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Abstract: This paper evaluates the geothermal potential of the Main Dolomite formation in an oil and gas field
on the Fore-Sudetic Monocline (SW, Poland). The reservoir characterization included a well-logging interpreta-
tion and developed 3D petrophysical and temperature models that provided information on storage potential,
transport properties, and temperature conditions in the analyzed carbonate formation. Geothermal energy po-
tential was assessed using heat in place (HIP) and recoverable heat (Hrec) parameters for water and CO, systems,
considering a 50-year plant lifespan. Petrophysical and temperature data classify reservoirs using unsupervised
machine learning, identifying zones with high and low geothermal potential, noting a strong limestone and do-
lomite dichotomy. Dolomite horizon shows more promising reservoir quality with mean porosity and permeabil-
ity of 0.045 and 0.4 mD, respectively, however, its mean thickness reaches 11.58 m at maximum. The calculated
Hrec for a 50-year lifetime of a geothermal system varies across dolomite horizon. In the most promising areas
of NNW, WSW, and E parts, the values of Hrec are 8.19, 3.47, and 1.34 MW for water, respectively, and 0.69, 0.29,
and 0.11 MW for CO, as working fluids. Remarkably, the energy locked in the NNW zone constitutes nearly 21%
of the total geothermal energy potential within the entire dolomite horizons of the study area. The geothermal
resources for the most perspective location within the dolomite horizon were estimated at 12.99 and 1.09 MW
levels, using water and CO, as working fluids, respectively, assuming 50 years of the project’s lifetime.
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INTRODUCTION

The growing demand for energy and the need for
a transition from fossil fuel sources towards alter-
native energy sources are leading to the intensive
development of green energy technologies. This
includes energy from the Earth’s heat, known as
geothermal energy.

The share of geothermal energy in the structure
of renewable sources in the studied areas is insig-
nificant, reaching 2.8% in Poland (geothermal and

heat pumps), with the share of renewable energy
sources in the Polish energy mix at 20.6.%, where
coal is the leader (69%), and gas takes a share of
6.5% in the structure of energy sources in this
country (GUS 2023).

These numbers show the urgent necessity for
developing technologies in geothermal energy, fo-
cusing on resource assessment, development, and
utilization in Poland.

The history of recognizing geothermal waters
in Poland dates back to the 13th century, when
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the Orders of St. John founded the first health re-
sort utilizing balneotherapy in Cieplice (PIG-PIB
2024). It was only later, at the beginning of the
1990s, that efforts were made to use geothermal
energy in heating (Noga et al. 2013). The recogni-
tion of the potential for converting geothermal en-
ergy into electricity began with research projects
initiated in 2010-2013. These projects identified
the locations of geothermal systems that require
stimulation, known as Enhanced Geothermal
Systems (EGS), in Poland (Gérecki et al. 2015, So-
wizdzal et al. 2016, Sowizdzat 2018). Additional-
ly, an atlas for using thermal waters in combined
electricity and heat production in binary systems
in Poland was developed (Bujakowski & Toma-
szewska red. 2014). The most recent results from
the EnerGizer project provided a multi-aspect
consideration for the development of EGS with
CO, in Poland in terms of petrophysical evalua-
tion (Sowizdzat et al. 2022b), techno-economic
assessment (Chomac-Pierzecka et al. 2022, Taglia-
ferri et al. 2022), and social aspects (Wachowicz-
Pyzik et al. 2024).

Various geological and engineering classifica-
tions of geothermal systems are found in the lit-
erature. Geological classifications are based on
tectonic location, geological conditions, and how
these systems were formed (Moeck 2014, Syukri
et al. 2018). On the other hand, engineering clas-
sifications differentiate between geothermal sys-
tems based on the dominant heat exchange mech-
anism, their performance during well testing, and
their response to long-term production. Under-
standing the type of geothermal system is essen-
tial for the success of any commercial investment.

To achieve effective commercial energy pro-
duction from a geothermal system, specific cri-
teria must be met. These include a high reservoir
rock temperature, a sufficiently large reservoir ca-
pacity defined by the reservoir rock volume and its
porosity, and the permeability of the rock to allow
the flow of geothermal energy to production wells
(Huang et al. 2021, 2022, Sowizdzat et al. 2022a).

Characterizing the reservoir rock in geother-
mal systems is fundamental for efficient heat ex-
traction and serves as the basis for numerical
simulations of the system’s operation. Reliable
characteristics of the potential geothermal reser-
voir system help minimize many risks, especially

the likelihood of not finding geothermal energy
resources in commercial quantities (Okoroafor
et al. 2022, Sowizdzat et al. 2022a).

An essential aspect of optimizing geothermal
energy extraction is the placement of wells in pro-
ductive high-temperature zones with favorable
petrophysical characteristics, specific reservoir
potential, and flow parameters for the heat carrier.
Methods for the quantitative and qualitative char-
acterization of petrophysical properties and ther-
mal conditions in 3D space involve physics-based
numerical modeling using a wide range of data,
including laboratory data, wellbore geophysics,
seismic data, and complementary geological in-
formation.

The combination of 3D numerical modelling,
providing the petrothermal characterization of
the investigated reservoir, with machine learning
classification methods demonstrated feasibility in
rock differentiation and proved helpful in identi-
tying sweet spots (Li and Sun, 2016) and more ad-
vantageous zones for the optimal location of geo-
thermal wells, working as production-injection
doublets (Topor et al. 2023).

This paper presents the results of a reservoir
rock characterization in the Main Dolomite for-
mation (Zechstein) in the oil and gas field located
on Fore-Sudetic Monocline (SW, Poland) to as-
sess its geothermal potential. The reservoir char-
acterization process included well-logging inter-
pretation supporting developed 3D petrophysical
and temperature models that provided informa-
tion on temperature conditions, storage potential,
and transport properties in analyzed carbonate
formation. The geothermal energy resources were
estimated by defining the heat in place (HIP) and
recoverable heat (Hrec) parameters for the wa-
ter and CO, systems. Together with petrophys-
ical and temperature characteristics, these pa-
rameters were used to classify the reservoir using
generalized fuzzy c-means (gFCM) methods to
determine zones with high and low potential for
geothermal energy extraction. Hrec resources for
water and CO, as energy carriers for the most
prospective zone were calculated considering the
50-year lifetime of the power plant. The assess-
ment of the area’s prospects also considered the
presence of existing infrastructure in the form of
boreholes.
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GEOLOGICAL SETTING

The research area is located to the northeast of the
Pogorzela High, which constitutes the southeastern
part of the Wolsztyn High in the Permian-Mesozoic
substratum of the northern part of Fore-Sudetic
Monocline (Kwolek & Mikotajewski 2007). The
rock formation considered as a potential geother-
mal reservoir is developed in the Main Dolomite
(Ca2), belonging to the Stassfurt cyclothem, one of
the four cyclothems - PZ1 to PZ4 - recognized in
the Polish part of the Permian Basin, deposited as
a result of successive transgressions of the Zech-
stein Sea (Fig. 1A) (Wagner 1994, Peryt 2010).

The Zechstein Sea entered an area with var-
ied morphological deposition surfaces in the ana-
lyzed part of the Southern Permian Basin. Signifi-
cant elevation variations contributed to the basin’s
division into shallow and deeper sea zones. Ele-
vated areas formed platforms and microplatforms

of sulfate sediments of the Werra cyclothem, cov-
ered with platform-type Main Dolomite depos-
its resulting from a transgressive cycle during the
Stassfurt cyclothem (Czekanski et al. 2010). Sed-
imentological studies of the Main Dolomite re-
vealed the existence of various sedimentary envi-
ronments resulting from significant bathymetric
differences (Peryt & Dyjaczynski 1991, Protas &
Wojtkowiak 2000, Jaworowski & Mikolajewski
2007). These include platform and microplatform
zones (including a barrier and platform plain),
slopes and the base of the slope, and deep-water
zones (Mikolajewski & Stowakiewicz 2008, Jawo-
rowski & Mikotajewski 2007).

