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Abstract: The paper aims to give a universal methodology for assessing the storage capacity of a
bedded rock salt formation in terms of the operational and strategic storage facilities for liquid fuels.
The method assumes the development of a geological model of the analyzed rock salt formation
and the determination of the salt caverns’ size and spacing and the impact of convergence on their
capacity during operation. Based on this method, the paper presents calculations of the storage
capacity using the example of the bedded rock salt formations in Poland and their results in the form
of storage capacity maps. The maps show that the analyzed rock salt deposits’ storage capacity in
northern Poland amounts to 7.1 B m3 and in the Fore-Sudetic Monocline to 10.5 B m3, in the case of
strategic storage facilities. The spatial analysis of the storage capacity rasters, including determining
the raster volumes and their unique values, allowed us to quantify the variability of the storage
capacity in the analyzed rock salt deposits.

Keywords: underground storage; rock salt; salt caverns; liquid fuels; strategic reserves; bedded
salt formation

1. Introduction

The method of storing crude oil and liquid hydrocarbons in solution-mined caverns
was patented in 1916 in Germany and widely used in the 1950s in the USA and Great
Britain [1]. Today, it is the most commonly used method of underground storage of crude
oil, heating oil, diesel fuel, liquid propane–butane (LPG), and some supercritical gases such
as ethylene and propylene. There are storage facilities of strategic reserves, ensuring the
continuity of supply in a crisis, emergency ones—in the event of the failure or repair of the
transmission pipelines—seasonal and peak ones, balancing petroleum product demands,
and cyclical ones, which are profitable in price fluctuations [2–5].

One of the significant problems in constructing an underground storage facility in
bedded rock salt deposits is the appropriate site selection when considering the planned
storage capacity. There are numerous publications on assessing the storage capacity poten-
tial of rock salt deposits in terms of natural gas [6,7], compressed air [8], or hydrogen [9,10].
However, no comprehensive study on assessing the storage potential of liquid fuels in
bedded rock salt deposits is known to the authors.

Therefore, the article’s purpose is to present the methodological approach for deter-
mining the capacity of bedded rock salt formations, considering the critical conditions
affecting liquid fuel storage in salt caverns. The methodology allows for the development
of capacity maps to facilitate the site selection for the storage facility within the bedded
rock salt deposit.

The approach considers operational caverns, intended to be emptied several times
with water or brine of low concentration, and strategic reserve caverns, rarely emptied, and
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only with saturated brine. The methodology considered the significant factors influencing
the analyzed rock salt deposit storage capacity, such as cavern dimension changes, spacing,
and convergence. It considers the variable size of caverns, depending on the thickness of
the rock salt layer, and cavern leaching during operation. As the stored liquid fuels are
rarely withdrawn with a technical brine saturation of 205–310 kg/m3, the consequence is
that after each withdrawal of the stored liquid fuel, the brine tends to maximum saturation,
dissolving the surrounding rock salt and enlarging the cavern [11,12]. It is possible to
forecast cavern enlargement by extrapolating the echo sounder measurements performed
after the subsequent cavern emptying [13,14].

An increase in insoluble content in the sump should be anticipated at the design stage,
considering the cavern enlargement during its operation. In addition, the appropriate brine
level should be ensured in order to not block the brine string shoe after several emptyings
of the cavern, as pointed out by Urbańczyk [12].

Another factor in the methodology is the distance between the caverns. Two criteria
for assessing the maximum allowable dimensions of the caverns are usually applied. The
first assumes that the ratio of the average thickness of the safety pillar between the caverns
to the cavern diameter P/D should not be lower than 1.78. The second criterion assumes
that the ratio of the minimum pillar thickness to the maximum cavern diameter, 3D-P/D,
should not be lower than 1 [14]. As it would be challenging to meet these conditions in the
strategic petroleum reserves (SPR) caverns, Park and Ehgartner [14] analyzed the critical
salt caverns individually. It turns out that the safety factors based on the dilatation criterion
in individual cases even allow a P/D value of 0.4. Ratigan et al. [13] suggest that the pillar
thickness can be reduced by half at the expense of the cavern diameters. Zhang et al. [15,16]
indicate that for the SPR in Jintan, it is possible to lower the P/D ratio to 1.5 at the design
stage. The allowable cavern spacing grid modulus was determined based on the method
for designing the cavern fields used in Poland [17,18].

Like all salt caverns, liquid fuel storage caverns lose their volume due to convergence.
Therefore, its estimation has been an obligatory element of the cavern stability analysis
for many years. Convergence in the case of liquid fuel storage caverns plays a positive
role. The convergence rate is higher in the lower part of the cavern, where leaching is most
significant; so, the cavern’s size grows slightly slower than that which results from the
saturation of the operating brine. On the other hand, convergence greatly complicates the
final abandonment of caverns when they are no longer suitable for further storage after
a certain number of storage cycles. The increase in pressure inside a sealed cavern due to
convergence may lead to fracturing of its roof, resulting in the loss of cavern tightness [19–21].
To a large extent, the risk of cavern roof fracturing depends on the rate of the pressure
buildup [22,23].

