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Abstract:

In the case of unconventional geothermal systems, the thermal conditions are decisive,
i.e. heat flux and temperature at a certain depth, and the physical properties of rocks,
their susceptibility to fracturing, etc., which should be determined on a local scale. The
work carried out was aimed at determining the basic thermal parameters of rocks, i.e.:
effusivity, thermal conductivity and diffusivity, basing on tests of samples taken from
boreholes, representing selected geothermal structures in Poland. Both high-temperature
structures (100-135 °C) recognized up to a depth of about 3,800 m within the Fore-
Sudetic Monocline and up to about 3,000 m in the Szczecin Synclinorium and the Leba
Elevation, as well as medium-temperature structures (60-90 °C), occurring at depth 2,000-
2,500 m (Warszawa Synclinorium, Lublin Synclinorium), were analyzed. Some samples
representing low temperature structures (with temperatures below 60 °C), such as Lublin
synclinorium and Podlasie-Lublin elevation from depths from about 1,000 to 1,500 m, were
also analyzed. The tests of thermal parameters of rocks coupled with simulations showed,
that the formations with the highest mean diffusivity and thermal conductivity values are
characterized by the largest thermal penetration depth and smallest temperature drop. The
research allowed to conclude that among the examined rocks, the Cambrian sandstones
of the Leba Elevation and the Zechstein dolomites of the Fore-Sudetic monocline are
characterized by the most appropriate parameters from the point of view of obtaining
geothermal energy from the enhanced geothermal systems in Poland.

1. Introduction

Earth’s heat energy is one of the renewable sources.

technology to generate electricity does not cause emissions
to the atmosphere or other negative effects on the natural
environment. It also increases the share of renewable energy

The potential of geothermal energy is very large. The In-
ternational Energy Agency estimates that by 2050 electricity
from geothermal power plants will account for 3.5% of total
electricity production in the world. This means a reduction
in carbon dioxide emissions by 800 megatons per year. The
agency believes that around 50% of the increase in production
will come from geothermal power plants using the concept of
hot dry rock (HDR) geothermal energy-exploitation of the heat
contained in those regions of the Earth’s crust that contain little
or no fluids in place (Potter et al., 1974). The use of HDR
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in the total amount of energy produced, which is in line
with specific national programs in Central Europe, including
Poland, to reduce the emission intensity of the economy. So
far, mainly the geothermal energy from shallow geothermal
waters (hydrothermal resources) is used in Poland, but research
is being carried out to identify also the HDR resources. Every
year there are more and more power plants using the heat
deposits stored in the interior of the Earth. However, the
existing solutions assume the use of heat stored at a depth
of up to 4,000 m.
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The HDR heat accumulated in the greater depths of the
rock mass (mostly between 3,000 and 6,000 m) can be
exploited using enhanced geothermal system (EGS). The HDR
resources are not connected to either water or steam, but to
heat of hot dry or hardly dry rocks (Brown et al.,, 2012),
therefore in an EGS fluid circulation must be stimulated
artificially (Boden, 2017).

HDR geothermal technology enables the use of the heat
of the Earth’s interior in areas without thermal fluids, mainly
in the aspect of electricity production in binary systems. For
the effective operation of such systems, the temperature of the
rock mass above 100 °C is required (Bujakowski et al., 2016).

In Poland, research on geothermal potential has been
carried out since the 1980s. From 1990 to 2013, Geothermal
Atlases have been developed and published, which show good
recognition of geothermal waters in Poland (Goérecki et al.,
2015; Tomaszewska et al., 2018; Sowizdzat et al., 2020). Nev-
ertheless, Poland is characterized rather by low-temperature
geothermal resources. Sowizdzat et al. (2020), provide a de-
tailed description of individual geological provinces in Poland
in terms of their hydrogeothermal potential.

From the HDR energy point of view, repurposing explo-
ration or abandoned oil and gas wells to geothermal wells
can often be a viable option (Kepinska, 2003; Bujakowski et
al., 2020; Cui et al., 2021; Santos et al., 2022). In Poland,
only 254 wells are 4,000 m or more deep, which accounts
for 3% of the total number of deep wells. The suitability
of a given borehole for geothermal purposes results from its
location within individual geological units, as well as from the
technical possibilities of its reconstruction and adaptation to
new purposes. Bujakowski et al. (2020) indicate however that
even assuming that only a small percentage of extant wells
would be suitable for reconstruction, it is enough to consider
such a possibility, especially for economic and environmental
reasons. Worldwide experience in the use of geothermal energy
shows that the site characteristics remain a key factor in the
success of HDR development. In most HDR/EGS projects in
the world, granite is the reservoir rock for closed geothermal
systems, less common are solutions using the energy of hot
dry sedimentary and volcanic rocks. In order to identify
geological structures in Poland useful for the HDR or EGS
technology, a project entitled: “Assessment of potential, heat
balance and prospective geological structures for the needs
of closed geothermal systems (Hot Dry Rocks) in Poland”
was implemented (Wdjcicki et al., 2013). From a geological
point of view, the best suited for HDR development are
mostly crystalline rocks, which occur at depths of 3-5 km.
Especially good geological conditions in this respect prevail
in the Sudetes, where massifs of igneous rocks of appropriate
sizes occur directly on the surface or under the overburden of
small thicknesses (Bujakowski et al., 2016).

Research conducted in the USA (Tester, 2006) also shows
that some of HDR resources are associated with sedimentary
rocks, which due to the depth of deposition are characterized
by homogeneity of composition, as in the case of granites, but
also by internal porosity and permeability (K). The location
is usually chosen based on the thermal gradient analysis of
the site. Due to the presence of certain amounts of water in

sedimentary rocks, they are also included in the Enhanced
Geothermal Systems. A number of projects around the world
concern the possibility of using the energy stored in (almost)
dry, hot sedimentary rocks. An example of such a project
is the Limestone Coast Geothermal Project implemented in
Australia, which involves the use of geothermal energy of
hot sedimentary basins. European examples of using the
potential of sedimentary rocks in EGS systems can be found
in Germany, where two geothermal projects: Gro3 Schonebeck
and Landau use (among others) the heat of sedimentary rocks
(Huenges, 2010). This applies in particular to the Landau
project, which combines the use of hydrogeothermal resources
with EGS technology.

