth, a pessimistic

variant of convergence, the value of the average annual convergence based on formula (10), and the use

of 80% of the cavern geometric volume were assumed. The storage potential per 1 km? of the salt dome

area, taking convergence into account, is expressed by the formula (25):
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_fvA .\
- SpHRZ"Z (1-k) (25)

where f represents the ratio of the hydrogen-filled cavern volume to its total volume (0.8).

Table 4 presents the results of the calculations, based on the values obtained from the statistical
analysis, showing the average storage capacity of caverns in M Nm3, the average storage capacity of the

salt domes in billion Nm3, and the average storage capacity per area expressed in billion Nm3/km?.

Table 4. Results of the average storage capacity calculations for the selected salt domes

Average Average The average capacity of The average capacity of
Average cavern 3 the salt dome
Salt dome cavern R the salt dome [B Nm3] over 3 5 .
Number cavern capacity . [B Nm3/km?] over time
Salt dome surface area volume X time [years]
5 of caverns depth after first [years]
[km?] [thousand -
3 [m bgl] filling

m’] (M Nm?] 0 15 30 0 15 30

Damastawek 16.5 304 295.5 1409 27.6 8.40 6.91 5.68 0.51 0.42 0.34

Debina 0.5 9 673.5 1200 65.5 0.59 0.51 0.45 1.21 1.05 0.92

Ktodawa 21.0 387 263.9 1705 19.8 7.66 4.78 2.98 0.37 0.23 0.14

IZb.Ica 4.0 73 450.5 1200 43.8 3.20 2.79 2.43 0.81 0.71 0.62
Kujawska

Lubien 5.9 109 409.1 1200 39.8 4.34 3.78 3.30 0.73 0.64 0.56

tanieta 9.5 175 370.1 1200 36.0 6.30 5.49 4.79 0.66 0.58 0.51

Mogilno 7.5 138 354.0 1161 323 4.46 4.09 3.76 0.60 0.55 0.50

Rogdino 21.0 387 302.3 1345 29.5 11.42 9.75 8.31 0.55 0.47 0.40

For further analysis, the storage capacity of the selected salt domes expressed in Nm3was converted
to the thermal energy of the stored hydrogen represented in TWh;, assuming the hydrogen calorific value
of 10.8 MJ/m3, Fig. 23 shows changes in the average storage capacity of the salt domes in the thermal

energy of stored hydrogen over 30 years.
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Fig. 23 — The average thermal energy of the stored hydrogen in the selected salt dome.

30



The most significant storage capacity was noted in the case of the Rogdzno salt dome — from
34.3 TWh after the first filling to 24.9 TWh;, after 30 years. Such a storage capacity is due to the salt dome's
size and the caverns' depth, ensuring moderate cavern convergence. On the other hand, in the case
of the Ktodawa salt dome, despite a similar surface area, we observe a much lower storage capacity — from
23.0 TWh; to only 10.0 TWh, respectively. The reason is the 350 m deeper location of salt caverns, causing
the convergence rate to increase. To present the storage potential, the authors assumed that all caverns
in the selected salt domes started operating simultaneously. The assumption is, of course, hypothetical
and is applied to compare the storage capacity between the individual salt domes. Fig. 24 shows

the calculation results of the average storage potential of the selected salt domes over 30 years.
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Fig. 24 — The total average storage potential of the selected salt domes over the operation period.

According to estimates, the total storage potential in individual years ranges from 125. 7 TWh; after
the first filling to 83.8 TWh. after 30 years of operation. The total average storage potential of the individual
salt domes over 30 years was determined, considering the operation scenario covers one cycle of filling

and emptying per year. Fig. 25 shows the result of the calculations.
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Fig. 25 — The average storage capacity of individual salt domes, assuming one storage cycle annually for
30 years of operation.

According to the estimates, the highest hydrogen average storage potential of 910 TWh was noted
for the Rogdzno salt dome. In contrast, all salt domes' hydrogen average storage potential reaches

3193 TWh after 30 years.

Salt caverns construction at the optimum depth, the maximum cavern volumes resulting from the
statistical analysis, and the optimistic variant of convergence were assumed to assess the maximum
hydrogen storage potential of the selected salt domes. The optimum depth of the cavern center was
considered as 1300 m bgl. Since the methodology does not assume the same depth of caverns in the salt
dome, the maximum storage capacity of the selected salt domes depending on the cavern depth was

presented in Fig. 26, considering the expected caverns' volume.
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Fig. 26 — The maximum hydrogen storage capacity of salt domes against the cavern center depth.

