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Abstract: The study evaluates the geothermal energy potential of two depleted oil and gas reservoirs
representing two different lithostratigraphic formations—the carbonate formation of the Visean
age from the basement of the Carpathian Flysch and the Rotliegend sandstone formation from the
Eastern part of the Foresudetic Monocline, Poland. Advanced modeling techniques were employed
to analyze the studied formations’ heat, storage, and transport properties. The obtained results were
then used to calculate the heat in place (HIP) and evaluate the recoverable heat (Hrec) for both water
and CO2 as working fluids, considering a geothermal system lifetime of 50 years. The petrophysical
parameters and Hrec were subsequently utilized in the generalized c-means (GFCM) clustering
analysis, which helped to identify plays with the greatest geothermal potential within the studied
formations. The central block emerged as the most promising area for the studied carbonate formation
with Hrec values of ~1.12 and 0.26 MW when H2O and CO2 were used as working fluids, respectively.
The central block has three wells that can be easily adapted for geothermal production. The area,
however, may require permeability enhancement techniques to increase reservoir permeability. Two
prospective zones were determined for the analyzed Rotliegend sandstone formation: one in the
NW region and the other in the SE region. In the NW region, the estimated Hrec was 23.16 MW and
4.36 MW, while in the SE region, it was 19.76 MW and 3.51 MW, using H2O and CO2 as working
fluids, respectively. Both areas have high porosity and permeability, providing good storage and
transport properties for the working fluid, and abundant wells that can be configured for multiple
injection-production systems. When comparing the efficiency of geothermal systems, the water-
driven system in the Visean carbonate formation turned out to be over four times more efficient than
the CO2-driven one. Furthermore, in the case of the Rotliegend sandstone formation, it was possible
to access over five times more heat using water-driven system.

Keywords: machine learning; GFCM clustering; geological modeling; geothermal resource exploration

1. Introduction

Geothermal energy is foreseen to play a significant role in the future energy mix as
a promising resource that can be sustainably utilized. In the context of climate change
and the recent geopolitical situation in Europe, geothermal energy is becoming a critical
element for energy security strategies and climate policy goals [1]. Geothermal energy is
also an excellent alternative to the combustion of fossil fuels and some weather-dependent
renewable resources. It has a long lifetime that can be extended up to 100 years and low
greenhouse gas (GHG) emissions during its lifecycle [2,3].

Among many types of geothermal resources, the low-enthalpy (<150 ◦C) geothermal
heat locked in hot sedimentary aquifers creates an attractive target for geothermal system
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development [4,5]. A significant advantage of low-enthalpy geothermal systems is their
widespread availability, which offers worldwide potential for energy production [5–7].

Depleted oil and gas reservoirs take a special place in low-enthalpy systems. The
experience gained from the reservoir evaluation and production phases, along with the
availability of existing infrastructure, causes them to be easily adapted as geothermal
resources [8]. Most depleted oil and gas reservoirs belong to enhanced or engineered
geothermal systems (EGS) that require technology to increase reservoir productivity. The
enhancement is accomplished by increasing permeability and/or introducing extra fluid to
the reservoir [7]. The EGS resources are most often utilized through a system of geothermal
doublets comprising two wells—one for cold water injection and another for hot water
production. The accurate doublet configuration is crucial for predicting lifetime and
energy production [9,10]. It thus directly impacts the technical and economic feasibility of
geothermal projects and is essential for the successful design of such systems [11].

In the case where heat transfer is realized with CO2 as a working fluid [12], the geother-
mal system could be coupled with carbon capture and storage (CCS) [13,14]. This operation
can potentially limit the operational cost of such a combined system and contribute to
overall CO2 emission reduction [15,16].

Projects that explore the feasibility and potential of geothermal energy from depleted
reservoirs are conducted in many countries [8,16–20]. In Poland, several studies have
been conducted on the characterization of geological conditions of geothermal resource
occurrences [21,22], analyses of permeability and porosity of sedimentary rocks in terms
of unconventional geothermal resource explorations [23], and evaluating multi-criteria
for supporting the selection of locations and technologies used in CO2-EGS systems [24].
Additionally, several rich source monographs contain information on the occurrence and
exploitation potential of geothermal waters and energy in Poland [25–29].

