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Abstract: At present, hydro-geothermal resources in which waters in bores are the carrier of heat energy have
commercial importance in Poland. Geothermal waters should feature the highest possible temperature in the
outflow, low mineral content, high capacity and low deposit depth. Even though geothermal energy is included in
renewable sources of energy, complete depletion of the deposit is the largest risk in extracting geothermal waters.
This is why these waters should also feature deposit renewability. There are currently several geothermal provinc-
es with beneficial geothermal conditions in Poland, with the area of the Podhale Basin in the Inner Carpathians
region being regarded as the most promising. The Podhale deposit also meets all of the above listed conditions.
The possibility of using hydrothermal energy in Poland is practically available throughout the country, but oper-
ational use of hot groundwater must be profitable for investors. From another point of view, the environmental
impact of such investments should be minimized. This paper is concerned with the special variety of tempera-
ture of geothermal waters extracted in the area of the Podhale Basin, which is the basic aspect in using deposits

of this type.
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INTRODUCTION

Geothermal energy is considered to be a renew-
able source of energy. Poland adopted the Euro-
pean Union obligations (Directive 2009) in terms
of the use and promotion of energy from renewa-
ble sources. Thus, a minimum 15% share of ener-
gy from renewable sources in the total consump-
tion of gross energy in 2020 and 20% in 2030 was
recognised as the general national objective with-
in the “Energy Policy of Poland up to 2030” (Ob-
wieszczenie 2010).

The development of renewable power engi-
neering in Poland, including geothermal energy,

may contribute to the satisfaction of energy needs
and becoming independent of importing energy,
as well as reducing the current level of emissions
of greenhouse gases (Iglinski et al. 2012). Howev-
er, using resources of geothermal waters must be
technically possible and economically justified.
Given the fact that water temperature plays a key
role in the space-heating industry, especially from
the economic point of view, temperatures ranging
from less than 20°C to 60°C are the best for tech-
nical solutions (i.e. the waters commonly found in
Southern Poland) (Bujakowski & Barbacki 2004).

The construction and start-up of a geother-
mal heat plant system requires determination
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and substantial financial means, which effective-
ly discourages prospective investors (Iglinski et al.
2016). Geothermal waters in Poland are character-
ised by high mineralisation, which exacerbates the
corrosion of machinery. In extreme cases, there is
a problem with pumping geothermal water back
to the earth. The greatest problem of the Polish ge-
othermal energy sector is the lack of green certifi-
cates, which are available to other renewable ener-
gy sources (Szewczyk & Gientka 2009).

The key characteristic values of geothermal
reservoirs are: achievable borehole capacity, min-
eralisation of water in the deposit and temperature
of water at the outflow. The approach in Poland is
that highly favourable exploitation conditions of
geothermal waters exist within the Podhale Basin
due to its positive geological structure, the high
temperature of water at the outflow (up to 86°C),
low mineralisation (up to 3 g/dm’), high capacity
(up to 550 m’/h from a single intake), renewabili-
ty of the deposit and easy accessibility of the area
(Chowaniec et al. 2001, Matecka 2003).

For successful progress in geothermal develop-
ment it is necessary to limit investment costs so as
to make geothermal energy more competitive and
marketable than heat obtained from other sourc-
es. Kepinska (2003) ascertained that, with this in
mind, emphasis is being placed on the planning
and construction of smaller installations that
make use of existing wells, ground and shallow
aquifers and cascade and/or integrated systems,
as well as the larger installations. At the project
planning phase, another important question is the
evaluation of the directions and manner of utilisa-
tion of spent water (Tomaszewska & Bodzek 2013,
Tomaszewska & Szczepanski 2014).

THE SCOPE OF THE STUDY

Poland is characterised by low-temperature ge-
othermal resources connected mostly with the
Mesozoic sedimentary formations (Sokolowski
1973, Barbacki 2012). The short term forecasting
for the installed capacity of geothermal electricity
in Poland to 2020 is 1 MWe (Bertani 2016). As yet,
there is no operational geothermal power-plant in
Poland, but a small binary pilot plant at £6dz is
under evaluation (Kepinska 2015).

Pursuant to the Geological and Mining Act
in Poland (Ustawa 2011), thermal water means
groundwater with a temperature not lower than
20°C at the outflow from the intake. Geothermal
waters, as well as curative waters and brines, are
recognised in Poland as useful minerals which
determine the method of prospecting and further
exploitation according to the national legal regu-
lations.