In the study area, dolomite deposits were
formed in the shallower zone of the basin plain,
occurring on the outskirts and in bays in the con-
ditions of a low-energy sedimentation environ-
ment, in which they reached a thickness of just
over 10 m (Zych 2009).
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Fig. 1. Location of the research area marked with a red rectangle on the map of the Main Dolomite distribution in Poland (Wag-
ner et al. 2000, modified) (A), part of the structural map of the top of the Main Dolomite in study area (B) well-log input data
recorded in J-8K borehole used for interpretation, and resulting lithological profile (C)
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Only in the profile of three boreholes were
larger thicknesses of Ca2 Main Dolomite found,
which could sediment in the conditions of gentle
slopes of platforms with higher sediment deposi-
tion energy and led to thicker Ca2 carbonate de-
posits above 18 m in the J-6 well, locally reaching
up to 29 m in the J-8K well.

Development of the Main Dolomite

The sediments of the Main Dolomite Ca2 in the
study area were deposited in a platform ramp en-
vironment. The lack of microfacial variability
may suggest that these are basin-plain sediments
formed in shallow water conditions in low-energy
zones. Low-energy zones are associated with plat-
form depressions, with abundant oncolites and
bioclasts. The mudstones are microfacially car-
bonate with sporadic organic matter and coarser
grain material associated with distal parts of tur-
bidite flows (Jaworowski & Mikotajewski 2007).
Mudstones, due to the presence of organic matter,
may represent source rocks.

Microscopic observations conducted on thin
sections from boreholes J-8K and J-10K indicated
the presence of a simple microfacies assemblage in
the Ca2 Main Dolomite profile. The reservoir is

developed as mudstones characterized by monot-
onous bedding with silt-clayey streaks and tecton-
ically originated fractures filled with carbonates
and anhydrite. A thin level, possibly packstones
with relics of algal structures and strongly im-
pregnated with anhydrite, is observed in the lower
part. Preserved remnants of original algal struc-
tures suggest a significant contribution of these
organisms in the formation of Ca2 Main Dolo-
mite deposits (Peryt & Mikotajewski 1997).

The Ca2 reservoir displays a dual nature, with
hard, low-porosity limestones dominating the
upper part and dolomites with porosities reach-
ing several percent in the lower part of the Main
Dolomite profile. The upper limestone can be
streaked with clay-iron substances or impregnat-
ed with anhydrite and bituminous material (al-
gae). In contrast, the lower dolomite or dolomitic
limestone can be locally impregnated with anhy-
drite and relics of algal structures.

The Ca2 profile is heavily fractured, with verti-
cal fissures running at an angle of 45°. Most of the
fractures are filled with carbonates and anhydrite.
Among the numerous microstylolite occurrenc-
es, microstylolites of tectonic origin are observed
(Peryt & Mikotajewski 1997).
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Fig. 2. Multi-well correlation of the Main Dolomite level in the interpreted wells
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The Main Dolomite reservoir level, both in
the upper and lower parts, is isolated by a layer of
polycrystalline anhydrite with a chaotic structure
(Basal Anhydrite, Main Anhydrite).

Figure 2 presents the multi-well correlation
in the interpreted wells through the Main Dolo-
mite level.

METHODOLOGY

To meet the study objectives, petrophysical and
temperature conditions were characterized based
on well-log data interpretation, which supported
the development of 3D parametric models of the
analyzed reservoir. For 1D and 3D models con-
struction, a range of data was used, including 3D
seismic data and the results of laboratory mea-
surements performed on the core samples from

J-6,]-7,]-8K, and J-10K boreholes, along with a set

of well log data from these wells.

The sources of information about the structure
and reservoir rock parameters in the Main Dolo-
mite (Ca2) were:

« borehole data provided by the reservoir opera-
tor, PGNIiG Orlen S.A.: J-6, -7, J-8K, and J-10K,
as well as stratigraphic data for other boreholes
located in the research area and available in
the Central Geological Database (CBDG n.d.):
W GN-1, W GN-2, ] GN-1, ] GN-2, ] GN-3,
] GN-4, ] GN-5, and L-1;

o a 3D seismic image of the reservoir area in
the depth domain provided by field operator,
PGNiG Orlen S.A.

Based on the developed parametric models,
maps of average parameters were prepared which
helped to determine the location of zones with
favorable geothermal conditions of the analyzed
Main Dolomite Ca2 using the generalized fuzzy
c-means (gFCM).

Interpretation of well log data

Well-log data interpretation of Ca2 formation
aimed to characterize reservoir properties. The
petrophysical reservoir parameters were calculat-
ed in four wells: J-6, J-7, J-8K, and J-10K.

A comprehensive petrophysical analysis was
performed using the Quanti Elan (QE) module
within the Techlog software by Schlumberger.
During interpretation, the following parameters

were calculated: clay volume (VCL), calcite vol-
ume (VCALC), dolomite volume (VDOLO), anhy-
drite volume (VANH), halite volume (VHALIT),
and core calibrated porosity (PHI). Water satu-
ration (SW) and irreducible water content (SWI)
were also calculated.

During the interpretation, the following model
was adopted:

VCL + VCALC + VDOLO + VHALIT +
+ VANH + PHL

The QE module was used for lithological and
porosity analysis with deterministic linear in-
version. This module calculates mineral volumes
using a least-squares method based on the final
geological model. Synthetic input curves are gen-
erated based on the final geological model and
compared with measured well logs. The differ-
ence between the calculated synthetic logs and the
measured ones is an error of the evaluated model.

The input data in most wells included natural
gamma ray (GR), compressional slowness (DT),
neutron porosity (NPHI), bulk density (RHOB),
resistivity of the uninvaded zone, resistivity of
the flushed zone, and in some wells also, the pho-
toelectric factor (PE), concentrations of thori-
um (THOR), uranium (URAN), and potassium
(POTA) were also available.

Clay volume (VCL) was initially estimated us-
ing a linear formula. The values of GRmatrix
ranged from 5-10 API for limestones and 5-7 API
for anhydrites, while the values of GR of shale were
assumed to be in the range of 110-150 APL

GR — GRmatrix
GRshale — GRmatrix

VCL = (1)

Porosity is a parameter that determines the
storage capacity of a rock. It provides informa-
tion about empty spaces within the rock, which
can vary in size and shape. Important factors in-
fluencing the properties of the pore space include
mineral composition, structure, texture, size, ar-
rangement, shape, degree of grain rounding, sort-
ing, and the quantity and type of cementing ma-
terial. An increase in cementing material typically
leads to a decrease in effective porosity.

Three basic well logs were used for preliminary
porosity calculations: compressional slowness
(DT), neutron porosity (NPHI), and bulk density
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(RHOB). Two methods were employed: neutron-
density (PHIND) based on NPHI and RHOB
measurements and neutron sonic (PHI_NS) uti-
lizing NPHI and DT measurements.

Calculated values of effective porosity were
calibrated with core porosity. Initially, the calcu-
lated values of VCL and PHI were input into the
QE module with a specified level of uncertainty.
Temperature (FTEMP) and hydrostatic pressure
(HYDROPRESSURE) were also computed in the
profile of each well and calibrated with the mea-
sured values of pressure and temperature available
in the borehole documentations of J-7, J-8K, and
J-10K wells.