Fig. 27 shows the comparison of the maximum and average hydrogen storage potential assessed

based on the presented methodology considering the maximum and expected caverns' volume.
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Fig. 27 — The comparison of the maximum and average hydrogen storage potential
of the selected salt domes over the operation period.
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The analysis showed that after first filling, the maximum hydrogen storage potential of the selected
salt domes exceeds the average storage capacity of about 30%. This difference increases with the time

of caverns operation and reaches 47% after 30 years.

5. Discussion

In the methodology for assessing the hydrogen storage potential in salt domes, particular attention
was paid to the most relevant factors in this regard: cavern size, depth, and the impact of convergence on
the capacity of the storage cavern. A similar approach can be found in numerous publications, including

[21,51,74].

The assessment of the maximum height of the salt cavern is an essential factor due to its stability
and the risk of fracturing the salt formation when emptying the cavern. Therefore, based on the maximum
allowable pressure gradient of 0.016 MPa/m [52], the authors analyzed the maximum possible height of
caverns. The estimates show that with conservative assumptions, at a depth of 1000 m bgl, it is possible
to construct caverns with a maximum height of 300 m, providing a large storage capacity. However, there
is a low probability of leaching caverns with the maximum depth resulting from these estimates,

considering the geological structure of Polish salt domes.

The salt cavern convergence is a significant factor in assessing their capacity. The convergence rate
is significantly affected by temperature, the rheological properties of the rock salt, the influence of
neighboring caverns, operational scenario, and cavern shape and size [58,75,76]. The estimates of salt
cavern convergence include two values of the coefficient (A;) determined based on previously conducted
research [68]. Similarly, as in other analyses, a seasonal hydrogen storage operation scenario to balance
energy demand was assumed [5,40,41]. In the case of storage pressure range of 3.3 — 21.3 MPa,
considering the optimistic convergence variant, 15 years after the first filling of the cavern with hydrogen,
a decrease in storage capacity of 7% is observed. After 30 years, this value reaches 13.9%. In the case of
the pessimistic convergence variant, the values are 14.0% and 21.5%, respectively. Similar decreases in
storage capacity were observed for NG caverns [77]. The presented values correspond to the results of

calculations presented by [78-81].

The capacity of caverns was found to vary throughout the operation cycle. It was observed that over
the 30-year operation cycle of the salt cavern, the loss of the storage capacity might reach even
26.5 Nm3/m3assuming the pessimistic variant of convergence. The differences in the maximum capacity

in the analyzed variants of the operating pressure ranges and convergence are the largest in the initial
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years of operation. In the case of the optimistic convergence variant, these differences disappear after 20
years, for the pessimistic variant - after ten years. Calculations indicate that the optimum depth of a salt
cavern for hydrogen storage is closely dependent on the operating pressure range and convergence rate
adopted. In the pressure range considered corresponding to actual storage conditions, the optimum
cavern center depth is in the range of approximately 1050 to 1350 m bgl, similar to the NG storage caverns

[68].

Thus, the statistical analysis was applied to determine the expected storage cavern depth and
volume values in the selected salt domes, considering their geological structure. The authors are not aware

of similar studies on the influence of the geological structure on the storage capacity of salt domes.

The estimates of the storage capacity of salt caverns in Europe presented so far [34] are based on
arbitrary assumptions about the size of salt caverns. Such assumptions lead to significant simplifications
and inaccuracies related to the scale of the estimates made. The presented estimates, taking into account
the essential factors influencing the storage capacity of salt domes, such as the caverns size, their optimum
depth, and convergence as well as the geological structure of individual salt domes, are the next stage of
detailed evaluation of the hydrogen storage potential of salt domes. Therefore, the obtained results,
based on the application of the original method, allowed us to significantly refine the estimates of the
storage capacity of the salt domes, compared to those presented by Caglayan et al. [34], which estimate
the storage potential of bedded formations and salt domes in Poland at approx. 10000 TWh.. Estimates of
the storage potential of rock salt deposits occurring in the southern part of the Zechstein salt basin in
Poland [44] indicate that their maximum capacity does not exceed 1000 TWh;. Due to their size, the total

storage potential of salt deposits in Poland should be much lower than in the previous forecasts [34].

