Geological Quarterly, 2013, 57 (4): 729-744
DOI: http://dx.doi.org/10.7306/gq.1121

" RESEARCH “6(“

Characterization of petrophysical parameters of the Lower Triassic deposits
in a prospective location for Enhanced Geothermal System (central Poland)

Anna SOWIZDZAL" * Bartosz PAPIERNIK', Grzegorz MACHOWSKI' and Marek HAJTO'

1 AGH University of Science and Technology, Faculty of Geology, Geophysics and Environmental Protection, Department
of Fossil Fuels, Al. A. Mickiewicza 30, 30-059 Krakéw, Poland

Sowizdzat A., Papiernik B., Machowski G. and Hajto M. (2013) Characterization of petrophysical parameters of the Lower
Triassic deposits in a prospective location for Enhanced Geothermal System (central Poland). Geological Quarterly, 57 (4):
729-744, doi: 10.7306/gg.1121

In the years 2010—-2013, analysis of rocks that build the sedimentary covers in Poland was carried out from the point of view
of utilization of energy accumulated in Hot Dry Rock — used in Enhanced Geothermal Systems (EGS). As a result of a num-
ber of analytical studies, the area situated in the central part of Poland was selected as one of prospective areas for location
of EGS in sedimentary rocks. This area encompasses a major part of the Mogilno—t.6dz Trough, a part of the Kujawy Swell
and a small fragment of the Fore-Sudetic Monocline. The most favourable conditions for development of EGS occur in the
Lower Triassic deposits in the Kro$niewice—Kutno vicinity, where they are buried to depths greater than 5000 m b.s.I., their
thicknesses exceeds 1500 m, porosity is about 3% and permeability is about 0.02—0.1 mD. In the study area, thermal charac-
terization of the formation was carried out for location of the EGS in sedimentary rocks. The temperature at the top of the
Lower Triassic reservoir is modelled in the range of 165—-175°C. Characterization of petrophysical parameters was the basis
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for further modelling of EGS utilization in this area.

Key words: Enhanced Geothermal System (EGS), Polish Lowlands, Lower Triassic, petrophysical parameters.

INTRODUCTION

The concept of utilization of heat from Hot Dry Rock as-
sumes drilling boreholes in areas characterized by high temper-
ature anomalies and intense heat transfer (Tester et al., 2006).
In 1970, it was proposed as a method for exploiting the heat con-
tained in those vast regions that contain no fluids in place. The
HDR (Hot Dry Rock) system recovers the Earth’s heat via
closed-loop circulation of fluid from the surface through a
man-made confined reservoir (Brown et al., 2012). Hot Dry Rock
for along time has been a synonym for heat extracted from deep
hot crystalline rock (Tenzer, 2001). In most of the HDR projects
in the world, granites constitute reservoir rocks for closed geo-
thermal systems (Tenzer, 2001; Sliaupa et al., 2005; Tester et
al., 2006; Sausse et al., 2007; Brown et al., 2012). Solutions that
utilize energy of hot sedimentary rocks are rare, though such
projects do exist. For example, the Limestone Coast Geother-
mal Project (Australia) is designed to demonstrate that geother-
mal resources within Australia’s hot sedimentary basins can be
used to generate large amounts of competitively priced
zero-emission base-load power (Graaf et al., 2010). In case of
sedimentary cover, reservoir rocks contain a small amount of
groundwater, so the utilization system is called EGS (Enhanced
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Geothermal System). EGS was defined as engineered reser-
voirs that have been created to extract economical amounts of
heat from low permeability and/or porosity geothermal re-
sources. EGS includes conduction-dominated, low-permeability
resources in sedimentary formations (Tester et al., 2006). In
EGS, the naturally occurring hot rock does not contain enough
water and generally lies at a greater depth than is typical of hy-
drothermal systems. Fracturing of this rock and the introduction
of geofluid (assuming water initially, but later other fluid may be
used, such as COy) is necessary to enable the extraction of use-
ful heat energy. Again, the fluid is passed through a power plant
on the surface and subsequently reinjected (Antkowiak et al.,
2010). Local and regional geologic and tectonic phenomena
play a major role in determining the location and quality of geo-
thermal resources. The first requirement is accessibility. This is
usually achieved by drilling to depths of interest, frequently using
conventional methods similar to those used to extract oil and gas
from underground reservoirs. The second requirement is suffi-
cient reservoir productivity. Thermal energy is extracted from the
reservoir by a coupled transport process (convective heat trans-
fer in porous and/or fractured regions of rock and conduction
through the rock itself). The heat extraction process must be de-
signed with the constraints imposed by prevailing in situ hydro-
logical, lithological and geological conditions (Tester et al,
2006). Integrated geothermal exploration strategy covers all as-
pects from geosystem analysis, reservoir characterization and
reservoir geomechanics. Such an integrated approach might be
essential for an economic and sustainable exploitation not only
of EGS but of all geothermal systems (Moeck et al., 2010).
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The research project, carried out in the years 2010-2013 by
leading scientific centres [the Consortium composed of: the Pol-
ish Geological Institute — National Research Institute, the AGH
University of Science and Technology (AGH-UST), the Mineral
and Energy Economy Institute of the Polish Academy of Sci-
ences, and the PBG Geophysical Exploration Co. Ltd.], is the first
enterprise of this type in Poland, which tends to recognize the po-
tential of Hot Dry Rock for heat and electricity production. The
main objective of the project was to assess the possibility of using
geological successions for building EGS in the territory of Poland
through cartographic imaging of selected successions, prospec-
tive for this type of systems in Poland. The goal of the research
conducted by the AGH-UST team was to indicate the best loca-
tion for EGS in sedimentary rocks (Gorecki et al., 2013).

