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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 CO2 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 CO2 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 CO2 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 (Górecki et al. 2015, So-
wiżdżał et al. 2016, Sowiżdżał 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 
CO2 in Poland in terms of petrophysical evalua-
tion (Sowiżdżał et  al. 2022b), techno-economic 
assessment (Chomać-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, Sowiżdżał 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, Sowiżdżał 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-
fying sweet spots (Li and Sun, 2016) and more ad-
vantageous zones for the optimal location of geo-
thermal wells, working as production-injection 
doublets (Topór 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 CO2 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 CO2 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.

https://journals.agh.edu.pl/geol
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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 & Mikołajewski 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 (Czekański 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 & Dyjaczyński 1991, Protas & 
Wojtkowiak 2000, Jaworowski & Mikołajewski 
2007). These include platform and microplatform 
zones (including a  barrier and platform plain), 
slopes and the base of the slope, and deep-water 
zones (Mikołajewski & Słowakiewicz 2008, Jawo-
rowski & Mikołajewski 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). 

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)

A

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 & Mikołajewski 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 & Mikołajewski 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 & Mikołajewski 1997).

Fig. 2. Multi-well correlation of the Main Dolomite level in the interpreted wells

https://journals.agh.edu.pl/geol
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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, J-7, J-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, PGNiG Orlen S.A.: J-6, J-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, J GN-1, J GN-2, J GN-3, 
J GN-4, J GN-5, and L-1;

•	 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 + PHI.

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 API.

GR  GRmatrixVCL  
GRshale  GRmatrix

−
=

− 	 (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 Grotów and 
Lubiatów regions (close to the study area) were ap-
plied (Equations (2)–(5)), with slight modifications 

to a  and b coefficients 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.

Grotów area:

( ) ( ). .SWI VCL . PHI= + ⋅ −
0 1 14 50 005 1 	 (2)

( )PERM PHI SWI= ⋅ ⋅ −
2266 1 	 (3)

Lubiatów area:

( ) ( ). .SWI VCL . PHI= + ⋅ −
0 1 14 50 005 1 	 (4)

( )PERM PHI SWI= ⋅ ⋅ −
222465 1 	 (5)

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)

https://journals.agh.edu.pl/geol
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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 
et al. 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).

⋅
=

⋅
SW  

PHI
n w

m
t

a R
R

	 (6)

where SW represents the water saturation, Rt rep-
resents the true formation resistivity (resistivity of 
the uninvaded zone), Rw is the resistivity 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.

Fig. 4. Measured well logs and interpretation results in the J-8K well. Track: 1  – depth (MD), 2  – gamma ray (GR), 3  – com-
pressional slowness (DT), neutron porosity (NPHI), and bulk density (RHOB), 4  – resistivity of uninvaded zone (LLD) and 
flushed zone (LLS), 5  – thorium (THOR), potassium (POTA), and uranium (URAN) content, 6  – calculated porosity (PHI_calc) 
and measured porosity (red points), 7  – lithology (VCL  – shale volume, VDOLO  – dolomite volume, VCALC  – calcite volume, 
VANH  – anhydrite volume, VHALIT  – halite volume, PHI  – porosity), 8  – irreducible water content (SWI) and water saturation 
(SW), 9  – calculated permeability (PERM) and measured permeability (K), 10  – stratigraphy, 11  – lithofacies (C  – limestone, 
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 coefficient 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 
[v/v]

PHI 
[v/v]

PERM 
[mD]

SW 
[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

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).

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)

A

C

B

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 

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

Due to 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. 

Table 2
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 + 7.72424x2 0.91
Dolomite y = 0.0637985 − 3.47108x + 51.6707x2 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 (Topór et al. 2023). 