Permeability determines the rate of fluid
movement through the pore and fracture network
within the rock structure (Jarzyna et al. 1999).
This parameter depends on pore size, diameter,
shape, and the degree of hydraulic connectivity,
all of which affect the flow of fluids or gases with-
in rocks. In the calculations of irreducible water
content and permeability, equations developed by
Zawisza and Nowak (2012) for the Grotéw and
Lubiatéw regions (close to the study area) were ap-
plied (Equations (2)-(5)), with slight modifications

to a and b coeflicients which are calibration ex-
ponents. Calculated permeability (Perm) was cal-
ibrated with laboratory values of permeability
measured on the core samples. Laboratory mea-
surements of porosity and permeability within
the Main Dolomite reservoir level were also com-
pared on the cross plots (Fig. 3). However, the rel-
atively small amount of laboratory measurements
and the influence of fractures did not establish
a reliable relationship between permeability and
porosity. A better calibration was achieved using
Zawisza’s models, which consider not only poros-
ity but also the effect of irreducible water content.
Grotéw area:

SWI=(VCL+0.005)™" -(1-PHI)"*’ @)

PERM = 66-PHI” - (1-SWI)’ 3)
Lubiatow area:

SWI=(VCL+0.005)"" -(1-PHI)'"*’ @)

PERM =2465-PHI -(1-SWI)’ (5)
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Fig. 3. The relationship between porosity and permeability measured on core samples from the Ca2 Main Dolomite interval
against the sketch with the classification of geothermal systems based on petrophysical parameters in the background (Jolie et al.

2021, modified)
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Water saturation is a key and final parameter
in interpreting petrophysical data because it al-
lows for defining prospective hydrocarbon satu-
rated zones. For geothermal energy resources, as-
sessment of water saturation is critical, as water is
the energy carrier in a water-based system. In the
case of oil and gas reservoirs in the development
stage, the water saturation parameter will change
dynamically, increasing its value along with hy-
drocarbon production (Khasani et al. 2004, Huang
etal. 2022). Water saturation analyses were preced-
ed by calculating the resistivity of the formation
water. The water salinity was assumed based on the
data available in the documentation of the individ-
ual wells. The water saturation coefficient was cal-
culated according to Archie’s equation (1942) (6).

a-R,
PHI"-R

t

SW" = (6)

where SW represents the water saturation, R, rep-
resents the true formation resistivity (resistivity of
theuninvadedzone),R  istheresistivity of formation
water, PHI stands for effective porosity, m is the ce-
mentation exponent, and n - saturation exponent.

For further modeling, a simple lithofacial clas-
sification was conducted. As a result, two litho-
types were defined: hard, non-porous limestones
occurring at the top of the reservoir and porous
dolomites and dolomitic limestones occurring at
the bottom of the reservoir zone.

Figure 4 presents measured well-log data and
the interpretation results in the well J-8K.
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D - dolomite), 12 — well test results, 13 - formation temperature (FTEMP), and hydrostatic pressure (HYDROPRESSURE) values
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The average values of reservoir parameters
within the Ca2 formation are as follows: clay
volume 11.1%, porosity (core calibrated) 3.6%,
the geometric mean of absolute permeability
0.005 mD and median 0.006 mD, and water sat-
uration coeflicient 59%. Statistical characteristics
of clay volume, porosity, permeability, and water
saturation coefficient in the analyzed four wells
within the Ca2 reservoir are depicted in Table 1.

Table 1
Statistics of the reservoir parameters in the analyzed 4 wells:
J-6, J-7, J-8K, J-10K within Ca2 reservoir level

Statistics VCL PHI PERM SwW
[v/v] [v/v] [mD] [v/v]
Mean 0.112 0.036 0.005 0.592
Median 0.111 0.026 0.007 0.543
Min. value 0 0 0 0.082
Max. value 0.278 0.201 1.751 1.000

Arithmetic mean
Porosity [m3/m3]

0.1500
T 'ia00

—0.1200

Arithmetic mean
Porosity [m3/m3]

-:0.1500 ™
0.1400
~0.1200
- 0.1000

0.0800

0.0600

0.0400

perm_plus_ant_all_fin
Permaability [mD]

-
- 10.0000

perm_plus_ant_all_fin
Permeability [mD]

. -
- 100000

Development of
a 3D structural and parametric models

The structural model of the study area was de-
veloped based on a dataset that includes the seis-
mic image and stratigraphic markers from bore-
holes. During the model construction stage, fault
zones were considered as they may play a critical
role in the geothermal water flow simulation (Ka-
minskaite et al. 2021, Ahrens et al. 2022). Since
the Main Dolomite Ca2 exhibits a clear dichot-
omy in the profiles of all analyzed wellbores, the
model delineated a layer of limestones and dolo-
mitic limestones in the upper part with a higher
thickness averaging at 9.86 m and a layer of cal-
careous dolomites in the lower part with an av-
erage thickness of 6.85 m. The limestone horizon
exhibits significantly poorer reservoir transport
properties (Fig. 5).

5
g % 2 10000
4 0.1000
il
s 00100 '
00000

Fig. 5. Visualization of the spatial porosity and permeability models in the limestone horizon in the upper part of the Main
Dolomite (Ca2) profile (A, B) and dolomite horizon in the lower part of the Main Dolomite (Ca2) profile (C, D)
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3D models for porosity, permeability,
and temperature

Information about the reservoir rock quality for
the geothermal potential assessment was obtained
from well-log data calibrated with laboratory core
analysis results in wells J-6, J-7, J-8K, and J-10K.
Additionally, to develop 3D parametric models,
an amplitude cube from the 3D seismic image was
used to reduce the uncertainty of parameter dis-
tributions, especially in the horizontal direction.

Due to the observed lower variability of pet-
rophysical parameters within the identified litho-
types, including limestones and dolomitic lime-
stones in the upper part and calcareous dolomites
in the lower part of the Ca2 profile, effective po-
rosity and permeability models were developed
individually for each lithotype.

3D porosity model. The data used for 3D po-
rosity model were averaged to match the vertical
resolution of the block model through an upscal-
ing procedure. Subsequently, the geostatistical data
analysis on the input data was carried out. The data
was appropriately transformed at this stage, and
variogram parameters were determined individu-
ally for limestones and dolomites. Semivariogram
parameters, which govern the interpolation of in-
put data within the spatial grid of the 3D model,
were determined during statistical analysis. A sto-
chastic algorithm, Gaussian random function sim-
ulation, was used to model the spatial distribution
of porosity. The modeling process was repeated
15 times, resulting in 15 equally probable realiza-
tions. The final representation of the modeled po-
rosity parameter distribution was obtained through
arithmetic averaging the generated realizations.

3D permeability model. The spatial permea-
bility model was based on interpreted permeabil-
ity from well-logs profiles. Similarly to porosity,
the input data were averaged through an upscaling
procedure and then subjected to geostatistical anal-
ysis. Calculations of the 3D distribution of the per-
meability parameter in the block model were per-
formed individually for each lithofacial unit using

Table 2

the appropriate set of control parameters deter-
mined during the statistical analysis of input data.

Dueto the observed positive correlation between
effective porosity and the modeled permeabili-
ty with a correlation coefficient above 0.9 for both
lithotypes (Table 2), this relationship was utilized
to calculate the spatial distribution of permeability.

We used the Gaussian random function simu-
lation algorithm with an active co-kriging option
that treated porosity as a controlling element in
the computational process to calculate spatial per-
meability distribution.

The modeling process was repeated 15 times,
resulting in 15 realizations with the same proba-
bility. The final distribution of the modeled per-
meability was obtained through the arithmetic
averaging of these 15 realizations. The final per-
meability distribution was then modified by in-
creasing the permeability parameter in zones
suspected of containing fractures. Potential dis-
continuities were distributed using a structural
method applied to 3D seismic data, automatically
tracking faults and fractures within the seismic
volume - ant-track (Hafiz et al. 2022). The param-
eters of the ant-track method were configured to
detect more significant discontinuities. Because
the discontinuities tracked by the ant-track algo-
rithm aligned with the trend interpreted on an ar-
chival structural map (Pikulski 1997), they were
considered reliable, and modifications to perme-
ability were made in these zones. In the areas de-
fined as discontinuous, permeability values were
assigned at levels of those measured in limestone
and dolomite samples with fractures, respective-
ly. The laboratory measurements show that for
some samples with low porosity of around 2%,
anomalously high permeabilities were recorded
at 6.245 mD for limestone and 14.958 mD for do-
lomite.