It should be noted that the presented values of the hydrogen storage potential of salt domes
correspond to the technical storage potential considering only geological and mining conditions.
Therefore, one should expect that the actual storage potential of the salt domes will be much lower when
taking into account all surface and underground barriers that constrain the salt cavern's construction, as

indicated by Juez-Larré et al. [37] and Tarkowski and Uliasz-Misiak [82].

The estimates indicate that the Rogdino salt dome has the highest storage potential, from
34.3 TWh after the first filling to 24.9 TWh, after 30 years. This storage potential loss is due to the size and
depth of the cavern, ensuring its moderate convergence. Considering the assumed operating scenario, the
average storage capacity of the selected salt domes ranges from 125.7 TWh after first filling to 83.8 TWh

after 30 years of operation. The average loss in storage capacity of the selected salt domes was estimated
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at 33% of the initial capacity. This value varies significantly between salt domes. The capacity losses that
result from convergence range from 23.3% in the case of salt caverns located at a depth of 1200 m bgl to
61% in the case of caverns located at a depth of about 1700 m bgl (the Ktodawa salt dome). As indicated
in previous publications, the cavern convergence depends on depth, rheological properties of the rock salt

[83—85], and thermo-mechanical conditions [21,75,76].

The estimates show that assuming the seasonal operating scenario, the energy of the stored
hydrogen in the Rogdzno salt dome might reach even 910 TWh; over 30 years of operation. The analysis
of the maximum storage capacity considering the optimum caverns' depth, maximum caverns' volume,
and optimistic convergence indicates that the selected salt domes' total storage capacity ranges from 178
TWh after the first filling to approx. 156 TWh, after 30 years of operation. The analysis of changes in the
storage capacity of the salt domes over time indicates that their maximum total storage capacity exceeds
the average of 29%. This difference increases with the time of cavern exploitation, and in the case of the
selected salt dome, it reaches over 45% after 30 years. Changes in the storage capacity are related to the
properties of rock salt and thermomechanical conditions during cavern exploitation, which was also noted

by [86-88].

The obtained results may inspire the EU countries interested in developing UHS and energy storage
in salt domes. Geological survey organizations may also use the methodology to assess hydrogen storage
capacity. The methodology application allows the optimal areas for hydrogen storage to be determined
and related to areas of energy production from RES. Specific salt domes may interest energy, chemical, or
petrochemical companies looking for UHS sites. The methodology presented, with appropriate

modifications, may also be used to estimate the storage capacity of other gases.

8. Conclusions

The methodological basis for the detailed assessment of the storage potential of salt domes requires
considering the analysis of the size of the hydrogen storage cavern depending on its depth, the optimum
depth of the hydrogen storage cavern, and the impact of convergence on the cavern capacity during its
operation. When assessing the storage capacity of salt domes, it is essential to consider their complex
geological structure, which limits the cavern depth and size. During the storage of hydrogen in salt dome
caverns, there is a significant decrease in storage capacity compared to the state after the first filling of

the cavern, which increases with the storage period.
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Assuming the cavern operation scenario covers one full cycle of filling and withdrawal per year, it
can be seen that the energy of the stored hydrogen in the case of large salt domes may reach as much as

910 TWhover a 30-year operating period.

Estimates of the storage capacity of salt domes in Poland, based on the proposed methodology,
indicate at least an order of magnitude lower storage potential than the previously presented calculations.
However, there is still a vast storage potential of approximately 10 Mt of hydrogen, significantly exceeding
the national demand for hydrogen use in electricity generation considering the International Energy

Agency forecast indicating global demand at about 50 Mt in 2030 [89].

The values presented correspond to the technical storage potential considering only geological and
mining conditions; the actual capacity of the salt domes may turn out to be much lower after considering

surface and underground conditions using spatial data analysis tools.
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