The innovation of the research was the assessing of the storage capacity of the rock
salt deposit based on its depth and thickness and the development of contour maps of the
storage capacity. The storage capacity maps are helpful for preliminary site selections for
underground oil and fuel storage facilities in rock salt deposits. They allow the determi-
nation of the surface area of the deposit necessary to build a facility with a given storage
capacity and the amount of liquid fuel that may be stored in a specific part of the deposit.

2. Materials and Methods
2.1. Research Area

The research area covers the rock salt deposits in the northern part of the Polish
Zechstein Basin and the Fore-Sudetic Monocline. The analysis included the salt deposits
occurring at a depth of up to 1800 m below ground level (bgl). The adopted criterion
allowed us to determine the occurrence of rock salt deposits subjected to the analysis of the
storage capacity of liquid fuels (Figure 1).
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Figure 1. Zechstein Salt Formation (according to: Czapowski et al. [24]).

2.1.1. Bedded Rock Salt Formation in the Northern Part of the Zechstein Basin

Bedded rock salt formation in the region of northern Poland occurs in the marginal
zone of the East European Platform, on the north-western slope of the Peri-Baltic Syneclise.
The location within a stable platform meant that the deposition and distribution of the
Zechstein deposits were mainly determined by facies conditions [25]. In this region, rock
salt occurs only within one cyclothem PZ1, as the oldest unit of rock salt Na1 [26]. The
rock salt layers occurring in the Peri-Baltic Syneclise vary in thickness from a few meters to
over 220 m. The salt formation is slightly inclined. The regional dip towards SSE does not
exceed 10◦. The rock salt top occurs at a depth of 550 m bgl in the vicinity of Łeba to over
1100 m bgl in the southern part of the discussed area (cf. Appendix B).

2.1.2. Bedded Rock Salt Formation in the Fore-Sudetic Monocline

In the Fore-Sudetic Monocline, rock salt occurs within three cyclothems. Because of the
thickness of the individual layers, the oldest rock salt is the most suitable for underground
storage in salt caverns. The thickness of the oldest salt layer is diverse. It ranges from a few
meters near the southern border to a hundred and several dozen meters in the northern
part, locally exceeding 300 m (cf. Appendix B). The oldest rock salt top’s minimum depth
is 700 m bgl. Together with other rocks building the Fore-Sudetic Monocline, the rock
salt layers dip gently from 2◦ to 5◦ towards the NE [27]. Numerous dislocation systems
occur in the Fore-Sudetic Monocline in the Permian and Triassic deposits, which should be
considered when planning underground storage caverns in this area.

2.2. Methods for Assessing the Storage Capacity of the Rock Salt Layer

The storage capacity for liquid fuels was evaluated for two types of cavern:

• strategic reserves caverns, rarely emptied, and only with saturated brine;
• operational storage caverns, intended to be emptied several times with water or brine

of low concentration.

In the case of the operational caverns, the storage capacity was estimated after the first
filling and after the last emptying with freshwater.

The methodology initially assumes the determination the shape of the storage cavern
and the volume of the storage part of the cavern. For this purpose, appropriate criteria
for the depth and thickness of the rock salt layer were adopted, considering the rock
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salt thickness that must be left under and above the cavern for the safe operation of the
storage facility. Then, the cavern spacing and the surface area per storage cavern were
determined to calculate the storage capacity of the rock salt layer per area. Next, the initial
and maximum diameters of the storage caverns were determined using the relationships
for caverns producing brine (cf. Appendix A). The next step was to define the formulas
based on which the storage capacity of liquid fuels in the rock salt layer was calculated. The
impact of convergence on the storage caverns was also considered and incorporated into
the final calculation formulas. Finally, the calculation results were presented in maps of
the storage capacity per area. In addition, the preliminary analysis of the storage capacity
rasters was also carried out. The study included the determination of the volume and the
unique values of the individual rasters using QGIS software. QGIS is a free and open-
source desktop application that supports the viewing and analyzing of geospatial data.
The built-in raster analysis module allowed for a precise determination of the relationship
between the surface area of the analyzed salt layer and its storage capacity.

3. Theoretical Background of the Methodology
3.1. Cavern Size

The volume of the caverns depends on their shape, height, and diameter. The shape
of storage caverns has been considered in numerous publications [11,28,29]. The cavern
shape shown in Figure 2 was adopted to analyze the storage capacity.

Figure 2. Liquid fuel storage salt cavern—filling of the cavern.

The height of the caverns in the bedded rock salt formations depends on the deposit
thickness and the total thickness of the rock salt left above and below the storage cavern, ∆hsum.