There are a number of additional procedural
regulations in Poland that may block investment,
even in conditions when its execution would be
technically and economically possible. The crea-
tion of installations that are consistent with sus-
tainable development is especially important.
Operacz (2017) proposes the term “effective po-
tential” to allow the estimation of the production
of energy from renewable sources (for example
from hydropower) with the method closest to the
real possibilities of execution in line with the sus-
tainable development idea.

The environmental issues in geothermic ex-
ploitation are solvable with advanced modelling
methods. With specialised software, the chemi-
cal composition of geothermal waters may be de-
termined, together with conditions of circulation
and volume resources of groundwaters, as well
as changeability in space and time (transport) of
mass and heat energy may be assessed (Zdechlik
et al. 2015). However, the investor often needs eas-
ily available and inexpensive information at the
preliminary stage of the project that would not re-
quire the purchase of software or the development
of a model.

This work analyses the spatial distribution of
a geothermal step under conditions of the cur-
rently conducted exploitation in the Podhale Ba-
sin. Such information is useful from the perspec-
tive of finding prospective places for new projects,
where the mutual relationship of the depth of the
intakes and the expected water temperature at
this depth is immensely important. For this pur-
pose, the value of the geothermal step was calcu-
lated and the map of isolines of this parameter
was created. Knowing the value of the geothermal
step calculated within the paper may give tangible
economic benefits which will allow projects to be
planned more effectively.
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PREVIOUS WORKS ON USING
GEOTHERMAL WATER

Resources of geothermal energy are copious: it
is estimated that they exceed the current world
demand for energy as many as 35 bn times (Le-
wandowski 2007). Despite this, it seems impos-
sible to replace fossil fuels with geothermal en-
ergy, both globally and in the domestic market.
The most important argument is the econom-
ic unprofitability of carrying out deep boreholes
(the 2,000 m barrier is commonly recognised as
the limit for positive economic balance) and too
low temperature of borehole waters at the outflow
(Huculak et al. 2015, Bugajski et al. 2017).

In Poland, the temperature of geothermal lig-
uids filling in groundwater reservoirs rarely ex-
ceeds 100°C, and the temperature at the outflow is
even lower (on the average by ca. 10°C).

The basic criteria that determine the possibili-
ties of using geothermal waters are:

— the appropriate temperature of the abstracted
water;

— the capacity of the boreholes and the expect-
ed duration of its stable continuation (capaci-
ty is measured with continued stream of water

abstracted from the borehole and temperature
of water; both the former and the latter may
change over time; in case of temperature, it
may result from the temperature front reach-
ing the abstraction point related to returning
water to the deposit);

— the depth from which heat may be taken;
— low content of salt (mineralisation) and sub-

stances conducive to corrosion in water;

— the distance of the functioning boreholes from

the place of using warm waters.

Temperature of the received waters determines
the possibilities of their use (Fig. 1).

The conventional production of electricity re-
quires high-temperature waters, which under na-
tional conditions are rarely found at depths that
economically substantiate the project. The most
frequent use of warm waters in Poland is in bal-
neotherapy and recreation, where temperature
of waters should only slightly exceed the normal
temperature of the human body.

The innovative method of the management of
post-exploitation geothermal waters is in process-
ing them into potable water with a desalination
system that combines ultrafiltration with double
reverse osmosis (Tomaszewska 2009).
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Fig. 1. Modified “Lindal Diagram” (Gudmundsson et al. 1985)
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The economic analysis of the desalination pro-
cess of geothermal waters showed that the universal
determination of the economic profitability of the
process ofacquiring potable waters from geothermal
waters is not possible (Tomaszewska & Pajak 2012).

The classification based on the manner of geo-
thermal energy utilization is formulated as follows
(Bujakowski 2005):

— cold fluids — up to 25°C, (used as either water
or glycol in compression heat pumps);

— low-temperature fluids - from 25°C to 60°C
(used e.g. in absorption heat pumps);

— medium-temperature fluids - from 60°C to
100°C (used e.g. directly by the user);

— high-temperature fluids and gasses - from
100°C to 140°C (used e.g. in binary power plants
producing electricity and thermal energy);

— very high-temperature liquids and gasses -
above 140°C (used e.g. in conventional geo-
thermal power plants).