In Poland, the prospective sedimentary rock formations
occur in three areas: the Mogilno-Lodz Basin, the Szczecin
Basin and the Upper Silesian Block (Wdjcicki et al., 2013).
Potential HDR energy reservoirs are deeply deposited Lower
and Middle Triassic, Lower Permian or Carboniferous forma-
tions (Sowizdzat et al., 2013, 2022).

Since HDR/ EGS installations require a slow, conductive
energy supply to the rocks of the production zone, the highest
possible temperature, high thermal conductivity of the rocks
and a uniform and balanced heat flow are desirable Therefore,
from the point of view of modeling the future HDR/EGS
systems, it is important to enrich the database of petrophysical
parameters of rocks, especially their thermal parameters.

Thermal parameters are essential data in, among others, lo-
cating geothermal systems (Abdulagatova et al., 2009; Busby,
2016; Luo et al., 2016; Sowizdzat and Kaczmarczyk, 2016;
Zhang et al.,, 2019; Ma et al., 2020; Li et al., 2022) and
geothermal modeling (Di Sipio et al., 2013). Thermal conduc-
tivity and diffusivity are important thermophysical properties
of rocks, necessary to determine heat flow, assess the deep
thermal regime and reconstruct the thermal history of sedi-
mentation in the basins (Liu et al., 2011; Clauser and Huenges,
2013; Jeanloz and Stone, 2013).

Despite a lot of data of thermal parameters of igneous
and metamorphic rocks, little attention has been paid to
sedimentary rocks and heat flow in sedimentary basins in
terms of the development of Enhanced Geothermal Systems
(Deming, 1994; Mottaghy et al., 2008; Schon, 2015; Miranda
et al., 2017; Miao and Zhou, 2018; Jiang et al., 2021).
Geothermal studies of sedimentary rocks are mostly related
to the search for hydrocarbons, thermal conductivity, burial
depth and stratigraphic age (Wang et al., 2016). The thermal
evolution of the source rocks and the resulting thermal ma-
turity depend on the lithology of the sedimentation basin and
the initial thermal conductivity of the rocks (Liu et al., 2011).
In the case of sedimentary rocks, especially shale, which tend
to be highly anisotropic, the direction in which the thermal
conductivity is measured is also an important information
(Labus and Labus, 2018). To estimate the Earth’s heat flow,
the appropriate thermal conductivity is that perpendicular to
the bedding (Deming, 1994).

The aim of this research was determining the basic thermal
parameters of rocks, i.e., effusivity, thermal conductivity and
diffusivity, basing on tests of samples taken from boreholes,
representing selected geothermal structures in Poland, repre-
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sentative of Central Europe, which are potential targets for
EGS development.

2. Thermal parameters

Thermal conductivity (A or k), is the heat (Q) transferred
as a result of a unit temperature gradient under steady state
conditions, through a unit area of a material layer of unit
thickness under steady state conditions.

Another property, thermal effusivity (e is also known
as thermal responsivity), required in the analysis of time-
dependent conditions, reflects the ability of a material to
exchange heat with its surroundings to store or dissipate heat.
Thermal effusivity measures how well a material can exchange
heat with any substance with which it comes into contact.

The values of thermal conductivity and effusivity allow the
calculation of thermal diffusivity (o is also known as tem-
perature compensation coefficient), a property that describes
how quickly a material reacts to a change in temperature. It
is a measure of the temperature change in a unitary volume
of a material, caused by heat flowing per unit time through
an object with a unit area and unit thickness, with a unit
temperature difference between its surfaces.

Since diffusivity takes into account how much energy is
absorbed when heating a material with a given temperature
gradient, it tells more about what happens under transient
heat flow conditions than about conductivity itself. Thus,
thermal diffusivity describes how quickly a material initially
exposed to transient heat conduction enters a steady-state heat
flow state. This means that the temperature change over time
is equal to the product of the thermal gradient of a given
material and its diffusivity. To sum up: it is thermal diffusivity
that determines the rate of heat conduction; materials with
high thermal conductivity (k) and low heat capacity (possibly
with low specific heat and density) are characterized by high
diffusivity.

Thermal properties are related to the mineral composition,
compaction (and consequently porosity) and anisotropy of
the rock. Other important factors in rock formation are the
volume ratios between the solid, liquid and gas phases and the
moisture content. Thermal conductivity depends in complex
ways on the composition and distribution of minerals in
the rock matrix and fluids in the pore space (Chekhonin
et al.,, 2012; Kirk and Williamson, 2012). It is commonly
assumed that the thermal conductivity of rocks decreases with
increasing temperature and increases with increasing pressure,
and the effects of temperature and pressure oppose each
other (Abdulagatova et al., 2009; Clauser and Huenges, 2013).
Hence, in some studies these effects are negligible; however,
it should be noted that it is necessary to take into account the
water saturation in order to correct the thermal conductivity in
situ. Laboratory measurements of the thermal conductivity of
rocks obviously give different values than those found in the
rock mass, especially at great depths. This is due to different
temperature and pressure conditions. The changes in thermal
properties are caused by the opening of microscopic cracks
and fissures in rock samples brought from high pressure deep
underground to atmospheric pressure at the surface (Walsh and

Decker, 1966).

The thermal conductivity of rocks is usually in the range
0.4-7.0 W/(m-K). Low values are characteristic for dry, uncon-
solidated sedimentary rocks, such as gravel and sand. Higher
values of thermal conductivity occur for most sedimentary
and metamorphic rocks, while very high values are typical
for felzitic igneous rocks. The best conductors of heat are
rocks with a high quartz content (e.g., quartzite, sandstone),
as well as rocks saturated with water (Schon, 2015). Blackwell
and Steele (1989) provide the values of thermal conductivity
for sandstones in the range of 2.50-4.20 W/(m-K), for shales:
1.05-1.45 W/(m-K), and for clay and silt: 0.8-1.25 W/(m-K).