∆hsum = ∆ht + ∆hn + ∆hb, (1)
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where ∆ht is the thickness of the rock salt layer above the cavern [m], ∆hn is the height of
the cavern neck [m], and ∆hb is the thickness of the rock salt layer below the cavern [m].

In the case of storage caverns for liquid fuels, the cemented casing shoe’s depth and
the cavern roof’s depth do not affect the head pressures. Therefore, the thickness of the
rock salt above the storage cavern, ∆ht, is assumed to be 30 m. The length of the cavern
neck, ∆hn, i.e., a bare borehole widened by short-term leaching to a diameter of 2 m, was
assumed to be 15 m. The 5 m thickness of the protective layer of rock salt below the cavern,
∆hb, was assumed.

In the horizontal layers, 50 m is the minimum thickness of the rock salt left above and
below the storage cavern. In the case of the monoclinal occurring layers, this value depends
on the dip angle. In the case of the analyzed layers, where the dip reaches 10◦, a thicker
rock salt of 45 m above the storage cavern was assumed. According to the authors, it is
entirely safe and enables the construction of tight and adequately durable cementation. As
a result, the total thickness of the rock salt left above and below the storage cavern is 65 m.
Therefore, the cavern height H for the layer thickness M in meters defines Formula (2):

H = M− ∆hsum = M− 65 m. (2)

The above assumptions adopted by the authors were based on the cavern field design
practice used in Poland [17,30].

The central part of the cavern (Figure 2) is a cylinder with the target diameter Dmax.
The cavern’s dome approximates a cone with a height of 1/3 Dmax, and the cavern’s sump
approximates a cone with a height of 1/6 Dmax. The volume V of such a cavern may be
defined by Formula (3):

V =
π

12
D2

max (3H − Dmax), (3)

where Dmax represents the target diameter [m]. The leaching conditions mainly determine
the value of the maximum cavern diameter. In a homogeneous rock salt layer, the cavern is
leached approximately axially symmetrically, and its diameter reaches two-thirds of the
cavern height. With larger diameters, the cavern’s shape deviates from the regular one.

The storage volume of the cavern is limited by the column of operation brine below
the stored product at least 10 m high. It is caused by keeping the appropriate distance from
the sump filled with insoluble materials. Additionally, a column of insoluble materials of
about 10 m accumulating in the sump should be considered. The cavern is never emptied
to the top to protect the dome against leaching. The height of the storage zone, Hm, may be
defined by Formula (4), considering these limitations.

Hm = H − Dmax

3
− ∆hlim, (4)

where ∆hlim is the limitation in the height of the cavern storage zone [m]. Therefore, the
volume of the storage zone, Vm, may be approximated by Formula (5):

Vm =
π

4
D2

max Hm =
π

4
D2

max

(
H − Dmax

3
− ∆hlim

)
. (5)

3.2. Cavern Spacing

In the estimations, the cavern spacing in a triangular grid with a side of L = 200 m was
assumed to avoid the interaction between caverns (Figure 3). In the case of storing liquid
fuels, the distance between the caverns may be smaller than in the case of natural gas or
hydrogen. When storing compressed gases, the cavern spacing is usually around 250 m.
The cavern spacing’s impact on cavern stability and performance has been discussed in
many studies [14,31,32].
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Figure 3. The cavern spacing triangular grid.

With the assumed cavern spacing grid, the area assigned to a single cavern S might be
calculated by Formula (6):

S = L2
√

3
2

, (6)

where L is the cavern spacing modulus [m]. In the case of the cavern spacing in a triangular
grid with a side of L = 200 m, the area per single cavern is 34,641 m2.

3.3. Initial and Final Cavern Size

Cavern spacing is related to its diameter and depth. Even though stored liquid fuel
density is lower than that of brine, the pressure imposed on the walls and roof of the cavern
will be the same or higher than in the brine-producing caverns. Thus, the caverns’ grid
modulus ratio to their diameter may be the same as that of the production caverns with
regard to cavern stability.

When designing the storage facility, one should assume that an emergency may
occur, requiring a quick withdrawal of the stored fuel using freshwater. Such operations
result in a cavern size increase due to partial cavern leaching. In addition, repeated
incidents may cause the neighboring caverns to merge. Because of this risk, the storage
cavern spacing modulus ratio to its diameter should be 50% greater than in the case of the
production caverns.