Selecting the best doublet configuration should precede a detailed analysis of crucial
reservoir parameters important for successful geothermal energy production. The process
involves integrating a significant amount of data, using complex modeling techniques,
and managing many uncertainties. Recent advances in machine learning (ML) methods
have helped overcome some challenges connected to geothermal exploration. Okoroafor
et al. [30] reviewed the application of ML methods in subsurface geothermal energy ex-
ploration for the last two decades. These authors indicate seven research areas for which
ML tools have been successfully applied: exploration, seismicity, drilling, petrophysics,
reservoir characterization, reservoir engineering, and production/injection engineering.

One of the areas in which ML plays a significant role is the identification of favorable
geothermal objectives [31]. So far, most of the published studies deal with the evaluation of
the geothermal potential via integrating multiple data sources such as geological, geochem-
ical, geophysical, and remote sensing data for the effective mapping of promising areas
for further detailed geothermal exploration work. These, however, are regional studies
devoted to virgin areas where no or limited information from wells exists. Yusuf et al. [32]
provide an overview of such studies. The authors briefly describe 28 studies conducted in
countries and regions: USA, Egypt, Nigeria, Turkey, Iran, and New Zealand. Among them,
only one integrates multi-criteria evaluation with ML tools such as Fuzzy prediction model-
ing [33]. Another study that uses ML tools (particularly k-means clustering) in geothermal
resource exploration was published by Mudunuru et al. [34]. The ML techniques have
been focused mainly on integrating surface geochemistry data for reservoir temperature
classification [35], selecting hidden signatures representative of the geothermal resource,
and choosing potential geothermal sites [36].

The presented study integrates a comprehensive evaluation of reservoir parameters
and the ML classification method to identify areas with the highest geothermal potential
in two depleted oil and gas reservoirs in Poland. The studied reservoirs belong to the
Visean age’s carbonate formation from the Carpathian Flysch basement and the Rotliegend
sandstone formation from the Eastern part of the Foresudetic Monocline.
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The geothermal reservoir characteristics combine the assessment of the reservoir rock’s
storage, transport, and thermal properties with calculated heat in place (HIP) and estimated
recoverable heat (Hrec) for water and CO2 systems for a 50-year lifetime. The selected
parameters obtained from reservoir modeling (porosity, permeability, and Hrec) are then
used in generalized c-means (GFCM) clustering to identify the areas with the highest
geothermal potential, expressed in high Hrec, enhanced permeability, and the presence
of well infrastructure. Finally, the Hrec for water and CO2 is compared for the favorable
exploration plays in the studied depleted oil and gas reservoirs, and the advantages of
selected reservoir types and fluids are discussed. The approach allows for a more accurate
characterization of the geothermal plays, which can help mitigate the uncertainty connected
to geothermal energy development.

2. Geological Settings

In the study, two different reservoir rocks from two fields were investigated. The first
one was a reservoir formation from the oil field, situated in the basement of the Carpathian
Flysch, in the SW of Rzeszów. The oil accumulation is related to the anticlinal structure
extending towards SEE-NWW. It occurs in a complex of carbonate rocks, represented by
limestones and dolomitic limestones of Visean (lower carboniferous) age. The thickness of
the carbonate reservoir varies from 45 to 206 m. The reservoir rock properties are moderate,
with effective porosity (including fractures) ranging from 2.7 to 4.3% and a 25.8 to 27.1 mD
permeability.

The second analyzed reservoir was the Rotliegend sandstone formation from the gas
field, located in the Western part of the Foresudetic Monocline. These sandstones, belonging
to the Saxonian sub-group of the Rotliegend, are developed in the eolic depositional system
and are characterized by a low clay content. The thickness of the sandstone formation
varies from 34.26 to 123.85 m, with an average value of 75.37 m. The reservoir rock, with
high porosity of approximately 18% in the gas-saturated zone, shows poor differentiation
in the vertical section. The results of reservoir characterization revealed that the analyzed
Rotliegend sandstones have good reservoir properties in the lower part and poor reservoir
quality on the top (unpublished report). The gas accumulates in a structural trap [37]
elongated in the NW-SE direction. The culmination of the trap is adjacent to the fault zone,
limiting the gas field to the SW. In cross-sections, the analyzed depleted gas reservoir has
the shape of a wedge inclined towards the NE.

3. Methods

The methodology adopted in this study comprises two stages. In the first one, key
geothermal parameters were derived from a combination of 3D numerical modeling and the
estimation method of the HIP, allowing the assessment of the geothermal potential of the
reservoir rock. The second stage is derived from the first stage and deploys unsupervised
machine learning classification based on pre-selected geothermal parameters to find the
best geothermal areas within the studied fields.