When analyzing the influence of mineralogical composi-
tion on thermal properties, quartz content is considered to
be the first-order factor, because it is characterized by high
values of thermal conductivity: 6-7 W/(m-K). In the case of
sedimentary rocks, porosity is also an important factor. When
the pores are filled with air, which has a low thermal conduc-
tivity (0.026 W/(m-K)), the high porosity obviously reduces
the thermal conductivity of the rock. When air is replaced
with water (or brine) under water-saturated conditions, the
thermal conductivity of the rock is higher. In addition to
porosity, the origin of the sediment is also considered to be
the factor controlling the thermal conductivity of sedimentary
rocks (Clauser and Huenges, 2013).

3. Material and methods

3.1 Tested material

There were used 132 rock samples for the study, in the
form of cores of 1.5-inch diameter, drilled from the borehole
material, with aligned faces, representing the lithological types
and geologic provinces presented in Table 1.

In relations to the stratigraphic position and the geological
unit (Table 1, Fig. 1), the samples can be classified into 5
groups, as follows:

1) Middle Cambrian fine grained quartz sandstone from
Leba Elevation, which is perspective zone for unconven-
tional hydrocarbon resources (borehole 17).

2) Carboniferous fine-grained sandstones and siltstones
from Lublin Synclinorium and Podlasie-Lublin Elevation
(boreholes 11-16).

3) Permian (Rotliegend) medium-grained sandstones from
Fore-Sudetic Monocline, which are potential for tight gas
accumulation (boreholes 9-10).

4) Permian (Main Dolomite, Zechstein) carbonate rocks
from Fore-Sudetic Monocline, which represent oil-prone
source rocks (boreholes 5-8).

5) Upper Triassic and Middle Jurassic fine-grained sand-
stones and siltstones from Warszawa Synclinorium (bore-
holes 1-4).

As it can be noticed from the data included in the Table 1,
the temperature measured in the boreholes at the given depths
is differentiated. The formations recognized up to a depth of
about 3,800 m within the Fore-Sudetic Monocline, and up to
about 3,000 m in the Szczecin Synclinorium and the Leba
Elevation are the high-temperature structures (100-135 °C).
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Table 1. Summary of data on the analyzed samples.

No. Borehole Depth interval (m) Temperature (°C) Samples  Stratigraphy Lithology
Warszawa Synclinorium
1 K1 2023.6-1,1323  35-65 6 Fine-grained sandstone,
(siltstone)
Middle Jurassic . .
2 B-GN3 2,453.1-2,009.6 60-70 7 Fine-grained sandstone
3 7-1G3 2,536.8-2,006.3 60-70 7 Sandstone, siltstone
4 R-2 2,165.5-968.4 30-60 10 Upper Triassic Fine-grained sandstone
Fore-Sudetic Monocline
5 Ba-7 3,137.0-3,124.0 130-135 26
6 B-1 3,132.7-3,132.6 130-135 2 Zechstein Dolomite, dolomitic
7 B-7 3,136.9-3,136.0 130-135 6 limestone
8 B-5 3,139.8-3,139.7 130-135 9
9 P-2 3,805.7-3,758.7 110-130 5 Rotliegend Medium grained
10 P-1 3,813.7-3,789.2 110-130 10 sandstone
Lublin Synclinorium
11 U IG1 944.9 35 1 Siltstone
2 Al 12659-1219.8  35-45 1 Fi,‘lle'grained sandstone,
Carboniferous (siltstone)
13 L 1IG2 1,435.7-1,064.3 40-50 10 Fine-grained sandstone
14 B IG1 1,488.9-1,309.1 45-50 3 Siltstone
15 D-10 2,338.9-2,302.9 80-90 2 Fine-grained sandstone
Podlasie-Lublin Elevation
16 KIG2  13759-1164.8 45-50 5 Carboniferous Fine-grained sandstone,
(siltstone)
Leba Elevation
17 03 3.023.1-2963.0  95-105 19 Middle Cambrian ~ Quartz fine-grained

(sandstone)
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Fig. 1. The position of boreholes within the geologic provinces
of Poland. Numbers of the boreholes according to Table 1.

Warszawa Synclinorium and Lublin Synclinorium formations
form the depth of 2,000-2,500 m can be recognized as

medium-temperature structures (60-90 °C). Some samples,
from depths from about 1,000 to 1,500 m, represent low
temperature structures (with temperatures below 60 °C), such
as Lublin Synclinorium and Podlasie-Lublin Elevation. The
classification of geothermal resources, basing on the temper-
ature, was implemented after Muffler and Cataldi (1978) and
Goérecki (2006).

3.2 Thermal measurements

The thermal conductivity of the samples was measured
with the advanced C-Therm TCi thermal analyzer (New
Brunswick, Canada). A schematic diagram of the measurement
system is shown in Fig. 2. It consists of a single-sided
interfacial heat reflection sensor, an optional sample container
with a protective ring, a control unit and a data acquisition
unit. Prepared, dry samples, coated with a contact material
(Wakefield 120), were placed on the sensor and loaded with
a weight to stabilize the contact. The TCi uses a modified tr-
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Fig. 2. Schematic diagram of the test stand for thermal
conductivity measurement.

ansient plane source to measure the thermal conductivity of
the material. A current of known voltage is applied to the
spiral heating element of the sensor to deliver a small amount
of heat to the sample is induced by the temperature rise at
the interface between the sensor and the sample, the thermal
properties of the sample can be determined. With a known
heat flux through the sample and the temperature gradient,
the thermal conductivity can be calculated according to the
Fourier’s law:

dr
q=—kg- (1)

where ¢ is heat flux density, W/m?; d7/dx denotes tem-
perature gradient, K/m; k is thermal conductivity coefficient,
W/(m-K).