This study applies the method for the determination of the allowable cavern spacing
modulus used for brine-producing caverns [33]. This method compares the vertical stresses
in the pillars between neighboring caverns with the rock salt strength specified in the
triaxial stress state (cf. Appendix A). The value of the k coefficient representing the L/D
ratio is expressed by Formula (7):

k = 3.2159 + 0.0006797 hct + 0.0000001232 h2
ct, (7)

where the depth of the cavern top [m], hct, is defined as follows:

hct = htop + ∆ht + ∆hn, (8)

where htop is the top of the rock salt layer depth [m]. As the above dependence applies to
brine-producing caverns, after taking into account the correction for storage caverns it may
be assumed that:

L
Dmax

= 2.41 + 5.098× 10−4 hct + 9.24× 10−8 h2
ct. (9)

The above formula defines the maximum diameter of the storage cavern, which
further storage operations should not enlarge. Initially, the diameter of the cavern must be
correspondingly smaller, depending on how often the liquid fuel will be withdrawn from
the storage cavern using freshwater. Each cavern emptying causes an increase in diameter
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by 1.11 times and in volume by 1.17 times [11]. It means that after emptying the cavern six
times, its diameter will be 1.85 times larger, and the cavern volume will be 2.6 times greater.

When withdrawing liquid fuels using freshwater, one must consider that the storage
cavern will be leached particularly strongly in its lower part. As a result, the final storage
cavern may become a truncated cone. The final cavern shape depends on the liquid fuel
withdrawal rate and the withdrawal medium type: the higher the withdrawal rate and the
higher the brine concentration, the more uniformly the cavern diameter increases.

It is possible to make the final cavern shape more regular after several operation cycles
if the shape of the initial storage part of the cavern corresponds to the inverted truncated
cone. However, since it is impossible to leach out a perfect cone or achieve the shape of an
ideal cylinder resulting from the storage cavern operation, the final storage volume will be
slightly lower than that defined by Formula (5).

To consider the changes in the cavern shape during operation, we replace “1/4” in
Formula (5) with the Din coefficient, appropriately modifying the cavern volume. Din is a
coefficient that determines a formula variant expressing the storage capacity. The Din value
depends on the ratio of the initial diameter to the cavern spacing, the initial shape, the
number of emptyings of the cavern, the medium used for this purpose, etc. The coefficient
value may be in the range of 0.01–0.25 [30].

In the general case, the cavern storage volume Vm,in will be defined by Formula (10):

Vm,in = πDin D2
max

(
H − Dmax

3
− ∆hlim

)
, (10)

where Din is a dimensionless coefficient determining a variant of the formula for the storage
capacity. In the case of a cylindrical cavern emptied with almost-saturated brine, the Din
coefficient reaches a maximum value of 0.25. In the case of a conical shape, the value of the
Din coefficient should be determined based on experience and computer simulations of the
leaching of caverns after emptying.

In the case of operational caverns whose initial shape of the storage zone is cylindrical,
according to the authors, the Din coefficient value of 0.04 for the initial storage capacity can
be assumed, as can the value of 0.1 for the final one. In the case of operational caverns with
an initial conical shape, the Din coefficient value can be doubled [30].

3.4. Rock Salt Storage Capacity

The storage capacity of the rock salt layer Cm is presented as the amount of product
that may be stored in the caverns per area. It is defined as follows.

Cm =
Vm,in

S
, (11)

where Vm,in depends on the storage variant and its phase. Thus, generally, the storage
capacity Cm,var may be defined by Formula (12):

Cm,var =
2Din√

3
π

D2
max

L2

(
H − Dmax

3
− ∆hlim

)
. (12)

3.5. The Impact of Convergence on the Storage Cavern Capacity

In the case of liquid fuel storage caverns, convergence is assessed mainly to determine
the amount of brine discharged due to this phenomenon. Enlargement of the cavern size
after each emptying and refilling cycle causes the convergence to impact the cavern capacity
slightly. At constant pressure, the rate of convergence stabilizes and tends to the value that
may be defined by Formula (13) [33,34]:

k(p) =
1
V

∂V
∂t

= A1

(
p∞(hcc)− p

σ0

)n
e−

Q1
RTm , (13)
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where V is the geometric cavern volume, A1, n, and Q1 are the constant coefficients, p is the
brine pressure in the salt cavern, and p∞ is the primary lithostatic pressure that is defined
as follows:

p∞(hcc) =
(
ρohtop + ρs

(
hcc − htop

))
g, (14)

where ρo, ρs are the density of the overburden rocks and rock salt, respectively, htop is the
salt mirror depth, and Tm is the rock salt temperature that can be defined as:

Tm(hcc) = Tm0 + gT hcc, (15)

where Tm0 is the rock mass temperature on the ground level, and gT is the geothermal
gradient. The values of the A1, n1, and Q1/R coefficients were adopted following the
calculation results by Ślizowski et al. [33], respectively: A1 = 0.3423‰/year, n1 = 4.089, and
Q1/R = 2867.9 K.