GEOLOGICAL SETTING

The area selected for detailed structural-parametric and ther-
mal modelling in terms of preliminary assessment of potential for
EGS development possibility is located in central Poland. Geolog-
ical settings and evolution of that area are very complex. lts evolu-
tion starting from the Paleozoic to Cenozoic resulted in its poten-
tial suitability for geothermal utilization. The area covers the mar-
ginal part of the West and Central European Paleozoic Platform
(WCEPP), including an array of smaller areas known as the
Trans-European Suture Zone (TESZ; Krolikowski, 2006;
Nawrocki and Poprawa, 2006; Fig. 1A), and to a lesser extent the
East European Craton (EEC). The area also covers their tectonic
border, the NW-SE trending Teisseyre-Tornquist Zone (TTZ;

Pozaryski and Brochwicz-Lewinski, 1978; Dadlez et al., 1995;
Dadlez, 1997a, b; Grabowska et al., 1998; Grabowska and
Bojdys, 2001; Kutek, 2001; Grad et al., 2002a) which is among
the most important deep lithospheric boundaries in Europe (Grad
et al., 2002b; Dadlez et al., 2005; Grad and Guterch, 2006a, b;
Krzywiec, 2006a). TTZ is replaced towards the NW by its prolon-
gation — the Sorgenfrei-Tornquist Zone (Krzywiec, 2006a; Jaro-
sinski et al., 2009). The area of TTZ and partly TESZ roughly cor-
responds to the location of the axial part of the Polish Basin,
known as the Mid-Polish Trough (MPT), which in turn was part of
the Permian—Mesozoic system of epicontinental basins of West-
ern and Central Europe (Ziegler, 1990a; Krzywiec, 2006a, b;
Jarosinski et al., 2009), overlapping much of the Southern Perm-
ian Basin (SPB) area (Pharaoh et al., 2010). The Polish Basin
was the eastern part of the SPB (Kiersnowski et al., 1995; Wees
et al., 2000; Gast et al., 2010; Pharaoh et al., 2010). lts develop-
ment resulted from long-term thermal subsidence, which started
in the Permian and lasted until the Late Cretaceous. It comprised
three major pulses of extension-related accelerated tectonic sub-
sidence during Late Permian to Early Triassic times, in the
Oxfordian to Kimmeridgian, and in the Early Cenomanian (Dadlez
etal., 1995; Stephenson et al., 2003; Krzywiec, 2006a). Through-
out Permian and Mesozoic times, the regional subsidence pat-
terns of the Polish Basin followed the evolution of MPT. Locally,
they were altered by salt movements that started during the Early
Triassic within the central (Kuiavian) part of the trough, in the vi-
cinity of the Ktodawa salt structure (Krzywiec, 2004, 2006a, b).
Zechstein salts were engaged in a complex system of salt struc-
tures developed in the central and northwestern segments of the
MPT (Pozaryski, 1977a, b; Krzywiec, 2004, 2006a, b). As a result
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Fig. 1A — study area on the background of the tectonic map of Central Europe, B — tectonic setting
of Poland without the Cenozoic cover (after Jarosinski et al., 2009)