The developed spatial permeability model is
presented graphically in Figures 5B and D for
limestones and dolomites separately, together
with the distribution of the values in the form of
histograms in the upper left corner of each figure.

The relationship between porosity and permeability developed in the limestone and dolomite horizons in well J-7 (y - perme-

ability, x - porosity)

Lithotype Model porosity vs. permeability Correlation coefficient R
Limestone y=-0.00324637 + 0.269155x + 7.72424x° 0.91
Dolomite y=0.0637985 — 3.47108x + 51.6707x> 0.99
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The histograms depicting the permeability dis-
tributions for the identified lithotypes indicate bet-
ter transport conditions in the dolomite horizon
expressed with significantly higher average per-
meability value in dolomites (0.4 mD) compared to
limestones (0.2 mD) (Table 3), which is directly re-
lated to the higher porosity in dolomites.

The temperature distributions were developed,
similarly to the petrophysical parameters, for the
geometry determined by the 3D structural model
of the Ca2 Main Dolomite level. Spatial tempera-
ture distributions were calculated based on the
computed temperatures, using the temperature
gradient method in the J-6, J-7, J-8K, and J-10K
well profiles and calibrated with measured tem-
perature values in the J-7 and J-8K wells. 3D tem-
perature models were developed using an algo-
rithm that honors the geothermal gradient in the
vertical direction. Temperatures recorded in the
boreholes are consistent with the range of tem-
peratures modeled in the study area (Hajto 2006).

Identification of
high geothermal potential zones

The geothermal resources in the examined res-
ervoir rocks in the Main Dolomite interval were
estimated using the heat in place (HIP) approach
introduced in the 1970s (Nathenson 1975, Muf-
fler & Cataldi 1977) and modified in more recent
research. The HIP parameter takes into account
rock volume, average temperature of the reser-
voir rock, reference temperature, and reservoir
rock-fluid properties, including density, porosity,
and specific heat of the geothermal system com-
ponents (Topdr et al. 2023).

The HIP in the analyzed Main Dolomite (Ca2)
reservoir rock was estimated using the following
formula (Piris et al. 2021):

HIP =V [ -p-Cp+(1-9)-pp-C |(,~T;) (7)

where V stands for the rock volume [m?], ¢ is the
effective porosity, p, and p, are the working flu-
id and rock matrix densities, respectively [kg/m’],
C, and C,, are the working fluid and rock matrix
heat capacities respectively [kJ/(m*-°C)], T, is the
reservoir temperature, and T} is the average annu-
al surface temperature [°C].

Calculated heat in place (HIP) allows to deter-
mine recoverable heat (Hrec), accounting for the

thermal power that can be produced in a specified
lifetime of the geothermal system (Piris et al. 2021):

(HIP-C,-R,)

(’Iiife ’ Pf\)
where C, is the conversion efficiency coefficient
[parts/unit], R, is the recovery factor [parts/unit]
and depictstheratio ofenergyretrieved usinga par-
ticular technology to the total energy stored in the
reservoir rock. Ty and P, parameters are assumed
system life [years] and plant factor [parts/unit],
representing the gaps in the operation of the geo-
thermal systems plant.

The recovery factor R, was determined using
the following formula (Franco & Donatini 2017):

. [(v-(05-0-X)-p; )-(AHR-AHS)
) HIP

Hrec =

)

©)

where X is the degree of saturation and AHR -
AHS are the fluid-rock system enthalpies.

Finally, petrophysical parameters (porosity and
permeability) along with Hrec in the option utiliz-
ing water as a geothermal energy carrier were em-
ployed for classification using the generalized fuzzy
c-means (gFCM) clustering method. This method
is one of the classification techniques applied in
machine learning (Karayiannis 1996, Zabihi & Ak-
barzadeh-T 2012). The classification aimed to di-
vide the studied areas into zones of high and low
geothermal potential, connected with the petro-
physical characteristics of the analyzed reservoirs.
The classification methodology is described in de-
tail in the work by Topér et al. (2023).

RESULTS AND DISCUSSION

Based on the geometry of the Main Dolomite in
the study area determined by the 3D structural
model and the developed spatial models of po-
rosity, permeability, and temperature, maps of
the average values of these parameters charac-
terizing the conditions of the geothermal system
within the Main Dolomite were prepared, taking
into account its dichotomy. Maps of the average
thickness, temperature, porosity, and permeabili-
ty values for limestone and dolomite horizons are
presented graphically in Figures 6 (on the inter-
leaf) ABCD and EFGH, respectively, and their sta-
tistical characteristics are depicted in Table 3.
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The parameters used for calculating the HIP
and Hrec of a geothermal system operating for
fifty years were derived from developed petro-
physical and temperature 3D models, supported
by well-log interpretation as well as brine and core

Table 3

material analysis results (unpublished reports
and documentation from boreholes) and litera-
ture data (Robertson 1988, Ramalingam & Aru-
mugam 2012, Hartlieb et al. 2015) and are listed
in Tables 4-6.

Average parameter values characterizing the distinguished in the Main Dolomite interval Ca2 limestone and dolomite lithotype

Thickness Temperature Porosity Permeability
Lithotype
Min | Max | Mean Min Max Mean | Min | Max | Mean | Min | Max | Mean geom
Limestone | 6.62 | 26.91 9.86 89.33 92.74 90.91 0 0.177 | 0.032 0 11.65 0.20
Dolomite 0 11.58 6.85 92.76 93.01 92.90 0 0.146 | 0.045 0 26.37 0.40
Table 4
Parameters of the rock, brine, and CO, in supercritical form, assumed for HIP calculation
Heat capac1t'y of Heat caPac1ty of Heat ca'p.ac1ty of Rock density Brine density
rock matrix brine supercritical CO, [g/cm’] [g/cm’]
[Kk)/(kg-°C)] [Kk)/(kg-°C)] [[K)/(kg-°C)] & &
0.96 3.505 2.25 2.715 1.211
Table 5
Enthalpy of supercritical CO, assumed for the specific reservoir rock’s pressure and temperature conditions
. Average annual . Enthalpy f‘fr Enthalpy for
Average reservoir Average reservoir the reservoir i\
temperature e surface conditions
temperature o pressure conditions .
C] on surface [°C] [bar] in CO, system in CO, system
Gorecki red. 2006 z kJ/k
91.62 8.9 246 -130 -310
Table 6
Assumed remaining parameters for Hrec calculation (Piris et al. 2021)
Conversion efficiency factor C, System life factor T, Plant factor P,
[parts/unit] [years] [parts/unit]
0.95 50 0.85

Classification using gFCM
(generalized fuzzy c-means)

Petrophysical parameters such as porosity and
permeability, along with Hrec, were used for clas-
sification utilizing the generalized fuzzy c-means
(gFCM) clustering method. This approach allowed

us to distinguish zones with varying geothermal
potentials within the study area, correlating these
zones directly with the inherent characteristics of
the reservoirs.

The geothermal potential of the Ca2 lev-
el was investigated for two fluids as energy car-
riers — water and supercritical CO,. The gFCM
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clustering results for the Ca2 level were organized
using Hrec_50 (water system) and ranked from
the most prospective (1) to less promising (6). This
potential was estimated separately for the lime-
stone and dolomitic limestone lithotype.

Weak reservoir and filtration parameters char-
acterize the limestone horizon. Porosity rang-
es from 0 to 17.7% (average 3.2%; median 2.9%),
while permeability ranges from 0.007 to 11.7 mD
(median 0.021 mD). The average thickness of the
limestone horizon is 9.9 m. The temperature was
estimated at 90.9°C (Fig. 6). The gFCM classifi-
cation indicated that areas with the highest geo-
thermal potential (highest median Hrec and HIP)
occur in the southeastern part of the studied area
(Fig. 7). Unfortunately, these rocks are found in
a limited area and, combined with weak reservoir
parameters (median for porosity Class 1 equals
6.5%) and filtration parameters (median for per-
meability Class 1 equals 0.196 mD), make the
investigated limestone horizon less prospective.
The region’s lack of existing well infrastructure,
which is identified as the most promising, is also
a challenge. Beyond drilling new wells, effective
geothermal energy extraction would require frac-
turing procedures, significantly increasing in-
vestment costs.