3.1. Parametrization of Geothermal Plays

To estimate the energy potential of the geothermal system, it is necessary to know
the rock volume and the effective space that would allow for working fluid storage in
the reservoir rock. The first can be easily estimated using the structural maps of the
reservoir’s top and bottom, while the pore space can be determined from effective porosity.
Another critical element would be an estimation of the formation’s ability to transmit the
working fluids—expressed as permeability. As the subject of the study is to investigate
the geothermal systems’ energy potential, the temperature conditions in the reservoir
formation also need to be considered.

The formation thickness of both analyzed reservoir rocks was calculated within the
data preparation step. At the same time, the petrophysical properties, such as effective
porosity and permeability, were averaged from the developed 3D models of these properties.
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The development of spatial distributions of porosity and permeability and other
parameters used for the evaluation of the geothermal potential were modeled in Petrel
software (Schlumberger). The 3D porosity and permeability models of complex carbonate
formations were developed based on 3D seismic and well-log data interpretations from
ten wells, which were calibrated with the laboratory measurements of porosity performed
on the core material. The 3D parametric models of the Rotliegend sandstone formation
were based on well-log data interpretation in ten wells only, as no 3D seismic data were
available.

Before calculating their spatial distributions, all modeled parameters were averaged
(up-scaled) in intervals corresponding to the vertical resolution of the 3D grid. The interpre-
tations of well data were subjected to geostatistical analysis individually for each modeled
parameter, together with the assessment of the anisotropy of reservoir parameters with the
use of variogram modeling.

3.1.1. Effective Porosity

The spatial distribution of the effective porosity was modeled based on the results of
well-log interpretations calibrated by measurements of the effective porosity of the core
samples.

The average value of the porosity in the studied carbonate complex in the entire Visean
section, calculated for all wells that drilled the reservoir, is 2.87%. Slightly higher values
of effective porosity (3.4%) are observed in the zone with oil accumulation. In the case of
the Rotliegend sandstone formation, the measured porosity is much higher, ranging from
1.96 to 28.08%, with an average value of 17.93%. The spatial distribution of the effective
porosity in both investigated reservoirs was calculated using the Gaussian random function
simulation algorithm, repeating the simulation process ten times.

3.1.2. Absolute Permeability

The absolute permeability 3D model was based on well-log data interpreted by the
application of the Zawisza model [38].

The values of absolute permeability within the studied carbonate reservoir varied
from 0.04 to 365 mD, with an average value of 36 mD. The permeability in the Rotliegend
sandstone formation was 0 to 679 mD, with an average value of 102 mD.

A strong relationship between porosity and permeability was observed during the
modeling results analysis. The correlation reflected a method adopted at the well-log
data interpretation stage. As a result, the nature of the permeability anisotropy in the
spatial model reflects the variability of porosity. This relationship was transferred while
calculating the spatial distribution of permeability using the co-kriging option with the
spatial porosity model as a parameter controlling the permeability distribution. Like the
3D porosity modeling, the Gaussian random function simulation was used, repeating the
calculation process ten times and averaging the resulting distributions to obtain the final
3D model of permeability.

3.1.3. Temperature

The 3D temperature distribution was initially modeled based on the formation tem-
perature logs recorded at particular intervals under perturbed conditions in three wells in
the case of the carbonate reservoir and eight wells in the case of the sandstone reservoir.
Figure 1 shows the average values obtained for the above-mentioned parameters for the
carbonate reservoir and Figure 2 for the sandstone one.



Energies 2023, 16, 5211 5 of 19

Energies 2023, 16, x FOR PEER REVIEW 5 of 20 
 

 

 

 
Figure 1. Visualization maps of thickness (A), average temperature (B), average porosity (C), and 
permeability (D) in the carbonate oil reservoir. 

Figure 1. Visualization maps of thickness (A), average temperature (B), average porosity (C), and
permeability (D) in the carbonate oil reservoir.