B-VM — Bruno-Vistulicum Massif, FSM — Fore-Sudetic Monocline, HCMts. — Holy Cross Mountains,
MM — Matopolska Massif, RG — Rhine Graben, STZ — Sorgenfrei-Tornquist Zone,
TESZ — Trans-European Suture Zone, TTZ — Teisseyre-Tornquist Zone
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of long-lasting subsidence, the Permian—Mesozoic thick sedi-
mentary cover was deposited in the MPT, resulting in a column of
over 8 km thick sediments, comprising Zechstein, Triassic, Juras-
sic and Cretaceous successions (e.g., Marek and Pajchlowa,
1997; Becker, 2005a; Krzywiec 2006a, b; Bachmann et al., 2010;
Gast et al., 2010; Peryt et al., 2010; Leszczynski, 2012). The final
stage of the Mid-Polish Trough evoluton was the Late
Turonian—Paleocene inversion which also affected the
Sorgenfrei-Tornquist Zone, the Bohemian Massif and the North
German Basin (Ziegler, 1990a, b; Krzywiec, 2006a; Jarosinski et
al., 2009; Pharaoh et al., 2010). Inversion of the MPT was a broad
uplift typical for basins having thick salts. The total uplift during ba-
sin inversion could reach 2500 to 3000 m, as seen in the Mid-Pol-
ish Antictlinorium (MPA; Dadlez, 1980). In the Polish Lowlands,
the Cenozoic sequence is thin typically about 250 m. The remnant
topographic relief of the MPA was reduced by erosion during the
Eocene and was completely overstepped by mid-Oligocene times
(Ziegler, 1990a), with no evidence for Pyrenean or Savian inver-
sion (Jarosinski et al., 2009; Pharaoh et al., 2010). Inversion and
subsequent erosion created the sub-Cenozoic tectonic pattern of
the Polish Lowlands. Staring from the south, the investigated area
covers the northern rims of the Fore-Sudetic Monocline, and the
Mogilno—+t.6dz segment of the Southwestern Marginal Trough
(Fig. 1B). The most EGS prospecting part of the area covers the
Kuiavian segment of the Mid-Polish Anticlinorium (Swell)
(Narkiewicz and Dadlez, 2008; Karnkowski, 2008; Zelazniewicz
et al., 2011). The Lower Triassic section starts with the Lower
Buntsandstein Subgroup (LBS) which is of continental to marginal
marine origin (Warrington, 1974; Ziegler, 1990a; Rohling, 1991;
Geluk, 1999; Becker, 2005a; Bachmann et al., 2010). The Lower
Buntsandstein Subgroup in Poland is represented by the Baltic
Formation (Fig. 2). In the Kuiavian segment, it is underlain by the
ca. 30 m thick Rewal Formation (Szyperko-Tellerand and Moryc,
1988; Becker, 2005a; Feldman-Olszewska, 2008). Its thickness is
approximately 400 m in depocentres of the Mid-Polish Trough
(Szyperko-Teller and Moryc, 1988; Szyperko-Teller, 1997;
Iwanow and Kiersnowski, 1998; Bachmann et al., 2010). These
are alluvial and fluvial deposits derived from the surrounding
Variscan and older Bohemian massifs and the Fennoscandian
Shield, accumulated in marginal areas and passing distally into
finer-grained mud-flat and marginal marine sediments
(Pienkowski, 1991; Szyperko-Teller, 1997; Iwanow and
Kiersnowski, 1998). The main clastic input into the Polish Basin
was from the southern and southeastern margins of the current
SPB area (Marek and Pajchlowa, 1997; Bachmann et al., 2010).
An important structural reorganization took place at the end of
Lower Buntsandstein  sedimentation.  Tensional and
transtensional stresses created NNE-SSW trending highs and
lows that dissected the sedimentary basin of the Lower
Buntsandstein Group into local areas of subsidence related to
grabens, and much wider areas of uplift and erosion (Bachmann
etal., 2010). The Middle Buntsandstein Subgroup (MBS) succes-
sions in the Mid-Polish Trough have a thickness exceeding 1000
m. The MBS in the Mid-Polish Through is represented by the
Pomerania and Potczyn formations composed of alternating
thin-bedded sandstones, siltstones and claystones of marginal
marine to playa-flat and lacustrine origin (Szyperko-Teller, 1997,
Iwanow and Kiersnowski, 1998; Becker, 20053, b). In the re-
search area, some authors (Szyperko-Teller, 2008) distinguish
the informal Clayey Formation instead of the Potczyn Formation
(Fig. 2). In Poland, the topmost Lower Triassic deposits are repre-
sented by rocks equivalent to the Rt Formation. In the research
area, this is sabkha of the Barwice Formation (Feldman-
Olszewska, 2008). The R6ét Formation is marked by an regional
increase in marine influence. Open-marine conditions existed at
that time in the foreland of the Holy Cross High, but generally in
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the Polish Basin, the facies pattern of the lower R6t Formation is
typical of a semi-closed evaporitic basin (Becker, 20053, b). Fol-
lowing evaporite deposition, a large brackish-water lagoon devel-
oped, with deposits of predominantly red fine-grained clastics
(Szulc, 2000). A widespread transgression began during the lat-
est deposition of the Rét resulted in the shallow sea carbonate
sedimentation (Szyperko-Teller, 1997; Szulc, 2000; Bachmann et
al., 2010) which prevailed during Middle Triassic times.