Other derivative values are determined indirectly, based on
the results of thermal conductivity and effusivity tests, using
the C-Therm TCi software. When testing at high temperatures
or when using porous or absorbent materials, the use of
traditional contact media (water or glycol) should be avoided
as these may be absorbed by the sample material and affect
the measurement. For this reason, due to the water absorption
of the tested rocks, Wakefield 120 thermal grease was used as
a substitute contact medium.

3.3 Petrophysical parameters
3.3.1 Porosity and permeability

The porosity coefficient is the basic indicator of the storage
volume of a porous layer. It is defined as the ratio of the pore
volume in a given sample to the total sample volume.

The methods of measuring the porosity coefficient do not
take into account the morphology of the pore space. The
parameterization of the pore space is achieved by interpreting
capillary pressure curves. The values presented in the paper
were obtained by the mercury injection porosimeter.

The porosimetric tests, regardless of the technical solu-
tions, are based on a cylindrical model of the pore space, in
which the pore space is simulated as a bundle of cylindrical
capillaries transporting reservoir fluids. The distribution of the
equivalent pores’ diameters and their distribution in the tested
pore space are obtained from the Washburn’s equation:

TCOSP

d=—5 2)

where d stands for pore diameter, m; P is implemented
pressure, Pa; ¢ is a contact angle between the rock and the

fluid (wetting angle) (deg), T denotes surface tension, N/m.

Knowing the mass of the sample and determining its
external volume and the volume of the rock skeleton during
porosimetric measurement, the obtained results are calculated
from the Washburn’s Eq. (2), thus obtaining the distribution of
pore diameters in a given sample, as well as partial volumes as
dynamic porosity of the sample, its skeletal density and bulk
density.

The AutoPore IV mercury porosimeter used in the study
allows to obtain two cumulative curves plotted for the intrusion
and extrusion of mercury. Porosimetric measurements allow
the calculation of the following values:

(1) Porosity (p), which is calculated from the porosimeter
measurement. It differs from open porosity because the volume
of non-wetting fluid that has migrated into the sample is taken
into account. This volume does not include all submicropores
that are too small in diameter to allow mercury to penetrate.
Thus, the porosity value calculated from the porosimeter
is smaller than the open porosity, and the difference is a
measure of the amount of irreducible water in the sample.
The measurement may be disturbed by the so-called “edge
effect”, which results from the unevenness of the surface of
the tested sample and, as a result, causes an apparent increase
in the porosity calculated from the porosimeter. This effect is
significant for low porosity samples.

(2) Pore diameter, this is a standard value for assessing
the quality of reservoir rocks. Average pore diameter (Dgy.) is
calculated as a weighted average, with the weight of the pore
number rather than the percentage of pore space.

(3) Specific surface area (S4), the total pore area per unit
volume of the tested rock (it is a measure of the flow resistance
in the porous material).

(4) Threshold diameter, in mathematical sense, it is the in-
flection point of the cumulative curve that represents a certain
pressure (or diameter) value during porosity measurements.
When it is exceeded, mercury saturation begins to increase
very quickly with slight changes in pressure. The higher the
value of the threshold diameter, the better the filtration prop-
erties of the tested rock. After a sharp increase in saturation,
with a decrease in pore diameters, the cumulative curve tends
asymptotically to the value of maximum saturation.

The results of the mercury injection porosimeter analyzes
were used to calculate permeability using the Katz-Thompson
and Swanson percolation model (Katz and Thompson, 1987;
Swanson, 2007) and the Poiseuille model (Purcell, 1949).

3.3.2 Density

Density was measured with use of a helium pycnometer
AccuPyc 1330. This device uses the excellent ability of helium
to penetrate even the smallest submicropores. Then, the exact
value of the skeleton density in the measurement is obtained.
The procedure is as follows: the test sample is weighed and
then placed in a calibrated chamber into which a specified
amount of helium is injected. The skeleton volume of the test
sample, and then the skeleton density, are calculated from the
ideal gas equation. The same samples are then placed in the
porosimeter. In porosimetric measurements, the bulk density
of the test sample is obtained. After calculating the volume of
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the rock skeleton of the sample and its external volume, the
open porosity coefficien can be calculated by:

Vb — Vi
= — 3
7 3

where p is an open porosity coefficient; V}, is external volume,

m>; Vi is volume of the rock skeleton, m?.

3.4 Calculation of energy resources

To calculate the total unit accessible resources at a given
depth (Et, J/ m?) (energy contained in a unit volume (1 m?)
of rock), referred to mean annual temperature (7.r) (Muffler
and Cataldi (1978)):

Egr = picn (Th — Tref) 4
where p;, stands for rock density at a given depth, kg/m?;
cp, is specific heat of rocks at a given depth, J/(kg-K); T},
is reservoir temperature at a given depth, °C; T, denotes
reference temperature, °C (assumed as 9 °C after Rojek and
Usowicz (2018)).

The static energy resources of geothermal reservoirs per
unit volume (1 m?) of rock (Ewg), represent the amount of
accumulated heat in the free water contained in the pore and
fracture space (Ew), and in the rock matrix (Eg) of a given
layer or aquifer, therefore they can be calculated by:

Ewr = Ew +Eg &)

Ewgr = [(1 - pe) PsCs +PePwa] (Th - Tref) (6)
where p, is effective porosity; ps and p,, mean density of rock
matrix and water, respectively, kg/ m?; ¢, and ¢,, mean specific
heat of rock matrix and water, respectively, J/(kg-K).

Due to the relatively poor reservoir parameters of rocks,
and high total dissolved solids in geothermal water in Poland,
for maintenance of the hydrogeological regime, it seems neces-
sary to use geothermal doublet exploitation systems. The part
of the geological resources extracted from a given reservoir is
determined by the recovery factor Ry:

A BT g3 T Te (7)
A Th_Tref Th_Tref

where A; is the area of the reservoir cooled by the doublet

system, m?; A, is the total area of the reservoir influenced

by the doublet system, m?; T, denotes the temperature of the

cooled waters reinjected to the reservoir, °C (assumed to be

25 °QO).