3.1.4. Heat in Place

The heat in place methodology was used to estimate the geothermal potential of
the analyzed reservoir rocks [39]. This parameter was initially proposed in the 1970s by
the United States Geological Survey [40,41] and later modified in more recent studies. It
combines rock volume, average reservoir temperature, reference temperature, and the
properties characterizing the water-rock system, such as density, porosity, and specific heat
capacity of particular system components. In this study, the following formula was used to
estimate HIP in the two analyzed reservoirs [42]:

HIP = V× (ϕ× ρF ×CF + (1−ϕ)× ρR ×CR)× (Tr − T0) (1)

where:
V—rock volume (m3),
ρF and ρR—fluid and rock matrix density (kg/m3), respectively,
CF, CR—fluid and rock matrix heat capacity (kJ/(kg ◦C)),
ϕ—effective porosity (parts per unit),
Tr and T0—the temperature at the top of the reservoir, and T0 is the mean surface tempera-
ture (◦C), respectively.
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Figure 2. Visualization maps of thickness (A), average temperature (B), average porosity (C), and
permeability (D) in the sandstone gas reservoir.

3.1.5. Recoverable Heat

Once the HIP was calculated, a recoverable heat (Hrec) was estimated with the use of
the equation [42]:

Hrec =

(
HIP×Ce × Rg

)
(Tlive × Pf)

(2)

where:
Ce—conversion efficiency factor (in parts per unit),
Rg—a recovery factor being a ratio of recoverable energy with the current technological a
techno-economic condition to the total resource available in the reservoir (in parts per unit),
Tlive and Pf—project lifetime (in seconds) and plant factor (in parts per unit), respectively.

The recovery factor was calculated using the formula proposed by Franco and Dona-
tini [43]:

Rg =
(V× (0.5×ϕ× 1)× ρF)× (∆HR− ∆HS)

HIP
(3)

where:
V—stands for the rock volume (m3),
ϕ—the effective porosity (parts per unit),
ρF —working fluid density (kg/m3),
∆HR− ∆HS, effective enthalpy after heat extraction to the surface.

The recoverable heat was calculated for the geothermal system’s lifetime of 50 years
based on the spatial distribution of petrophysical parameters (i.e., effective porosity and
permeability) and rock volumetric parameters (i.e., rock volume and rock formation tem-
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perature). Parameters such as enthalpy and rock-fluid system properties were determined
based on the literature.

The density of the rock matrix and reservoir fluids was determined based on the
results of the density measurements of the brines and core material (unpublished well
reports). The density of working fluids was assumed, neglecting the operational conditions,
injection, and production pressure, which are unknown at this stage of the work. The heat
capacities of both rocks and fluids were based on the literature research [44] and specified
for particular reservoir lithology (Table 1) [45,46].

Table 1. Assumed in the model values of rock, brine, and supercritical CO2 heat capacity, rock and
brine densities.

Reservoir
Specific Heat

Capacity of Rock
(kJ/kg◦C)

Specific Heat
Capacity of Brine

(kJ/kg◦C)

Specific Heat Capacity of
Supercritical CO2

(kJ/kg◦C)

Density of Rock
Matrix (kg/m3)

Density of Brine
(kg/m3)

Sandstone
reservoir 0.82 3.22 2.05 2650 1230

Carbonate
reservoir 0.96 3.75 2.05 2710 1070

The temperature at the reservoir top, Tr, was determined based on the rock formation
temperature well-logs. At the same time, T0 was selected as the ground surface temperature
(GST) (Table 2) [25].

The enthalpy was determined by taking the investigated reservoir rocks’ average
initial pressure, temperature conditions, surface conditions, and fluid system assumptions
based on the literature [47,48]. The obtained results are listed in Table 2.

Table 2. Assumed enthalpy for supercritical CO2 determined for the temperature and pressure
conditions in the analyzed reservoir formations.

Reservoir/Field Average Reservoir
Temperature (◦C)

Average Annual
Temperature at
the surface (◦C)

Average
Reservoir

Pressure (bar)

Enthalpy for the
Reservoir Conditions

for CO2 System (kJ/kg)

Enthalpy at the
Surface for CO2
System (kJ/kg)