MATERIALS AND METHODS

Geothermal energy consists of the thermal energy stored in
the Earth’s crust, which is distributed between the constituent
host rock and the natural fluid that is contained in its fractures
and pores at temperatures above ambient levels. The source
and transport mechanisms of geothermal heat are unique to this
energy source. Local and regional geological and tectonic phe-
nomena play a major role in determining the location (depth and
position) and quality (fluid chemistry and temperature) of a par-
ticular resource. The first requirement for EGS is accessibility.
This is usually achieved by drilling to depths of interest, fre-
quently using conventional methods similar to those used to ex-
tract oil and gas from underground reservoirs. The second re-
quirement is sufficient reservoir productivity characterized by the
temperature distribution within the reservoir (Tester et al., 2006).
EGS concepts would recover thermal energy contained in
subsurface rocks by creating or accessing a system of open,
connected fractures through which water can circulate down in-
jection boreholes, heated by contact with the rocks, and return to
the surface in production boreholes to form a closed loop (Tester
etal., 2006). Therefore, the reservoir geometry should be appro-
priate (requirements of minimum thickness).

During the execution of the project, based on international ex-
periences (Tenzer, 2001; Tester et al., 2006; Sausse et al., 2007;
Antkowiak et al., 2010; Brown et al., 2012), requirements for EGS
in sedimentary rocks have been specified. Critical requirements
for the EGS location include: thermal parameters of the rocks
(temperatures >150°C), thickness of the reservoir (minimum of
300 m), porosity and permeability of the reservoir rocks (as the
lowest) and the depth of the reservoir (3—6 km).

Lithology and mechanical properties of reservoir rocks are also
important because of hydrofracturing. In case of sedimentary
rocks, compact sandstones or limestones should be appropriate.

The first step of the preliminary analysis was based on the
existing geological and geothermal data, e.g., those collected in
geothermal atlases (Gorecki, 2006a, b) supplemented with new
data. Complementary analyses of raw data and maps of surface
heat flow density, subsurface temperatures, and maps of
gravimetric and magnetic anomalies allowed determining sev-
eral prospective locations. The most promising conditions (tem-
peratures >150°C at a depth of 5 km) occur in central Poland in
the Southwestern Marginal Trough and in small part of Mid-Pol-
ish Swell regions (Fig. 1). Preliminary analyses revealed pros-
pects for building EGS in the Lower Triassic reservoir, which
seems to be a complex meeting the EGS requirements. How-
ever, the Permian and Carboniferous sandstones also have
been identified as a potential reservoir for EGS in this area (ac-
cording to temperature requirement). The advantage of the
Lower Triassic reservoir was the considerable thickness of sedi-
mentary rocks combined with the favourable reservoir parame-
ters for EGS (low porosity and permeability). In order to select
the best possible sites and rock complexes for locations of EGS
within a pre-indicated area, thermal, structural and parametric
modelling was performed.