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

( ) ( ) = ⋅ ϕ⋅ρ ⋅ + −ϕ ⋅ρ ⋅ ⋅ − HIP F F R R rV C C T T01 	 (7)

where V stands for the rock volume [m³], φ is the 
effective porosity, ρF and ρR are the working flu-
id and rock matrix densities, respectively [kg/m³], 
CF and CR are the working fluid and rock matrix 
heat capacities respectively [kJ/(m³ · °C)], Tr is the 
reservoir temperature, and T0 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): 

( )
( )

⋅ ⋅
=

⋅life

HIP
Hrec  e g

f

C R

T P
	 (8)

where Ce is the conversion efficiency coefficient 
[parts/unit], Rg is the recovery factor [parts/unit] 
and depicts the ratio of energy retrieved using a par-
ticular technology to the total energy stored in the 
reservoir rock. Tlife and Pf 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 Rg was determined using 
the following formula (Franco & Donatini 2017): 

( )( ) ( ) ⋅ ⋅ϕ⋅ ⋅ρ ⋅ D −D =
. HR HS

  
HIP

F
g

V X
R

0 5
	 (9)

where X is the degree of saturation and ΔHR − 
ΔHS 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 Topór 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. 

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


Fig. 6. Maps depicting thickness (first column  – A and E) and average temperature values (second column  – B and F), porosity (third column  – C and G), and permeability (fourth column  – D and H) for limestone horizon (upper row, respectively A, B, C, and D) and for calcareous dolomite horizon (lower row, respectively E, 
F, G, and H)
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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 

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.  

Table 3
Average parameter values characterizing the distinguished in the Main Dolomite interval Ca2 limestone and dolomite lithotype

Lithotype
Thickness Temperature Porosity Permeability

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 CO2 in supercritical form, assumed for HIP calculation

Heat capacity of  
rock matrix 
[kJ/(kg ∙ °C)]

Heat capacity of 
brine 

[kJ/(kg ∙ °C)]

Heat capacity of 
supercritical CO2 

[[kJ/(kg ∙ °C)]

Rock density 
[g/cm3]

Brine density 
[g/cm3]

0.96 3.505 2.25 2.715 1.211

Table 5
Enthalpy of supercritical CO2 assumed for the specific reservoir rock’s pressure and temperature conditions

Average reservoir 
temperature

[°C]

Average annual 
temperature  

on surface [°C]
(Górecki red. 2006)

Average reservoir 
pressure

[bar]

Enthalpy for  
the reservoir 

conditions  
in CO2 system

[kJ/kg]

Enthalpy for  
surface conditions  

in CO2 system
[kJ/kg]

91.62 8.9 246 –130 –310

Table 6
Assumed remaining parameters for Hrec calculation (Piris et al. 2021)

Conversion efficiency factor Ce

[parts/unit]
System life factor Tlife

[years]
Plant factor Pf

[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 CO2. 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 

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 CO2 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 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 CO2 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. 

Table 7
Statistical characteristics of petrophysical and thermal conditions in the dolomite lithotype for selected zones with the highest 
potential for geothermal energy extraction

Zone

Parameter

Thickness Temperature Porosity Permeability

Min Max Mean Min Max Mean Min Max Mean Min Max Mean

Dolomite 6.62 26.91 9.86 92.76 93.01 92.90 0.0001 0.1522 0.0447 0.0055 14.9580 0.3784

NNW 7.46 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

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

Table 8
HIP and Hrec (50 years) for water and supercritical CO2 for selected zones with the highest potential for geothermal energy 
extraction

Zone
Parameter

Rock volume 
[m3]

HIP H2O 
[PJ]

HIP CO2 
[PJ]

Hrec 50 yr H2O 
[MW]

Hrec 50 yr CO2 
[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
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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 CO2 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 CO2 compared to water make it an at-
tractive medium in geothermal solutions. Heat 
extraction using CO2 can outperform water due to 
the high production rate driven by the high mo-
bility of CO2. 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 
CO2 as a heat-transmission fluid and make it an 
attractive medium for deep heat extraction.

The challenges of CO2-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 CO2 as a working flu-
id poses many issues for geothermal installations 
(Khasani et al. 2021). 

https://journals.agh.edu.pl/geol
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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 CO2 (C) as a working fluid, and the Hrec distribution considering 50-year of system lifetime 
for water (D) and CO2 (E) as a working fluid
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The usage of CO2 would also require proper ex-
amination of sealing capacity to ensure the safety 
of CO2 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 CO2 as a geothermal working fluid 
would be injected into the reservoir formation. It 
could also work as a secondary hydrocarbon re-
covery technique. CO2 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 of 4.5%, 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 CO2 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 CO2 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.
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