The level of calcareous dolomites (Fig. 8) local-
ly possesses zones with better reservoir and filtra-
tion parameters compared to the limestone hori-
zon. The average values of porosity for the entire
area are 4.5% (ranging from 0 to 14.6%). Permea-
bility varies from 0 to 26.4 mD (median 0.4 mD).
Despite having better petrophysical parameters
and a slightly higher temperature (92.9°C), the

Table 7

calcareous dolomite horizon is characterized by
significantly lower thickness (average 6.9 m) com-
pared to the limestone horizon (Fig. 7). Zones
with the highest potential for geothermal energy
extraction (Class 1) exhibit much greater extent,
but only to a limited extent, overlap with the lime-
stone horizon (Fig. 8). They also do not align with
the existing well infrastructure. This fact signifi-
cantly complicates considerations regarding the
economic extraction of geothermal energy from
the calcareous dolomite lithotype and the entire
reservoir structure considered.

Only the areas within the more perspective
dolomite horizon, marked with green polygons
in Figure 9, which visualize the 3D distribution of
HIP (A, B) and Hrec (C, D) for water and CO, as
working fluids, were considered for further eval-
uation of geothermal energy extraction potential.
In the dolomite horizon, we selected three regions
situated in the northern edge (NNW) and central
western (WSW) eastern (E) part of the research
area, represented by rocks classified as Classes 1,
2, and 3, indicating conditions with the highest
potential for geothermal energy extraction. The
statistical characterization of the petrophysical
and thermal conditions in those three zones is de-
picted in Table 7. The calculated Hrec for 50 years
of a lifetime of a geothermal system for dolo-
mite horizon in the NN'W, WSW, and E part of
the research area is 8.19, 3.47, 1.34, and 0.69, 0.29,
0.11 MW for water and CO, considered as working
fluids, respectively (Table 8). The energy locked in
the NNW zone constitutes nearly 21% of geother-
mal energy in the entire dolomite horizons in the
study area.

Statistical characteristics of petrophysical and thermal conditions in the dolomite lithotype for selected zones with the highest

potential for geothermal energy extraction

Parameter
Zone Thickness Temperature Porosity Permeability
Min | Max | Mean | Min Max | Mean | Min Max | Mean | Min Max Mean
Dolomite | 6.62 | 2691 | 9.86 | 92.76 | 93.01 | 92.90 | 0.0001 | 0.1522 | 0.0447 | 0.0055 | 14.9580 | 0.3784
NNwW 746 | 11.60 | 9.56 | 92.79 | 93.01 | 92.90 | 0.0059 | 0.1508 | 0.0580 | 0.0055 | 14.9580 | 0.4788
E 5.71 7.21 6.44 | 92.81 | 93.00 | 92.90 | 0.0084 | 0.1522 | 0.0643 | 0.0055 | 14.9580 | 0.4515
WSW 4.86 9.43 8.47 | 92.80 | 93.00 | 92.90 | 0.0042 | 0.1499 | 0.0562 | 0.0055 | 14.9525 | 0.6586
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Ii;jzlzgd Hrec (50 years) for water and supercritical CO, for selected zones with the highest potential for geothermal energy
extraction
Parameter
Zone Rock volume HIP H,0 HIP CO, Hrec50 yr H,0 | Hrec50yr CO,
[m’] (P]] (P]] (MW] (MW]

Dolomite horizon of the Ca2 6.16E+08 138.56 25.90 39.07 3.23

WSW 4.32E+07 9.79 1.80 3.47 0.29

E 1.45E+07 3.30 0.60 1.34 0.11

NNW 9.96E+07 22.61 4.15 8.19 0.69

Sum 1.57E+08 35.70 6.55 12.99 1.09

o

o
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Potential geothermal plays for carbonate reservoir (dolomite)

based on GFCM clustering (phi, k, and Hrec50 water)

Denisty plots for key rock parameters with marked p10, p50, and p90
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Fig. 7. The results of the gFCM cluster analysis, along with identified areas of high and low geothermal potential and density
diagrams of the main parameters for the designated Ca2 limestone lithotype
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Potential geothermal plays for carbonate reservoir (dolomite)
based on GFCM clustering (phi, k, and Hrec50 water)

Denisty plots for key rock parameters with marked p10, p50, and p90
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Fig. 8. The gFCM cluster analysis results, with delineated areas of high and low geothermal potential and density diagrams of
the main parameters for the specified Ca2 dolomitic limestone lithotype

Although the CO, system has a lower heat ca-
pacity than water, it is now considered a promis-
ing fluid for extracting geothermal energy in EGS
systems, especially for hot, dry rocks (Lei 2022).
The high compressibility, expansivity, and low vis-
cosity of CO, compared to water make it an at-
tractive medium in geothermal solutions. Heat
extraction using CO, can outperform water due to
the high production rate driven by the high mo-
bility of CO,. Carbon dioxide consumes less pres-
sure when it flows and can circulate automatical-
ly due to the natural thermosiphon phenomenon
(Liu et al. 2019). These features can significantly

offset the disadvantage of the low heat capacity of
CO, as a heat-transmission fluid and make it an
attractive medium for deep heat extraction.

The challenges of CO,-EGS in terms of water-
rock-gas interactions may consist of halite precip-
itation and the clogging of fractures that cause
a drop in the heat extraction efficiency (Pruess
2006, Bonto et al. 2021).

Corrosion management in geothermal facilities
is another critical aspect of enhancing operational
efficiency and longevity, as CO, as a working flu-
id poses many issues for geothermal installations
(Khasani et al. 2021).
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Fig. 9. Visualization of water saturation in dolomite lithotype in the Main Dolomite (A), HIP distribution in the Main Dolomite,
taking into account water (B) and CO, (C) as a working fluid, and the Hrec distribution considering 50-year of system lifetime

for water (D) and CO, (E) as a working fluid
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The usage of CO, would also require proper ex-
amination of sealing capacity to ensure the safety
of CO, circulation, as is done in CCS projects.

It should be emphasized that the identified
hydrocarbon accumulation within the analyzed
Main Dolomite horizon has not been exploited
thus far; therefore, the pore space in that area is
mainly saturated with hydrocarbons and irreduc-
ible water (Figs. 4, 9A).

The potential geothermal heat extraction from
the hydrocarbon saturated zones would be possi-
ble after hydrocarbon production, within which
the water or CO, as a geothermal working fluid
would be injected into the reservoir formation. It
could also work as a secondary hydrocarbon re-
covery technique. CO, could be considered as in-
jection fluid in those zones due to its enhanced
thermodynamic properties for geothermal en-
ergy production compared to water (Esteves
et al. 2019).

SUMMARY

The assessment of geothermal potential in the

Main Dolomite reservoir (Ca2) was done with the

use of well log data supported 3D numerical mod-

els combined with machine learning methods to
provide an outline of petrophysical (porosity and
enhanced permeability) and thermal conditions
in the analyzed reservoir rock and to select the
most promising areas.

The conducted research led to the following
conclusions:

— 'The reservoir rock in the Main Dolomite Ca2,
characterized in terms of petrophysical and
thermal conditions in the profiles of ana-
lyzed wellbores exhibits a distinct dichotomy.
The upper part of the profile mainly consists
of limestones and dolomitic limestones, while
the lower part is composed of calcareous dolo-
mites with anhydrite content.

- Among the two lithotypes distinctive in the
Ca2 profile, the dolomites in the lower part
demonstrate better petrophysical parameters
and higher temperatures. These dolomites ex-
hibit an average porosity, permeability, and
temperature at mean levels 0of4.5%, 0.4 mD, and
92.9°C, respectively, while having a relatively
small thickness with an average value of 6.85 m.