STRUCTURAL AND PARAMETRIC
3D MODELLING

Methodology of basin-scale structural and parametric mod-
elling of the sedimentary cover used by the AGH-UST team has
been developed over past 20 years. The first regional digital
models were borehole-based structural maps in a form of digital
2D grids with horizontal resolution of 5000 x 5000 m. They were
later replaced by structural and isopach grids displaying resolu-
tion of up to 1000 m and relevant maps and corresponding grids
of petrophysical and thermal parameters (porosity, permeability,
density, distribution of subsurface temperature; Gorecki, 20064,
b; Doornenbal et al., 2010). These, in fact 2.5D solutions, were
gradually replaced by fully 3D Petrel-based geomodels devel-
oped according to the modern structural and parametric (static)
modelling trends (e.g., Dubrule, 1998, 2003; Zakrevsky, 2011).
That methodology was applied to complete research in the fields
of petroleum geology (Papiernik et al., 2009, 2010, 2012), Car-
bon Capture and Storage — CCS (Wdjcicki, 2012), and geother-
mal systems assessment (e.g., Gorecki, 2011, 2012). Structural
surfaces were used in the study as input data for modelling of a
3D geometrical framework. They are a combination of regional
and semi-regional 2D grids. Structural 2D grids with horizontal
resolution of 1000 x 1000 m (Gorecki, 2006a, b; Doornenbal et
al., 2010) were used as conditioning regional trends for detailed
digital surfaces displaying 250 x 250 resolution, which were lo-
cally updated with new boreholes (e.g., Pabianice 1 and
Kaszewy 1), detailed structural maps created for CCS aims
(Wajcicki, 2012) and the new seismic interpretations completed
for the research purposes. The resultant basic structural frame-
work of the EGS model covers an area of ca. 36,000 km?. The
area selected for the possible EGS location covers ca. 19,000
km? (Fig. 3, black line). It is composed of thirteen structural hori-
zons starting from the base of the Carboniferous up to the top of
the Cretaceous, and it contains twelve stratigraphic zones
(stratigraphic complexes in the Petrel system nomenclature),
equivalent to stratigraphic epochs (Fig. 3).

The structural framework is relatively simplified as it is com-
pleted without a fault model. The presence of faults is clearly re-
flected in the geometry of Petrel horizons, however, faults were
not modelled as a Petrel Fault Model due to a very large area of
the 3D model and generally weak seismic control of vertical and
horizontal extents of individual faults. The distinguished zones
(stratigraphic complexes) were divided into proportional layers
and their vertical resolution was accepted according to the ex-
pected suitability of each complex for the EGS purposes, dividing
4 to 20 proportional layers with the minimum thickness of 5 m.

Next steps of the modelling process were lithological and
parametric modelling. The lithology model is based on geophysi-
cal logs and includes eight lithology types — sandstones,
claystones, mudstones, marls, carbonates, evaporites, gravels
and others (e.g., volcanic rock). It was estimated with the use of
Sequential Gaussian Simulation algorithm. Parametric models
are based on geophysical logs of porosity — PHI (data from 54
boreholes), shale volume — Vsh (35 boreholes) and bulk density —
RHOB (24 boreholes). The model of permeability - PERM — was
based on core data from 90 boreholes. For the sake of simplicity,
the parametric models were calculated with the use of Kriging In-
terpolation. Location of boreholes used in parametric modelling is
shown in Figure 4.

The results of structural and parametric modelling were con-
verted into maps of average parameters and effective thick-
nesses, superimposed on maps of temperatures related to the
tops of the mapped zones.
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Fig. 3. 3D geometrical framework in the selected area for EGS location
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SUBSURFACE THERMAL FIELD ANALYSIS

Parameters which decisively control the subsurface temper-
atures are: density of Earth’s heat flow and diversity of thermal
properties of rocks, particularly their thermal conductivity
(Szewczyk, 2002). The heat flow determines the rate of energy
transfer in time unit from higher- to lower-temperature sites,
whereas the temperature is a quantitative measure of thermal
energy accumulated in a rock formation at the observation site.

Temperature measurements made in deep boreholes are
the main source of information about internal thermal regime.
These data are collected from:

1. Measurements under quasi-stationary state, carried
out during recognition of geothermal conditions.

2. Temperature measurements under unstabilized ther-
mal conditions.

3. Measurements of bottom-hole temperature (BHT).

For recognition of true temperatures of rocks, the most im-
portant are measurements carried out under conditions possibly
closest to the geothermal balance. Within the area of geother-
mal investigation, nine temperature measurements were made
in the following deep boreholes under conditions closest to those
regarded as stabilized (so-called “measurements for the pur-
pose of geothermal gradient”): Czeszewo IG 1, Kro$niewice 1G
1, Kutno 1, Objezierze |G 1, Piotrkéw Trybunalski 1G 1,
Poddebice PIG-2, Wrzesnia IG 1, Zakrzyn IG 1 and Zgierz I1G 1.
The measurements represented a direct source of information
on the subsurface thermal regime.