GEOLOGICAL
AND HYDROGEOLOGICAL
SETTINGS OF THE PODHALE BASIN

Taking into consideration geological and struc-
tural differentiation, the Inner Carpathians in the
area of Poland are divided into three units: the Ta-
tras, the Podhale Basin and the Pieniny Klippen
Belt that is the borderline zone between the Inner
Carpathians, and the Outer Carpathians (Chowa-
niec et al. 2001). Particularly favourable hydrogeo-
logical conditions exist in the Inner Carpathians,
in the Podhale Trough, where there is already one
geothermal company using geothermal energy,
Geotermia Podhalanska S.A. (Bujakowski & Bar-
backi 2004).

The Podhale Basin constitutes a broad asym-
metric syncline between the Tatras and the Pieniny
Klippen Belt (Fig. 2). It is a reservoir of geothermal
waters supplied mostly by precipitation entering
the interior of the Tatra massif. These waters, cir-
cling in the groundwaters systems from the Tatra
massif northwards, are gradually warmed. The im-
permeable Pieniny Klippen Belt is the borderline
of the flow, causing the spreading of the stream of
waters south-eastwards and south-westwards. This
system causes variation in flow speed which, ac-
cording to Witczak (Chowaniec et al. 1998) is about

several dozen m/year in the southern part of the
basin, down to several meters per year in the zone
close to Pieniny. Duration of contact of water with
the rock also varies, as reflected in chemistry of wa-
ters (Chowaniec et al. 2001). According to some au-
thors, excessive exploitation of geothermal waters
in the area of the Podhale Basin can lead to the de-
freshing of these waters (Kepinska 2009, Kotowski
& Satora 2011, 2012).

The Podhale Basin features mostly artesian con-
ditions, which considerably facilitates the exploita-
tion of geothermal waters. The depth of reservoir
rocks ranges from 100 m to 700 m, with the highest
values found in the northern part of the Podhale
Basin (Sokolowski 1973). Tectonically, the Podhale
system features a complex fault structure resulting
from orogenic movements. Low-scale tectonic activ-
ities were recorded several times in the Pieniny Klip-
pen Belt. These phenomena affect the permeability
of reservoir rocks, causing inflow and mixing of wa-
ters feeding geothermal deposits (Kepinska 2009).

Historically, the discovery (in 1844) of the
source of the warm waters (20.4°C) in Jaszczu-
rowka, Zakopane, was the first proof of the ex-
istence of hot waters in the Podhale area. It was
the sole spontaneous outflow of geothermal wa-
ters throughout the Polish Carpathians but it is no
longer present (Chowaniec 2009). In 1950s, pros-
pecting was started of the Tatra and Podhale re-
gions with shallow and deep drilling. In Novem-
ber 2001, the first geothermal heat was delivered
to customers in Zakopane (Diugosz 2003). So far,
15 boreholes have been completed in the Podhale
Basin area from which inflows of geothermal wa-
ters were obtained (Fig. 3). This geothermal me-
dium is used for heating, recreation, and balne-
otherapeutic purposes, with the cascade use of
geothermal waters increasingly being promoted.
Along with the construction of a regional heating
network, the Polish Academy of Sciences Miner-
al and Energy Economy Research Institute Geo-
thermal Laboratory has carried out R&D on cas-
cade uses covering a wide range of temperatures
(Kepinska 2003). These include a lumber-drying
unit, greenhouses, fish farms and foil tunnels with
heated soil for growing vegetables. The Laboratory
is involved in the research and monitoring of geo-
thermal systems, prepares demonstration projects
and provides geothermal training (Kepinska 2000).

https://journals.agh.edu.pl/geol
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Table 1
Selected parameters of geothermal boreholes in the Podhale Basin
Borehole Elevation | Screeninterval | Borehole depth | Temperature at the outflow
[MASL] [MGBL] [MGBL] [°C]

Siwa Woda IG-1* 920 625-856 856 20
Szymoszkowa GT-1 861.49 1112-1737 1737 27
Zakopane IG-1 864.9 1550-1620 3073 37
Zakopane-2 871.2 1065-1113 1113 26
Zazadnia IG-1"** 855.2 665-680 680 22
Furmanowa PIG-1* 1010 2003 - 2324 2324 60.5
Bukowina Tatrzanska PIG/PNiG-1 957 2390-2605 3780 67
Poronin PAN-1* 741 1768 - 1855 3003 63
Chochotéw PIG-1 778 3218-3547 3572 82
Biatka Tatrzanska GT-1 716.47 2112-2500 2500 77
Bialy Dunajec PAN-1** 685 2117-2394 2394 82
Bialy Dunajec PGP-2** 682.7 2040-2450 2450 86
Banska IG-1 679 2565-2683 5261 82
Banska PGP-1 672.3 2722-3242 3242 86
Banska PGP-3 672 2766-3384 3400 85.5