Sandstone
reservoir 110 9.4 340 −100 −305

Carbonate
reservoir 105 8 310 −120 −320

3.2. Classification of Potential Geothermal Plays with Generalized c-Means (GFCM)

The classification of potential geothermal plays was performed with the generalized
c-means (GFCM) method, an extension of Fuzzy c-means (FCM) [49]. This unsupervised
technique classifies observations by grouping similar data points into clusters in a pre-
defined feature space. Clustering is achieved using an algorithm that iteratively minimizes
total intra-cluster variations based on a cost function that depends on the Euclidean distance
between the data point and the cluster center [50]. Unlike hard clustering methods, where
one observation belongs to only one cluster (e.g., k-means), the FCM method allows the
observation to have a relationship with many groups with a high membership probability,
making the technique more reasonable in real-world applications [51]. In a final fuzzy
membership matrix, assigning a cluster is determined based on the maximum coefficient of
the data point over all clusters. The improvement of GFCM over FCM lies in an extra beta
parameter that boosts the algorithm to accelerate convergence and allows for less fuzzy
results. The beta parameter controls the effectiveness of the membership degree function,
adjusting the fuzzy membership matrix at each iteration [52]. Such an approach is often
used to overcome the uncertainty of noisy data by identifying outliers in feature space [49].
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The GFCM clustering was conducted on three parameters: porosity, permeability, and
computed recoverable heat for 50 years for a water system (Equation (2)). The parameters
were averaged and mapped for the reservoir interval. The first two parameters define
storage and filtration potential as crucial for the utilization of geothermal resources. The
third one integrates many geothermal features that help understand potential locked-in
geothermal plays.

Before clustering, the dataset for carbonate and sandstone reservoirs was scaled and
centered. This operation makes the selected variables comparable. The beta parameter was
derived by testing the possible values between 0 and 1 with a step of 0.05. The value of beta
was chosen to minimize the Xie–Beni index—the parameter often used for evaluating the
quality of FCM cluster partitioning. This parameter validates fuzzy partitions by taking into
account the geometrical features of clusters, such as their compactness and separateness,
which are measured using intra-cluster deviations and inter-cluster distance [53]. The
obtained beta values for the datasets representing carbonate and sandstone reservoirs
equal 0.54 and 0.57, respectively. The number of clusters was arbitrarily set to represent six
potential geothermal plays.

4. Results and Discussion

This study investigated two different rock formations from two locations: the depleted
gas reservoir from the Rotliegend sandstone formation and the depleted oil field in the
carbonate reservoir. The relation between porosity and permeability parameters places
both analyzed rock formations within the enhanced geothermal systems group [4] with
distinction into a reservoir with strong dual porosity in the case of a fracture carbonate
reservoir and a classic porous sandstone reservoir (Figure 3).
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from GFCM clustering.

The geothermal potential of both reservoir rocks was investigated under the assump-
tion of two working heat-transmission fluids—water and CO2—in a supercritical state.
The GFCM clustering results for both fields were arranged using Hrec (water system) and
ranked from the most prospective (1) to the least promising (6). Previously, clustering
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methods were used to select hidden signatures representative of the geothermal resource
and delineate geothermal/non-geothermal sites [31,32,36].

The carbonate reservoir is highly heterogeneous with a complex tectonic setting that
divides the studied area into three separate blocks (I–III), of which only two seem to be
prospective from a geothermal point of view (Figure 4).
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The area with the highest Hrec (rank 1) is located primarily on the edges of the
elongated block (marked as I). Although the median Hrec in voxel for the zone ranked
1 is the highest among the clusters (~0.31 kW for water and ~0.07 kW for CO2), these
areas suffer from low porosity and moderate permeability of fracture type (median 2.7%
and 21 mD) (Figure 5, Table 3). Such features may require EGS technology like hydraulic
fracturing to improve fluid circulation and heat transfer to the surface. Another drawback
of the elongated block is the lack of existing infrastructure, with only one well in the central
part of the block (Figure 6). Drilling an extra well to create a geothermal doublet would
significantly increase the investment cost of a potential geothermal plant. These issues
eliminate block I as the primary target for heat production.

Table 3. Median voxel values for the key reservoir parameters for designated GFCM classes.

GFCM Rank Median K
(mD)

Median Phi
(%)

Median HIP
(TJ)

Median Hrec50
Water (kW)

Median Hrec50
CO2 (kW)

Median Temp.
(◦C)