It is well known that the subsurface temperature measure-
ments, even when done with proper care, are affected by a num-
ber of errors. Disturbance of the natural thermal regime of rocks
caused by drilling operations, mostly by the long-lasting circula-
tion of drilling mud, significantly changes the temperatures re-
corded along the borehole. Disturbances are relatively largest in
the top parts of the temperature logs and smallest in the deepest
parts of borehole that remains under disturbing conditions for a
short time. Completion of drilling initiates the long-lasting pro-
cess of stabilization, when the thermal regime returns to the nat-
ural state. However, the possible vertical convection of drilling
mud in the borehole forced by temperature gradients between
various parts of the borehole may cause that the disturbances
are practically irreversible. An important indicator of stability of
thermal measurements is the rough consistency between tem-
peratures recorded in the subsurface zone of the borehole site
and those measured in the adjacent areas.

For interpretation of the distribution of subsurface tempera-
tures, synthetic thermograms were employed, which were re-
corded in conditions of the stable thermal equilibrium (as contin-
uous measurements). The compiled thermograms included also
the so-called climatic correction related to temperature distur-
bances in the upper part of the geological profile due to tempera-
ture changes at the earth surface, occurring in glacial cycles (ice
ages) during the Late Holocene (e.g., Beck, 1992; Safanda and
Kubik, 1992; Beltrami et al., 2001; Safanda and Rajver, 2001;
Majorowicz et al., 2002; Szewczyk, 2002; Szewczyk et al., 2007;
Szewczyk and Gientka, 2009).

The coverage of the study area is relatively regular. Most
boreholes with the temperature measurements are located to
the north of Lodz (Kutno 1, Zgierz IG 1, Poddebice PIG-2 and
Krosniewice IG 1 boreholes). A key question for evaluation of
the quality and usefulness of the collected synthetic
thermograms was to ascertain whether the subsurface tempera-
ture measurements were made really in the stabilized thermal
conditions (after a suitably long standstill time). Conformability of
temperature measurements recorded in the near-surface zone

is a valid indication of the stability of thermal measurements
(their solidity). Serious discrepancies between these tempera-
tures indicate measurements made in conditions departing from
stabilized (Plewa, 1966, 1994). In order to assess the quality of
the input data, analysis of the temperature distribution with depth
in particular boreholes was made. The scale of temperature dis-
turbances in the near-surface zone and in the reservoir intervals
was evaluated. Making use of the linear regression model, inter-
val gradients and mean gradients for the whole boreholes were
estimated.

Analysis of the regression curves indicates some departures
from the estimated values of temperature in the near-surface
zone from values of temperatures T, recorded in the thermally
neutral zone, extent of which in Poland is estimated at about
18-20 m below ground level (Plewa, 1966, 1994). Matching of
the regression model to the measurement curves, determined
by the coefficient R?, varies in a narrow range from R? = 98.3%
for the Krosniewice IG 1 borehole to = 99.8% for the
Objezierze I1G 1 borehole, which indicates a very good match of
the measurements to the linear model of variability in the
subsurface temperatures. A linear regression model was also
adopted for drawing the map of geothermal gradient, which was
used as an auxiliary parameter to determine the change of tem-
perature at different depths — on maps. The mean geothermal
gradient is a parameter that allows estimating the formation tem-
perature at a particular depth, without knowledge of heat flow
values and thermal properties of rocks in a geological profile in a
given location. The analysis of geothermal gradient distribution
in the study area was based on interpretation of fourteen thermal
curves recorded in quasi-stationary conditions (Szewczyk and
Gientka, 2009), of which nine boreholes were located within the
compass of the prospective area. On the basis of the compiled
data, a map of variations in the mean gradients was constructed
for the whole study area. The map is presented in Figure 5.

The analysis of heat flow density distribution was carried out
on the basis of 69 determinations of this parameter, of which
nine are located within the prospective area for HDR systems.
The heat flow determination data were compiled from Szewczyk
and Hajto (2006) and Szewczyk and Gientka (2009). On the ba-
sis of the collected terrestrial heat flow data, a map of variations
in this parameter was constructed for the study area (Fig. 6).