* unused boreholes
** absorption boreholes
*** currently (2018) intake of common waters

All used and unused boreholes, both for pro-
duction and absorption purposes, in which geo-
thermal waters were found, are presented in Ta-
ble 1, along with their basic characteristics. The
temperature of geothermal waters in existing
boreholes in the Podhale Basin ranges from 20°C
(Siwa Woda IG-1) to 86°C (Bialy Dunajec PGP-2
and Banska PGP-1).

Under conditions undisturbed by exploitation,
natural changes in the properties of geothermal
waters are reported farther away from the feed-
ing zone of deep groundwaters in the Tatra mas-
sif. The farther north from the northern edge of
the Tatras, the temperature of water in the deposit
increases, which results from the increasing depth
of deposition of reservoir rocks (Fig. 2). Thus, ge-
ological structure and secondary occurrence of
tectonic zones with privileged thermal conditions
has an effect on the temperature of geothermal
waters. Over 20 years of continuous operation has
proved its stable operating parameters — a small
drop in pressure and an unnoticeable temperature
change (Chowaniec et al. 2007). Under theoreti-
cally natural conditions, geothermal step isolines
run basically in parallel along an east-west axis,
i.e. following the increasing distance from the
feeding zone within the Tatras. This system was
heavily disturbed with the conducted exploitation
of geothermal waters, but also as a result of the

geological inhomogeneity of the reservoir, exist-
ence of fault zones and privileged filtration roads.

METHODS OF GEOTHERMAL STEP
CALCULATION

Disintegration of radioactive elements in the
Earth’s core is related to the release of significant
quantities of heat. The temperature gradient fol-
lowsits movement towards the surface of the Earth,
called the geothermal gradient, defined as the val-
ue of the increase in temperature per unit of depth.
For Poland, the average value of the temperature
gradient 25°C/km is accepted. The gradient varies
and depends on the warm stream. In Poland, the
absolute value of water temperature is determined
with the surface changes in intensity of the nor-
mal heat flow of the Earth. The value of the heat
flow ranges from 25-40 mW/m” in the Precambri-
an platform up to 50-90 mW/m’ within the Palae-
ozoic platform and 50-80 mW/m” in the Alps oro-
gen of the Carpathians (Bujakowski et al. 2016).

For Podhale, the density of the heat flow is es-
timated at 60-70 mW/m” and differs slightly from
the average world density of geothermal energy
stream of 60 mW/m? (Sobanski et al. 2000). The
average value of the geothermic gradient for the
Carpathians is 23.5°C/1000 m (Gorecki 2010).
The average geothermal gradient for the Podhale

Geology, Geophysics and Environment, 2018, 44 (4): 379-389
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Basin and its base is lower than for other regions
of the Carpathians and is in the range of 1.9-
2.1°C/100 m (Plewa 1994, Kepinska 1995, 1997).

Geothermal gradient gains in importance be-
low the thermally neutral zone, where annual
changes in temperatures disappear. Its value de-
termines the possibility of the practical applica-
tion of geothermal energy, for which a breakdown
into geothermal regions is used:

— hyperthermal: with the temperature gradient
over 80°C/km,

— demithermal: with the temperature gradient
40-80°C/km,

— normal: with the temperature gradient below
40°C/km.

The reciprocity of the geothermal gradient is
the term of geothermal step, which means the
number of meters for 1°C increase in tempera-
ture (Majorowicz 1977). Temperature down to the
depth of 10 km changes approximately linearly
(Plewa 1994), which may be presented in a general
equation (Dowgiallo et al. 2002):
—h
§

T=t, +A+ H (1)
where:
T - temperature of water at the depth of H [°C],
- average annual temperature on the sur-
face [°C],
A - correction dependent on the elevation
above sea level [°C],
H - the depth of occurrence of water [m],
h - the depth of the zone of fixed tempera-
tures [m],
geothermal step [m].

av

oq
|

RESULTS

With the formula (1) transformed for the geother-

mal boreholes listed in Table 1, the values of the

average geothermal step were calculated:
_ H-h

81 —a

@

where:
H - the middle point of the open casing
(screen interval) of the boreholes accord-
ing to Table 1 [m],
t,, — average temperature on the surface, as-
sumed at 6°C,

T - temperature of water at the outflow ac-
cording to Table 1 [°C],

h - the depth of the zone of fixed tempera-
tures assumed at 20 m,

A - correction dependent on the elevation
above sea level [°C] according to Table 2.