In order to allow comparisons with the geothermal
resources previously calculated for the Polish conditions
(Gorecki, 2006), the ratio of the cooled area to the total doublet
area of interaction was adopted, as empirically determined
constant value of 0.33, according to long-term experiences of
geothermal installations within the Paris Basin, France.

Static, recoverable resources per unit volume (Eg..) are
calculated by:

Ro

Egec = RoEwr ®)
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Fig. 3. Descriptive statistics of selected parameters of the
analyzed rocks (N = 132).

4. Results

4.1 Petrophysical and thermal parametrs

The values of petrophysical and thermal parameters of the
analyzed samples are within fairly wide ranges (Fig. 3). The
heat capacity coefficient (cj,) is a parameter that depends on
the rock density.

Taking into account all the analyzed samples, the following
correlations between the tested parameters can be noticed-
Table 2: the bulk heat capacity coefficient (c,) is negatively
correlated with density and positively with the content of
pores sized above 1 um, the value of the threshold diameter
and porosity. The latter correlation is due to the fact that
during the measurements the pores of the rocks were filled
with air, which has a relatively high specific heat compared
to quartz or dolomite, the main components of the grain
skeleton. Similar but moderate correlations with density and
porosity are visible also for effusivity (e), thermal conductivity
(k) and diffusivity (a), which in turn, are related to each
other. In order to obtain the more detailed insight into the
nature of the parameters shown in Fig. 3, they were analyzed
by the following lithological groups: siltstones, fine-grained
sandstones, medium-grained sandstones and carbonate rocks.
After discarding outliers, the following observations become
visible:

o The skeletal density (ps) of carbonate rocks (mainly
dolomites) is the highest, and ranges from about 2.64
to 2.90 x 103 kg/m?>. For the other lithological types, it
ranges from 2.21 to 2.74 x 10° kg/m?>.

o The porosimeter (bulk) density (p,) of carbonate rocks
is again the highest, and ranges from about 2.30 to
2.65 x 103 kg/m?>. The lowest bulk density is for medium-
grained sandstones-from 1.98 to 2.38 x 103 kg/m?.

« Porosity (p) is the least diversified in the case of siltstones
from 1.22% to 5,76% and medium-grained sandstones
from 8.49% to 15.18%. However, it should be noted that
both these groups include relatively few samples (10 and
21 respectively).
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Table 2. Pearson Correlation Coefficients for selected parameters of the analyzed rocks.

Parameter Ps Pp p e k a cp Dgve  Sp Dy, i\iiclr:)é)rtl))res
s 100 040 020 010 010 010 -035 0.3 -037 -027 -0.24
Pp 040 100 -0.82 037 038 037 -081 -041 -0.16 -0.54 -0.57
) 020 -0.82 1.00 -034 -035 -033 065 053 -007 040 047
e 0.10 037 -034 100 1.00 100 023 001 -037 -0.09 -0.17
0.10 038 -035 100 1.00 100 022 001 -037 -0.10 -0.17
a 0.10 037 -033 100 1.00 100 023 001 -037 -0.09 -0.17
¢p 035 -081 065 023 022 023 1.00 045 -008 051 052
Dave 0.13 -041 053 001 001 001 045 100 -055 032 0.68
Sy -0.37 -0.16 -0.07 -037 -037 -037 -008 -055 1.00 -0.04 -0.36
Dy, 027 -0.54 040 -0.09 -0.10 -0.09 051 032 -004 100 0.54
Micropores 54 057 047 -0.17 -0.17 -0.17 052 068 036 054 1.00
(> 1um)
55 O Median T 1
- 50 %;iﬁ:s:fnon_oumers o Thermal penetration depth ——
X
T 45 T T;
;g; 35 - -
Pl - [ ] '
é 2.0 i i 1 0 S >

15

10 Fig. 5. Heat conduction in a semi-infinite domain.
Siltstone Fine-grained Medium-grained Carbonate
sandstone sandstone rock

Fig. 4. Variability of thermal conductivity in the lithological o )
groups of the studied rocks. o Effusivity (e) for siltstones ranges from 1,804 to

2,437 W-so's/(m2~K), fine-grained sandstones 1,731-
3,329 W-s"3 /(m?-K), medium-grained sandstones 1,774-
2,881 W-s%3/(m?-K), and for carbonates 2,050-3,264
W-s03 /(m? - K).

o Diffusivity (o) for siltstones ranges from 0.859-
Siltstones and medium-grained sandstones are char- 1'4_66X 1(2)_6 m?/ s, fine-grained sandstones 0.75-2.26 x
acterized by low thermal conductivity (1.71 to 2.94 107 m?/s, medium-grained sandstones 0.28-1.86 x
W/(m-K) and 1.75-3.32 W/(m-K) respectively). Signif- 107 m*/s, and for carbonates 1.10-2.20 x 107 m=/s.
icantly higher values of thermal conductivity represent
carbonate rocks (dolomites and dolomitic limestones)-up
to 5.06 W/(m-K), with median of 3.64 W/(m-K) (Fig. 4).

« Thermal conductivity values for the particular lithological In order to investigate the impact of the examined thermal
groups of samples fall within the ranges given in the parameters on the behavior of rocks during the possible
literature by other authors, e.g., Liu et al. (2011), Clauser exploitation of geothermal resources, analytical calculations
and Huenges (2013), Eppelbaum et al. (2014), Jiang et were performed, which allowed to determine the evolution of
al. (2021). temperature and the depth of thermal penetration inside the

« Bulk heat capacity coefficient (cp) is for siltstones from formations during their cooling down during operation.

764 to 896 J/(kg-K), fine-grained sandstones 765-1,002 The formation model has been simplified to a 1-D half-
J/(kg-K), medium-grained sandstones 807-992 J/(kg-K), domain, which is infinite in one coordinate direction (z — o)
and for carbonates 739-1,031 J/(kg-K). (Fig. 5).

¢ A clear difference in thermal parameters between litho-
logical groups concerns thermal conductivity (k) and
diffusivity (o), which are correlated with each other.