1 20.7 2.7 2.45 0.313 0.074 108
2 64.1 3.8 1.08 0.197 0.046 108
3 28.2 3.0 1.35 0.192 0.047 108
4 20.2 2.7 0.80 0.103 0.024 107
5 48.6 3.3 0.57 0.089 0.022 107
6 31.3 3.0 0.50 0.073 0.017 107
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The heat production from the middle square block (marked as II) seems to be more
promising. The block creates a mixture of almost all clusters with a significant phi, k,
and Hrec variety. The most promising zone of this block is located in its Southern part
(Figure 7). The areas marked with 2 still have high voxel Hrec (median ~0.2 kW for water
and ~0.05 kW for CO2) but have higher porosity and permeability (median 3.8%, 64 mD)
compared to areas ranked with 1 (Figure 5, Table 3). Block II was drilled by three wells
with well-documented oil production histories (unpublished well reports) and hydraulic
communication between them. This feature, together with a good thickness (median
201.82 m) and high temperature, makes the described isolated block a potential candidate
for heat production with a triplet well system in the studied carbonate field (Figure 7). To
maximize heat production, the injection well should be picked based on the highest HIP
and Hrec (wells N1 and N5).
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Block III was excluded from the investigation due to the predominance of areas with
ranks 5 and 6 with the lowest Hrec (~two times lower than rank 2) and a lack of existing
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The conventional sandstone reservoir from the Foresudetic Monocline is much more
homogeneous than the carbonate one. The spread of porosity across the clusters 1–6, varies
from 15.5 to 17% (Figures 9 and 10, Table 4). The low variance is also observed in the case
of permeability, which ranges from 21.4 to 54.8 mD (Figure 10). However, the geothermal
potential expressed in Hrec varies across the field’s longitudinal axis, and the difference is
almost doubled between rank 1 and rank 6 areas (Figures 9 and 10). This feature is directly
linked to the formation thickness and slightly greater depth and temperature of the zones
with higher Hrec (Figure 11).

Table 4. Median voxel values for the key reservoir parameters for designated GFCM classes.

GFCM Rank Median K
(mD)

Median Phi
(%)

Median HIP
(TJ)

Median Hrec50
Water (kW)

Median Hrec50
CO2 (kW)

Median Temp.
(◦C)

1 27.8 17.0 11.0 10.4 1.86 113
2 54.8 17.5 9.89 10.0 1.08 112
3 24.2 16.5 10.7 9.61 1.92 113
4 25.6 16.7 8.16 7.85 1.77 113
5 21.4 15.5 7.63 6.87 1.51 114
6 25.4 16.7 5.78 5.46 1.50 113
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The median Hrec in voxel for areas marked with 1–3 (Figure 9) has comparable values
ranging from ~10.4 to ~9.61 kW for water (for CO2 ~1.92–1.08 kW). These areas occur at
the edges of the field and are separated by a central part where zones ranked 4–6 dominate
(Figure 9). Areas marked with rank 4–6 have significantly lower Hrec ranging from ~7.85
to ~5.46 kW for water (for CO2 ~1.77–1.50 kW) (Figure 10, Table 4).

The entire field is covered with a substantial number of wells, with well-documented
gas production histories (unpublished well reports) that provide suitable facilities for
potential geothermal doublets or more complex systems [54]. A decreased Hrec zone in
the central area of the field may suggest that the most effective heat production would be
achieved through two separate geothermal systems with doublets located at the NW and
SE edges of the field, within the boundary of zones marked with rank 1–3 (Figure 9).
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Figure 11. Visualization of the 3D distribution at cross-section (A) of the reservoir porosity (B),
permeability (C), and recoverable heat estimated for 50 years of geothermal system lifetime Hrec
estimated for the H2O (D) and CO2 € as a working fluid (E) in the analyzed geothermal system in
Rotliegend sandstone formation.

The characteristics of selected regions with the highest geothermal potential is pre-
sented in Table 5.

Table 5. Characteristics of the total geothermal resources for selected regions with the highest
geothermal potential.

K (mD) Phi (%) Temp. (◦C) HIP H2O
(PJ) HIP CO2 (PJ) Hrec 50 year

H2O (MW)
Hrec 50 year
CO2 (MW)

Sandstone reservoir—NW
Min 4.3 11.10 102.4 207.79 155.68 14.85 2.76
Max 86.8 27.06 117.9 245.48 191.43 36.08 6.95

Mean 27.98 17.37 111.9 227.85 176.54 23.16 4.36
Sandstone reservoir—SE

Min 0.04 102.1 726 170.73 135.53 23.00 4.04
Max 195.00 23.20 117.8 208.71 168.33 26.83 4.82

Mean 47.00 17.10 111.9 197.34 153.55 19.76 3.51
Carbonate reservoir—central block (II)

Min 0.03 0.60 104.3 73.35 72.38 0.22 0.05
Max 355.00 8.20 111.0 81.24 77.66 3.01 0.70

Mean 37.00 3.10 107.8 76.76 75.15 1.12 0.26
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Although both fields considered belong to EGS, the recoverable heat for the studied
sandstone reservoir is approximately three orders higher than the carbonate field (Figure 3).
This difference results from three aspects that distinguish these two fields. The most evident
first is the available volume of rock with the best Hrec potential (rank 1–3). The second one
can be related to the higher temperature of the sandstone field production zones (~110 ◦C
vs. ~105 ◦C for the carbonate field). Finally, a significant difference in storage potential
(~17% in sandstone vs. ~3% in a carbonate reservoir) is essential for geothermal resources
estimation.