- Based on the characteristics of the petrophys-
ical parameters of the reservoir rock in the
Main Dolomite, Ca2 was classified as an en-
hanced and petrothermal geothermal system.

- Due to limited flow parameters and low poros-
ity, the Main Dolomite reservoir rock in the
study area should be classified as a geothermal
system requiring treatment to improve its low
permeability. The classification of the reservoir
rock, considering the dichotomy of the Ca2 lev-
el using the gFCM method, revealed that op-
timal zones within the limestones are located
in the southwestern part of the analyzed area,
falling into Classes 2 and 3 (shades of orange).

- Conversely, within the dolomites, the best con-
ditions prevail in the northern edge (NNW)
and, central western (WSW), and eastern (E)
part of the investigated area, classified as Class-
es 1-3 (red and orange shades), where further
calculation of geothermal energy stored in the
reservoir was conducted.

- The areas with preferable conditions in the an-
alyzed zone do not overlap with the existing
wellbore network. Any potential geothermal
energy production from higher potential zones
would imply the need to drill additional wells.

- The calculated Hrec for 50 years of a lifetime
of a geothermal system for dolomite horizon
in the NNW, WSW, and E part of the research
area is 8.19, 3.47, 1.34 and 0.69, 0.29, 0.11 MW
for water and CO, considered as working fluids,
respectively. The energy stored in the selected
areas in dolomite horizon has a total of 12.99
and 1.09 MW, using water and CO, as work-
ing fluid for a 50-year system lifespan. The rela-
tively low thickness of the limestone and dolo-
mitic limestone horizons, their weak reservoir
and filtration parameters, as well as the ab-
sence of existing infrastructure in the form of
boreholes that could be easily adapted for geo-
thermal heat extraction significantly limit the
effective utilization of the investigated struc-
ture for efficient geothermal energy extraction.

This research was carried out as part of a re-
search study funded by the Polish Ministry of Science
and Higher Education, Grant No. DK-4100-51/23.
The authors would like to thank the Polish Ministry
of Science and Higher Education for funding this
research.

https://journals.agh.edu.pl/geol


https://journals.agh.edu.pl/geol

Geothermal energy potential of Main Dolomite formation in SW Poland

291

REFERENCES

Archie G.E., 1942. The electrical resistivity log as an aid in
determining some reservoir characteristics. Transac-
tions of the AIME, 146(1), 55-62. https://doi.org/10.2118/
942054-G.

Ahrens B., Lippert K. & Nehler M., 2022. Fluid flow proper-
ties of carbonate rocks under simulated in-situ conditions:
Implications for geothermal reservoir quality [conference
paper]. EGU General Assembly 2022, 23-27 May 2022,
Vienna, Austria, EGU22-9858. https://doi.org/10.5194/
egusphere-egu22-9858.

Bonto M., Welch M.J., Liithje M., Andersen S.I., Vesh-
areh M.J., Amour F., Afrough A., Mokhtari R., Hajiaba-
di M.R., Alizadeh M.R., Larsen C.N. & Nick H.M., 2021.
Challenges and enablers for large-scale CO, storage in
chalk formations. Earth-Science Reviews, 222, 103826.
https://doi.org/10.1016/j.earscirev.2021.103826.

Bujakowski W. & Tomaszewska B. (red.), 2014. Atlas wyko-
rzystania wéd termalnych do skojarzonej produkcji ener-
gii elektrycznej i cieplnej przy zastosowaniu uktadéw bi-
narnych w Polsce: monografia [Atlas of the Possible Use
Geothermal Waters for Combined Production of Electri-
city and Heat Using Binary Systems in Poland: Mono-
graph]. Instytut Gospodarki Surowcami Mineralnymi
i Energig Polskiej Akademii Nauk, Krakéw.

CBDG (Central Geological Database), n.d. Polish Geological
Institute — National Research Institute. https://baza.pgi.
gov.pl/en [access: 27.03.2023].

Chomac¢-Pierzecka E., Sobczak A. & Sobon D., 2022. The po-
tential and development of the geothermal energy mar-
ket in Poland and the Baltic states — selected aspects. En-
ergies, 15(11), 4142. https://doi.org/10.3390/en15114142.

Czekanski E., Kwolek K. & Mikotajewski Z., 2010. Zloza
weglowodoréw w utworach cechsztynskiego dolomitu
gléwnego (Ca2) na bloku Gorzowa. Przeglgd Geologicz-
ny, 58(8), 695-703.

Esteves A.F., Santos F.M. & Magalhaes Pires J.C., 2019. Car-
bon dioxide as geothermal working fluid: An overview.
Renewable and Sustainable Energy Reviews, 114, 109331.
https://doi.org/10.1016/j.rser.2019.109331.

Franco A. & Donatini F., 2017. Methods for the estimation
of the energy stored in geothermal reservoirs. Journal
of Physics: Conference Series [34th UIT Heat Transfer
Conference 4-6 July 2016, Ferrata, Italy], 796, 012025.
https://doi.org/10.1088/1742-6596/796/1/012025.

Gorecki W. (red.), 2006. Atlas zasobéw geotermalnych formacji
paleozoicznej na Nizu Polskim [Atlas of Geothermal Re-
sources of Paleozoic Formations in the Polish Lowlands).
Akademia Gorniczo-Hutnicza im. S. Staszica, Krakow.

Gorecki W., Sowizdzat A., Hajto M. & Wachowicz-Pyzik A.,
2015. Atlases of geothermal waters and energy resources in
Poland. Environmental Earth Sciences, 74(12), 7487-7495.

GUS (Gléwny Urzad Statystyczny), 2023. Gospodarka pali-
wowo-energetyczna w latach 2021 i 2022 [Energy Statistics
in 2021 and 2022]. Gtéwny Urzad Statystyczny - Statis-
tics Poland, Urzad Statystyczny w Rzeszowie — Statistical
Office in Rzeszéw, Warszawa — Rzeszow. https://stat.gov.
pl/en/topics/environment-energy/energy/energy-statis-
tics-in-2021-and-2022,4,18.html [access: 22.03.2023].

Hafiz 1., Albesher Z., Kellogg J. & Saeid E., 2022. Detect-
ing the fault and fracture systems by using 3D seismic

attribute — Ant-tracking algorithm. [in:] SEG/AAPG
IMAGE 2022: International Meeting for Applied Geosci-
ence & Energy, 28 Aug - 1 Sep 2022, Houston, TX: Ex-
panded Abstracts 2022 Technical Program, Society of
Exploration Geophysicists, Houston, 1374-1379. https://
doi.org/10.1190/image2022-3738405.1.

Hajto M., 2006. Wyniki kalkulacji zasobow geotermalnych
na Nizu Polskim [Calculation results of geothermal re-
sources in the Polish Lowlands]. [in:] Gorecki W. (red.),
Atlas zasobow geotermalnych formacji mezozoicznej na
Nizu Polskim [Atlas of Geothermal Resources of Mesozoic
Formations in the Polish Lowlands], Akademia Gorniczo-
Hutnicza im. Stanistawa Staszica, Krakow, 183-197.

Hartlieb P., Toifl M., Kuchar F., Meisels R. & Antretter T.,
2015. Thermo-physical properties of selected hard rocks
and their relation to microwave-assisted comminution.
Minerals Engineering, 91, 34-41. https://doi.org/10.1016/
j.mineng.2015.11.008.

Huang Y., Pang Z., Kong Y. & Watanabe N., 2021. Assess-
ment of the high-temperature aquifer thermal ener-
gy storage (HT-ATES) potential in naturally fractured
geothermal reservoirs with a stochastic discrete frac-
ture network model. Journal of Hydrology, 603(part D),
127188. https://doi.org/10.1016/j.jhydrol.2021.127188.