4.2 Evolution of formation temperature and
depth of thermal penetration
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Table 3. Descriptive statistics of selected parameters of the analyzed rocks in geologic provinces (N = 132).
Group  Geologic province )4 K k a e C
mean 3.813 0.046 4.184 1951 2984.3 839.275
. min 1.632 0.008 2,645 1.328 2295344 766.621
I Leba Elevation
max 6.18 0.284 5.006 2.262 3328.789 8§90.557
SD 1.542 0.078 0.643 0.25 277.955 32.8155
mean 8.812 62.062 2.37 1.195 2126.69 832.785
Lublin Synclinorium — mjn 1,03 0.048 1.534  0.785 173098  765.306
I and Podlasie-Lublin
Elevation max 2051 644762 3.545 1707 2712951 938.511
SD 5.608 147.646 0493 0.226 252.498 49.9493
mean 11.691 0.563 2.541  1.278 2242.664 849.254
- Fore-Sudetic min 8492  0.104 1754 0901 1847.664 806.657
Monocline max 15.18 0.868 2.93 1.453 2430979 878.826
SD 2.032 0.189 0.315 0.147  155.695 17.5794
mean 11.733 4.435 3.53 1.696 2703.016  840.347
v Fore-Sudetic min  1.65 0037 2149 1.098 2050.409  739.06
Monocline max 22.75 31.389 4.845 2203 3264.192 1031.437
SD 4.345 7.009 0.686 0.287 308.736 50.6409
mean 12975 76.028 2.692 1.336  2330.317 904.461
v Warszawa min 285  0.13 1707 0.877 1822.909  763.407
Synclinorium max 2689  378.185 4.569 2.101 3152.139  1002.359
SD 7.801 98.91 0.686 0.293  298.359 66.4359
Notes: C is the heat capacity, J/(kg-K).
- — conduction equation:
~~~~~~ -1y Z
““““““ -1Y T(t,z2)=T,+ (To—T;) -erfc(——= )
E (02) = Ti Ty~ T)-erfe( —72)

-—=-1il - 10¥
-—=-IV-10Y

T(t,2)/T,

-—=-V-10Y
——1-30Y
—11-307
——1ni- 307

—1v-30Y
—V-30v

60 80 100 120 140 160
z[m]

Fig. 6. Evolution of the relative temperature (T'(¢,z)/7;) with
depth (z). Explanations: roman numbers-formation groups I-
V (according to Table 3); time: 1 year-1Y, 10 years-10Y, 30
years-30Y.

The parameters described above are also presented in Table
3, which takes into account the geological unit, according to
the previously proposed division (Fig. 1).

The temperature loss at a distance x from the boundary,
after a drop from the initial temperature at the surface, can be
calculated according to the analytical solution based on heat

where T (z,7) stands for temperature at a time-#, and distance-
z, from the boundary, °C; T; is an initial temperature, °C; Ty
stands for temperature at the surface at time t = 0, °C; t means
time, s; z is a distance from the domain border, m; o is thermal
diffusivity, m?/s; erfc means complementary error function.

Fig. 6 shows the evolution of the relative temperature
(T (¢,2)/T;) with depth, from the surface of the analyzed half-
space (the “minus” sign stands for cooling).

The resulting curves are grouped in three clusters corre-
sponding to the time of 1, 10 and 30 years of cooling the
surface of the thermal system, assuming that the temperature
on the surface is half the initial temperature of the massif
(To = 0.57;). In each of the clusters there are differences in
the course of relative temperature curves, the largest range of
changes in relative temperature (penetration depth) is visible
for the formation with the highest mean diffusivity value-
Formation I-Leba Elevation, and the smallest in Formation
II-Lublin Synclinorium and Podlasie-Lublin Elevation (Table
3), where after 1 year of cooling it is respectively about 30
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Table 4. Temperature drops and thermal penetration depths
for 1, 10 and 30 years of simulated heat extraction.

Temperature drop (°C)  Penetration depth (m)

Group

1Y 10Y 30Y 1Y 10Y 30Y
I 3 10 18 22 84 145
I 4 14 25 19 61 118
I 4 14 24 20 70 130
v 3 73 140 21 73 140
\% 4 13 23 21 65 122

and 23 m, and after 30 years-170 and 130 m.

For the described 1-D half-domain, the temperature drop
(T(t,z)) at a distance (z) from the boundary, due to an
assigned heat flux (g), cooling at the surface, can be calculated
according to the analytical formulae:

T(I,Z)—TQ_ Z
T, —To

) (10)

g=———" (1

From which the following solution can be derived:

g/ ot z

erfc
k (\/4at
where erf is error function.

Calculations for the solution of heat conduction in a semi-
infinite body under the specified heat flux were carried out
for the values a-mean diffusivity and k-thermal conductivity
for a certain formation (Table 3) and Ti-means temperature
for a certain formation. They made it possible to compare the
behavior of individual formations in identical conditions of
heat extraction, assuming that the heat flux ¢ = —1 W/m?.
For such a value, after 30 years of simulated heat production,
for the formation V (Warszawa Synclinorium), with the lowest
initial temperature, the final temperature value was not lower
than 35 °C. Temperature drops and thermal penetration depths
resulting from heat extraction at the domain boundary for
individual formations are presented in Table 4 and visualized
in the Fig. 7.

As in the case of calculations made on the basis of the
temperature drop assumption, also here the greatest range
of temperature changes (penetration depth) is visible for the
formations with the highest mean diffusivity and thermal
conductivity-Formation I (Leba Elevation), and the smallest
in Formation II (Lublin Synclinorium and Podlasie-Lublin
Elevation), where after 1 year of cooling it is about 22 and 19
m, respectively, and after 30 years-145 and 118 m.

The temperature drop is the lowest for: I-Leba Elevation
and I'V-Fore-Sudetic Monocline which are the formations with
the highest thermal conductivity and diffusivity values. It is
noteworthy that in the Formation III-Fore-Sudetic Monocline,
a relatively significant decrease in temperature was calculated,
related to its low parameters o and k. Due to the high initial

T(t,2) =T+ ) (12)

130+110°C

110-84°C

100-82°C

T(.2) [C)

0 20 40 60 80 . 100 120 140 160
z [m]
Fig. 7. Evolution of temperature (7 (¢,z)) with depth (z). Ex-
planations: roman numbers-formation groups I-V (according
to Table 3); time: 1 year-1Y, 10 years-10Y, 30 years-30Y.

temperature of this formation, however, this is not a phe-
nomenon that would deplete the reservoir resources, negatively
affecting the possibility of continuing exploitation even in
the long term (for 30 years of simulated heat extraction the
temperature levels at 110 °C). The situation is different in
the case of Formation II-Lublin Synclinorium and Podlasie-