The volume of the cavern after “t” years is therefore expressed by Formula (16) [33]:

V(t) = V0(1− k(p))t, (16)

The storage capacity of a rock salt layer may be defined by Formula (17), considering
the impact of convergence:

Cm,var =
2Din√

3
π

D2
max

L2

(
H − Dmax

3
− ∆hlim

)
(1− k(p))t, (17)

3.6. Calculations and Storage Capacity Map Development

The calculations of the storage capacity of liquid fuels in rock salt deposits were carried
out using the authors’ Resurf software [33]. They required the development of rasters of the
salt layer roof depth and salt layer thickness. The rasters had to be of the exact dimensions
to perform the calculations. Their resolution was 100 by 100 m, meaning that there were
100 points with the values of the salt layer thickness and depth determined per square
kilometer. The storage capacity calculations according to Formula (17) were carried out
at each point of the batch rasters using the Resurf software. The calculations consider the
following parameters for each type of storage cavern:

• ∆ht—thickness of the rock salt over the cavern—45 [m];
• ∆hn—length of the cavern neck—15 [m];
• ∆hb—thickness of the rock salt below the cavern—5 [m];
• Dmax—maximum cavern diameter—67 [m];
• ∆hlim—the height of the residual brine zone—40 [m];
• L—cavern spacing modulus—200 [m];
• hmax—maximum depth of the rock salt layer top—1800 [m];
• Mmin—minimum rock salt layer thickness—130 [m];
• Din—coefficient of diameter increment—0.25 for strategic storage facilities; 0.08 and 0.2

for operational storage facilities, in the case of initial and target conditions, respectively;
• Tm0—rock mass temperature on the ground level—285 K;
• gT—geothermal gradient—0.01 K/m and 0.027 K/m in northern and southwestern

Poland, respectively.

The results of the calculations are the new rasters of the storage capacity. The final
contour maps were developed based on the capacity of the raster to present the volume of
liquid fuels stored in M m3/km2, which is equivalent to 1 m3/m2.

Initially, the authors assumed a minimum deposit thickness of 150 m due to the
possibility of constructing caverns of a large volume. However, considering the possible
inaccuracies in the geological structure of the analyzed deposits, it was decided to map a
slightly larger area, considering the thickness of the rock salt layers up to 130 m. Therefore,
the 150 m thickness isolines were marked on the storage capacity maps to observe the
trends near the areas suitable for storage.
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4. Results

Based on the calculations, storage capacity maps for the operational and strategic
storage facilities were developed. They present the potential of liquid fuel storage in
rock salt layers in northern Poland and the Fore-Sudetic Monocline. Furthermore, the
analysis of the storage capacity rasters using QGIS allowed for a precise determination of
the relationship between the surface area of the salt layer and its storage capacity.

4.1. Rock Salt Storage Capacity in Northern Poland

The adopted assumptions and the calculation method allowed the development of
the storage capacity maps for the individual cavern variants. Figures 4–6 show the storage
capacity for the liquid fuels in the cases of the three analyzed variants of the storage caverns.

Figure 4. The storage capacity of liquid fuels in the rock salt layer in northern Poland, operational
caverns (after the first filling).

Figure 5. The storage capacity of liquid fuels in the rock salt layer in northern Poland, operational
caverns (target cavern volume).
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In the case of the operational caverns, after the first filling, up to 3.9 M m3/km2 of
liquid fuel may be stored in the area with the most significant rock salt layer thickness.
These are the areas in the north-eastern and central-western part of the study area, where
the thickness is much more than 150 m and sometimes reaches up to 220 m (Białogarda).
The analysis of the unique raster values for the variant of the operational caverns after
the first filling (Figure 7A) shows that the area with the most significant storage potential
of 3–4 M m3/km2 is over 160 km2. Still, it constitutes only 2.4% of the analyzed area.
Therefore, on approximately 75% of the studied area, the storage capacity of the rock salt
layer reaches 2 M m3/km2. Thus, the total initial storage capacity of the rock salt layer for
the operational storage caverns is 3.1 B m3.

Figure 6. The storage capacity of liquid fuels in the rock salt layer in northern Poland, strategic caverns.

Figure 7. The analysis results of the unique raster values of liquid fuel storage capacity ((A) initial
state of operational storage, (B) target state of operational storage, (C) strategic storage).

After 30 years of exploitation of the storage caverns, according to the assumed scenario,
the caverns are enlarged due to their gradual leaching. The leaching causes an increase in
the storage capacity of the salt layer. In this case, the results of the calculations presented
on the map (Figure 5) show that the storage capacity has more than doubled, reaching the
maximum storage capacity of 8.7 M m3/km2.
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The analysis of the unique raster values for the variant of the operational caverns for
the target cavern diameter (Figure 7B) shows that the storage capacity above 4 M m3/km2,
which is the maximum value in the variant of the operational caverns after the first filling,
occurs in the area of 490.4 km2, which is 27.1% of the analyzed area. The area with the
largest storage capacity of 8–9 M m3/km2 is 2.43 km2, only 0.1% of the studied area. On
approximately 75% of the area of interest, the storage capacity of the rock salt layer is up to
2 M m3/km2. In contrast, a storage capacity of over 6 M m3/km2 is noted over 100 km2 of
the studied area. The total storage capacity of the rock salt deposit is 5.5 B m3.