Huang Y., Yuanzhi Ch., Ren L., Tian F,, Pan S., Wang K.,
Wang J., Dong Y., Kong Y., Parsa M., Puppala H., Mel-
nik O., Huang Y. & Cheng Y., 2022. Assessing the Geo-
thermal Resource Potential of an Active Oil Field by
Integrating a 3D Geological Model with the Hydro-
Thermal Coupled Simulation. Frontiers in Earth Science,
9, 787057. https://doi.org/10.3389/feart.2021.787057.

Jarzyna J., Bala M. & Zorski T., 1999. Metody geofizyki otwo-
rowej: pomiary i interpretacja. Uczelniane Wydawnic-
twa Naukowo-Dydaktyczne AGH, Krakéw.

Jaworowski K. & Mikotajewski Z., 2007. Oil- and gas-bearing
sediments of the Main Dolomite (Ca2) in the Miedzy-
chéd region: a depositional model and the problem of
the boundary between the second and third depositional
sequences in the Polish Zechstein Basin. Przeglgd Geo-
logiczny, 55(12/1), 1017-1024.

Jolie E., Scott S., Faulds J., Chambefort I., Axelsson G., Guti-
érrez-Negrin L.C., Regenspurg S., Ziegler M., Ayling,
Richter B.A. & Zemedkun M.T., 2021. Geological con-
trols on geothermal resources for power generation. Na-
ture Reviews Earth & Environment, 2, 324-339. https://
doi.org/10.1038/s43017-021-00154-y.

Kaminskaite I., Wang H., Liu Z. & Li H., 2021. Geothermal
fluid flow in deep Carbonates and its impact on long-term
reservoir performance: Natural systems [conference pa-
per]. The 82nd EAGE Annual Conference & Exhibition,
October 18-21, 2021, Amsterdam, The Netherlands.
https://doi.org/10.3997/2214-4609.202112851.

Karayiannis N.B., 1996. Generalized fuzzy c-means algo-
rithms. [in:] Proceedings of the fifth IEEE International
Conference on Fuzzy Systems: FUZZ-IEEE ‘96; Septem-
ber 8-11, 1996, Hyatt Regency Hotel, New Orleans, Lou-
isiana. Vol. 1, IEEE, 1036-1042. https://doi.org/10.1109/
FUZZY.1996.552321.

Khasani, Itoi R., Tanaka T. & Fukuda M., 2004. A numerical
study on the effects of initial water saturation of a geo-
thermal reservoir on well characteristics. Memoirs of the
Faculty of Engineering, Kyushu University, 64(1), 1-15.

Geology, Geophysics and Environment, 2024, 50 (3): 275-293


https://doi.org/10.2118/942054-G
https://doi.org/10.2118/942054-G
https://doi.org/10.5194/egusphere-egu22-9858
https://doi.org/10.5194/egusphere-egu22-9858
https://doi.org/10.1016/j.earscirev.2021.103826
https://baza.pgi.gov.pl/en
https://baza.pgi.gov.pl/en
https://doi.org/10.3390/en15114142
https://doi.org/10.1016/j.rser.2019.109331
https://doi.org/10.1088/1742-6596/796/1/012025
https://stat.gov.pl/en/topics/environment-energy/energy/energy-statistics-in-2021-and-2022,4,18.html
https://stat.gov.pl/en/topics/environment-energy/energy/energy-statistics-in-2021-and-2022,4,18.html
https://stat.gov.pl/en/topics/environment-energy/energy/energy-statistics-in-2021-and-2022,4,18.html
https://doi.org/10.1190/image2022-3738405.1
https://doi.org/10.1190/image2022-3738405.1
https://doi.org/10.1016/j.mineng.2015.11.008
https://doi.org/10.1016/j.mineng.2015.11.008
https://doi.org/10.1016/j.jhydrol.2021.127188
https://doi.org/10.3389/feart.2021.787057
https://doi.org/10.1038/s43017-021-00154-y
https://doi.org/10.1038/s43017-021-00154-y
https://doi.org/10.3997/2214-4609.202112851
https://doi.org/10.1109/FUZZY.1996.552321
https://doi.org/10.1109/FUZZY.1996.552321

292

Stota-Valim M., Lis-Sledziona A., Topér T.

Khasani, Kusmono, Pri U. & Rachmawan B., 2021. Corro-
sion in geothermal facilities: Their causes, effects, mit-
igation, and worldwide cases. AIP Conference Proceed-
ings, 2338(1), 020007. https://doi.org/10.1063/5.0066755.

Kwolek K. & Mikolajewski Z., 2007. New stratigraphic
scheme for Zechstein rocks in the Pogorzela High (Fore-
sudetic Monocline) and its significance for hydrocarbon
exploration. Przeglgd Geologiczny, 55(12/1), 1037-1047.

Lei H.,2022. Performance comparison of H,O and CO, as the
working fluid in coupled wellbore/reservoir systems for
geothermal heat extraction. Frontiers in Earth Science,
10, 819778. https://doi.org/10.3389/feart.2022.819778.

Li Y. & Sun J., 2016. 3D magnetization inversion using
fuzzy c-means clustering with application to geology dif-
ferentiation. Geophysics, 81(5), J61-J78. https://doi.org/
10.1190/ge02015-0636.1.

Liu Y., Wang G., Yue G., Zhang W., Zhu X., & Zhang Q.,
2019. Comparison of enhanced geothermal system
with water and CO, as working fluid: A case study in
Zhacanggou, Northeastern Tibet, China. Energy Ex-
ploration and Exploitation, 37(2), 736-755. https://doi.
org/10.1177/0144598718795492.

Mikotajewski Z. & Stowakiewicz M., 2008. Mikrofacje i dia-
geneza utwordéw dolomitu gtéwnego (Ca2) w rejonie ba-
riery Miedzychodu (Pélwysep Grotowa, Polska Zachod-
nia). Biuletyn Pavistwowego Instytutu Geologicznego, 429,
91-97.

Moeck 1.S., 2014. Catalog of geothermal play types based
on geologic controls. Renewable and Sustainable Energy
Reviews, 37, 867-882. https://doi.org/10.1016/j.rser.2014.
05.032.

Muffler P. & Cataldi R., 1977. Methods for regional assess-
ment of geothermal resources. U.S. Geological Survey
Open-File Report 77-870, U.S. Geological Survey, Den-
ver, Colorado. https://doi.org/10.2172/6496850.

Nathenson M., 1975. Physical factors determining the fraction
of stored energy recoverable from hydrothermal convec-
tion systems and conduction-dominated areas. U.S. Geo-
logical Survey Open-File Report 75-525, U.S. Geolog-
ical Survey. Denver, Colorado. https://doi.org/10.3133/
ofr75525.

Noga B., Biernat H., Kapuscinski J., Martyka P., Nowak K.
& Pijewski G., 2013. Perspektywy zwigkszenia pozyski-
wania ciepla geotermalnego w $wietle nowych inwesty-
cji zrealizowanych na terenie Nizu Polskiego. Technika
Poszukiwati Geologicznych, Geotermia, Zréwnowazony
Rozwdj, 52(2/2), 75-84.

Okoroafor E.R., Smith C.M., Ochie K.I., Nwosu C.]., Gud-
mundsdottir H. & Aljubran M., 2022. Machine learning
in subsurface geothermal energy: Two decades in review.
Geothermics, 102, 102401. https://doi.org/10.1016/j.geo-
thermics.2022.102401.

Peryt T.M., 2010. Ewaporaty cechsztynu PZ1-PZ3 bloku
Gorzowa. Przeglgd Geologiczny, 58(8), 689-694.

Peryt T.M. & Dyjaczynski K., 1991. An isolated carbonate
bank in the Zechstein Main Dolomite Basin, Western
Poland. Journal of Petroleum Geology, 14(4), 445-458.
https://doi.org/10.1111/j.1747-5457.1991.tb01036.x.

Peryt T.M. & Mikotajewski Z., 1997. Dokumentacja wyni-
kowa z otworu Jarocin-8K [unpublished].