Lublin Elevation, and Formation V-Warszawa Synclinorium,
where the temperatures after simulated 30 years will be only
45 and 37 °C, respectively.

4.3 Resources

The total unit accessible resources at a given depth-E7
(energy contained in a unit volume (1 m?) of rock) were
calculated basing on the formulas presented in chapter 3.4. The
highest resources are found in the high temperature collectors,
respectively, in the Zechstein formations, in the Rotliegend and
the Middle Cambrian. Despite the relatively high porosity of
the Middle Jurassic and Carboniferous rocks, their resources
are more than twice and three times smaller, respectively.
The resources per unit rock volume, calculated based on the
samples representing the analyzed geologic provinces, are
shown in the Table 5.

5. Discussion

From the point of view of the suitability of reservoir rocks
for EGS systems, it is important to find rocks with the lowest
porosity and the highest thermal conductivity. The graph in
Fig. 8 presents the relationship of these two parameters. As it
is visible, the correlation between them is rather weak, but
from the point of view of suitability for use in EGS, one
can notice that rocks with relatively low porosity and high
thermal conductivity (red square 1 field in Fig. 8) belong to
a large group of fine-grained sandstones. Moreover, it turns
out, that if taking into account the classification presented
in Table 3, the fine-grained sandstones with the best ratio of
porosity vs. thermal conductivity belong to group I (Middle
Cambrian fine grained quartz sandstones from Leba Elevation)
and group V (Upper Triassic and Middle Jurassic fine-grained
sandstones from Warszawa Synclinorium). However, it should
be remembered that the last group (V) belongs to medium-
temperature structures (60-90 °C).
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Table 5. Resources per unit rock volume in the analyzed geologic provinces.

Resources (MJ/m?)

Group Depth (m) Temperature (°C) Lithology Poros‘ity/ P§rmeabili-
ty ratio (Fig.9)
T Ewr  ERec
I 3,023.1-2,963.0  95-105 Fine-grained quartz EGS petrothermal 2050 2110 57.9
sandstone
I 2,338.9-9445  35-90 Fine-grained sandstones 5 680 738 132
and siltstones
1 3,813.7-37,58.7  110-130 Medium-grained EGS hydrothermal ~ 240.0 271.0 777
sandstones
v 3,139.8-3,124.0  130-135 Carbonate rocks EGS hydrothermal 262.0 2930 844
v 2,536.8-968.4  35-70 Fine-grained sandstones ) 89.4 996 21.1
and siltstones
Notes: E7 is total accessible resources, Eypg is static resources.
5.5 108
: E_i\tstt;nev 4 dandst * Middle C‘ambrian
5.0 %a 1 ° Igei-urrna—m;aainse:ans':nonseone ) = Carboni erous
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Fig. 8. Relationship of thermal conductivity to porosity with
respect to lithological types of rocks.

On the other hand, as can be seen from the example of fine-
grained sandstones, which are quite a large group of the rocks
studied, the values of the parameters under consideration do
not directly depend on the lithology. Then, when determining
the petrophysical and thermal parameters of the rock, first of
all, the geological situation of a given formation should be
taken into account.

The next group distinguished in Fig. 8, of a good porosity-
to-conductivity ratio (purple rectangle 2 field in Fig. 8), rep-
resents Permian (Main Dolomite, Zechstein) carbonate rocks
from Fore-Sudetic Monocline. As it was presented in Table
1, this structure is also a high-temperature one, hence it is
prospective when addressing the development of EGS systems.

The important parameter in evaluating geothermal play
systems is the ratio of porosity to permeability of rocks.
Usually, both the permeability and the porosity decrease with
increasing depth of the considered formation, which results
from high static stresses and an advanced degree of diagen-
esis. Hence, the depth of the geothermal system taken into
account might be an important factor for successful long-
term reservoir production (Moeck, 2014). The graph presented
in Fig. 9 illustrates the porosity-versus-permeability diagram
with regard to reservoir rock type (Moeck, 2014). A similar
reservoir classification scheme has been developed by Salley

0 5 10 15 ] 20 25 30 35 40
Porosity [%]
Fig. 9. Correlation between permeability and porosity with
respect to distinguished lithostratigraphical groups and the cor-
respondence to EGS and hydrothermal settings (after Moeck
(2014) and Kudrewicz (2022)).

(2000) for hydrocarbon resources.

On the basis of the above diagram (Fig. 9), it can be seen
that silicoclastic rocks of the Middle Cambrian are character-
ized by extremely low values of porosity and permeability,
which fully classifies this group as possibly favorable for
EGS petrothermal development. The samples representing the
Permian Rotliegend medium-grained sandstones and Permian
Zechstein also rank in the compact groups with relatively low
porosity and permeability, indicating their suitability for use in
EGS hydrothermal systems. Within the rocks representing the
remaining groups distinguished in the diagram (Carboniferous
and Middle Jurassic Fig. 9), there is a greater variation in the
ratio of porosity to permeability, which makes the unequivocal
classification difficult.

Thermal conductivity positively correlates with diffusivity.
It can therefore be concluded that the higher the k value of
a rock (the more energy can be extracted from the thermal
source), the faster the absorbed energy is dissipated by it,
and the gained energy is replenished from distant parts of the
collector, due to high diffusivity, which is confirmed by the
evolution of the relative temperature (7' (¢,z)/T;) (Fig. 6), the
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Fig. 10. Static, recoverable resources (Ege.), vs. the recovery
factor (Rgp).

penetration depth (Table 4), and temperature drop in the for-
mations (Fig. 7). In this respect, quartz fine-grained sandstones
from Leba Elevation and Zechstein dolomites a have the most
favorable parameters, while the Carboniferous sandstones are
the least suitable. Although a significant temperature drop
was assessed for the Rotliegend sandstones of Fore-Sudetic
Monocline, associated with relatively low diffusivity and ther-
mal conductivity, due to the high initial temperature of this