In the case of the strategic storage facilities, the results of the calculations (Figure 6)
indicate that the storage capacity may even exceed 10 M m3/km2. The analysis of the
unique raster values (Figure 7C) suggests that within the deposit with an area of 4302.3 km2,
constituting 38.5% of the analyzed deposit area, the storage capacity is over 4 M m3/km2.
The 4 M m3/km2 corresponds to a rock salt layer thickness of more than 150 m.

The area with the most significant potential for storage above 10 M m3/km2 amounts
to 3.1 km2, which is only 0.16% of the analyzed deposit area. On the other hand, the storage
capacity of the rock salt layer exceeds 5 M m3/km2, which is over 75% of the studied area.
For comparison, a capacity of 6 M m3/km2 is noted over 300 km2 of the studied area. The
rock salt layer total storage capacity in the case of the strategic storage facilities is 7.1 B m3.

4.2. Rock Salt Storage Capacity in the Fore-Sudetic Monocline

Within the Fore-Sudetic Monocline, the largest storage capacity was recorded for
the oldest rock salt layer (one of the four cyclothems). On the maps of storage capacity
shown in Figures 8–10, two regions with the most outstanding storage potential may be
distinguished—the western part of the monocline near Gubin and its central part on the
east of Zielona Góra and in the Leszno region. There are small, isolated areas in the eastern
part of the monocline with much less storage potential.

Figure 8. The storage capacity of liquid fuels in the rock salt layer in the Fore-Sudetic Monocline,
operational caverns (after the first filling).

In the case of the operational caverns, over 5 M m3/km2 of liquid fuel may be stored
in the area with the most significant rock salt layer thickness in the western and central
part of the Fore-Sudetic Monocline. The analysis of the unique raster values for the variant
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of operational caverns after the first filling (Figure 11A) shows that the area with the most
significant storage potential of 5–6 M m3/km2 is about 27 km2. Still, it constitutes only
1.6% of the analyzed area. On approximately 80% of the studied area, the storage capacity
of the rock salt layer reaches up to 3 M m3/km2. The rock salt layer’s total initial storage
capacity potential for operational storage caverns is 3.2 B m3. Figure 11 shows the analysis
results of the unique raster values of the liquid fuel storage capacity in the Fore-Sudetic
Monocline’s rock salt deposit.

Figure 9. The storage capacity of liquid fuels in the rock salt layer in the Fore-Sudetic Monocline,
operational caverns (target cavern volume).

Figure 10. The storage capacity of liquid fuels in the rock salt layer in the Fore-Sudetic Monocline
(strategic caverns).

In the case of the target state of the operational storage, the calculations show that
the storage capacity potential reaches the maximum value even over 20 M m3/km2 on
the small area of the deposit. The analysis of the unique raster values for the variant of
the operational caverns for the target cavern diameter (Figure 11B) shows that on 90% of
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the analyzed area, the storage capacity does not exceed 8 M m3/km2. The area with the
largest storage capacity of over 20 M m3/km2 is 16 km2, only 0.7% of the studied area.
The maximum storage capacity potential is observed in the range of 4–5 M m3/km2 and
7–8 M m3/km2. The total storage capacity of the rock salt deposit is 8.4 B m3.

Figure 11. The analysis results of the unique raster values of liquid fuel storage capacity ((A) initial
state of operational storage, (B) target state of operational storage, (C) strategic storage).

In the case of the strategic storage facilities, the calculations indicate that the stor-
age capacity may even exceed 20 M m3/km2. The analysis of the unique raster values
(Figure 11C) shows that the area with the most significant potential for storage above 20 M
m3/km2 amounts to 32 km2, which is 1.2% of the analyzed area. The maximum storage
capacity potential is observed in the range of 6–7 M m3/km2 and 9–10 M m3/km2. The
rock salt layer total storage capacity in the case of the strategic storage facilities is 10.5 B m3.

Appendix C presents the detailed maps and charts of the storage capacity potential in
the western and central parts of the Pre-Sudetic Monocline, where the two regions with the
most outstanding storage potential occur.

5. Discussion

The methodology developed by the authors considers the most critical factors deter-
mining the storage capacity of liquid fuels in rock salt deposits. The appropriate shape
of the storage cavern has been assumed, taking numerous publications on this issue into
account [11,35–37]. The storage cavern spacing is an essential element in this type of analy-
sis because of its mutual interactions. The adopted assumptions in this respect reflect the
experience of numerous research studies carried out over many years [13,14,30,32,38]. The
impact of convergence on the capacity of liquid fuel storage caverns is not as significant as
that of compressed gas storage caverns. Still, its impact, as presented, e.g., by [39–41], has
also been considered to refine the calculations. The calculations also considered the liquid
fuel withdrawal method and the storage scenarios influencing the rate of the changes in
the volume of the storage caverns [11,42]. The methodology also considered the previously
applied methods and calculation methods in estimating the rock salt storage capacity for
various substances [9,10,43–45]. A significant factor in evaluating the storage capacity
is the geological structure of the analyzed rock salt layers [39,46,47], identified based on
geological data from the Central Geological Database of the Polish Geological Institute.