Table 2
The value of A parameter in Equal (2) (Dowgiatlo et al. 2002)

Elevation [MASL] 0 500 | 1,000 | 1,500 | 2,000

Value A [°C] 08 | 1.0 | 13 | 17 | 23

The calculations of the average arithmetical
geothermal step were conducted with the follow-
ing assumptions:

— the value of changes in temperature is linearly
dependent on the depth,

— for prospective investors, temperature at the
outflow is economically justifiable and inter-
esting, and not in the deposit,

— the depth of the abstracted waters is the sim-
ple average of the filtrated depth interval read
from the intake profile.

For the boreholes abstracting geothermal wa-
ters in the area of the Podhale Basin, the value of
the average geothermal step calculated according
to the formula (2) ranges from 28 m up to 71 m of
the depth corresponding with the increase in tem-
perature by 1°C (Tab. 3, Fig. 4).

Table 3
Calculated geothermal step value for boreholes in Podhale
Basin

Borehole Geot[l:le ;;? (a:} step
Siwa Woda IG-1 57
Szymoszkowa GT-1 71
Zakopane IG-1 53
Zakopane-2 57
Zazadnia IG-1 44
Furmanowa PIG-1 40
Bukowina Tatrzanska PIG/PNiG-1 41
Poronin PAN-1 32
Chochotéw PIG-1 45
Bialka Tatrzanska GT-1 33
Bialy Dunajec PAN-1 30
Bialy Dunajec PGP-2 28
Banska IG-1 35
Banska PGP-1 38
Banska PGP-3 39

https://journals.agh.edu.pl/geol
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Based on the available data that characterise
15 completed boreholes abstracting thermal water
in the area of the Podhale Basin, the average val-
ue of geothermal step was calculated for the given
assumptions. The parameter is highly important
from the point of view of using geothermal waters
resources as information about the temperature
of water at the outflow (i.e. practically manage-
able) and the depth of the prospective boreholes
that is decisive for the costs of execution of the
boreholes. The spatial variability of the geother-
mal step clearly confirms the expected increase in
temperature (thus: the lower values of geothermal
step) along with moving away from the Tatras to
the Pieniny Klippen Belt (Fig. 4).

DISCUSSION AND CONCLUSION

The completed analysis and the resulting map of
the distribution of the geothermal step allows us
to make a preliminary assessment of the current
possibilities of using resources of geothermal wa-
ters of the Podhale Basin and selecting the places
that are potentially optimum in terms of temper-
ature. The natural expected temperature of wa-
ters in the deposit and at the outflow is usually the
first criterion decisive for further concept work.
Actions improving the conditions of exploitation
are also technically possible at the stage of exe-
cution of the intake. The actual temperature of
water at the outflow, and most of all the increase
of the capacity of the boreholes, may be signifi-
cantly dependent on, among others, the acidifi-
cation procedures carried out. It is estimated that
an increase in temperature is dependent on an in-
crease in capacity which may range from several
degrees up to over 30°C (Chowaniec et al. 2001).
However, the initial and basic criterion is still the
temperature of waters in the deposit and at the
intake, as well as their depth. Both pieces of infor-
mation are included in the parameter termed the
geothermal step, whose values and spatial varia-
bility were assessed based on the current hydro-
geological search. The presented analysis may be
implemented in other areas of Poland, where pro-
jects of the abstraction of geothermal waters are
planned for recreation and rehabilitation com-
plexes. Spatial variability of geothermal step/gra-
dient, thus the expected temperature of water at

the planned depth, are the basic parameters that
determine the success and profitability of the pro-
ject. Disturbances resulting from the conducted
exploitation change the natural distribution of
geothermal step isolines, which is clearly seen in
Figure 4. Providing analysis corresponds with the
procedure presented in this paper, errors may be
avoided in other areas of Poland related to overes-
timating the expected temperature of geothermal
waters.
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