In order to illustrate the temperature variation in the vertical
profile of the research area based on the temperature curve
analysis, maps of isotherms for various depths, and a tempera-
ture map for the top of the Lower Triassic reservoirs were pro-
duced. Due to the varied distribution of measurement points
(boreholes) in the study area, the average geothermal gradient
was incorporated to assess the subsurface temperature distribu-
tion. The use of a generalized model of subsurface temperature
variability in the form of maps of average geothermal gradient al-
lowed evaluating subsurface temperatures in areas poorly docu-
mented with thermal measurements and estimating the temper-
atures at greater depths by extrapolating trends in subsurface
temperature variability in the whole study area. The map of tem-
peratures at the top of the Lower Triassic aquifer prospective for
EGS systems is shown in Figure 7.

RESULTS

The structural, parametric and thermal modelling allowed
characterization of petrophysical parameters of the Lower Trias-
sic deposits in the prospective location for EGS in sedimentary
rocks indicated as the best sedimentary reservoir for this kind of
system on the basis of preliminary determination of geometry of
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the reservoir as well as thermal parameters of the rocks. This lo-
cation is shown in Figure 1.

In this area, the top of the Lower Triassic occurs at depths
from 2000 m b.s.l. (at the southwestern margin of the area) to
about 6000 m b.s.l. (in the eastern part; Fig. 8). The total thick-
ness of the Lower Triassic deposits is appropriate for EGS prac-
tically in the whole area because it exceeds the required 300 m
and reaches the greatest values (over 2000 m) in the eastern
part of the investigated area (Fig. 9). The Lower Triassic zone of
the modelled area is dominated by claystones (nearly 40%),
siltstones (28.5%) and sandstones (27.5%). The greatest thick-
ness of sandstones, which are considered as reservoir rocks for
EGS, is found in the central and southeastern part of the area,
where they prevail in the Lower Triassic succession. The rocks
of this area are characterized by shale volume in the range of
50-65% (on average 60%; Fig. 10). The porosity of the Lower
Triassic varies from 0 to 21%, with the global average for the en-
tire model equal to 3.92% (Fig. 11). The permeability model of
the Lower Triassic formations was based mainly on laboratory
data. It was correlated with the porosity model based on the
borehole logs; its credibility may be low. The modelled perme-
ability for the Lower Triassic formations ranges from 0 to
32.84 mD, with an average for the entire model of 0.36 mD
(Fig. 12). The modelled temperature at the top of the analysed
horizon varies from about 120 to more than 170°C (Fig. 7).

Analysis of the heat flow map indicates that the heat flow in
the study area varies from 60 to 110 mW/mZ2. The general trend
of variations in the heat flow indicates its increase from the east
to the west and south-west. Increased heat flow values were re-

corded along the southwestern boundary of the Mogilno—t.6dz
Trough at the contact with the Fore-Sudetic area where the heat
flow has its maximum values. In this area, the highest heat flow
values were recorded in the boreholes of Broniszewice 1
(106.2 mW/m?), Kotlin 2 (103.8 mW/m? and Witowo 2
(100.1 mW/m?). Reduced heat flow values (about 70 mW/m?)
are characteristic of the £6dz area. Local negative heat flow
anomalies (on the order of 70-75 m\W/m?) occur along the north-
eastern boundary of the Mogilno—t6dz Trough at the contact
with the Kujawy Swell (Fig. 5).

SELECTION OF PROSPECTIVE
LOCATION FOR EGS

Analysis of the results of structural, parametric and thermal
modelling for the pre-indicated area (central Poland) allowed
specifying the prospective location for EGS in sedimentary rocks.