The sandstone field is much more prospective for successful geothermal system
development. The potential Hrec for water for NW and SE regions equals 23.16 and
19.76 MW for 50 years lifetime (Table 5). For CO2, this value is about four times lower and
gives 4.36 and 3.51MW from NW and SE regions, respectively (Table 5). The number of
existing wells in a field provides many options for an effective doublet configuration.

The central block of the carbonate field can potentially provide approximately 1.12 MW
for 50 years for the conventional water system and about 0.26 MW for CO2 (Table 5).
Because the block has only three wells and a restricted area constrained by a fault system,
the configuration of the injection-production doublet/triplet is highly limited.

Although Hrec for CO2 is about four times lower than for water, CO2 seems to be a
promising working fluid regarding the EOR and/or potential CCS that could be coupled
with geothermal energy acquisition [14,55]. The hydro-thermal reservoir scale numerical
simulation for the Soultz–sous–Forets revealed that, compared to the water, CO2 shows
lower temperature reduction in the faulted and leakage zones for 50 years of operation,
making CO2 a more suitable working fluid in this particular case [18]. However, a big
concern with the injection of CO2 is its negative effect on well construction, which leads
to alloy and cement corrosion [56–58]. The interactions between the injected CO2 and
the formation water can induce salt precipitation, which can potentially cause reservoir
damage and subsequently affect the flow behavior [59].

The above study estimates the geothermal potential in two distinct reservoirs with
varying geological settings, temperatures, and pressure conditions. This estimation was
performed using static geological and parametric models and machine learning tools.
However, to gain a deeper understanding of the heat extraction mechanism and effec-
tively compare water and CO2 geothermal systems, it is important to consider the near
wellbore effects, which have been identified as having a significant impact on energy
acquisition [18,60–62]. To achieve this, further research plans to conduct a more compre-
hensive analysis incorporating numerical modeling, specifically hydro-thermal-mechanical
simulations, on a reservoir scale. This approach will provide a more detailed and accurate
assessment of the geothermal system’s performance and response.

5. Conclusions

Both analyzed reservoir formations—the Rotliegend sandstone formation and the
Visean carbonate complex—fall into the EGS group.

The GFCM clustering based on porosity, permeability, and Hrec for water system pro-
duced groups of different geothermal reservoir characteristics. Among the three analyzed
blocks of the carbonate reservoir, the central one is the most promising. Block II has Hrec of
approximately 1.12 and 0.26 MW during 50 years of geosystem lifetime for H2O and CO2
as working fluids, respectively, but also existing infrastructure in the area. However, the
transport properties in block II are weak and would require EGS technology to improve
fluid circulation and heat transfer to the surface.

In the Rotliegend sandstone reservoir, two prospective zones were determined. They
are located in the NW and SE regions of the investigated area. For both regions, the
estimated Hrec was determined to be approximately 23.16 MW and 4.36 MW (NW region)
and 19.76 MW and 3.51 MW (SE region), using H2O and CO2 as working fluids, respectively,
during 50 years of the systems’ lifetime. As there is already a dense well network, the
abundance of the wells in this case was not considered as important during optimal zone
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location for geothermal well system placement. Both regions have high porosity and
permeability, which provide good storage and transport properties for the working fluid.

Among the analyzed H2O and CO2 as heat transfer working fluids, H2O has more
potential for heat recovery. Applying H2O as a working fluid has the ability to provide
over four times more heat than CO2 for the studied Visean carbonate reservoir and over
five times more heat in the case of the Rotliegend sandstone reservoir.

Although identified as EGS due to their different lithology and petrophysical char-
acteristics, the investigated rock formations exhibit different geothermal potential, with
the superior advantage of Rotliegend sandstones. This advantage results from reservoir
temperature, storage potential, transfer properties, and an existing well network that can
be easily adjusted for geothermal heat production.

The obtained results and future simulation studies can reduce the uncertainty and
costs associated with geothermal energy development.
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