The results presented in the article indicate a high storage potential of liquid fuels in
rock salt deposits in the studied regions, which, thanks to the applied methodology, have
been presented uniquely in the form of maps expressing the storage capacity of the rock
salt layer per area.
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The obtained results indicate that the storage capacity of liquid fuels in the rock salt
deposit in the northern region of Poland ranges from 3.1 to 5.5 B m3 in the case of the
operational storage facilities and is 7.1 B m3 for the strategic ones. The maximum storage
capacity values per area range from 8.7 M m3/km2 in the case of the operational storage
facilities to over 10 M m3/km2 for the strategic ones. The corresponding values in the
Fore-Sudetic Monocline ranged from 3.2 to 8.4 B m3 in the case of the operational storage
facilities and 10.5 B m3 in the case of the strategic ones. The maximum storage capacity
values per area range from 15 M m3/km2 in the case of the operational storage facilities to
over 20 M m3/km2 in the case of the strategic ones.

The presented maps reflect the current state of knowledge about the analyzed rock
salt deposits. However, one should consider that the fewer the boreholes that were drilled
in or drilled in the vicinity of the considered area the more hypothetical are the given
estimates. Moreover, when assessing the storage possibilities in the area of the Fore-Sudetic
Monocline, detailed analyses of the site selection for the underground storage facilities
should consider the limitations related to tectonics, manifested by numerous faults. In the
case of the monocline, the geothermal gradient is higher than in northern Poland. The
higher geothermal gradient significantly impacts the convergence of the salt caverns, which
was also considered in the calculations performed.

The methodology developed in this study and presented in detail may help in the
assessment of the storage capacity of the liquid fluids in the rock salt deposits at every
stage of the storage facility operation, considering different storage facilities. After minor
modifications, the methodology may also be adopted for assessing the storage capacity of
the rock salt deposits in terms of the storage of other liquid substances.

Numerous studies on strategic storage facilities currently being developed world-
wide [15,16,48–50] indicate that the methodology presented in the article may be of interest
to scientists and companies planning to expand the strategic reserves of liquid fuels in rock
salt deposits.

6. Conclusions

The developed methodology considers all the essential aspects of storing liquid fuels
in rock salt layers. The calculations using the method indicate a large storage capacity of the
analyzed layers. For example, the storage capacity reaches a maximum of 10 M m3/ km2

in the case of the strategic storage facilities in northern Poland and over 20 M m3/km2 in
the Fore-Sudetic Monocline.

The values presented correspond to the storage potential when considering the geo-
logical and mining conditions. The capacity of the rock salt layers may be much lower after
considering the surface and underground conditions using spatial data analysis tools.

The methodology allows the transparent identification of regions with the highest
storage capacity. Furthermore, the results of the calculations in the form of rasters and
maps constitute a sound basis for a spatial suitability analysis of the individual regions,
with excellent storage potential for the location of storage facilities when considering any
additional spatial data of the area of interest.

The method’s accuracy depends primarily on the geological structure of the analyzed
seams. Therefore, each refinement of the geological model of the analyzed layers im-
proves the accuracy of the conducted estimations. In addition, after the modification, the
methodology can assess the storage capacity of other substances in rock salt layers.

The developed maps of the storage capacity of the bedded rock salt deposits constitute
the basis for detailed analyses of their suitability for the location of underground storage
facilities. Further research on this problem based on the theory of strategic approach in
multi-criteria decision making and the use of spatial data is currently underway. The results
of this research will be presented in the following publication.
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Appendix A. Determination of Liquid Fuels Storage Cavern Safe Spacing

The method of determining the allowable cavern spacing grid modulus, taken from
the classical design of the cavern field, was applied. This methodology compares the
vertical stresses in the pillar between caverns with the strength of the rock salt in a triaxial
stress state.

The method adopts the following assumptions:

• caverns are arranged in a triangular grid;
• caverns are filled with the stored medium, i.e., the brine level is at its deepest point;
• the average vertical pressure in the rock mass results from the weight of the rocks,

minus the counterpressure of the stored medium;
• the stored medium counterpressure is attributed to the cavern roof, and the influence

of the shape of the cavern dome is neglected;
• the least favorable conditions occur at the brine/stored medium interface depth;
• the case is considered when the cavern is under the stored medium column pressure

(such an extreme case may occur due to a failure).