The main requirement for EGS is possibility to extract ther-
mal energy from a reservoir, so thermal parameters are very im-
portant. The highest temperatures are observed in the eastern
part of the modelled area (Kros$niewice—Kutno region), in places
of the deepest position of the Lower Triassic deposits, where the
temperature at the top of the Lower Triassic is in the range of
165-175°C. Despite the considerable depth to the reservoir
(5-7 km below sea level), the upper part of the reservoir fulfils
the accessibility requirements (max. 6 km below sea level). Be-
cause of the necessity to create a system of connected open
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Fig. 10. Shale volume model of the Lower Triassic — fence diagram
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fractures to recover thermal energy, the unquestionable advan-
tage is the great thickness of Lower Triassic sedimentary rocks
in the Kro$niewice—Kutno area, which exceeds 1500 m (Fig. 13).
This considerable thickness have influence of higher tempera-
ture within the reservoir than at the top, which could attain up to
190°C. EGS includes conduction-dominated, low-permeability
resources in sedimentary formations (Tester et al., 2006), so
petrophysical parameters of the reservoir are also significant for
EGS. In the Kro$niewice—Kutno area, sandstones are taken into
consideration as reservoir rocks for EGS. Based on a laboratory
analysis of Lower Triassic sandstones from the
Kro$niewice—Kutno area (tests were performed within the
framework of the HDR project at the AGH University with use of
the transmitted-light optical microscope and scanning electron
microscope), it is predicted that the sandstones are cemented
with silica. This type of matrix should be suitable for
hydrofracturing, however, there is not much experience world-
wide with hydrofracturing in this type of rock for EGS. Creating
the connection between the boreholes was a crucial step in de-
veloping the EGS reservoir. Rock-fluid interactions, which may
have a long-term effect on reservoir operation, are also very im-
portant. Dissolution and precipitation problems in very high-tem-
perature EGS fields are not well understood (Tester et al., 2006).
Laboratory testing of mechanical properties has shown that the
sandstones are strong or very strong rocks (tests were per-
formed within the framework of the HDR project at the AGH Uni-
versity). In the Kro$niewice—Kutno area, reservoir rocks are
characterized by very low permeability (0.02-0.1 mD) and low
porosity (approximately 3%). Sandstones are dominant in the

lower and the middle parts of the section, attaining a thickness of
several hundred metres (Fig. 13). Lithological composition of the
Lower Triassic were refined in the spatial distribution of shale
volume, estimated on the basis of a larger number of input data.
This model indicates that the sandstones contain much clay ma-
terial and represent a transitional lithological type between
clayey sandstones and sandy mudstones. Even the sandstones
from the Krosniewice—Kutno area contain from 40 to 65% of
clay, which is a relatively high proportion.

Considering the above, the most prospective area for the
EGS location in sedimentary rocks in Poland was identified in
the Kuiavian segment of the Mid-Polish Anticlinorium in the
Krosniewice—Kutno area. Using cross-sections through the
most prospective zone, we can assess its geometry. It is elon-
gated in the NW-SE direction, its width is approximately 8 km
and the length is about 30 km (Fig. 13).

CONCLUSIONS

The EGS technology is considered to be the technology of
the future. Currently, hydrogeothermal energy is utilized in Po-
land, and the energy carrier is warm groundwater produced by
boreholes. On the other hand, petrogeothermal energy (ex-
ploited by EGS), which constitutes heat resources of rocks, has
not yet been utilized.

In most of the EGS projects worldwide, granites constitute
the reservoir rocks for closed geothermal systems. Solutions of
energy utilization from hot sedimentary rocks are rare, although
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experimental systems currently operate. The problem with sedi-
mentary rocks can be the variability of relevant parameters of
the modelled system (e.g., susceptibility to fracture rocks).
There are a number of problematic issues that could potentially
affect the effectiveness of EGS, such as the heterogeneity of
reservoir rocks, the presence of clay material and the impact of
the occurrence of mineralised waters. These problems can be
solved at the stage of project implementation, but the first step to
develop EGS in Poland is to recognize the geothermal potential
for such systems.

Because of the distribution of subsurface temperatures and
great depths to the thick sedimentary rocks, the Lower Triassic

deposits of central Poland seem to be the most appropriate for
EGS. Integrated thermal, parametric and structural modelling
helped to identify the most prospective location for such a geo-
thermal system in sedimentary rocks, which is the
Kros$niewice—Kutno area. For this particular prospective area,
petrophysical parameters of the Lower Triassic are as follows:

1. The reservoir occurs at a depth from about 5000 to

6000 m b.s.l.

2. Total thickness of the Lower Triassic formation is suffi-

cient to perform fracturing.

3. The temperature within the reservoir exceeds 165°C.

4. The porosity of reservoir rocks is approximately 3%.
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5. The permeability of reservoir rocks is in the range of
0.02-0.1 mD.

Characterization of petrophysical parameters was the basis
for further modelling of EGS utilization. The critical requirements
for the EGS location include: thermal parameters of rocks (tem-
peratures >150°C), thickness of the reservoir (minimum of 300
m), porosity and permeability of reservoir rocks (as the lowest)
and depth to the reservoir (3—6 km). Based on these require-
ments, the Lower Triassic sandstones of the Kro$niewice—Kutno
area can be considered as potential reservoir rocks for EGS.
The final assessment needs further investigation based on
high-quality data as well as a significantly greater number of ex-
periments related to the fracturing of sedimentary rocks.
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