PIG-PIB (Panstwowy Instytut Geologiczny - Panstwo-
wy Instytut Badawczy), 2024. Geotermia [Geothermal

Resources]. https://[www.pgi.gov.pl/geotermia/przydatne/
geotermia.html [access: 16.05.2024].

Pikulski L., 1997. Dokumentacja wynikowa odwiertu Jaro-
cin-7. Mapa strukturalna gérnej czesci formacji dolomi-
tu glownego na obszarze zloza ropy naftowej “Jarocin”
[unpublished].

Piris G., Herms ., Griera A., Colomer M., Arn6 G. & Go-
mez-Rivas E., 2021. 3DHIP-Calculator - a new tool to
stochastically assess deep geothermal potential using the
Heat-In-Place method from voxel-based 3D geological
models. Energies, 14(21), 7338. https://doi.org/10.3390/
enl4217338.

Protas A. & Wojtkowiak Z., 2000. Blok Gorzowa: Geolo-
gia dolnego cechsztynu. [in:] Biernacka J. & Skoczylas J.
(red.), Geologia i ochrona Srodowiska Wielkopolski: prze-
wodnik LXXI Zjazdu Polskiego Towarzystwa Geologiczne-
£0, Bogucki Wydawnictwo Naukowe, Poznan, 163-171.

Pruess K., 2006. Enhanced geothermal systems (EGS) us-
ing CO, as working fluid - A novel approach for gen-
erating renewable energy with simultaneous sequestra-
tion of carbon. Geothermics, 35(4), 351-367. https://doi.
org/10.1016/j.geothermics.2006.08.002.

Ramalingam A. & Arumugam S., 2012. Experimental study
on specific heat of hot brine for salt gradient solar pond
application. International Journal of ChemTech Research,
4(3), 956-961.

Robertson E.C., 1988. Thermal properties of rocks. U.S. Geolog-
ical Survey Open-File Report 88-441, U.S. Geological Sur-
vey, Denver, Colorado. https://doi.org/10.3133/0fr88441.

Sowizdzal A., 2018. Geothermal energy resources in Po-
land - overview of the current state of knowledge. Re-
newable and Sustainable Energy Reviews, 82(3), 4020-
4027. https://doi.org/10.1016/j.rser.2017.10.070.

Sowizdzat A., Hajto M. & Goérecki W., 2016. The most pro-
spective areas for geothermal energy utilization for heat-
ing and power generation in Poland. [in:] EGC 2016: Eu-
ropean Geothermal Congress 2016: Strasbourg, France,
19-24 September 2016, 1-7.

Sowizdzatl A., Starczewska M. & Papiernik B., 2022a. Future
technology mix — Enhanced Geothermal System (EGS)
and Carbon Capture, Utilization, and Storage (CCUS) -
an overview of selected projects as an example for future
investments in Poland. Energies, 15(10), 3505. https://
doi.org/10.3390/en15103505.

Sowizdzat A., Machowski G., Krzyzak A., Puskarczyk E.,
Krakowska-Madejska P. & Chmielowska A., 2022b. Pet-
rophysical evaluation of the Lower Permian formation
as a potential reservoir for CO, — EGS - case study from
NW Poland. Journal of Cleaner Production, 379(part 2),
134768. https://doi.org/10.1016/j.jclepro.2022.134768.

Syukri M., Saad R., Marwan, Tarmizi, Fadhli Z. & Safitri R.,
2018. Volcanic hazard implication based on magnetic
signatures study of Seulawah Agam geothermal system,
Indonesia. Journal of Physics: Conference Series [The 8th
International Conference on Theoretical and Applied
Physics, 20-21 September 2018, Medan, Indonesia], 1120,
012028. https://doi.org/10.1088/1742-6596/1120/1/012028.

Tagliaferri M., Gladysz P., Ungar P., Strojny M., Talluri L., Fi-
aschi D., Manfrida G., Andresen T. & Sowizdzal A., 2022.
Techno-economic assessment of the supercritical carbon
dioxide enhanced geothermal systems. Sustainability,
14(24), 16580. https://doi.org/10.3390/su142416580.

https://journals.agh.edu.pl/geol


https://journals.agh.edu.pl/geol
https://doi.org/10.1063/5.0066755
https://doi.org/10.3389/feart.2022.819778
https://doi.org/10.1190/geo2015-0636.1
https://doi.org/10.1190/geo2015-0636.1
https://doi.org/10.1177/0144598718795492
https://doi.org/10.1177/0144598718795492
https://doi.org/10.1016/j.rser.2014.05.032
https://doi.org/10.1016/j.rser.2014.05.032
https://doi.org/10.2172/6496850
https://doi.org/10.3133/ofr75525
https://doi.org/10.3133/ofr75525
https://doi.org/10.1016/j.geothermics.2022.102401
https://doi.org/10.1016/j.geothermics.2022.102401
https://doi.org/10.1111/j.1747-5457.1991.tb01036.x
https://www.pgi.gov.pl/geotermia/przydatne/geotermia.html
https://www.pgi.gov.pl/geotermia/przydatne/geotermia.html
https://doi.org/10.3390/en14217338
https://doi.org/10.3390/en14217338
https://doi.org/10.1016/j.geothermics.2006.08.002
https://doi.org/10.1016/j.geothermics.2006.08.002
https://doi.org/10.3133/ofr88441
https://doi.org/10.1016/j.rser.2017.10.070
https://doi.org/10.3390/en15103505
https://doi.org/10.3390/en15103505
https://doi.org/10.1016/j.jclepro.2022.134768
https://doi.org/10.1088/1742-6596/1120/1/012028
https://doi.org/10.3390/su142416580

Geothermal energy potential of Main Dolomite formation in SW Poland

293

Topér T., Slota-Valim M. & Kudrewicz R., 2023. Assessing
the geothermal potential of selected depleted oil and
gas reservoirs based on geological modeling and ma-
chine learning tools. Energies, 16(13), 5211. https://doi.
org/10.3390/en16135211.

Wachowicz-Pyzik A., Sowizdzal A., Mackowski T. & Stefa-
niuk M., 2024. A new approach to the development of
geothermal water utilization in the context of identify-
ing and meeting the social needs of local communities:
A case study from the Mogilno-£6dZ Trough, Central
Poland. Sustainability, 16(1), 37. https://doi.org/10.3390/
sul6010037.

Wagner R., 1994. Stratygrafia i rozwéj basenu cechsztyriskie-
g0 na Nizu Polskim. Prace Panstwowego Instytutu Geo-
logicznego, 146, PIG, Warszawa.

Wagner R., Dyjaczynski K., Papiernik B., Peryt TM. &
Protas A., 2000. Mapa paleogeograficzna dolomitu

gltéwnego (Ca2) w Polsce. [in:] Kotarba M.]. (red.), Bilans
i potencjal weglowodorowy dolomitu glownego basenu
permskiego Polski, Archiwum WGGiOS AGH, Krakdw.

Zabihi M. & Akbarzadeh-T M.R., 2012. Generalized fuzzy
c-means clustering with improved fuzzy partitions and
shadowed sets. ISRN Artificial Intelligence, 2012, 92908.

Zawisza L. & Nowak J., 2012. Metodyka okreslania parame-
trow filtracyjnych skat na podstawie kompleksowej ana-
lizy danych geofizyki otworowej. Wydawnictwa AGH,
Krakéw.

Zych 1., 2009. Ropo-gazonosnos¢ dolomitu gléwnego na tle
modelu migzszosciowo-litofacjalnego cechsztynu w po-
tudniowo-zachodniej czesci Nizu Polskiego. Akademia
Gorniczo-Hutnicza im. Stanistawa Staszica, Wydzial
Geologii, Geofizyki i Ochrony Srodowiska, Katedra Su-
rowcow Energetycznych, Krakéw [PhD thesis, unpub-
lished].

Geology, Geophysics and Environment, 2024, 50 (3): 275-293


https://doi.org/10.3390/en16135211
https://doi.org/10.3390/en16135211
https://doi.org/10.3390/su16010037
https://doi.org/10.3390/su16010037