The mean vertical pressure at the maximum depth of the residual brine level is:

pz = S0hctρo g+ SF Hmρsg− SKhctρmg
SF

= Khctg(ρo − ρm) + Hmgρs + hctgρm
(A1)

where S0 is an area of the hexagonal section assigned to a single cavern in the grid (cf.
Figure 2), hct is the depth of the cavern top [m], ρo is the average density of the overburden
rocks [kg/m3], ρs is the density of the rock salt [kg/m3], and g is standard gravity [Mm/s2].
The coefficient K represents the relation between the area of the hexagonal section assigned
to a single cavern and the pillar area in a triangular section [m2] and can be expressed as:

K =
S0

SF
=

k2

k2 − 2π√
3

(A2)

where SF is the pillar area in a triangular section [m2], k is the quotient of the cavern spacing
modulus L (the length of the side of the triangular grid of the cavern spacing), and the
target cavern radius is Dmax/2 (cf. Figure 2).

The pressure of the stored medium at the maximum depth of the brine level is defined
as follows:

pr = (hct + Hm)gρm (A3)

Taking, in turn, the following criterion of the long-term strength of the rock mass:

σult
1 = 7.02(σ3)

0.692 + 8.24◦[MPa] (A4)

pz can be interpreted as follows:

pz ≤ 7.02(pr)
0.692 + 8.24 [MPa]. (A5)

Combining Equations (A1) and (A5), the following condition is obtained:

K ≤ 7.02(pr)
0.692 + 8.24 − Hmgρs − hctgρm

hsg(ρo − ρm)
. (A6)
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On the basis of K (Formula (A2)), it is possible to calculate the spacing of the caverns.
Before the practice application, an appropriate safety factor should increase the k-ratio
calculated from the above formula.

Assuming: ρo = 2200 kg/m3, ρs = 2160 kg/m3, and ρm = 870 kg/m3, it is possible to
table k for hct ∈ [500 m, 1800 m], Hm ∈ [100 m, 300 m].

It turns out that the height of the storage zone in the cavern does not significantly
impact the spacing of the caverns. Although the load on the pillar increases, the medium
pressure also increases, which means that the rock salt’s strength (triaxial state) also in-
creases. Therefore, neglecting the influence of Hm, k was parameterized as a function of hct
by multiplying it by a safety factor of 1.2.

k =
L

Dmax
= 2.41 + 5.098× 10−4 hct + 9.24× 10−8 h2

ct. (A7)

The above formula depends mainly on the stored medium’s density and the average
density of the rocks occurring above the cavern. The coefficients in (A7) will be different
for media with different densities. The calculation results show the following values of the
coefficients in Formula (A7) for individual media:

Table A1. The values of the Formula (A7) coefficients for stored liquid media of different densities.

Stored Media Polynomial Intercept hct Coefficient h2
ct Coefficient

Crude oil 2.41 0.000514 9.63 × 10−8

Gasoline 2.51 0.000410 3.33 × 10−7

Brine 2.35 0.000340 −4.7 × 10−6

LPG 5.17 0.005991 4.67 × 10−6

The Formula (A7) form also depends on the long-term strength of the salt. The
parameterization (A3) adopted here is based on the conservative values of the triaxial
strength for Polish salt deposits. It was assumed to be 0.4 and of short-term strength. In
general, other values of these strengths or the dilatancy limit can be assumed here.

One can also not parameterize dependencies (A5) and (A6) but use them directly. The
authors prepared the parameterization (A7) because to obtain the maps of the storage
capacity, they processed the rasters of the maps of the thickness and depth of the salt roof,
and the aim was to shorten the computation time. Apart from that, Formula (A7) and the
maps developed with its help primarily illustrate the method and its usefulness.

Appendix B. Thickness and Top Depth Maps of Bedded Salt Deposits in Poland

Appendix B.1. The Northern Part of Poland

Figure A1. The thickness map of the oldest rock salt (Na1) layer based on the thickness raster.
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Figure A2. The top depth map of the oldest rock salt (Na1) layer based on the top depth raster.

Appendix B.2. The Fore-Sudetic Monocline

Figure A3. The thickness map of the oldest rock salt (Na1) layer occurring to a depth of 1800 m bgl.

Figure A4. The top depth map of the oldest rock salt (Na1) layer to a depth of 1800 m bgl.
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Appendix C. Storage Capacity Maps

Appendix C.1. The Western Part of the Fore-Sudetic Monocline

Figure A5. The storage capacity of liquid fuels in the rock salt layer in the western part of the
Fore-Sudetic Monocline ((A) initial state of operational storage, (B) target state of operational storage,
(C) strategic storage).
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Appendix C.2. The Central Part of the Fore-Sudetic Monocline

Figure A6. The storage capacity of liquid fuels in the rock salt layer in the central part of the Fore-
Sudetic Monocline ((A) initial state of operational storage, (B) target state of operational storage,
(C) strategic storage).
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