formation, the possibility of heat extraction will be realistic
even in the long term.

Hydraulic fracturing is an efficient technology to develop
thermal collector in EGS, formed in hot, dry, low-permeable
rocks. The artificially created fracture network in the collector
allows for the forced flow of the technological fluid in the loop
between the production and injection wells. The fluid is heated
in the collector, then pumped to the surface and, after cooling,
injected back into the formation (Moska et al., 2021). In this
context, the thermal parameters, such as thermal conductivity
and thermal diffusivity, of rocks are of key importance to
ensure efficient heat transfer between the formation and the
working fluid. When a medium (cold working fluid) is injected
in the underground, the implication would be that a good
thermal diffuser (e.g., quartz-dominated rocks) approaches its
thermal equilibrium faster than comparatively worse thermal
diffusers, such as clay-rich or carbonate rocks (Fuchs et
al., 2021). Referring to these findings, it should be stated
that among the rocks analyzed by us, not only the quartz
sandstones (Table 3-Group I), but also the dolomites (Table
3-Group IV) turn out to have favorable thermal properties.

Thermal conductivity reflects the ability of a material to
conduct heat, while thermal diffusivity refers to the rate of
transfer of heat of a material from its hot end (e.g., internal
part of a geothermal collector) to the cold end (e.g., a fracture
plane created in an engineered geothermal system-EGS in low-
permeable HDR). Heat spreads faster through materials with
high thermal diffusivities, which absorb or return heat to the
external area faster, and therefore reach thermal equilibrium
more quickly.

Thermal effusivity of a material has a significant influence
on its heat release (Yang et al., 2016), and therefore the higher
rock effusivities enable better heat deliverability rate, during
the geothermal reservoir operation. Effusivity is not only indi-

3x108
®o
600 @ 08 ©
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®  Carboniferous
® < Permian Rotliegend
Permian Zechstein

2x108
x ¢ Middle Jurassic

Ewr [J/m3]
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-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Porosity [%]

Fig. 11. Static resources (Ewg) VS. porosity.

cative on heat exchange between two material bodies, and how
much heat can be released or stored in dynamic processes,
but it also influences stresses and thermal deformations during
heat conduction in unsteady conditions and plays a key role
in thermal fatigue and thermal shock, which should be taken
into account in the appropriate selection of cements for well
completion, and working fluid temperature and properties, as
well as the injection rate, particularly in the initial period of
operation of the EGS systems.

Thermal effusivity and diffusivity represent two competing
phenomena: the first is related to the material’s ability to
absorb heat, the second-to the rate at which it reaches thermal
equilibrium, namely to adapt to its surroundings. In other
words, diffusivity is related to heat penetration and effusivity
to surface heat transfer (Salazar, 2003; Dante, 2016). For the
performance of geothermal systems, it is desirable that the
effusivity, diffusivity, heat capacity and thermal conductivity
of rocks are high. From this point of view, the Cambrian
rocks belonging to Leba Elevation and Zechstein rocks from
the Fore-Sudetic Monocline have again the most appropriate
parameters, also taking into account the deposit temperatures.
The rocks of Lublin Synclinorium and Podlasie-Lublin Ele-
vation turn out to be the least suitable in this respect (Table
3).

The reservoir temperature has the greatest impact on the
resources in each category. The exponential relationship be-
tween the recovery factor (Ry) and static, recoverable resources
(ERec), shown in the Fig. 10, indicates a strong dependence of
this parameter on the reservoir temperature (7). According
to the Eq. (7), as the reservoir temperature 7j,-(temperature
at the top of the reservoir) increases, the significance of
temperature of the cooled waters reinjected to the reservoir (7;)
and reference temperature (7,.r) decreases, and the Ry value
approaches asymptotically to the limit of 0.33. Resources are
affected to a lesser extent by porosity (see Fig. 11), heat
capacity and bulk density of rocks, while the rock matrix
density is not clearly correlated with them.

6. Conclusions

(1)The conducted research allowed to obtain data on ther-
mal parameters of sedimentary rocks which are rarely de-
scribed in the literature. The selected rocks are representative
of Central Europe as potential targets for EGS development.
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(2) The fine-grained quartz sandstones from the Leba
Elevation and Zechstein dolomites from the Fore-Sudetic
Monocline, as rocks with the highest diffusivity, will approach
thermal equilibrium faster than other tested rocks after injec-
tion of cold working fluid in EGS systems.

(3) From the point of view of EGS systems the best ratio of
porosity to thermal conductivity is found in fine-grained quartz
sandstones of Middle Cambrian from the Leba Elevation, and
Permian carbonate rocks from the Fore-Sudetic Monocline.

(4) Low porosity and permeability values classify the
Middle Cambrian silicoclastic rocks as potentially favorable
for the development of petrothermal EGS, while the medium-
grained Rotliegend sandstones, and Zechstein dolomites, with
slightly higher values of these parameters, are more suitable
for hydrothermal EGS.

(5) The tests of rocks from deep boreholes showed, that
the Cambrian rocks of the Leba Elevation and Zechstein
rocks of the Fore-Sudetic Monocline are characterized by the
most suitable parameters from the point of view of obtaining
geothermal energy from the Enhanced Geothermal Systems in
Poland. Although Rotliegend sandstones of the Fore-Sudetic
Monocline are characterized by relatively low diffusivity and
thermal conductivity, due to the high initial temperature, this
formation offers encouraging prospects for heat exploitation
even in the long term.
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